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CrLAss NOTES

These are my notes for Math 210a as taught by Professor Richard Taylor in Fall 2022. The course is an
introduction to abstract algebra, as meant to prepare for quals, and covers rings, category theory, modules,
and homological algebra.

These notes are entirely written by me, and all pictures are either diagrams I made using quiver or pictures
I drew during class, though credit goes to Bradley Moon for sending me content for the lectures that I missed!

Please let me know if you find any errors, typos, or unclear information in these notes - you can contact me
at atalati [at] stanford.edu.


https://q.uiver.app/

Math 210a Aditi Talati = Fall 2022
TABLE OF CONTENTS

Lecture 1 : page

Lecture 2 : page 7
Lecture 3 : page 12
Lecture 4 : page 17
Lecture 5 : page 21
Lecture 6 : page 27
Lecture 7 : page 31
Lecture 8 : page 37
Lecture 9 page 41
Lecture 10: page 45
Lecture 11: page 50
Lecture 12: page 55
Lecture 13: page 59
Lecture 14: page 64
Lecture 15: page 69
Lecture 16: page 73
Lecture 17: page 77
Lecture 18: page 82
Lecture 19: page 87
Lecture 20: page 92
Lecture 21: page 97
Lecture 22: page 102
Lecture 23: page 108
Lecture 24: page 115
Lecture 25: page 120
Lecture 26: page 125
Lecture 27: page 129
Lecture 28: page 134
Lecture 29: page 138
Lecture 30: page 141
Appendix A : page 145



Math 210a Aditi Talati &= Fall 2022

LECTURE 1: RINGS, I

We are going to go very quickly over rings, as presumably many people have seen this content before. If you
would like a refresher on rings, there are notes on the Canvas page for review.

Definition 1.1. A ring is a set R, with two elements, 0 and 1, identified, and with two operations,
denoted + and -.

Furthermore, (R, +,0) is an abelian group, where we use (—r) to denote the additive inverse of any r € R.

Moreover, - is associative and commutative, and the ring has a multiplicative identity of 1 (and it is
closed under multiplication).

Finally, the distributive property holds: for any r,s,t € R,

re(s+t)=r-s+r-t.

Some people would consider the above to be the definition of “commutative rings with 1,” but for this course
we will assume all rings are commutative and have 1.

Example 1.2. Some examples of rings are:
e the zero ring {0}
o 7
. Q
e R
o C

Z/nZ

e ([0,1] (continuous functions f : [0,1] — C, where addition and multiplication are done pointwise)

{(a, b) € 72 | a=b mod 3} where addition and multiplication are done componentwise

Exercise 1.3. Convince yourself that:
Forallr € R, —r=—1-r.
Forallr e R, r-0=0.

If 0=1¢€ R, then R = {0}.

Definition 1.4. We say that
R* ={r € R|3s € Rsuch that r-s =1}

is the group of units of R.
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Exercise 1.5. Convince yourself that for any r € R, if such an s exists, it is unique.

Example 1.6. Some examples of the group of units are:
o 7* ={x1}
e Q¥ =Q\{0}

e ([0,1]* = the set of nowhere-zero functions

Definition 1.7. An element r € R is nilpotent if there is some positive integer n such that r™ = 0.

Example 1.8. In Z/47Z, 2° = 4 = 0.

Definition 1.9. An element r € R is a zero divisor if there exists a nonzero s € R such that r-s = 0.

Example 1.10. In CJ0, 1], the following functions are zero divisors (we can see that f(x)g(z) = 0, but
neither function is the zero function):

Definition 1.11. A ring R is reduced if 0 is the only nilpotent element.

Definition 1.12. A ring R is an integral domain if the set of zero divisors in R is exactly {0}.

Definition 1.13. A ring R is a field if R* = R\ {0}.

If R is a field then it is an integral domain (since units cannot be zero divisors - convince yourself of this).
If R is an integral domain then it is reduced, since all nilpotent elements are zero divisors.

Example 1.14.
e 7 is an integral domain
e Qis a field
e 7/6Z is reduced
e 7./47 is not reduced

{0} is reduced (It is not a field because R* contains 0 and it is not an integral domain because 0
is not a zero divisor.)
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Definition 1.15. A map ¢ : R — S is a ring (homo)morphism if it “preserves the ring structure” so
that:

e $(0)=0

o (1) =1

o forall 7,5 € R, (r + s) = ¢(r) + H(s)
e forall 7,s € R, ¢(r-s) = o(r) - p(s)

Exercise 1.16. Convince yourself that the last point implies that ¢(—r) = —¢(r) for all » € R.

Example 1.17.
e the natural inclusion Z — C
e for any point ¢t € [0, 1], the map C[0, 1] — C defined by f — f(t)
e the natural inclusion {0} < Z is NOT a ring homomorphism, since ¢(1) # 1
e for any ring R, there is a unique homomorphism R — {0} defined by r + 0 for all r € R

e for any ring R, there is a unique homomorphism Z — R where:

— ¢(0)=0
— for positiven € Z, ¢(n) =1+1+---+1
—_—
n times
— for positiven € Z, ¢(—n)=— | 1+1+4---+1
—_—
n times

Definition 1.18. For rings S, R C S is a subring if R is a ring (so it is closed under addition,
multiplication, and additive inverses) and R contains 0 and 1.

Some ways of constructing new rings:

Definition 1.19. The product of two rings R and S is defined to be
RXS:{(r,s) | TER,SES},

where addition and multiplication is defined componentwise (so the additive identity is (0,0) and the
multiplicative identity is (1,1)).

Note that the product induces natural morphisms:

T - RxS—R o © RxS—S
(r,s) = r (r,s) — s

However, there aren’t natural morphisms in the opposite direction, for example:

Example 1.20. The map

7 —ZXZL
n— (n,0)
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is not a ring morphism because 1 doesn’t map to (1,1).

Lemma 1.21. If Tisaring and f : T — R and g : T — S are ring morphisms, then there exists a
unique f x g : T — R x S such that

mo(f xg)
mo(f X g)=

f
g.

We say that the following diagram commutes:

Note that the above property uniquely characterizes the product, in the sense that if we have some ring U
with this property, U =2 R x S. We will state this more rigorously and prove it next time.



Math 210a Aditi Talati &= Fall 2022

LECTURE 2: RINGS, II

As a reminder, we left of last lecture by defining a universal property of the product. We will now prove
that this uniquely characterizes the product; this proof is important mainly because we will see many proofs
using the same sort of argument throughout this course.

Lemma 2.1. Suppose there exists some ring U with morphisms p; : U — R and po : U — S with the
same property:

For any ring 7" with ring morphisms f : T — R and g : T — S, there exists a unique ¢ such
that
_
T 7 S

V

f U
o
R
this diagram commutes.
Then U 2 R x S.

Proof. By applying this property of U, taking T'= R x S we get that there is a unique « such that the below
diagram commutes; by applying the property of R x S, taking T'= U, we get that there is a unique p; X po
such that the below diagram commutes:

Rx S - S
ﬂ:\\ @ Pz/l\
01 X p2
/ %

R+—" [

|

So we have homomorphisms from Rx .S to U and from U to Rx.S; we need to show that they are isomorphisms.

By applying the universal property to the following commutative diagram:

U 8

N~ V
\

we know there must be a unique ¢ that makes the diagram commute. But (check this!) taking ¢ = idy and
p =ao(p1 X p2) both work, so we get that a0 (p1 x p2) = idy.

Similarly, we can apply the universal property to the following commutative diagram

RxS = S
~, V
It
™ RxS
R/
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and see that ¢ = (p1 X p2) o @ and ¢ = idgxs both work, so by uniqueness, idrxs = (p1 X p2) © a.

Thus, these two maps are inverses of each other, so they are isomorphisms, and U = R x S. O

Note that « is the canonical isomorphism we would come up with when mapping U — R x S; in fact, it is
the unique isomorphism U — R x S with the property that

p1oQ =T

P2 0 = To.

We can construct larger products too:

Definition 2.2. For any (even infinite) index set I where we have a ring R; for each i € I, we can
construct the product [], R; in the same way.

In fact, it can be shown that this larger product has all the same properties we just showed, but this is kind
of tedious, so we won’t show this in class.

Definition 2.3. For any rings R, S, T and homomorphisms ¢ : R — T and % : S — T, we can form the
relative product

RxpS={(r,s) eRx S| d(r)=1(t)}.
This is a subring of R x S.

The relative product has the universal property that for any ring U and homomorphisms f : U — R and
g:U — S, such that ¢ o f =1 o g, there exists a unique f x g such that

the above diagram commutes.

Example 2.4. The ring {(a7 b) € 72 | a=b (mod 3)} that we mentioned last time is actually the rel-
ative product

Z Xz/gz 7.

The second way of constructing new rings is polynomial rings.

This is a bit tedious to set up fully formally, but you can check the notes for a formal treatment.

ny . n2 Nk
1 2

If we have indeterminates x; : ¢ € I, we can form monomials of the form x in» where ny, ... ny are

nonnegative integers.

Definition 2.5. For rings R, R[x;];cs is a polynomial ring, and it is the set of all formal finite sums
of an element of R times a monomial.

Example 2.6. An element of Z[z;];cr could look like z1 + 223 5.
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Definition 2.7. For rings R, R[[x;]]ics is the set of formal power series, which is the same as the
polynomial ring, except we allow infinite sums. This is also a ring.

Note that we always have the trivial embedding

R <= Rlzilier
r—=r-1

Definition 2.8. For any polynomial f(x) € R[z], we define the degree of f (which is —co or a nonneg-
ative integer) to be:

deg) = —o0
deg(aoJral:L'Jr'"Jradxd) :difad#o.

Lemma 2.9. If R is an integral domain, then for all f(z),g(z) € R[z] deg(f(z)g(z)) = deg(f(z)) +
deg(g(z))-

When not in an integral domain, this can fail:

Example 2.10. In Z/6Z[z], deg(2z + 1) + deg(3z + 1) = 2 but
(22 4+1)3z+1) =62+ 52+ 1=5x+1,

so deg((2z +1)(3z+1)) =1.

Lemma 2.11. If R is an integral domain then so is R[z] and R[z;];c;r and R[[z;]]icr-

All of these follow from the previous lemma, besides that in the R[[x;]];c; case, where our elements don’t
have finite degree, so we instead work with the coefficient of the smallest power of x.

The universal property of polynomial rings is:

Suppose [ is an index set and S is a ring, and f : I — S is any function. Moreover, suppose
¢ : R — S is a morphism. Then, there exists a unique morphism ¢ : R[z;];c; — S such that
¥ |r= ¢ and for each i € I, ¥(z;) = f(3).

Definition 2.12. For any polynomial f(z) € R[z], if

fx)=co+cz+ - +cgz? cqg#0,

we say that ¢y is the leading term. If the leading term is 1, we say the polynomial is monic.

Lemma 2.13 (“division algorithm”). If we have polynomials f(z),g(z) € R[z] and g(z) is monic (or
has a unit leading term), then there exists a unique ¢(x),r(z) € R[z] such that

and deg(r) < deg(g).

The proof of this is just long division; we will look at an example:
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Example 2.14. In Z[z], we can take f(z) = x* + 1 and g(z) = 22 + 1. Then, we have the following
division:

x 10w |
rl ) x"tox3+0* *Ox x|

-%*rOx+|
1 x* +1

2

so q(z) = 2% — 1 and r(z) = 2.

The third way to construct new rings is quotients.

To talk about quotients we first need to talk about ideals.

Definition 2.15. We call I C R an ideal of R if
e 0cl
o forallrsel, r+sel
e forallre Randse I, rsel

We denote this by saying I <1 R.

Definition 2.16. An ideal is proper if I C R.

We have the following examples of ideals:

Example 2.17.
e For any ring R, {0} < R, R<R
e (2) = {all even integers} <Z
e if $: R — S is a morphism and J < S, then
o MJ)={reR|¢(r)eJ} <R
Specifically, ker ¢ = ¢~1(0) < R.

In general this is not true the other way around; for example, the image of (2) <Z in the natural
inclusion Z < Q is not an ideal of Q since 1/2(2) = 1 is not an element of this image.

However, if ¢ : R — S is a surjective homomorphism and I < R, then ¢(I) < S.

10
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Definition 2.18. If X C R is a general subset, then the ideal generated by X is

(X): Z’f‘i.’ti TiER,{EiEX < R.
=1

Exercise 2.19. Any ideal I < R that contains X must contain (X) as well.

11
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LECTURE 3: RINGS, III

Consider ideals I, J << R. We can use these to construct the following ideals:

Definition 3.1. The sum
I+J={r+s|rel,seJ}

is an ideal and it is the smallest ideal containing I U J, so we can denote it (I U J).

Exercise 3.2. The intersection I N J is an ideal.

Definition 3.3. The product

n
1J = Z’Pisi riel,s; €J

=1

is an ideal, and it is contained in I N J.

Example 3.4. Consider the ring R = Z and the ideals I = (6) and J = (10). Then

Remark 3.5. As a heuristic, using the example of ideals of Z, we can think of:
e [ D J as something like “I | J”
e [+ J as something like “ged(7, J)”
e I NJ as something like “lem(7, J)”
e [ J as something like “IJ”

This is a heuristic because the operations on the right are (mostly) not well-defined for ideals.

Definition 3.6. We call I,J << R comaximal if ] + J = R, or equivalently, that there exists some
re€l,s € Jsuch that r+s=1.

Remark 3.7. As a heuristic, we can think of comaximality as something like “relatively prime.”

Lemma 3.8.
1. If I QZ then I = (n) for some n € Z.

2. If K is a field and I <1 K[z] then I = (f) for some f € K|[z].

Proof.

12
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1. If I = (0) then it is clearly generated by one element and we are done.

If not, then I contains some nonzero element, and multiplying by —1 if necessary, it contains some
positive element. Let n > 0 be the smallest positive element of I; we can see that I D (n). Then,
consider any m € I.

By the division algorithm, m = gn + r, for some 0 < r < n. But we can see that r = m — ¢n, so it
is an element of the ideal, which means r = 0 to not contradict the minimality of n. Then, we have
m = gn, so m € (n), and since this is true for any m € I, I = (n).

2. The proof is very similar. If I = (0) then it is clearly generated by one element and we are done.
If not, then I contains some nonzero element. Let f(x) # 0 be an element of I of minimal degree. We

can make f(z) monic by multiplying by the inverse of the leading term, since K is a field. Moreover,
we can see that I O (f). Then, consider any g(z) € I.

By the division algorithm, g = ¢f + r, with degr < deg f. But we can see that r = g — ¢f, so it is an
element of the ideal, which means r = 0 to not contradict the minimality of f. Then, we have g = ¢f,
so g € (f), and since this is true for any g € I, I = (f).

O

Let’s look at an example of the division algorithm in practice.

Example 3.9. Consider the ideal I = (1407,917) < Z. What is the generator of this ideal?
We can use the Eucliden algorithm to see that:

163 = AT M0’

el
q %} = 490 + 4213

<

Yap =42% ¢ LI <

4131 =31 449
634y’

so this ideal contains 7. Moreover, working back up, we can see that 1407 and 917 are both multiples of
7,50 I = (7).

Specifically, by working back up, we get that

7=289-917 — 58 - 1407.

Figuring out how to get 7 from the generators in this way will become useful later.

Lemma 3.10. Our ring R is the zero ring if and only if it has exactly one ideal.

Proof. 1t is clear that the zero ring has exactly one ideal. For the other direction, note that all rings have
the ideals R and (0). For our ring to not have more than one ideal, we must have R = (0). O

Lemma 3.11. Our ring R is a field if and only if it has exactly two ideals.

13
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Proof. For one direction, note that since R is a field it has at least two distinct elements, so R and (0) are
two distinct ideals of R. Moreover, for any I < R, if there is any s #0 € I, then s ' € R,so s 's=1¢€ I,
and I = R.

For the other direction, we can see that if there are exactly two ideals, then this is not the zero ring, and for
any s # 0 € R, we must have (s) = R, so 1 € (s), so 1 = rs for some r € R, so s has an inverse. Thus, R is
a field. O

Definition 3.12. If I < R then the quotient ring is
R/I={r+1|reR}.

Then, we define addition by (r+ 1)+ (s+I) = (r+ s) + I and multiplication by (r+I)(s+1) =rs+1.
The zero of our ring is 0 4 I, and the one is 1 + 1.

Exercise 3.13. We need to check that addition and multiplication is well-defined; that is if r+1 = r' 41
and s+ 1 =5 +1, then (r+1I)(s+1)=(r"+1)(s’"+ 1), and similarly for addition.

To do so, it is easiest to check that if r — 7' € I and s — s’ € I, then rs —r's’ € I.

Lemma 3.14. If / <R and ¢ : R — S is a morphism with #(I) = {0}, then there exists a unique
¢ : R/I — S such that ¢ o™ = ¢ (where 7 is the canonical projection map R — R/I).

RTS

3!

R/I
As before, this uniquely characterizes R/I.

We can view the first isomorphism theorem as a special case of this; taking I = ker ¢, we get the commutative
diagram:

_
R p S

31
R/ ker ¢

Lemma 3.15. The ideals of the product ring R x S are exactly I x J, where [ < R, J < S.

Proof. 1t is easy to check that all such I x J are actually ideals of R x S. For the other direction: suppose
K <R x S. Then for any (r,s) € K, we can see that

(1,0) - (r,s) = (r,0) and
(07 1) : (’I“, S) = (O’ 3)
are elements of K. Thus, K is of the form
(RNK)x (SNK),

and we leave it as an exercise to check that RN K < Rand SNK < S. O]

14
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Lemma 3.16. If I < R then I[x] < R[z].

(However, in this case, R[x] has many ideals that are not of this form, as well, so this does not describe all
ideals of R[z].)

Note that, as we might expect:

e (RxS)/(IxJ)=2R/IxS/J
We can use the isomorphism (r,s) + I x J — (r+1I,s+ J).

 Rlz]/I[z] = (R/I)[x] ‘ ‘
We can use the isomorphism > r;a® + Ix] — > (r; + I)z’.

Checking that these maps are actually isomorphisms is a bit tedious, and we leave this as an exercise.
Lemma 3.17. If I < R then there is a bijection between ideals of R/I and ideals of R containing I.

We can use the map J + m(J), where 7 is the natural projection map R — R/I, and its inverse J > 7~ 1(.J).
We leave it as an exercise to check that this is a true bijection, or that the composites of these maps are
really the corresponding identity maps.

Moreover, for any J <1 R containing I, we have the isomorphism
R/J = (R/I)/m(J)

using the map r+ J — r + I + 7(J). We leave it as an exercise to check that this is well-defined and an
isomorphism.

A wuseful corollary is:
Corollary 3.18. For any ideal (1, s) < R,

R/(r,s) = (R/(r))/(s + (r)) = (R/(s))/(r + ())-

Lemma 3.19. If I, J < R, then
R/(IQJ) = R/I XR/1+] R/J

We can use the isomorphism 7 + I NJ +— (r+ I,r + J). We leave it as an exercise to check that this is an
isomorphism, noting that checking surjectivity is kind of annoying.

Example 3.20.

Z[(30) 2 Z/(6) xz(2) Z/(10).

Lemma 3.21. If I, J < R are comaximal ideals, then I N J = IJ and then previous lemma tells us
R/IJ=R/INJ=R/I x R/J,
since by definition I + J = R.

Proof. We nust need to prove that IJ = 1N J. We know that IJ C I N J, so we just need to show that for
any x € I NJ, we can express = as some »_7;s;, for r; € I and s; € J. But we know that there exists some
r €1, s € J such that r + s = 1, by definition of comaximality. This means that we can write

r=x(1)=z(r+s)=ar+azs e lJ,

since this a sum of the form we want. Thus IJ =1nNJ. O

15
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Example 3.22.
Z/(35) = Z(5) x Z/(7)

Lemma 3.23 (Chinese Remainder Theorem). If Iy,..., I,, < R are pairwise comaximal, then I --- I,, =
ILin---NnI, and
R/I---I,=R/I} x---R/I,.

This just requires an inductive proof, using the previous two lemmas.

16
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LECTURE 4: MORE ON IDEALS

Definition 4.1. An ideal I < R is maximal if I is a proper ideal of R and it is not strictly contained
in any other proper ideal of R.

Lemma 4.2. An ideal I < R is maximal if and only if R/ is a field.

Proof. This follows from and ; an ideal I # R is maximal if and only if R # I are
the only two ideals of R containing I, which happens if and only if R/I # (0) are the only two ideals of R/I,
which happens if and only if R is a field. O

Definition 4.3. An ideal I < R is prime if I # R and for any r,s € R, rs € I only ifr € I or s € I.

Example 4.4. The prime ideals of Z are (0) and (p), where p is a prime integer.

Lemma 4.5. An ideal I < R is prime if and only if R/I is an integral domain.

Corollary 4.6. If I < R is maximal, it is also prime.

Definition 4.7. We say that Spec R = {prime ideals of R}.

Lemma 4.8. If ¢ : R — S is a ring morphism and J < S is prime then ¢~!(J) is prime in R.

Proof. We showed in that ¢~1J is an ideal of R. Then, we can see that since ¢(1) = 1, then
if 1 € ¢=1(J) would imply that 1 € J. Since J is a prime, it is a proper ideal of R; this implies that ¢—1J
is also a proper ideal of R. To see that it is prime, we can see that for any rs € ¢~(J), ¢(r)¢(s) € J, so
either ¢(r) or ¢(s) is in J. But this implies that either r € ¢=1¢(r) or s € ¢~ 1¢(s) is in ¢~1(J), so this is
prime, and we are done. O

This implies that ¢~! maps Spec S to Spec R.
Is there a version of the above lemma for maximal ideals?

No, we have the following example:

Example 4.9. Consider the natural inclusion map Z < Q. We can see that (0) € Q is a maximal ideal,
since Q/(0) = Q is a field. But the preimage of (0) is just (0) < Z, and (0) is not a maximal ideal of Z.

Lemma 4.10. The prime ideals of R x S are of the form I x S, where I < R is prime, or R X J, where
J < S is prime.

Proof. If K << R x S is a prime ideal, then we know from earlier that K = I x J where I <R and J < S.
But then,
(0,0) =(0,1)-(1,0) € K,

17
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so either (0,1) € K and J = Sor (1,0) € K and I = R. Since K must be a proper ideal, we know K # Rx S.

If J =S, then for any rs € I, we can see that (rs, 1) € K, so either (r,1) or (s,1) is in K, so either r or s is
in I, so I is prime, and we can similarly see that J is prime in the case that R = I. O

Lemma 4.11. If I < R, then there exists a bijection between prime ideals of ];2/ I and prime ideals of R
containing I, where for any J <l R, J +— 7(J) and for any J << R/I, J — 7~ 1(J), where 7 is the natural
projection R — R/I.

Proof. We want to show that 7 and 7—! map prime ideals to prime ideals.
We know that if J < R/I, #=1(J) is prime, since we showed this in
For the other direction, if J <1 R is a prime ideal such that I C J, then if
(r+I)(s+1)en(J)
, this means we can find some = € J such that 7w(z) = rs + I. But this implies that rs —2z € I C J, and

then  + (rs —x) = rs € J. Since J is prime, either r or s is in J, which means either r + I or s + I is in
m(J), as we wanted. O

Note that you cannot extend to arbitrary products:

Example 4.12. Consider the product ring R = [[;=, Q. For a clever choice of X (a collection of subsets
of Zzo),
I(X)={(ri)eR| {i| r; =0} € X}

is prime, but it is not of the form described in . We leave the details of this example as an
exercise.

Lemma 4.13. For a ring R, the following properties are equivalent:
1. Any ideal of R is finitely generated.

2. If X is a nonempty set of ideals of R, then there exists an I € X which is not properly contained
in any I’ € X (we say that [ is a maximal element of X').

Proof. We will first show that (1) = (2), by contradiction.

Suppose (2) is false. That is, we can find some X" such that for any I € X, there is some I' 2 T € X. If we
pick an arbitrary I; € X', we can find Iy € X strictly containing I7, and then we can find I3 € X strictly
containing I, and so on, so we get the infinite chain

LhChL GG
Then, we can define I = Ufil I;, and we can see that I < R.

But by (1), we can write I = (rq,...,r,) for some r1,...,7, € R. But since these are a finite number
of elements in I, we must be able to find some N such that r1,...,r, € Iy C I. But this implies that
I=(ry,...,mn) C Iy, so I = Iy, contradicting the fact that

Iy C Iy CL

Thus, we have reached a contradiction, and if (1) is true, (2) must also be true.
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Now, we will show that (2) = (1).

Consider some I <1 R. Let X be the set
X ={J<R|JCI, Jinitely generated} .

We can see that (0) € X, so it is nonempty, and, applying (2), it must have a maximal element Jy. If Jy # I
then there must exist some r € R such that r € I but r & Jy, but then Jy + (r) would be an element of X
strictly containing Jy. Thus, we have Jy = I, and then I must be finitely generated. O]

Definition 4.14. We say that R is noetherian if these equivalent properties hold.

Example 4.15.
e 7 is noetherian
o if K is a field, then K and K[z| are noetherian

e any PID is noetherian

Example 4.16. The ring C[X1, X, ...] is not noetherian because the ideal (X, X»,...) is not finitely
generated (any finite generating set will cover only finitely many of the X,’s).

Lemma 4.17. If R and S are noetherian, then so is R x S.

Lemma 4.18. If R is noetherian and I <1 R, then R/I is noetherian.

Since we know exactly what the ideals of the product and quotient rings look like, we just need to check that
these ideals are finitely generated. This follows from the fact that ideals of R and S are finitely generated,
and is left as an exercise.

Remark 4.19. If R, S, T are noetherian rings, R X7 S is not necessarily noetherian.

Lemma 4.20 (Hilbert’s Basis Theorem). If R is noetherian then so is R[z]| (or R[z1,...,z,] for any
finite n).

Proof. We will show that any I < R[z] is finitely generated. Consider the set
Lg= {T €ER ’ r is the 2% coefficient of some f € I of degree d} .
Note that Ly <t R, and Ly C Lgyq since if f € I then so is zf.

Since R is noetherian, we know that the set {Lq} must have some maximal element Ly, and then

Ly =LNy1="-
But we know that each Lg is finitely generated, so we can find fq,,..., f4,, € I whose 29 coefficients generate
La. (We choose this generating set to be =N fy,,..., 2% N fy_ when d > N.) Then, consider the ideal

T = (fors- s fouys frasees o, ) C 1.
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We claim that I = J. We can see that if I # J, then there must be some g € I — J of minimal degree d.
But we know that, if g has leading term cqz?, then ¢q € Ly by definition, so there exists some r;’s such that
>0t rifa; has leading term cgz? as well. But this means

Sd
g— E Tifa,
i=1
is also in I — J, and is of smaller degree, which is a contradiction.

Thus, I = J, and [ is finitely generated. Since this is true for all I < R[x], R[x] is noetherian. O
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LECTURE 5: RINGS, IV

Remark 5.1. Last time, we showed that if R is noetherian, then so is R[z]. It is also true that R[[z]] is
noetherian in this case; the proof is very similar, but using the coefficient of the lowest term rather than
the coefficient of the largest term.

Definition 5.2. A ring S is said to be finitely generated over R if there is a ring morphism ¢ : R — S
such that we can find a finite subring X C S such that S has no proper subring strictly containing im ¢
and X.

Equivalently, S is finitely generated if there is some finite set X C S such that X = {x1,...,2,}
and we have a surjective homomorphism ¢ : R[Xy,...,X,] — S where for r € R, 9(r) = ¢(r) and

Remark 5.3. If R is noetherian and ¢ : R — S is a ring morphism such that S is finitely generated
over R, then S is noetherian.

Proof. By the second definition of “finitely generated,” S & R[X}, ..., X,]/ker ¢, and since R is noetherian,
so is R[X1,...,X,], and then so is S (as a quotient ring of the polynomial ring). O

The fourth way of constructing rings is the ring of fractions.

Definition 5.4. For a ring R, a subset D C R is multiplicative if 1 € D, and for any r,s € D, rs € D.

Remark 5.5. For any ring morphism ¢ : R — S, and any multiplicative D C R, ¢(D) C S is multi-
plicative.

Proof. We can see that ¢(1) =1 € ¢(D) and for any r, s € ¢(D), there is ', s’ € D such that ¢(r’) = r and
o(s') = s, so
rs = ¢(r)e(s") = o(r's') € (D).
O

To define the ring of fractions, intuitively we want something like R x D, where we are looking at (numerator,
denominator) pairs. But we also want the normal fraction equivalence, so that

r ra

d da’
for any » € R, a,d € D. Remember that we intuitively consider two fractions r/a and s/b equivalent if
rb = sa. To account for zero divisors, we actually use the equivalence

(rya) ~ (s,b) if e(br — as) = 0 for some ¢ € D.

Lemma 5.6. The ~ defined above is an equivalence relation.

Proof. The part that is difficult to check is transitivity.

We want to show that if (r,a) ~ (s,b) and (s,b) ~ (¢,¢) then (r,a) ~ (¢, c).
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We know that there is some d,e € D such that

d(br —as) =0
e(es —bt) = 0.

We want to consider a linear combination of these that will cancel out the s terms, and we get that

ecd(br — as) + dae(cs —bt) =0+ 0=10
= ebd(cr — at) =0,

and since ebd € D, this means that (r,a) ~ (¢,c¢), as we wanted! O

Note that without allowing this ¢ term in our definition of the equivalence, we would not be able to show
transitivity.

Definition 5.7. We denote this set of equivalence classes as D™' R and we write r/a to denote [(r, a)].

Lemma 5.8. D' R is a ring, with the following operations:

0=0/1
1=1/1
rb+ as
b:
r/a+ s/ b
rs
-s/b= —.
r/a-s/ s

(For the latter two, note that ab € D since D is multiplicative.)

Moreover, there is a homomorphism R — D~!R defined by 7 + r/1. Note that this is not always an
injective map.

Under this homomorphism, any a € D maps to a/1 and has inverse 1/a, so this homomorphism maps
all of D to units in the ring of fractions.

We will not carry out the full proof - most of the proof is just checking one property after another, and
should be straightforward. The longest thing is checking that + and x are well-defined operations, so we
will check now that + is well-defined.

If r/a=1'/a' and s/a = s'/a’ in D™'R, then we want to show that 2548 = blr;frb'f,s/. Using our definition
of equivalences, we know that there is some c¢,d € D such that

cla'r—ar’)=0
d(b's —bs") = 0.

We claim that the two sums are equivalent, and specifically that
cd(a’'t'br + a'b'as — abb'r’ — aba’s’) = 0.

But this is just
ca'a(d)(b's — bs') + db'b(c)(a'r —ar’) =0+ 0 =0,

as we wanted. Thus, sums are well defined.

The ring of fractions also has a universal property - we can think of it as the “cheapest way” of adjusting R
so that all elements of D become units.
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Lemma 5.9. If D C R is multiplicative and ¢ : R — S is a morphism such that ¢(D) C S*, then there
exists a unique ¢ : D"'R — S such that

D 'R
comimutes.

Proof. We claim that the map is ¢(r/a) = ¢(r)(¢(a))~!, and leave it as an exercise to check that it is
well-defined and a ring morphism.

To see that it is unique, note that if ¢ is another such morphism, then since the diagram commutes, for any
r € R, y(r/1) = ¢(r). But then for any r/a € DR, we have that

P(r/a)p(a/1) = ¢(r/1) = (r),

and since ¥ (a/1) = ¢(a), we get that
P(r/a)p(a) = é(r),

and since ¢(a) is a unit, we can multiply by (¢(a))~! to get
U(r/a) = o(r)(d(a)) ",
S0 1 = ¢. O

Again, this completely characterizes the ring of fractions.

Example 5.10.
1. If 0 € D, then D~'R = {0}.

This is because for any r/a, we can see that 0(1-r —a-0) =0, so r/a ~ 0/1.

2. If D = {r € R| r not a zero divisor} (check that this is multiplicative!) then we denote D™'R as
@R and call it the total quotient ring.

In this case, the map R — QR is injective, because if /1 ~ s/1, this means ¢(r x 1 —s x 1) =0
for ¢ not a zero divisor, sor —s =20, so r = s.

« QZ=0Q

e If R is an integral domain, then D = R\ {0} and QR is a field.

This is because for any r/a # 0, we know that r # 0, so a/r € QR as well, and we have found
an inverse for r/a, so all nonzero elements are units and QR is a field.

In a sense, this makes QR the smallest field containing R; any field containing R also contains
QR.

e Q(Zx7Z)=Q x Q. We leave this as an exercise to prove.

e QC[X]/X? =C[X]/X™
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This is because the set of elements which are not zero divisors is
D={a+bX|a#0},

and this is already the set of units for this ring. We leave it as an exercise to check these two
facts.

3. For any f € R, the set {1, f, f?,.. } is multiplicative. In this case, we denote the ring of fractions
Ry or R[1/f].
This is isomorphic to R[X]/(fX —1). Why?

We can do some diagram chasing to prove this.

First, note that the natural map R — R[X]/(fX — 1), which is the inclusion map and then the
projection map, maps f to a unit, since fX =1 € R[X]/(fX —1). So we can apply the universal
property of Ry to get that there is a unique ¢ : Ry — R[X]/(fX — 1) such that this diagram
commutes:

We can call this Diagram 1.

Then, if we consider the map R[X] — Ry defined by X ~— 1/f, we can see that the first isomorphism
theorem gives us a unique map v : R[X|/(fX —1) — Ry, which is the purple arrow in the following
commutative diagram:

We can call this Diagram 2.

Now, we need to show that ¢ o ¢ = idg[x)/(sx—1) and ¥ o ¢ = idg,. To show the latter, we can
see that 1) o ¢ makes the following diagram commute:
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but the universal property of the ring of fractions tells us that idg, is the unique map Ry — Ry
that makes the diagram commute, so ¢ o ¢ = idg,.

Similarly, to show the former, we see that ¢ o1 makes the following diagram commute:

but the universal property of the quotient ring tells us that idgxj/(sx—1) is the unique map
R[X]/(fX —1) = R[X]/(fX — 1) that makes this diagram commute, so ¢ o ¢ = idr[x)/(rx—1)-

But how did we get the latter two commutative diagrams? We can build them up as follows:

¢ ) %, Rex)
k= ﬁcx‘;/@x -1 R—> Rcﬂ/(“ 1) = *T/(&X —1\3“,

T RCX] T ROX] 57 2t T ROX 7 2
= i P

from Piogram | by universal properry of L loy un\ma\ perty
polynemial rinas of v ring of frochony

ok aexd feak-©

)
A

-\)
s VeV (L
@(*—\I(Q = @(

\32;-2‘—% zDQ/m -

-9
At
e T E ROV A

S Py
zmﬁ ztxljﬁu ?CW
! ! ;

Hom Diagram 2 ‘95 unweysal propehy of the \o“ universal Property of ™ve
ey of Frockions quotent vine

R

Thus, these two are isomorphisms, as we desired.
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Examples of this are:

e Z[1/n]
e R[[X]]x = R((X)) ={X - yaiz’ | a; € R,N € Z}. This is called the Lorent series over R.

We won’t be able to cover completions in class; there will be notes uploaded to Canvas that will be important
for the homework.
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LECTURE 6: FRACTION RINGS, CONT'D

Let’s continue looking at examples of fraction rings:

Example 6.1.
4. If we have rings R and S, and multiplicative subsets D C R and £ C S, then D x E C R x S is
also multiplicative (this should be easy to check).
Moreover, (D x E)™1(R x §) 2 D™1R x E~1S, using the isomorphism (r, s)/(d,e) — (r/d, s/e).
You should check that this is well-defined and an isomorphism, but this should be straightforward
to do.

5. If we have a ring morphism ¢ : R — S and a multiplicative subset D C R, then ¢D C S is also
multiplicative.

In the case where this map is implicity known, people often write D~1S to denote (¢pD)~1S.

R ¢ s
The diagram commutes because of the universal property of the
D7 'R , (pD)~18
T/dH¢(T)/¢(d)( )

fraction ring.

We can similarly see that for any ring R and multiplicative set D C R,
(D'R)[X] = D™Y(R[X]),

via the isomorphism

3
3

(r,/d XZ Hd zn:n( Héz ) X°.

i=0 i=0

However, we don’t have a similar statement for formal power series: we can see that
Z{[XN[1/2] # (2[1/2]) [[X]),

as the polynomial 14 § + % + -+ isin (Z[1/2]) [[X]] but not Z[[X]][1/2].

6. If p < R is a prime ideal, then R — @ is multiplicative.
We call R, = (R — p) 'R the localization of R at g.

Note that this is slightly confusing notation, if f € R such that (f) is prime, then R; means
(vaguely) that you are inverting f, while R sy means that you are inverting everything but f.

Let’s look at some examples of this:
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® Zp)s for prime p, is the set {a/b cQ ‘ a,be Z,p{b}

(where we mean a/b € Q which has a representative such that this is true; obviously we can
always express a/b in a form where the denominator is a multiple of p)

* Ziy=Q

o C[X](x) = {p/q € C[X] | q(0) # 0}, which is the set of all f(X) € C(X) such that we can
evaluate f at 0

e Remember that we said that if p < S is prime, then R X ¢ << R x S is prime. Then,
(Rx S)pxp=(RxS—Rxp) '(RxS)=(Rx(S—p) " (RxS9).
Then, applying what we said about fraction rings of the product ring, this equals

R'Rx(S—gp) 'S={0} xS, =5,.

Definition 6.2. If ] << R and D C R is multiplicative, then

D' I={r/a|rel,ac D} <D™ 'R.

Definition 6.3. We call I saturated with respect to D if for any € R and a € D such that ar € I, r
is also an element of I.

Lemma 6.4. If [ is saturated with respect to D and r/a € D=1 then r € I.

Note that this is not true in general; we know that in general, if 7/a € D=1 then there is some representative
of r/a such that the numerator is in I, but that is not necessarily the case for the given representative r/a.

Proof. We know that there is some representative s/b = r/a with s € I. Since these two are equal, there
exists some ¢ € D such that
clas —br) =0 = cas = cbr.

But we can see that cas € I since s € I and ca € I. This means that cbr € I, and since cbr = (cb)r, with
c¢b € D and r € R, this means by the definition of saturated that r € I. O

Let ¢ : R — D7 'R be the natural map. Then:

Lemma 6.5. If J <t D™'R then ¢~1J is saturated with respect to D and D~1(¢=1J) = J.
Proof. To show ¢~ 1J is saturated with respect to D, take an arbitrary » € R, a € D such that ar € ¢~ 1.J.
Applying ¢, this means that ar/1 € J, and since J is an ideal of D™!'R and ainD, (1/a)(ar/1) =r/1 € J.
But this means that r € ¢~'J, as we desired.
Then, D~1¢~1J is the set of all r/a such that a € D and r € ¢=1J, or r/1 € J. So

D'¢'J={rfa|aeD,r/1eJ}.

We can see that for any r/a € J, a(r/a) =r/1 € J,sor/a€ D¢~ J, and J C D~ 1¢~1J.

Similarly, for any r/a € D71¢~1J, we know that 7/1 € J and 1/a € D7'R, so (1/a)(r/1) = r/a € J, and
Dl¢lg=J. 0
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Lemma 6.6. If I << R then ¢~ 'D '] is the smallest saturated ideal containing I (formally, all other
saturated ideals containing I also contain ¢~'D~') and D~'¢~ 1D~ = D~ 'I.

The proof of this is very similar to the proof of the previous lemma, so if you were confused by the previous
lemma, it is recommended you do this as an exercise.

Lemma 6.7. There is a bijection between ideals of D' R and ideals I < R which are saturated with
respect to D, using the maps

J— ot
DT

This follows from the previous two lemmas.

Lemma 6.8. If D C R is multiplicative and I<IR, then D, or the image of D in R/I, is also multiplicative.
There is an isomorphism

D (R/T)= (D"'R)/(D'I),

using the map Zif > r/d+ D71I.
Proof. Intuitively, we can see that this is the sort of thing that we could solve from the universal property.
To get a map Eil(R/I) — (D7'R)/(D™1I), we first want a map R/I — (D~'R)/(D~'I) where D maps
to units, and to get this, we want a map R — (D~*R)/(D~I) where I is in the kernel.

We get the following commutative diagram:

P operty, e R/g

elewenyy ok T

FHom Un‘l\ma‘
SRS e
e\ermens ot D °p
-_— N vnilsn w

D'(%1) <5s

Map

and we can use this to explicitly compute the homomorphism and get that it is Zif + r/d+D~'I. Similarly,

in the other direction, we get the commutative diagram:

f-\"L (—_‘ r
\+T

D (/)€ R

Geom unnercol l
propart ve lelve

amou et D 3o D"‘ K

wnits
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. . . . o e -1 1
and we can use this to explicitly compute the homomorphism and get that it is 7/d + D™'1 — g

We can check that the composition of these maps is the identity in both directions, so this is really an
isomorphism. O

Corollary 6.9. If R is noetherian, then so is D~ !R.
This follows from

Corollary 6.10. A prime ideal I <1 R is saturated with respect to D if and only if I N D = ().

There is a bijection between prime ideals of D~'R and prime ideal I of R with I N D = (), using the
maps

J— o T
D7« 1.

This directly implies that Spec(D~*R) C Spec(R).

Note also that Spec(R,,) = {I € SpecR | I C p}.
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LECTURE 7: TENSOR PRODUCTS

In lecture 2, we discussed the relative product, which was a subring of R x S with the following commutative
diagram:

Today, we will discuss the tensor product, which in a sense extends the product in the opposite direction;
we get the commutative diagram:
R

QT S

——

We will discuss what this means later in the lecture, but for now we are just presenting it as a useful way to
think of the tensor product as compared to the relative product.

N~

So how do we get the tensor product?

Let’s say we have a ring R, and ring morphisms ¢ and ¥ to S and T, respectively. We want to construct
S ®gr T such that the following diagram commutes:

R—" 5

v Jsmix)

Well, we can start with the ring R[X,Y]ses eT, so that we are trying to “add” all of S and T into the ring
R. But in order to make our operations in our tensor product work the same way they did in R, S, and T,
we need to mod out by the following ideal:

XlerSQ - X.51 - X527 )/;51+t2 - }/tl - }/;27
I = X8182 - X81X827 }/tltz - 1/!‘41 - }/1327

Xy =1 Yoy =7 51,82€8,t1,t2€T,rER

That is, we are making sure that for all 51,52 € § X4, 45, = X5, + X, and X5, = X, Xs,, so the X's
actually correspond to elements of .S, and similarly for 7. Moreover, we are making sure that for any r € R
r +— 7 in the natural map to the tensor product; this means we are making sure Xy,y = r and Yy = 7.

Definition 7.1. We say that the tensor product of R, S, T given the ring morphisms ¢ : R — S and
ViR T, is
S®¢ryT=5S9rT = R[X,Yilseser/I,

where I is defined above.
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Note that this depends on our choice of morphism ¢, 1) but in cases where these morphisms are implicit,
we leave them out of the description of the tensor product.

Definition 7.2. We write s®t € S ®gr T to denote X,Y; € S®gT.

Remark 7.3. For elements of the tensor product, these properties follow from the definition of S®pg T":
o (s1+52)Rt=51Qt+s52¢
o s®(t1+1t2) =s®@t1+ 5@t
o (51 ®@t1)(s2 ®t2) = 5152 D1t
o for any r € R, we get that

A(r)s @t = Xy Ve = Xprm XsY: =1 XY = (s ®1).

o foranyr € R, s@¢(r)it =r(s®t)

As we might expect, the tensor product also has a universal property.

Lemma 7.4. If we have the commutative diagram

R—2 5
w‘/ ‘/g

then there is a unique map f ® g : S ®r T — U that makes the diagram

¢ /S
P SQrT g

///) ;S\\
- U

R

T

commute.
Proof. We can see that since this diagram commutes, we are forced to define this map by
f®glr) = f(o(r) =g(¥(r))
f®g(Xs) = [f(s)
f@g(Yy) =g(t).

Clearly, this gives us a ring morphism R[X§, Yi]sester — U, so we need to show that the I we defined above
is within the kernel of this map, so we can apply the universal property of the quotient map to see that this
gives us a unique homomorphism R[X,Yi|ses.ter/I — U, as we desired.

We can see that for any sq,s2 € S,

f®9(Xsiqsy — Xy — Xsy) = fs1+52) — f(s1) — f(s2) =0
f ®g(XS132 - Xlesz) = f(3152) - f(sl)f(SQ) =0,
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and for any r € R,
f®g(Xgey —1) = f(8(r)) — f(o(r) =0,

and we can similarly check these properties of the Y terms to see that the entire ideal I is in the kernel of
this map, as we desired.

Thus, the f ® g we defined above is the unique homomorphism from S ® g T to U that makes this diagram
commute, as we desired. O

Note that the universal property of the tensor product also gives us the uniqueness of the tensor product,
in the sense that

Remark 7.5. If we have two tensor products S ® g T and S ®'; T with the same universal property,
then S ®g T = S ®, T, and there is a canonical isomorphism between the two.

Proof. The universal property of S ® g T gives us the following unique ¢:

S®RT

We claim that ¢ and ¢’ are inverses of each other. Why?
We will just show that ¢’ o ¢ = idsg,T, as the other direction is identical. To do so, we combine the two
commutative diagrams in the following way:

R T

S S®rT

\(’)
"~
ST

But then, by applying the universal property of S®prT to the green arrows, we get that idsg 7 is the unique
map SQr T — S ®gr T that makes the diagram commute, so ¢’ o ¢ = idgg 7.

We can do the same thing in the other direction to get that these two maps are inverses of each other and
therefore isomorphisms. Moreover, ¢ and ¢’ are the canonical isomorphisms in either direction, because they
are the unique maps induced by the universal property. O

SQrT
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Lemma 7.6. If we have the commutative diagrams

a—— 9’ g—— T

\/ \/

then there is a unique map a ® : S ®r T — S’ ®r T" defined by

a®B(s®t) =als) @ B(t).

Proof. We can apply the universal property of the tensor product to the following commutative diagram:

L

R T T

| |

S —— S®rT

|

S/ S/ ®pr T

and then by following the diagram, we can check that

a®f(s@t)=a®B(X)a® (V) = XawYse) = als) @ B(1).
O

Definition 7.7. We say that an element in S ® T is a pure tensor if we can express it in the form
s®t.

Remark 7.8. Every element of S @z T is a finite sum of pure tensors.

Proof. We can see that any monomial of R[X,Y}|scs ter is of the form

n o
r[Lxe I
i=1 j=1
for some r € R and some s; € S, t; € T. But in our quotient ring, we know that this is equivalent to
" o
o(r) H si7 )l ® H L‘;-n‘; )
i=1 j=1

which is a pure tensor. Since every element of this polynomial ring is a finite sum of monomials, every
element of our quotient must be a finite sum of pure tensors. O

Lemma 7.9. The tensor product R ®g T is isomorphic to T', using the map r ® ¢ — ¥ (r)t.

Proof. Since we know R®giT is the unique ring with the tensor product universal property, it suffices to show
the universal property also holds for T. But we know that for any U, f, g such that we have the following

commutative diagram:
—— R
lf
— U

=

P

—

N
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then ¢ is the unique map T'— U that will make the diagram

R d¥r . p

)

commute. Thus, the universal property holds for T, and RQr T = T.
We leave the proof of the definition of the isomorphism as an exercise; this just follows from the fact that it
is the unique isomorphism defined in . O

Lemma 7.10. For any rings R, S, T, S®rT =T ®g S, and the isomorphism between them is the map
SRt—= TR s.

Proof. Tt is clear from the universal property that these are isomorphic (using the same argument as in
). The universal property moreover tells us that the unique isomorphism between them is the «
that makes this diagram commute:

R S
‘ s»—)s®1‘

s—1®s
T

— S®rT

|

(e

It
T®rS

/

Then, we can see that in order for this diagram to commute, we must have

a(s@t)=a(s®@1)a(l®t)=(1Rs)(t®1) =t®s.

Note 7.11. Importantly, this means that all theorems in this section that we prove in terms of T (or
the second ring in the tensor product) are also true for S (or the first ring in the tensor product). For
much of this lecture, we will only state lemmas in one direction, so it is important to note they apply in
both directions.

Lemma 7.12. If [ < S is an ideal, then we define I ® g T' to be the set of finite sums of pure tensors
s®t such that s € I. Then, I g T <1 S ®r T and

(S®rT)/(I®rT)=(S/1)®rT,
using the isomorphism s @t + I Qr T — (s +I) @ t.

Proof. Consider the map S @r T — S/I @r T defined by s @t — (s + I) @ t. We can see that any element
in I®rT would map to 0@t =0(1®¢) =0X;X; =0, s0 I ®g T is in the kernel of this map, and we can
apply the universal property of quotient rings to get an induced map ¢ to make this diagram commute,

S®rT S/ T®rT

sQt—(s+I)®t

@

SQrT/IRT
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and we can see that ¢(s@t+IQrT) = (s+ ) ®t, as we desired.
Then, in the reverse direction, we get the commutative diagram

R— S —— 48

I |

T—— S/I®rT S®rT
SQrT/IRrT
where the green arrow comes from applying to the inclusion map S/I — S and the identity map
T — T, and our desired map v is just the composition of the green and blue maps.
We leave it as an exercise to check that these are inverses of each other. O

Lemma 7.13. If ] < R, then R/I ®@p T = T/91.

Proof. We know from the previous lemma that R/IQrT = RQrT/IQrT, and then we can apply
to see that this is isomorphic to T'/¢1. O

Lemma 7.14. If D C S is multiplicative, then D @z 1 ={d® 1 | d € D} is also multiplicative, and

(D71S) @r T = (D®r 1) (S®rT).
Lemma 7.15. For any multiplicative D C R, D"*R®xrT = D~'T, using the map r/d®t s 1(r)t/(d).
Lemma 7.16. The tensor product S ® g T'[X] is isomorphic to (S ®g T)[X].
Lemma 7.17. For any ring U, S®g (T®@rU) = (S®rT)®r U, using the map s® (t®@u) — (s®t) Qu.

Lemma 7.18. For any ring U, S®r (T' xU) = (S®rT) x (S®rU).
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LECTURE &8: FACTORIZATION IN RINGS

This week, we will cover factorization in rings, which will finish up our unit on rings.

Definition 8.1. If R is a ring and r, s € R, then r | s (we say “r divides s”) if s = rt for some t € R.

Definition 8.2. We call r irreducible in R if » ¢ R* and if r = st € R, then either s € R* or t € R*.

Example 8.3. In Z, the irreducibles are +p for prime p.

If K is a field then the irreducibles in K[X] are the irreducible polynomials.

Lemma 8.4. If R is a noetherian integral domain then for any r € R such that r # 0, we can write
T=U T Tp,
where u € R* and each m; is irreducible.

Proof. Let X be the set of all ideals (r) C R where r has no such factorization.
If this is an empty set, then we are done.

If not, then since R is noetherian, X has some maximal element (). We know that (r) is not irreducible,
since then it would have a trivial factorization, so there must be some s,t ¢ R* such that r = st.

implies u ! which contradicts the fact that ¢ is not a unit. Thus, we have (r) C (s) and similarly we

Then, (r) C (s) but if (r) = (s) then s = wr for some u € R. But since we are in an integral domain, this
get that (r)

t
G ().

Since (r) is maximal in X, this means that (s) and (¢) cannot be in X, so we have factorizations s = umy - - - 7,
and ¢t = vm} - - - 7,,. But then,

!

r:st:uvﬂy'wr,ﬂriuwrm,

and we have found a factorization for r, contradicting the fact that r has no such factorization.

Thus, for every r € R, we can find such a factorization. O

Definition 8.5. We say that r, s € R are associates if r = su, where u € R*, and we denote this r ~ s.

Example 8.6. In Z, for any prime p, p ~ —p.

Example 8.7. The ring Z has the property that if

/ /
T=UM| Ty = UMy - T, € 2,

with u,v € Z* and m;, 7} irreducible, then m = n, and up to rearrangement m; ~ .

But not all rings have this property, and even some otherwise very nice rings do not.

37



Math 210a Aditi Talati &= Fall 2022

Example 8.8. In Z[y/—5] we can write
6=2-3=(14+v-5)(1—-+v-5).
We claim that all of these are irreducibles and moreover that none of them are associates.

We will just show that 2 is irreducible as an example. For any factorization 2 = (a+byv/—5)(c+dv/—5) €
Z[v/—5], we can take the norm to get that

4 = (a% 4 5b%)(c? + 5d?).

But since a, b, ¢, d are integers, clearly b = d = 0, and then ac = £2. But this implies that one of the
factors is +£1, which means one of these factors is a unit, and therefore 2 is irreducible.

We leave showing that the rest of these factors are irreducibles as an exercise; after that, it is clear that
they are not associates since neither 1 ++/—5 or 1 — y/—5 can be a multiple of 2.

Definition 8.9. A ring R is a unique factorization domain (or UFD) if it is an integral domain and

1. for any r € R\ {0}, we can factor r as
T:uﬂ'lnq.ﬂn,

where © € R* and each m; is an irreducible.

2. if
’

/
UTTY =+ Ty = U7T1 ...ﬂ-"“

where © and v are units and each 7; and 7r; is an irreducible, then n = m and up to rearrangement,
m; ~ 7} for each 1.

Example 8.10.
1. Z is a UFD

2. any field is a UFD (since all nonzero elements are units)

3. Z[\/=5] is not a UFD

Lemma 8.11. If R is an integral domain and (1) holds in the definition of a UFD, then the following
are equivalent:

1. a principal ideal (r) is prime if and only if r is irreducible
2. if 7 € R is irreducible then (7) is prime
3. if # € R is irreducible then for any 7, s € R such that 7 | rs, either 7 | 7 or 7 | s

4. Ris a UFD

Proof. Clearly, (2) and (3) are equivalent, and (1) implies (2). So to complete the equivalences we just need
to show that (3) implies (4) and (4) implies (1).

We will first show that (3) = (4).
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We start with an arbitrary umy -« -7, = vn} --- 7, where u,v € R* and each m; and 7r;» is irreducible. We

will show via induction on m that these are the same factorization.

As a base case, we can see that if m = 0, then umy -+ -7, is a unit. But any factor of a unit is also a unit
(and therefore not an irreducible) so n = 0, and we are done.

For the inductive step, when m > 0, we can see that (3) implies that since 7/, is not a factor of u, we must
have =/, | m; for some i, so there exists some w € R such that m; = wn},. Since m; is irreducible, this means
w must be a unit, and 7, and m; must be associates. We rearrange so that ¢ = m and we get n/,, ~ m,, and
since this is an integral domain, we can then factor out the m; to get

/

(Uw)my T = O] -+ T

Applying our inductive assumption, we get that n —1 =m — 1 (so n = m) and for each i, m; ~ 7}, so this is
a UFD.

Now we will show that (4) = (1).

In one direction, we consider a prime principal ideal (r). For any s,t € R such that r = st, we have that
st € (r), so either s € (r) or t € (r). We assume without loss of generality that s € (r), so that s = ur for
some u € R. But since this is an integral domain we can combine these equations to get that ut = 1, and
then t € R*, so r is irreducible.

For the other direction, we consider an irreducible € R. For any st € (r), we have that st = rz for some
x € R. We can write out the factorizations

S=um T

/
m

1" 1
U =Wy T,

t=ovmy.

so that

!

(Uv) Ty - Ty - T, = WY T

r
p b

where r and all of the n’s are irreducible and u,v,w € R*. But then, since we are in a UFD, we know that
there exists some 4 such that r ~ m; (and then r | s so s € (r)) or r ~ 7} (and then r | t so ¢t € (r)). Thus,

this ideal is prime. O

Definition 8.12. We call R a principal ideal domain (or PID) if it is an integral domain and any
ideal of R is principal.

Example 8.13. Z is a PID, and when K is a field, K[X] is a PID.

Lemma 8.14. If R is noetherian then the following are equivalent
1. Ris a PID

2. R is a UFD where each nonzero prime ideal is maximal

(Note that R being a PID implies that R is noetherian, so we can also say that if R is a general ring, then
(1) is equivalent to (2) plus the property that R is noetherian.)

Proof. The direction (2) = (1) is a homework problem.
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For the other direction, we will assume R is a PID and prove property (2) in

Suppose m € R is an irreducible. Consider any rs € (7). Since this is a PID, (r,7) = (¢) for some ¢ € R.
But then 7 = tu for some u € R, and since 7 is irreducible this means either t € R* or u € R*.

If ue R*, then t ~ 7 so (t) = (w) and r € (7).

If t € R, then (t) = (r,m) = R, so there exists some z,y € R such that rz + 7y = 1. But then, multiplying
by s, we get that
Srx + smy = S,

or s = (rs)z + (m)sy, so s is a multiple of 7 and s € ().

Then, we will show that every nonzero prime ideal is maximal. If we have a prime ideal p # (0), and any
ideal q # R such that p C q, we can see that q must also be prime.

This means we have p = (7) and q = (7') with 7, 7’ being irreducible. If (7) C (#') then there exists some
u € R such that 7 = un’. But since 7 is irreducible, this implies that © ~ 7/, and therefore p = q, so p is
maximal, as we desired. O

Example 8.15. When K is a field, K[X] is a UFD.

We now move on to some things we can do within a UFD.

Lemma 8.16. Suppose R is a UFD, and r,s € R. Then, there exists a ged(r, s) € R, which is unique
up to associates, such that ged(r, s) | r, ged(r, s) | s, and for any ¢t € R such that ¢ | » and ¢ | s, we also
have ¢ | ged(r, ).

Proof. Let’s say that r = umy - -7, and s = vn] - - - 7,,. We can rearrange these irreducibles so that for any
1 <i<p, m ~m;, and for any i, j > p, m; % 7).

Then, we define ged(r,s) = m - - - mp.

We leave it as an exercise to check that the stated properties hold. O

Definition 8.17. If R is a UFD, then r, s € R are coprime if ged(r, s) = 1.

Definition 8.18. We can define ged(ry, . .., 7y, ) similarly to the way we defined the ged of two elements.

Definition 8.19. If R is a UFD then a polynomial f(X) € R[X] is primitive if the gcd of its coefficients
is 1.
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LECTURE 9: FACTORIZATION IN RINGS, 11

Lemma 9.1 (Gauss). If R is a UFD and f, g € R[X] are primitive, then fg is also primitive.

Proof. We will prove the contrapositive. If fg were not primitive, then there is some irreducible = € R such
that 7 divides all coefficients of fg. Since R is a UFD, (7) must be a prime ideal of R, and then since R/ ()
is an integral domain, R/(7)[X] = R[X]/(w) is also an integral domian.

Let f be the image of f in R[X]/() and let g be the image of g in R[X]/(7). We know that

fg=fg=0¢€ RIX]/(m),

and since R[X]/(r) is an integral domain, this means either f or g is 0 in this quotient, which means either
7 divides all the coefficients of f or 7w divides all the coefficients of g.
Thus, if fg is not primitive, then f and g cannot both be primitive. O

Lemma 9.2. If R is a UFD, then f(X) € R[X] is irreducible if and only if either:
e f € R and f is irreducible in R

e f is primitive and f(X) is irreducible in QR[X] (the polynomial ring of the field of fractions of R)
Proof. For the first direction:

If f(X) is irreducible and f € R, then we can see that if f = gh € R, then either ¢ is a unit in R[X] or h
is a unit in R[X]. But we have that the units in R[X] must have degree 0 (since the degree adds when we
multiply polynomials), so the units in R[X] are exactly the elements in R which have inverses in R, and we
get that

R[X]* = R*.

Thus, since either g or h is a unit in R[X], that polynomial will also be a unit in R, and therefore f is
irreducible in R.

If f(X) is irreducible and f ¢ R, then we can see that f must be primitive, because otherwise there is some
irreducible 7 such that 7 divides all coefficients of f, and therefore f/m € R[X]. Then

f=n(f/m),

and 7 is not a unit in R[X] because it is not a unit in R, and f/7 is not a unit in R[X] because it has
nonzero degree.

Thus, f is primitive. From here, let’s say f = gh € QR[X]. Then let a € QR be the lem of the denominators
of coefficients of g divided by the ged of the numerators of coefficients of g, so that g = a- g, where § € R[X]
and is a primitive polynomial. We can similarly write h = b-h, where b € QR and h is a primitive polynomial
in R[X]. Then, we have that

f = abgh.

Since R is a UFD, we can write ab as a fraction in R in “lowest terms,” where we mean that the numerator
and the denominator are coprime. Then, for abjh to be an element of R[ ], we need the denominator of ab in
lowest terms to divide the ged of the coefficients of gh. But Gauss’s lemma tells us that gh is also primitive,
so the denominator of ab must be a unit, and ab € R. Then this becomes a factorization of f in R[X], so we
know that either § or k is a unit in R[X], which means g or h is a unit in QR[X], and f is irreducible in QR[X].
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For the other direction:

If f € R and f is irreducible in R, then for any factorization f = gh € R[X], we know that since
deg f = degg + degh, the polynomials g and h must also be in R. Thus, either g or h is a unit in R,
which means it is also a unit in R[X], so f is irreducible in R[X].

If f € R[X]\ R and f is primitive and irreducible in QR[X] then for any
f=gh € R[X],

we know that either g or h is a unit in QR[X]. We assume without loss of generality that g is the unit, and
then by the same logic as before this means that g is a unit in QR. But g is also an element of R[X], which
means g € R. Since f is primitive, this implies g is a unit in R, so it is a unit in R[X], and f is irreducible
in R[X]. O

Theorem 9.3. If R is a UFD then R[X] is a UFD.

Example 9.4. This tells us that Z[X,Y] and C[X,Y] are UFDs.

Proof. We first prove the existence of a factorization into irreducibles:

We know that for any f(X) € R[X], we can factor it in QR[X] (since we showed in that
QR[X] is a UFD). Let’s say we have a factorization

f(X):u.Trl...ﬂn7

where u € QR[X]* = QR* and each =; is an irreducible in QR[X]. Note that we can multiply m; by
the lem of the denominators of its coefficients and divide u by this lem to get the same product, but with
each m; being an element of R[X] and then divide 7; by the ged of its coefficients and multiply w by this
ged to get the same product, but with each m; being primitive. But then each m; is a primitive polynomial
in R[X] which is irreducible in QR[X], and tells us that this means each 7; is irreducible in R[X].

Moreover, we know that since R is a UFD we can write v in “lowest terms,” and then the denominator
must divide the ged of the coefficients of 7 - - -, for the total product f to be in R[X]. But since each m;
is primitive, tells us this product is primitive, so the denominator of v must be a unit, and
therefore u € R.

From here, we can just factor u as an element of R to get a factorization of f into irreducibles (this uses the
fact that irreducibles in R are irreducibles in R[X], which we just proved in ).

Now that we have some factorization, we will prove the uniqueness of this factorization:

We showed in that once such a factorization exists, proving uniqueness is equivalent to showing
that for any irreducible = € R[X], (w) is prime. We divide this into two cases:

If 7 € R, then we know that R/(m) is an integral domain since R is a UFD. This implies R/(7)[X] is an
integral domain, and this equals R[X]/(7), so (7) < R[X] is prime.

If 7 € R then we know that 7 is primitive and (7) << QR[X] is prime. Then, for any f,g € R[X] such that
fg € (), we know that either f € (7) <QR[X] or g € (7) < QR[X]. Assume without loss of generality that
[ is the multiple of 7. Then, we know that there is some h € QR[X] such that f = 7 - h. Then, as before,
we write h = a - h where a € QR and h is primitive, and we note that

f=ar-h.
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But then - h is primitive by Gauss’s lemma, so for f to be an element of R[X] we need a € R, which means
ah € R[X] and f € (7) < R[X], as we desired. O

Let’s look at a few examples of polynomials, to find tricks to help us determine whether a polynomial is
irreducible.

Example 9.5. Is X3 — 3X + 1 irreducible in Q[X]?

Note that this is primitive, so this is the same as asking about irreducibility in Z[X]. Note that since
this is a monic cubic, if it had non unit factors in Z[X], they would be of the form

(X2 +aX +b)(X +¢) a,bccZ

Specifically we can see that b, ¢ are integers such that bc = 1, so ¢ = 1, and this has non-unit factors
only if 1 is a root of X3 —3X + 1. But we can see that 13 —3(1) + 1= —1 and (—1)3 - 3(-1) + 1 = 3,
so neither of these are roots, and our polynomial is irreducible.

The trick we used above was that when we look at factors of the polynomial in Z[X], there are very few
options for what the coefficients could be.

Example 9.6. Is X3 + X + 105 irreducible in Q[X]?

Again, this is the same as asking if it is irreducible in Z[X]. We could do the same thing as above, but
there are lots of options for bc = 105, so this would be a lot of casework.

Instead, note that if this polynomial had non-unit factors in Z[X], then it will also have non-unit factors
in (Z/27)[X]. We write

(X2 +aX +b)(X +¢)=X>+ X +1¢€(Z/22)[X],

and note that ¢ can be either 0 or 1, meaning that either 0 or 1 would be a root of this polynomial. But
we can see that 03 +0+1=134+1+1= 1 € Z/2Z, so this has no non-unit factors in (Z/2Z)[X] and
therefore it is also irreducible in Q[X].

In general, it is useful to look at our polynomial in some Z/(m)[X], as long as m and the leading coefficient
of our polynomial are coprime.

Lemma 9.7 (Eisenstein’s Criterion). Suppose R is an integral domain and g is a prime ideal of R. Let
fX)=fo+ iX +-- + faX* € RIX].

Suppose moreover that fg & o, fi € g for each i < d and fy ¢ p?. Then, f is not the product of any two
lower-degree polynomials.

Example 9.8. Consider 2X + 6 € Z[X].

Taking o = (3), Eisenstein’s criterion tells us this is not the product of any two lower-degree polynomails,
but it is not irreducible because
2(X +3)=2X +6.

So Eisenstein’s criterion “almost” shows irreducibility; in a UFD we need to additionally check that our
polynomial is primitive.

Proof. Suppose f = gh, where
9(X) =go+ -+ geX*
hX)=ho++haeX"*
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and e,d — e > 0. We can see that fq = geha—e € ©, S0 ge, ha, & p-.
Then, pick the minimal 4, j such that g; and h; are not in p. We have that

fivi = gohivj + -+ gi-1hjr1 +9ih; + giahir + -+ + givjho -

€p €p

But since g is prime and g;, h; ¢ p, we have that g;h; ¢ p, which means that this sum cannot be in . But
this means that fi; = fqandi=e, j=d—e.

Since those were the minimal 4,5 such that g;,h; ¢ @, we can see that go,ho € p, so fo = goho € ¢, a
contradiction. O

Example 9.9. The polynomial X* + 10X + 5 is irreducible in Z[X].

Corollary 9.10. For a prime p, the p'* cylotomic polynomial

XP—1
B X =1

=XPl4 XP2 ... +1 € Z[X]

is irreducible.
Proof. Note that ¢,(X) is irreducible if and only if ¢,(X + 1) is irreducible. But

(X +1)P -1

< :X;D1+pXP2_|_..._|_<Z.)>XPi1_|_..._|_p_

¢p(X‘|'1) = i

Applying Eisenstein’s criterion with o = (p), we can see that this has no factorization into lower-degree
polynomials; and since this is primitive, it must be irreducible. O
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LECTURE 10: CATEGORY THEORY, I

A good reference for this part of the course is Categories for the Working Mathematician by Saunders Mac
Lane.

Definition 10.1. We have a universe I/ with small sets X € U/ such that
e If X cY el then X € U4.
o If XYV el then {X,Y} elU
o If X € U then P(X) € U, where P(X) denotes the power set of X.
e {0,1,2,3,...} €U

e If we have X € U and a function f : X — U then im f € U.

Note that the elements of U are a model of ZFC, but the axioms of ZFC do not guarantee the existence of
such a U; we are just assuming this exists for the sake of our course.

Definition 10.2. By a category C we mean two sets ob(C) C U (of objects) and mor(C) (of mor-
phisms) together with functions:

e dom : mor(C) — ob(C) which maps a morphism to its domain
e cod : mor(C) — ob(C) which maps a morphism to its codomain
e id : 0b(C) — mor(C) which maps an object to its identity morphism

e o: {(f,9) € mor(C) x mor(C) | cod(g) = dom(f)} — mor(C) which maps two functions to their
composition

such that

1. for X € ob(C), domidx = X = codidx

2. for f € {f €mor(C) | dom(f) = X,cod(f) =Y} = Home(X,Y), which is denoted X Sy
or f: X —Y, we have that
foidx =idy of,

3. for f,g,h € mor(C), fo(goh)=(fog)oh

Definition 10.3. We call f : X — Y an isomorphism if there exists some g : ¥ — X with the
property that fog =1idy and go f =idx.

Remark 10.4. If such a g exists, it is unique, and we call it the inverse of f, denoted f~!.

Proof. If we have g, g’ with this property, then
gofog =goidy =g

but
gofog =idxog =4,

so the two morphisms are the same. O
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Definition 10.5. A morphism f: X — Y is an epimorphism (or epi) if whenever we have maps
x —+t .y ﬁ Z
h
such that go f = ho f, g = h. (We can think of this as similar to surjectivity.)

A morphism f: X — Y is a monomorphism (or mono) if whenever we have maps
g
7 —/—= X I Ly
h

such that fog= foh, g =h. (We can think of this as similar to injectivity).

Example 10.6. Some examples of categories are:

1. Sets: the objects are small sets, and morphisms are functions from one small set to another.
Here, the identity, domain, codomain, and composition functions should be clear.

We can see that if f: X — Y is surjective, then whenever g : Y — Z and h : Y — Z have the
property that go f = ho f, then for every y € Y, there exists some « € X such that f(z) =y and
then g(y) = g(f(x)) = h(f(x)) = h(y), so g = h, and this is an epimorphism. However, if f is not
surjective, then there is some y € Y that is not in the image of f, and then we can construct g and
h such that go f = ho f but g(y) # h(y). Thus the epimorphisms in this category are exactly the
surjective maps.

Similarly, we can see that the monomorphisms in this category are the injective maps.

2. Groups: the objects are small groups and the morphisms are group homomorphisms. As before,
the epimorphisms are all surjective homomorphisms and the monomorphisms are all injective ho-
momorphisms.

3. Rings: the objects are small rings and the morphisms are ring homomorphisms. Again, the epimor-
phisms are all surjective homomorphisms and the monomorphisms are all injective homomorphisms.

4. Top: the objects are small topological spaces and the morphisms are continuous functions. Again,
the monomorphisms are the injective functions, but we can have epimorphisms which are not

surjective: the inclusion map
Q—R

is not surjective, but it is an epimorphism (we know that if the image of g and h agree on all the
rationals, then they have to agree on all the reals because they are continuous functions and the
rationals are dense in the reals).

5. K-Vect: the objects are small K-vector spaces and the morphisms are K-linear maps.

6. Ab: the objects are abelian groups, and the morphisms are group homomorphisms.

Definition 10.7. A covariant functor I’ : C — D is a function:

F :0b(C) — ob(D)
F :mor(C) — mor(D)
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that preserves the category structure, in the sense that

F(dom f) =
F(cod f) = cod F(f)
F(idx) = idpx)
F(fog)=F(f)eoF(g).

Intuitively, we can think of F' as something that “preserves arrows” in the sense that for any

dom F(f)

x—1 Ly

we get

Fx — 5 gy

In contrast, a contravaraint functor F' : C — D reverses arrows, in the intuitive sense that for any

x—1 Ly

we get

FX ¢ FY

Precisely, a contravariant functor F' fulfills the properties that:

F(dom f) = cod F(f)
F(dom f) = cod F(f)
F(idx) = idpx)
F(fog)=F(g)oF(f).

Example 10.8. Some examples of functors are
1. The forgetful functors
K-Vect — Ab — Group — Sets,
in which we just “forget” some of the group structure in each map. This is a covariant functor.
2. The functor H : Top — Ab defined by X + H?(X,Z) which maps i to its i*" singular cohomology.
This is a contravariant functor.

As a warning, m; would map topological spaces with a point identified to its corresponing funda-
mental group; it is not a functor Top — Group because the fundamental group of a topological
space depends on your starting point.

3. GL,, : Rings — Groups where R — GL,,(R), or the group of n x n invertible matrices over R, is a
covariant functor.

4. ide : C — C is a covariant functor.

5. The dual map *; : K-Vect — K-Vect defined by V — V* where we are mapping vector spaces to
their dual, is a contravariant functor.

Definition 10.9. If F': C — D is a functor, then we call F faithful if F' : Hom¢(X,Y) — Homp(F X, FY)
(or F': Home (X,Y) — Homp(FY, FX) if F is contravariant) is injective.
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Similarly F' is full if these maps are surjective.

Example 10.10. Looking at the examples above, we have that:

1. The forgetful functors are faithful but not full (because all group homomorphisms have correspond-
ing set morphisms, but not all set morphisms have a preimage which preserves group structure).

4. The identity functor is fully faithful.
5. The dual functor is faithful; we know that if we have

f
V?W

then the image is
5
ViE—— W
g

where f* is defined by A — Ao f. But then we have that if f* = ¢g*, then for all A\, Ao f = Aog, and
if there exists some v such that f(v) # g(v) then we can define a A such that A\(f(v)) # A(g(v)),
which is a contradiction. Thus, we must have f = g, and this is injective.

However, this is functor is not full because our functor is not always surjective in the case of infinite
dimensional vector spaces; if we restricted this to finite dimensional vector spaces then this functor
would be fully faithful.

Definition 10.11. A category C is a subcategory of D if ob(C) C ob(D), mor(C) C mor(D), and
dom, cod, id, and o are defined the same way in C and D.

As we might expect, we can compose functors, so that if we have

CTDT“‘:

then Go I :C — £ is also a functor.

Everything we’ve discussed above is probably somewhat familiar from defining things like groups and rings,
but the following is unique to category theory:

Definition 10.12. If F,G : C — D are functors then a natural transformation ¢ : F' — G is a
morphism ¢x : FX — GX for each X € ob(C) such that, for any other morphism f: X — Y € mor(C),
the diagram

FX —Ff— FY

commutes.

Example 10.13. The determinant map det : GL,, — GL; is a natural transformation because for any
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ring homomorphism R — S, we have that

GL.(R) ———— GLi(R)

I I

GL,(S) — GL4(S)
commutes (where the f in the diagram actually corresponds to GL,, f or GL; f, respectively, and means
applying f to each entry of our matrix) because the determinant is a sort of “universal polynomial” on
the elements of our matrix, so it will commute with any ring homomorphism.

We will look at more examples of natural transformations tomorrow, because it usually takes a while to wrap
your head around.
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LECTURE 11: CATEGORY THEORY, II

For ease of understanding, in my notes for this lecture, I will use calligraphy letters (C, D) to denote categories,
capital letters (F' and G) to denote functors between categories, and bold letters (¢, 1) to denote natural
transformations.

Example 11.1. An important functor we forgot to mention last lecture is the constant functor C,,
for some object y € D, where for any category C, we get the functor

Cy:C—1D
Ty
f—=idy

for any x € ob(C) and f € mor(C).

Now, let’s continue our examples of natural transformations from last time:

Example 11.2.

2. We have the two functors id : K-Vect — K-Vect and * o x : K-Vect — K-Vect. What is the natural
transformation between them?

(Note that we use the double dual instead of the dual because in order to have a natural transfor-
mation, we need both of our functors to be covariant or both of them to be contravariant.)

We want a natural transformation D : id — * o * such that for every VW € ob(K-Vect), and
f:V = W € mor(K-Vect), we have a ¢y : V — V** and ¢w : W — W** such that the diagram:

V—b—— W

DV DW

VHE ey TR

commutes. Remember that any w € W** is a function of A € W*. We can see that in order to get
this map to commute, we want Dy (w)(A) = A(w), for all A € W*.

Then, doing a bit of algebra, we can check that we do actually get that for all v € V and for all
Ae W,
7Dy (0))(A) =Dw (f(v)(A),

so this diagram commutes, as we desired.

3. For any functor F' : C — D, there is the identity transformation id : F' — F where for any X € C,
idx : FX — FX is the identity map.

4. For any f:Y — Y’ € mor(D), Cy : Cy — Cy is a natural transformation.
Specifically, we have that for any X € C, C; x = f, because then for any ¢ : X — X’ € mor(C),
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this diagram:
CyX —Cyg— Oy X'

Cyr x Cy xr

Cy' X —Cyrg— Cys X'

becomes this:

Y idy — Y
f f
Y/ idy/ — Y/

which clearly commutes.

We can also compose natural transformations, in the way we would expect: if we have the chain

F ¢ G P H

then ¥ o ¢ : ' — H is also a natural transformation.

Definition 11.3. We say that two functors are equivalent (denoted F' ~ G) if there exist natural
transformations ¢ : F' — G and ¥ : G — F such that ¥ o ¢ = idr and ¢ o ¢ = idg.

Exercise 11.4. This implies that for every X € C, the maps ¢px : FX — GX and ¢x : GX — FX are
mutually inverse isomorphisms.

Example 11.5. When restricted to finite-dimensional vector spaces, idpin-K-vect = * © *, because the
natural transformation D from before is invertible.

Definition 11.6. We say that F' : C — D is an equivalence of categories if there exists an inverse
functor G : D — C such that
FoG ~idp and Go F ~id¢

and F is covariant (this implies G is covariant).

If the above holds but F' is contravariant, this is an antiequivalence of categories.

Example 11.7. The dual map * : Fin-K-Vect — Fin-K-Vect is an antiequivalence of categories; its
inverse is .

We know this is an antiequivalence because we showed before that * o * ~ idpin-K_vect-

Definition 11.8. We say that C is a small category if ob(C), mor(C) € U, where U is our universe
from the beginning of last lecture.

Let J be a small category and let F' be a functor F : J — C.
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Definition 11.9. By limit or inverse limit of F' (denoted lim F' or lim F'), we mean an element
—

X € ob( together with a natural transformation ¢ : Cx — F such that if X’ € obC and ¢ : Cx/ — F
is another natural transformation, there exists a unique a: X’ — X € mor(C) such that ¥ = ¢ o C,.

Remember that if ¢ is a natural transformation, this means that for any V)Y’ € obJ and f: Y — Y’ €
mor(J), we have that
X —¢y— FY

idx Ff

| l

X — ¢y — FY'

commutes, while the second part of this definition means that if there exists some X’ 1 such that all
diagrams of this form:

X — oy — FY

N |
Py r Ff
N
FY’

then there exists a unique « (independent of our choice of Y) such that the diagram

Py gy, Ff
\\} l
FY'

commutes.

Example 11.10.

1. Suppose J only has two objects, and its only morphisms are the identity morphisms for those
objects:

Then, any functor F : J — C just has to identify some X7, X5 € ob(C) to be the images of 1 and
2, respectively.

What is lim F'?
—

Well the only morphisms that ¢ needs to commute with are the images of identity morphisms, which
are still identity morphisms. So we just need some object in X € C and morphisms ¢, : X — X3
and d)g X - XQ.

Moreover, for any other X’ € C with morphisms to X; and X5, there must be a unique o : X' —
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X € mor(C) such that the diagram

commutes.

Clearly, if C was the category of rings, then X would have to be X; X X5, and the morphisms
would be the corresponding projection maps.

In general, we say that if we have some small set I, we can create a category C; with its objects
being elements of I and only identity morphisms. Then we say that the product of objects in any
category is

HXi = liin (functor sending i — X;).

il

2. Let J be the category containing two objects, their identity morphisms, and two morphisms
between them:

2=3

and a functor F' : J — K-Vect. To define this functor, we just need to pick two vector spaces V
and W to be the images of the two objects, and then pick two K-linear maps f, g to be images of
the two morphisms.

Then, an inverse limit (X, ¢) must have the property that

14
7

¢1

/ \

—

9
@\jw

commutes, so for any x € X,
f(#1(z)) = g(¢1(x)) = ¢2().

Moreover, for any other X’ with morphisms such that

o
B

|
|

93



Math 210a Aditi Talati &= Fall 2022

commutes, there is a unique homomorphism « : X’ — X such that

%
s

X “as X g

Nl

w

v

—

commutes.

To make this work, we take X = ker(f — g).

Definition 11.11. By a colimit or direct limit (denoted colim F' or liin F)of F:J — C, we mean

an object X € ob(C and a natural transformation ¢ : F' — Cx such that if there exists some X’ € ob(C)
and a different natural transformation v : F' — Cx, then there is a unique o : X — X’ € mor(C) such
that ¢ = C, 0 1.

This is exactly like the inverse limit, but with the arrows in the opposite direction.

Example 11.12. If we have a small category J with three objects, their identity morphisms, and two

morphisms between them:
S0R0
eé)

then a functor F' : J — Rings is defined by three rings R,S,T and two ring morphisms R — S and
R — T, so that we have the diagram:

R—— S

|

T
Then, the direct limit lim F' is just S ®p T'.
—
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LECTURE 12: CATEGORY THEORY, III

Let’s review the definition of a limit.

Reminder 12.1. Consider any functor F': J — C. Then, a limit lim, F' of this functor is an element
X € ob(C) along with a natural transformation ¢ : Cx — F (where Cx : J — C is the functor that
maps every object to X and every morphism to idx).

If we have any other X’ € ob(C) and natural transformation ¢’ : Cx» — F, then the definition of the
limit tells us there is a unique morphism a : X’ — X € mor(C) such that the natural transformation C,
has the property that ¢’ = C, o ¢, so this diagram commutes:

CX L F
C“T %
Cx/

As a reminder, C, : Cx+ — Cx gives us a morphism Cx.J — CxJ for every J € ob J such that, for
any morphism f :J — J’ € mor(J), the diagram:

CxJ —aor Cx'J'
xf

Ca,s C..r

OxJ — T s ovg

commutes. But we define C,, ; to be a for every J € ob(J), because then we can see that since
CxJ=X,Cxf=idx, Cx,J = X', and Cx/f = idx/, so this diagram actually becomes

X — X'

idX/
« «
id
X % X

which clearly commutes.

Thus, when we say there is a unique @ : X’ — X that makes C, commute with the other natural
transformations, we mean that there is a unique a : X’ — X such that for any J € ob(J), ¢/; = ¢ps0q,
where ¢, is a morphism X’ — F.J and ¢ is a morphism X — FJ.

The definition of a colimit is similar, but with arrows in the opposite direction (our ¢ is now a natural
transformation F' — Cx, and the unique homomorphism « now maps X — X').

Lemma 12.2. If (X, ¢) and (X', ¢’) are two limits for F' : J — C, then there exists a unique isomor-
phism « : X — X’ such that ¢’ o C, = ¢.

The existence of a morphism « comes from the universal property of X', and we get a similar 8 from the
universal property of X. From there, it is not hard to show that « and 3 are inverses.
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Lemma 12.3. If (X,¢) and (X', ¢’) are two colimits for F' : J — C, then there exists a unique
isomorphism « : X — X’ such that ¢’ = C, o ¢.

Example 12.4.

1. In the category Sets, small colimits and small limits always exist. For any functor F' : J — Sets,
the limit lim, F is subset of the Cartesian product:

ImF =< (zy) € | I FJ|forall f:J— J €mor(J),Ff(z;)=azy
-
Jeob(J)

This is the same inverse limit we discussed in an earlier pset.

2. In the category Rings, we also always have small colimits and small limits. The construction of
limits is the same as above, but the colimit is a generalization of the tensor product, in the way
we constructed it in the most recent problem set.

Example 12.5. Let us say J has two objects (1) and (2), and just the identity morphisms for each
object, and the morphism F : J — C maps (1) — X; and (2) — X5 for some X7, Xo € ob(C).
Then, what is the direct and inverse limit for F', for some common categories C?

We have the following table:

C lim F lim F
— —

Sets X1 x Xo | X1]] X2

(this is the coproduct, which for
sets is just the disjoint union)

Rings X1 X X2 X1 X7, X2
K-Vect Xl@Xg X1 @XQ
Groups | X1 X Xo | X1 % X5

(this is the free product)

Definition 12.6. If we have two functors F' : C — D and G : D — C, then F' is a left-adjoint for
G or G is a right-adjoint for F if for all X € ob(C) and Y € ob(D), there exists a bijective map
¢x,y : Homp(FX,Y) — Home (X, GY) such that for all f: X — X’ € mor(C), the diagram:

Homp(FX,Y) — 2" Home(X,GY)

frofloFf [l flof

Homp(FX',Y) R — Home (X', GY)
XYy

o6
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commutes, and similarly for all g : Y — Y’ € mor(D), the diagram:

Homp(FX,Y) —2*Y s Home(X,GY)

fl=gof’ f'—=Ggof’
Homp (FX,Y”) — Home (X, GY”)
Xy’

comimutes.

This relationship between the two functors is called a adjunction.

We can see that ¢x y looks very similar to a natural transformation, and in fact we have an equivalent
definition:

Definition 12.7. Let us say that we have functors F': C — D and G : D — C as before, and moreover
that we have natural transformations 7 : idc — G o F (so that each nx is a morphism X — Go FX) and
i FoG — idp (so that each py is a morphism F o GY — Y). Then, we way that F is left-adjoint
to G and G is right-adjoint to F if for any X € ob(C) and Y € ob(D),

idrpx = prx o Fnx
gy = Guy onay-
We can see that these equations make sense because idpx € mor(D), nx € mor(C), F' maps nx to an

element of mor(D), and FX € ob(D) so ppx € mor(D), and similarly for the second equation.

I am leaving it as an exercise to show that this is equivalent to the previous definition of adjunction;
note that such n and g uniquely determine the adjunction between F' and G.

(The above definition is slightly different from the way it was covered in lecture because I was using Wikipedia
to understand it ®)

Example 12.8. Let G : Rings — Sets be the forgetful functor. This is a right-adjoint functor; let’s look
for a corresponding left-adjoint.

We want a covariant functor F' : Sets — Rings such that for any set €2 and ring R,
Hompgings(F2, R) = Homges(§2, R).
We say that F(Q) = Z[X,]weq; this is clearly a ring.

Then, we can see that this is an adjunction using the natural transformations 7 : idgets — G o F and
p: F oG — idgpings- This means each g is a morphism Q — Z[X,], and we can see it must be the
morphism w — X,,. Similarly, each pg is a morphism Z[X,],cg — R and we can see it must be the
morphism defined by X, — r and 1 — 1.

For the following two lemmas, refer to the Canvas notes on adjunctions, as we don’t have time to prove them
in class:

Lemma 12.9. Suppose we have functors F : C — D and G : D — C, so that F is left-adjoint to G.
Then G preserves small limits and F' preserves small colimits.
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Theorem 12.10. Up to some set-theoretic considerations, the converse is true. That is, if we know
(something slightly stronger than) G preserves limits, it must have a left-adjoint, and if we know (some-
thing slightly stronger than) F' preserves colimits, it must have a right-adjoint.

o8



Math 210a Aditi Talati &= Fall 2022

LECTURE 13: MODULES, I

Definition 13.1. We say that M is an R-module if (M, +) is an abelian group and R acts on M with
group action (r,m) — r - m such that for all r,s € R, my,mg € M

(IL,m)=1-m=m
(r+s)-m=r-m+s-m
r(my+mg)=1r-my+r-me

r-(s-m)=(rs) -m.

Example 13.2.
1. If R is a field, then R-modules are R-vector spaces.

2. Any abelian group is a Z-module, defined by the fact that

n-m=|[14+---+1)-m=m+---+m.
—_——— —_————

n times n times

3. Ris an R-module.
4. If I 9 R, then R/I is an R-module.

5. If ¢ : R — S is a ring homomorphism, then S is an R-module, defined by
r-s=¢(r)s.

6. Q? is a module over Q[T], where for z,y, z € Q,
()= ()
z- =
Yy Y
;)= (%)
Yy -z

and

Definition 13.3. We say that ¢ : M — N is a morphism of R-modules or an R-linear map if for
alre R, myne M
¢(r-m+mn) =ro(m) + ¢(n).

Specificially, taking m = 0 and r = 1, this implies that ¢(0) = 0.

Definition 13.4. We say that N is an R-submodule of M if N is a nonempty subset of M (with the
same operations) and for any m,n € N and any r € R, r-m+n € N.

Example 13.5.
1. The R-submodules of R are the ideals of R.
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2. {0} ¢ M is an R-submodule of M.

Definition 13.6. We say that R-Mod is the category of small R-modules.

Lemma 13.7. The ideal (0) is an initial object and terminal object of R-Mod.

Lemma 13.8. For any R-modules M, N, Homg_yod (M, N) is an abelian group, and even an R-module.
We can see that for any r € R, f, g € Homp mod(M, N), we can define 7 - f + ¢ to be the map

(rf +9)(m) =7 f(m)+ g(m).
Moreover, the map

HomR_M(M, N) X HomR_M(N, P) — HomR—m(Mv P)
(f,9) —gof

is an R-bilinear map, in the sense that for any f € Homg mod(M, N), the map

HOmR_m(N, P) — HOmR_m(M, P)
g—gof

is R-linear and for any g € Hompg poaq(N, P), the map

HOHlR_M(]\47 N) — HOmR_M(M, P)
frogof

is also R-linear.

Definition 13.9. We say that
M@N:{(m,n) ‘ meM,neN},
with the operations defined as
r-(myn)+ (m',n")=r-m+m,r-n+n).
We have the natural inclusion and projection maps

t1:M—M&N, to : N—>M&N
™ M®N —- M, M M®N — N,

and we can see that

w1 011 = idyy, T 0 Ly = idy
my ot =0, m oty =0

L107T1+L207T2:idM@N.

Lemma 13.10. If f : M — P and g : N — P are morphisms of R-modules, there exists a unique
R-module morphism f+g: M & N — P such that (f +g)ot; = f and (f + g) ot = g, so there is a
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unique f + g that makes
M

Lll
f

NT>M€9N

fﬂ\

9 P

commute.
This is the universal property of the coproduct.

If we have R-module morphisms f : P — M and g : P — N, then there exists a unique f@&g: P - M&N
that makes the diagram

commute.

This is the universal property of the product.

Note that M @& N is both the product and coproduct of M and N; this is true for any finite number of
modules.

Lemma 13.11. If f : M — N is a R-Mod morphism, then
ker(f) = {m e M | f(m) =0}

is an R-submodule of M, and
im(f) = {f(m) | me M},
which is an R-submodule of N.

Lemma 13.12. If N is an R-submodule of M, then the quotient abelian group M /N is also an R-module.

We have the projection morphism

W:M—»M/N
m+— m + N.

For any morphism f : M — N, we say that coker f = N/im f.
Then, M/N = coker(N < M) and im f = ker(IN — coker f).
If f: N < M (so f is injective), then

N = ker(M — coker f),
and if f: N — M (so f is sujrective), then

M = coker(ker f — N).
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Definition 13.13. We say that a pair of maps

M f N g P

is exact at N if im(f) = ker(g) (so go f =0 and g(n) = 0 implies n € im f).
A chain
0 M f N g9 P 0

is short exact if it is exact at M, N, and P, so M < N and N — P.

Lemma 13.14. Our category R-Mod is an abelian category.

For any small sets I and R-modules M;, the product or direct product is

HMZ- = {(m;) } m; € M;}

icl

and the coproduct or direct sum is

@ M; =< (m;) € H M; | m; = 0 for all but finitely many i’s
iel icl

R-Mod also contains all its small limits and colimits. For any functor F' : J — R-Mod, we have

lim F = ¢ (m;) € I I Fj | forall ¢:i— je€mor(J), Fo(m;) =m;
=
j€ob(T)

and if we let N be the module generated by

(m;) € H there exists ¢ € mor(J) such that (m;) = ¢;(m;) — ¢;(Fé(my;)) o,
jeob(7)

then

lim F = & FG)| /N

j€ob(J)

Example 13.15. Let €2 be a small set. Then we let
Fr(Q) = ®ueaR.

We can see that every element of Fr(€) can be thought of as a function f : Q — R such that f(w) =0
for all but finitely many w € €.

As an example, the function

1 ifw =

0 otherwise

is an element of Fr(w), which looks something like (0,...,0,1,0,...,0).
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Since each element in Fr({2) can be expressed as

E TwCw

weN

for some r,, € R (and the e,’s are linearly independent), we can say that {e,} is a basis for F(2) and
this is a free module on .

Lemma 13.16. If we think of Fr as a functor Sets — R-Mod, then it is left-adjoint to the forgetful
functor R-Mod — Sets.

Proof. First, we can see that for any Q € Sets and M € R-Mod,

Homg Mod (FR(S2), M) = Homges (€2, M),

via the bijections

¢ (w»—>¢>(ew))
((ro) = Tcarut(@)) +— v
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LECTURE 14: MODULES, II

Last lecture, we left off describing the free module on €, for any set €.

We said that the function Fr(Q) is a left-adjoint for the forgetful functor, which implies that for any set
morphism  — M, where M is an R-module, there exists a unique R-module morphism Fr(2) — M that

makes the diagram
Fr(Q) ————— M
Q

commute.

Definition 14.1. We say that M is free if M = Fr(Q) for some €.

This implies there is some B C M such that Fr(B) = M, using the isomorphism e, — b. We call B a
basis for M.

Note that saying Fr(B) & M is equivalent to saying that every m € M can be expressed uniquely as a
sum of the form

Zribi biEB,’I‘Z‘ER.
=1

Example 14.2.
1. Since we know that any vector space has a basis, any module over a field is free.
2. Q is not free as a Z module, because it cannot be generated by a single element, and any two

elements in QQ are linearly dependent.

Z/2Z is not free as a Z-module, because {0} and {1} are the only one-element sets, and both of
these are linearly dependent sets since 1-0=0and 2-1=2=0.

Intuitively, it is very unlikely that an arbitrary module over a general ring is free. Also, it is fine for a free
module to have an infinite basis, but because we are taking the direct sum (not the direct product) over this
basis, we need all the elements of the module to be expressed as linear combinations of finitely many basis
elements.

Proposition 14.3. If Fr(Q2) = Fr(Q) then © and ' can be put in bijection.
We will not prove this in class, but the trick is to show that for a maximal ideal m < R, Fr(f2) & Fr(Y)
implies Fr/m(Q2) = Fr/m ('), and since R/m is a field, we are now working within vector spaces, where we

know this result is true.

With the above proposition, we can now have the following definition:

Definition 14.4. If M is free, we can define the rank of M to be #£2, for any set () such that M =
Fr(Q).
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Definition 14.5. If Q C M is an arbitrary subset, we say that the submodule generated by (2 is

(Q) =im(Fr(Q) — M) = Zriwi r; € Ryw; € Q
i=1

Proposition 14.6. If N is a submodule of M containing 2, then (Q) C N.

Proposition 14.7. If N;, Ny C M are submodules then Ny N Ny is also a submodule, and it is the

largest submodule contained in both N; and Ns. Also,
Ny + Ny ={ny +ns | n; € N;}

is a submodule, and it is the smallest submodule containing N7 and Ns.

Proposition 14.8. Analogolous to ideals,
Ny + N2/N2 = Nl/Nl N Na,

using the isomorphism n + Ny +—n + N7 N Ns.
We can visualize this via the diamond

Ny + No
N1 N2
N1 N Ny

where pairs of parallel lines represent quotients that are isomorphic.

Proposition 14.9. If N C M is a submodule, there exists a bijection

Su\ameduui Submeduer
?o@ FAIN & %o@ M conbeaning 73

N

E/N<———|f

P TP

where 7 is the projection map M — M/N.

Definition 14.10. We say that the dual of M is

M* = Hompg(M, R).

This is not as nice as the dual in vector spaces, for example:
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Example 14.11. If we consider Z/2Z as a Z-module, then
(z/22)" = Homy, (Z/2Z,Z) .

But we know that any such homomorphism f has the property that f(0) = 0 and if f(1) = a then
2a =2f(1) = f(2) = f(0) =0, so a = 0. Thus, in this case the dual is just {0}.

Definition 14.12. We say that the endomorphisms of M are

Endgr(M) = Homp (M, M).

Proposition 14.13. If M is an R-module and T' € Endg(M), then M becomes an R[X] module via
the operation

(fo +f1X+-~+ded) cm = fom+ iTm+ foT?m 4+ - + faT%m.

Proposition 14.14. If I < R then

IM = Zrimi ri €l,m; € M
i=1

is submodule of M.

Example 14.15. If we have the ideal (2) <t R then

2)(Z&7Z) =276 2.

Definition 14.16. If ) C M is a subset of an R-module, then the annihilator in R of Q is

Amgp(Q)={reR|rw=0foral we Q} <R.

Example 14.17. Anng(R/I) = 1.

Example 14.18. Consider Q2 as a Q[X]-module where X acts by 7', where

r(5)- (%)
Yy -
What is Anng|x; (Q?)?
We know that
Anngx)(Q%) = {f € QX] | f(T) =0} <« Q[X].

We can see that X* + 1 € Anng(x](Q?), and moreover we can see that if f € Anngx](Q?), then by the
difivision algorithm we can write

f(X)=q(X)(X?+1)+ (aX +b)
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for some rationals a,b. But this implies aX + b € Anng(x (Q?), so for all 7,y € Q,

(aT + b) (Z) _ (_agx++bzgy> — 0.

Since we want this to be true for all rational z,y, we can take an arbitrary one, such as z =1, y =0

and see that we need (ba> = 0, which implies @ and b are both 0, and f is a multiple of X2 + 1.

Thus, Anngy)(Q?) = (X? +1) < Q[X].

Lemma 14.19. If M is an R-module then the following are equivalent:
1. every submodule of M is finitely generated
2. any nonempty set of submodules of M contains a maximal element

The proof is exactly the same as for ideals.

Definition 14.20. If the above conditions hold, then we say M is noetherian.

Lemma 14.21. R is noetherian as an R-module if and only if R is noetherian as a ring.
This is just because the submodules of R are the ideals of R.

Lemma 14.22. All submodules and quotient modules of noetherian modules are noetherian.
This is follows from property (2) of being noetherian.

Lemma 14.23. If M/N and N are noetherian, so is M.
Proof. Let P C M be a submodule. Then N N P is a submodule of N, so it is finitely generated; we can say
NNP={ny,...,n).
Similarly, there is a map P/N NP < M/N, so since M /N is noetherian, we can say
PINONP={(mi+NNP,...,ms+NNP).

Then, we claim
P={(ny,...,np.,my,...,ms).

To see this, for any p € P, we know that since P/N N P is finitely generated by (m;), we can find some
r; € R such that

S
prrimi e NNP,
i=1

and then since this difference is in N N P, which is generated by (n;), we know there is some r; € R such

that
s S
p= ernj + Zrimi.
j=1 i=1

Lemma 14.24. If M, N are noetherian, then M & N is noetherian.

We know that M & N/N = M, so this follows from the previous lemma.
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Lemma 14.25. If R is noetherian and M is a finitely generated R-module then M is noetherian.

Proof. We know since M is finitely generated that there is some finite set  such that Fg(2) - M, so M
is a submodule of Fr(Q2). But Fr(f) is a direct sum of finitely many copies of R, so by the previous lemma
it is noetherian, and then we know that a submodule of a noetherian module is also noetherian, so M must
be noetherian. O

If D C R is multiplicative, then we can define an equivalence relation on M x D by
(m,d) ~ (n,e) <= f(em — dn) for some f € D.
Then D~'M is the set of equivalence classes m/d = [(m, d)].
We leave it as an exercise to check that the operations are well-defined and this is a D~!R-module.

Then,

M — D™ 'M
mr— m/1

is a morphism of R-modules.
For a prime ideal p < R, we use M, to denote (R — ©)IM.

For an element f € R, we use My to denote {1, f, f?,.. .}_1 M.

Definition 14.26. We say that a submodule N C M is saturated with respect to D if for any
m € M, d € D such that dm € N, this implies m € N.

Definition 14.27. The D-saturation of N is the set
{m € M | there exists d € D such that dm € N},

and it is the smallest saturated submodule containing V.
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LECTURE 15: MODULES, III

Last time, we left off talking about fractions and saturations of modules.

Example 15.1. Consider the ring R=7 and D =7 — (3).
If we look at Z/(2) as a Z-module, then

D™ (z/(2)) = {0}

20+(2) _ 04(2)

2b b

because 2 € D so for any %(2), this is congruent to
If we look at Z/(3) as a Z-module, then

D' (Z/(3)) =Z/(3).
To see this, consider the map

Z/(3) — D™ (Z/(3))

a+(3)l—>%(3).

This is injective because if 3 = Y. then there exists some d € D such that d(a + (3)) = 0+ (3), but

1
since d is not a multiple of 3, we get that a = 0. It is surjective because for any a+d(3), we can take

b=ad™! € Z/3Z (since this is a field, so we can take inverses), and we get that

b (3) s b+1(3) _ad” 1+ (3) _ a+d(3)'

What is the D-saturation of (3)/(6) C Z/(6), as Z-modules?
By definition, this is the set
{a+ (6) | there exists d € D with da + (6) € (3)/(6)},

but we know that 3 { d for any d € D, so sined 3 | ad, we get that 3 | a, so this is just the original
submodule (3)/(6).

What is the D-saturation of (2)/(6) C Z/(6)?
By definition, this is the set
{a+ (6) | there exists d € D with da + (6) € (2)/(6)} .

But we can always take d = 2 to make da + (6) € (2) + (6), so this is the entire set Z/(6).

Let ¢ be the injective map M — D~'M, m + m/d. This is an R-linear map.
We have a universal property of the fraction module:

Lemma 15.2. If N is a D"'R-module and f : M — N is R-linear, then there exists a unique D~'R-
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linear map f : D7'M — N with fo ¢t = f; that is, there is a unique f that makes this diagram
commute:

Proof. We can see that if such a map exists, then it must map f(m/l) = f(m), and since it is D! R-linear,
it must map f(m/d) = 1/df (m).

What remains is to check that this map is well-defined and a module homomorphism; we leave this as an
exercise. O

Definition 15.3. If f : M — N is a morphism of R-modules, then D~'f : D™'M — D~!N is the map
defined by m/d — f(m)/d, and it is a morphism of D~! R-modules.

We have a bunch of lemmas, where we leave the proofs as short exercises (some of these will be homework
problems).

Lemma 15.4. D~'(M/N) = (D~'M)/(D~'N), via the map ™~ — m/d+ D~'N.
Lemma 15.5. D"'(M ® N)=D"'M & D~ 'N.

Lemma 15.6. D~! commutes with any small colimit and any finite limit.

Note that D~1 does not commute with any (infinite) limit: the map

o0

[[z] —Ilzo=1I0
=1 =1

© =

(3

is injective but not surjective, because we can have unbounded fractions on the RHS but only bounded
fractions on the LHS.

Lemma 15.7. D"'FR(Q) = Fp-15(Q).
Lemma 15.8. If I < R, then D~X(IM) = (D~1I)(D~1M).

Lemma 15.9. If M % N —2 5 P isexact at N then

DM —— s DTN —— s D7'P

Dilg

is exact at D~1N.
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Lemma 15.10. If 0 — M — N — P — 0 is short exact then so is

0—D'M—D'N—D'P—0.

Lemma 15.11. If we have a R-module morphism f : M — N, then

ker(D™1f) = D~ (ker f)
coker(D~!f) = D™ (coker f).

Lemma 15.12. Remember that ¢ : M — D~'M is the injective map defined before. Then, the diagram:

vl o dures L~} — Sauratre
oR D-IM —_— sSulovv odurer

of ™

satvrayown

N ~p'N all . W\ modves
. ot ™M

commutes, and ¢! is a bijection between these two sets.

Here, the fact that ¢:~! commutes follows from the fact that the diagram commutes, because we can show
via diagram-chasing that this means :~! must be injective and surjective.

The following lemma requires more advanced techniques to prove than just an exercise; it may be a homework
problem later on:

Lemma 15.13. If R is noetherian and M is finitely generated over R, then

D~ Homp (M, N) = Homp-15(D"'M,D™'N).

Example 15.14. If we take R =Z and D = Z — (3), we get that
D (2/(6)) = D™ (Z/(2) & Z/(3))
But then, applying , we get that this equals

D' (z/(6)) =D ' (Z/(2)) ® D~" (Z/(3)) ,
and applying what we found before, we get

D' (Z/(6)) =0 Z/(3) =Z/(3).

Example 15.15. Using the same methods as for finding D~1(Z/(3)), we get that

D1(Z/(9)) = Z/(9).

Definition 15.16. Suppose ¢ : R — S is a ring morphism. Then, if M is an R-module, we think of the
tensor product S ®4 r M as a way of making M into an S-module.
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Specifically, we consider the S-module Fs(M ), and define N to be the submodule
N = <€n +em — Em+4n, €rm — ¢(T)em,>7“€R,m,n€M~

Then, we can say that
S®RM = FS(M)/N7

where s ® m — se,, and m— 1 @ m > e,,.

For this tensor product, it is usually easier to work with the universal property:

Lemma 15.17. If N is any S-module and f : M — N is an R-linear map (so f(rmi+mz) = ¢(r) f(m1)+
f(ms3)), then there exists a unique S-linear map f : S ® g M — N such that

_—
M 7 N

m—1Qm
S®r M
commutes and f(s ®m) = sf(m).
Proof. We start with the diagram
_—
M 7 N
mHeﬂL‘/ <7m,’_>,/'(7n')
Fs(M)

where the map m > e,, is a set morphism, and the purple arrow is a S-module morphism which comes from
the fact that Fg is a left-adjoint for the forgetful functor.
Then, we get that
M — N
m=em Cme(m

7

Fs(M)

Sem—>S®

l

S®r M

by the universal property of the quotient module, as long as everything in the kernel of Fg(M) — S®p M
is also in the kernel of Fg(M) — N. O
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LECTURE 16: TENSOR PrRODUCTS OF MODULES, I

Last time, we left off describing the tensor product S ®4 r M. We showed the literal definition of the tensor
product and the universal property; we can also describe the tensor prodcut as:

Definition 16.1. We consider forgetful functor ¢* : S-Mod — R-Mod, N — N, where r € R acts on N
by r-n = ¢(r) - n.

We can say that the functor S®4 g (where M — S ®4 r M) is the left-adjoint of the forgetful functor,
SO

Hom(S ®¢,R M, N) = HomR(]W, ¢*N)

We have the following lemmas about the tensor product, some of which will be homework problems:
Lemma 16.2. For an ideal I <t R, we have
R/I®yrM = M/IM,

where ¢ is a ring homomorphism R — R/I.

Lemma 16.3. For a multiplicative subset D C R, we have
(D7'R)®4r M = D' M,

where ¢ is a ring homomorphism R — D~ R.

Lemma 16.4. For rings R, S, T,
T®s (S®srM) =T ®g M.

We can check the above three lemmas by check that that the expression on the RHS has the universal
property of the tensor product on the LHS.

Lemma 16.5.
S ®4,R (M®N) = (S®¢,RM) D (S®¢,R N).

This is uses the functor definition of S®4 r , since it is a left adjoint, which preserves coproducts.

Lemma 16.6. For any small set 2,

S ®4,R FR<Q) > FS(Q>
Lemma 16.7. If f : M — N is a morphism of R-modules, there exists a unique morphism of S modules
1®f:S®srM — S®sr N that makes the diagram:

—_—
M m—1Q f(m) S®R N

1 f

S®r M
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commute; specifically, this is the map (1® f)(s®@m) = s® f(m).

Note that this is different from the universal property, because the universal property gives us an S-linear
map S ®g,r M — N.

Lemma 16.8. Suppose we have ring morphisms ¢ : R — S and ¢ : R — T'. Then, we can consider the
tensor product of rings S ®"® T and the tensor product of R-modules S ®%5°d T, which turns T as an
R-module into an S-module. These two are isomorphic as S-modules, using the map s ® t — s ® t.

Proof. Our instinct would be to use the universal property of the ring tensor product, applied to the map
T — S ®‘fg°d T, to get an induced map S @Z#T — S ®r§°d T. However, T — S ®£°d T is a morphism

of S-modules, not necessarily a ring morphism, and in particular we don’t know that .S ®‘I§°d T is aring at all.

So we begin by trying to make S ®B°¢ T into a ring, by defining a multiplication operation. To do so, we
first note that within the R-module T', we can think of “multiplication by ¢t € T” as an element of End (7).
That is, we have the morphism of R-modules

T — EndR(T)
t— (t' = tt)).

Then, we can extend this into the R-module morphism

T ——— Endg(T) —— Endg(S @204 T)

t (st — s tt')
We will call this extension f, and leave it as an exercise to check that f is actually an R-linear map.

But then, by the universal property of the module tensor product ( ), this induces an S-linear
map S ®%5°4 T — Endg(S @5°4 T), so the diagram

/ ! . mo
(T) ——— Endg(S @204 T)

S@RIT

commutes. We also know that f(s ® t) = sf(t), so

fsat)(sat) =s(s @tt') =ss' @t

Using this, we can define multiplication in S ®%1°d T as, for z,y € S @B T,

z-y = fz)(y)

We leave it as an exercise to check that S ®3° T now has all the properties of a ring (specifically, that
multiplication is commutative and associative and that the distributive property holds).

Then, we claim that the natural map T — S ®’£°d T is a ring morphism. As a reminder, this map is defined
as t — 1 ®t, and then we can see that for any ¢1,t; € T,

t1+t2i—>1®t1+t2:(1®t1)+(1®t2)
tito = 1 @ t1ty = (1®t1)(1®t2),
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so this is a ring morphism, as we wanted. We similarly have the ring morphism S — S ®%°d T defined by
s— s® 1, and we can also check that this has the desired properties of a ring morphism.

In order to apply the universal property of the ring tensor product, we want the diagram

R—" g
P

s—s®1
T

k}
S@pedT

to commute. We can see that going to the right and then down gives us ¢(r) ® 1, while going down and then
to the right gives us 1 ® ¢(r). But these are equal, because by definition of the module tensor product and
the way R acts on T,

pr)el=1r-1=1¢¥(r).

Thus, this diagram commutes, and we can apply the universal property of the ring tensor product to get the

induced map
R S
P
s—s®1
T

> ST
and we can check that because this diagram commutes, « is the map s ®@t — s ® t.

¢

m’
S @RI T

We leave it as an exercise to check this map is S-linear and invertible; this implies S ®§%ng T=SeRdT, as
we wanted. O

We now turn to talking about multilinear algebra.

Definition 16.9. If we have R-modules M, ..., M, and P, then we say
YiM X X M, — P
is multilinear if for any set of m; € M; and any j, the map M; — P defined by
m— P(Ma, ..., M1, M, Mg, ..., M)
is R-linear.

Specifically, this means that v is a set morphism from the set-theoretic product M; x --- x M, to P, but
if we hold almost all the coordinates constant, the resulting map M; — P is an R-module morphism.

Example 16.10. If we take R = R and M = R3, then the cross product

R? x R® — R3

(z,y) >z Xy
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is a multilinear map, and so is the dot product

RPxR®—R
(,y) —> - y.
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LECTURE 17: TENSOR PrRODUCTS OF MODULES, II

Last time, we left off talking about multilinear maps. We will continue our discussion of those today.

Definition 17.1. If ¢b : My x --- X M, is a multilinear map, we call ¢ symmetric if My,..., M, = M
and if for any o € S, (the symmetric group of order a),

Y(my,...,mg) = Y(Mg1,- .., Moq)-

Example 17.2. The dot product is a symmetric multilinear map.

Definition 17.3. We call ¢ alternating if M;,..., M, = M and if m; = m; for some i # j implies

p(my,...,mg) =0.

Definition 17.4. The cross product is an alternating multilinear map.

Lemma 17.5. If ¢ is an alternating multilinear map and if ¢ € S, then

¢(m017 o 7maa) = (_1)01/}(7”0'17 ce 7maa)a

so permuting the elements changes the sign of the output based on the sign of the permutation.

If 2 € R* then the converse is true.
Proof. We just need to show that a transposition (swapping m, and m;) will flip the sign of the output. We
will just show this for the example of swapping m; and ms:
Since 1 is alternating, we know that
0 = w(ml +m2)ml +m2>m37"'?ma)

and then since 1 is multilinear, we get that

0 =1p(m1 + ma,my +ma,ms, ..., Mmqy)
=P(mi,m1 +ma,m3,...,Mmg) +P(maz, my +ma,ms, ..., mqg)
=YP(m1, mi,mz,...,mq) + (M, ma,ms,...,mg) + W(ma,my,ms, ..., mg) + Y(mg, mg,ms,...,mg).

But since 1) is alternating, the first and last terms of this sum are 0, so we get that
w(mth, ms, ... 7ma) = _w(mQa my,ms,... ama)'

For the converse, we will again just consider the example where m; = mg. Since 1 is anti-symmetric, we
know that swapping m; and mo will give us the opposite sign, so we get that

w(mlvmla ms, ... 7ma) = 71/)(m13 my,ms,... 7ma)~
Adding ¢¥(m1,m1,ms,...,m,) to both sides gives us
2 (my,my,ma,...,mg) =0

and when we can multiply both sides by 27!, we get
¢(m17m17m37 ) 7ma) = 07

as we desired. O
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Definition 17.6. We say that Bilg(M; x My, P) is the set of all bilinear maps M; x My — P. This is
an R-module when we define

(rY + ¢)(ma, ma) = rip(ma, ma) + ¢(m1, ma).
We leave it as an exercise to check that this has all the properties of an R-module.

Similarly, we define Multg(M; X --- X My, P) is the set of all multilinear maps My X --- x M, — P, and
it can be made into an R-module in a similar way.

Lemma 17.7. The R-modules Bilg(M; x Mo, P) and Homp(M;, Homp(Ms, P)) are isomorphic.
Proof. We have the maps
w — (m1 — (m2 — w(ml,mg)))

and

((m1,mz) = f(ma1)(mz)) — f,
and we leave it as an exercise to check that the images of these maps are in the descired sets, these are
R-module morphisms, and they are inverses of each other. O]

We are now in a position to define the tensor product of modules. We define these via the following universal
property:

Lemma 17.8. For any R-modules M; X --- X M,, there is an R-module M; ® - - - ® M, and a universal
multilinear map

MyX- XM, — M ®--®M,
(Mmy,...,mg) —> M ® -+ @ Myg.

By “universal,” we mean that if ¢ : My x --- X M, — P is multilinear, then there exits a unique R-linear
map ¢ : My ®--- ® M, — P such that

comimutes.

Proof. As in our previous construction of the tensor product, we first consider the free module Fr(M; X
-+ X M,). We know since Fg is a left-adjoint to the forgetful functor that there exists a unique R-module
morphism f : Fr(Mj x -+ x M,) — P such that

Mlx-~-xMa$>P

F(M; % - x M,)

commutes.
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But we know that since 1 is multilinear, for any m; € M;, m} € M;, and r € R,

f (e(m1,...,mi+rm;,‘..,ma)) =f (e(ml,..‘,ma) + ’re(ml,‘..,m;,‘..,ma)) :
Let N be the submodule of Fr(M; x - -+ x M,) defined by
N = (€(my,cymitrm!yccoma) = €(mr,ima) = T€(my ooyl ;ma) )y €M, m/, € M rER-
Then, we define the tensor product of M,..., M, over R to be
My ® - ®M, = Fp(M; x -+ x M,)/N.

Since N is in the kernel of f by definition, we can use the universal property of the quotient to get a unique
ring morphism ¢ : M7 ® - - - ® M, — P such that

M1><~~~><MQL>P

commutes. O

The pure tensors here are the images of elements of the form (my,...,m,), and they are denoted m1®- - -@my,.

Lemma 17.9. There exists a universal symmetric multilinear map M X --- x M — S*(M).
~—_———
a times

Here, “universal” means that if ¢ : M x --- x M — P is a symmetric multilinear map then, there exists
an R-linear map 1 : S%(M) — P such that

Mx--xM—% ,p

commutes.

We define S*(M) almost identically to the tensor product in the previous lemma, but we also mod out by
(€(my,ima) = €(mon,..imga) )i €Mi,0E€Sa

to preserve the symmetric property.

The pure tensors of this module are also denoted m; ® - - - ® my,.

Lemma 17.10. There exists a universal alternating multilinear map M x --- x M — A\*(M).
—_—
a times

Here, “universal” means that if ¥ : M x --- x M — P is a symmetric multilinear map then, there exists
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an R-linear map 1 : \*(M) — P such that

Mx--xM—% ,p

commutes.
Again, A\*(M) is defined similarly to the tensor product, but we also mod out by
<6(7n1,...,7n7;,..4,7nj,...,nza) + €(m1,..A,mJ,...,7,”,...,7%))-
The pure tensors of this module are denoted mq A - -- A my,.
Lets look at some properties of module tensor products.

Proposition 17.11. Suppose that for 1 < i < a, we have R-linear maps f; : M; — N;. Then there is a
unique R-linear map

fl®"'®fa1M1®"'®Ma—>N1®"'®Na
MR- @mg —> f1(m1) @+ Q fo(my).

Proof. We can see that if such a map exists, it must be unique, since we have defined the map on the pure
tensors, and these span the tensor product.

Thus, we just need to show the existence of this map. To do so, we first look for a multilinear map
i My XXM, — N1 ®---® Ng, so that we can apply the universal property. Clearly, this map must be

Y(ma,...,ma) = fi(mi) @+ ® fa(ma).
Is this multilinear?
Well, we can see that
Y(ma, .. m +rmi, . me) = film) @ @ fi(m +rm) @ - @ fa(ma).
Since f; is R-linear, we can expand this into
filmy) @ -+ @ filmg) + 7 fi(m}) @ - @ fa(ma),
and then by definition of the tensor product, this is equal to
film) @ - ® fi(mi) @ -+ @ fa(ma) +7 (fl(ml) @ ® fi(m) @ ® fa(ma)) )

S0 this is a multilinear map!

Thus, we can apply the universal property of the tensor product to get an induced R-linear map M; ® - - -
M, — N1 ®---® N, with the desired properties.

O®

Proposition 17.12. If f : M — N is R-linear, there exists a unique R-linear map

SUf) : SY(M) — S*(N)
m® - ®@mg+— f(m1) ®--- ® f(ma),
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and there exists a unique R-linear map

N () : A" (M) — N\ (N)

my @ - @mg — f(ma) Ao A f(ma).

As a side note, we can’t always expect that tensor products act according to our intuition:

Example 17.13. Consider the ring R = C[X,Y]. We can see that there are no nonzero zero divisors
in the ideal (X,Y) <1 C[X,Y], but we claim that there is some z # 0 € (X,Y) ®g (X,Y) such that
Xz2=Yz2=0.

Proposition 17.14. For any permutation o € S, there is an R-linear isomorphism

U*3M1®"'®Ma—>Ma1®"'®Maa
mp@ - @My —> Me1 @ - @ Mgq

Proof. First, we need to show that such an R-linear map exists. We again induce it from the multilinear
map

My x - XMy — M1 ® - Q@ Myq

(M1, yMg) > My @ - @ Mg

We leave it as an exercise to check that this is multilinear.
Then, to check that it is an isomorphism, we will show that (o=1)* = (%)L

To do so, first check that id* = id.

Then, check that for any transposition 7,
(om)" =71"0".

It is sufficient to show that this holds for pure tensors.

Together, these imply that
so this is an isomorphism. O

Proposition 17.15.
Mi® @M, = (M1 ® ®Mp)® (M1 ®- ® My).
Proof. We start with the multilinear map
Myx- - xM, — (Mi® - QM) @ (Mp11® -+ M,)

defined by
(mla"'ama) — (ml ®"'®mb)®(mb+1®"'®ma).

and we get an induced map from the tensor product. What remains is to show that this map is invertible;
we will finish showing this next lecture. O
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LECTURE 18: TENSOR PrRODUCTS OF MODULES, III

We continue with our proof of that we left off last lecture.

Proof, cont’d. We want to find a bilinear map
My @@ M) X (Myy1 @+ @ My) — M1 @+ @ M,

which is the inverse of our map in the previous direction.

Recall tells us that the bilinear maps are in isomorphism with
Homp(M; ® -+ My, Homp(Mp11 ® -+ @ My, M1 ® -+ - @ M,)).
We want to find a map in this homomorphism set such that
Mm@ @mpr+— (Mpy1 @ - QMg =My Q-+ @My).

We know that for a given myq,...,my, we can apply the universal property of the tensor product to the
multilinear map

Mpyp1 XXMy — M1 ®---®@ M,
(Mpg1ye-ey,Mg) > M Q-+ - @My
to get that there is a unique R-linear map f(,,, ... m,) such that the diagram
(Mbt1,yMa) =M@ QMg

Mpyq X -+ X M, M ®: -® M,

fomq,..,

Myy1 ®---® M,

commutes. So we've found a linear map that matches the inner part of our homomorphism.

To get the entire homomorphism, consider the map
fiMy x- - x My — Homp(Mp11 ® -+ @ My, M1 ® -+ M,)
(ml, . ,mb) — f(mhm)ma).

We want this to be a multilinear map so that we can induce an R-linear map from the tensor product.

We will just check that it is linear on Mj; it is sufficient to check the behavior on pure tensors. We can see

that

f(Tmler/l,...,mb)(mb-&-l ®@---®@myg) = (rmy + mll) @Mmo - Q@Mmp Q@Mpy1 @ QMg
=r(M@me®@ @My @Mps1 @ @Ma) + (M @Ma @+ @My @ Mp41 @+ + @ My)
=7 flmy,imy) (M1 @ - @ Ma) + flnt o my) (M1 @ -+ @ M),

as we desired. So this is a multilinear map, and we can apply the universal property once more to get the

induced map

f
s

My x -+ x M, Homp(Mys1 @ - ® My, My @ -+ @ M)
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which is R-linear.

Then, we go back from our double homomorphism to a bilinear map, by defining ¢(z,y) = f(z)(y), and
finally we get our induced map

(MR- QM) QR (Mp11 @ QM,) — M1 ®---® M,
(M@ - @mp) @ (Mpy1 @ @Mg) —> M Q-+ @My

which is R-linear.

We leave it as an exercise to check that the map we just constructed is truly an inverse of the map we
constructed in the opposite direction. O]

Proposition 18.1. If ¢ : R — S is a ring morphism and if M is an R-module, then S ® g M, meaning
turning M into an S-module, and S ® g M, meaning the tensor product of R-modules, are isomorphic as
R-modules.

It is easy to find a map from the module tensor product S ®p M to the ring-module tensor product S ®gr M,
but it is harder to find the inverse of this map.

Proposition 18.2. For any R-morphisms M, N, P,
M@ NeP)2(M®N)®d (M P),

via the map
m® (n,p) = (Mmn,mp).

Proposition 18.3. For any sets X,Y,
FR(X) ®FR(Y) = FR(X X Y),

via the map e; ® ey < €(gy)-
Similarly,

S*(Fr(X)) = Fr(5*(X)),
via the map e; ® - - ® e, +— €|

(I17~~31a)]'

Proposition 18.4. Suppose < is a total order on X. Then, we define
AL(X) = {(x1,. .., %) | s € X, <m;Vi < j}.
Then we have
N (Fr(X)) = Fr(AZ (X)),

via the map

0 r; = x; for i #£ j
exy N Neg, — ; i J #J
(=) €(2g1,....00) Otherwise,

where o is the permutation that puts the x;’s in increasing order.

Example 18.5. Let X = {1,...,a} with the standard ordering. Then, Fr(X) = R®?.
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Then, the above proposition tells us that
A*(R®*) = Fr(AZ(X)),
but we can see that the only element in A% (X) is (1,2,...,a), so we get that
N (R®*) = R.

Similarly, we can see that

A" (BRE) = Fr(ALH(X) = R®.

Proposition 18.6. There exists an R-linear map ¢ : M — Hompg(A* M, /\a+1 M) defined by
d(m)(mi A Amg) =mq A+ Amg Am.

Moreover, for any R-module morphism f : M — N, A" f o ¢(m) = ¢(f(m)) o A“(f); both of these
equal the map

ANM — NN
my A Amg —> f(ma) A+ A f(mg) A f(m).

Proposition 18.7. Remember that
Endg(R®") 2 M,x.(R),
where M, x4 (R) is the set of a x a matrices over R.

For any map f € Endg(R%%), there is an induced map A” f : A“(R®*) — A“(R @ a) that maps any
basis element e # 0 — (det f)e.

We leave it as an exercise to check that this is well-defined and R-linear; this uses the fact that we can
express each fe; as ), b;je; for some b;; € R, and then

det f =" (=)7b1o, *** bac,

ogES,

Proposition 18.8. For any f € Endg(R®%), we can construct the commutative diagram

R® —  Homp(A*" ' R®, \* R®%)

g—goN* "t f
!

R® — & Hompg(\“" ' R®*, \* R%%)
where the horizontal maps are
r= (P A ATae1 =TI A ATao1 AT),

and we can use bases to show that the horizontal maps are actually isomorphisms.
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Then, adj f or the adjugate of f is the unique map R®® — R®? that makes the diagram

R® —  Hompg(\*" ' R®*, \* R%%)

adj f g}—)gO/\ai1 f

l l

R®1 — Homp(\*"" R®9, \* R®2)
commute.

We leave it as an exercise to show that adj f is the map such that
adj f o f = (det f)idgea .
Recall that if f € Endr(R®*), we can make it into a map in End g7 (R[T]%), using the fact that
R[T)*" = R[T] ®r R®",
and then mapping f to 1 ® f € R[T] ®r R®?.

Definition 18.9. Using this, we say that the characteristic polynomial of f is the polynomial

chy(T) = e(T) = det (Tidprjee —1 6 f) € R[T).

Lemma 18.10 (Cayley-Hamilton Theorem). For any f € Endg(R%®?),

cr(f)=0.

Proof. Remember that
det(Tid —f) = adj(Tid —f) o (T'id — f),

and we can consider the adjugate as some polynomial
By + BT + BoT? +--- + ByT?,  B; € Endg(R®%).

But then applying the composition gives us that polynomial

d
cr(T) = Z(Bi—l — Bio f)T,
i=0
and we can evaluate this at f to get
d
cr(f) =Y (Biaf' = Bif™) => (Biaf' = Biaf') =0.
i=0 i

O

Corollary 18.11 (Nakayama’s Lemma). Suppose M is a finitely generated R-module, I < R, and
IM = M. Then, there exists some r € I such that (1 +r)M = (0).

Proof. Let us say M is generated by {m1,...,m,}. Then, there is a surjection R®* — M and we get the
commutative diagram
R¥ — s M
A id

R® — 5 M
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where A is some element of Endz(R%%) that makes the diagram commute.

But then, we can see that the diagram should still commute if we apply any polynomial to both vertical
arrows, so in particular

R — s M
CA(A) CA(l)

R — 5 M

commutes. But the Cayley-Hamilton theorem tells us that c4(A) = 0, so

Since c4(T) is of the form T 4 ¢; Tt + -+ + ¢gTF4, we get that ci,...,cq € I, s0
ca(l)ye1+1,

as we desired. O

Corollary 18.12. If M is torsion-free and finitely generated over R, and I <1 R is a proper ideal of R
such that IM = M, then M = (0).

Proof. We know from Nakayama’s Lemma that we can find some r € I such that (1 + )M = 0, but since

reland1 ¢ I, 147 ¢ I, and in particular this means it cannot be zero. But if M is torsion free, multiplying
by a nonzero element cannot make it zero unless it was already just (0). O

Corollary 18.13. Suppose we are in the same scenario as in Nakayama’s Lemma, but [ is a subset of
all maximal ideals of R. Then, M = (0).

Proof. This implies that 147 is not in any maximal ideals of R, which means 1+ is a unit, so if (1+r)M = (0)
then M = (0). O

Corollary 18.14. Suppose M is finitely generated over R, and we have found my,...,m, € M such
that M = (my,...,mg, IM), where I < R and I is a subset of all maximal ideals of R.

Then, M = (mq,...,mg).
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LECTURE 19: FINITELY GENERATED MODULES OVER A PID

We begin today by stating the structure theorem for finitely generated modules over a PID. The proof of this
theorem is kind of involved, so we will spend the next two lectures looking at examples of why this theorem
is useful, before returning to its proof.

Theorem 19.1. Suppose R is a PID and N C R®" is a submodule. Then, N must be free, and we can
find a basis {e1,...,e,} of R®™ and elements

arlaz |- |am#0€R

such that {a;e;} is a basis of N.

Moreover, these a;’s are unique up to associates.

Corollary 19.2 (structure theorem for finitely generated modules over a PID). If R is a PID and M is
a finitely generated R-module, then there exists

a |az |- |am #0€ R,
where none of the a;’s are units, such that
m
M= R* & P (R/(a:)) .
i=1
Moreover, d, m, and the a;’s are uniquely determined by M.
Note that we call the R/a; terms the invariant factors of M.

Proof. If M is finitely generated by n elements, then we know that M C R®" and there is a projection map
m: R®" — M such that
M = R®"/ker .

But tells us that

@-

Il
—

R®™ [ ker 1 & (R/(ay)),

2

and then we account for the fact that the first d such a;’s may be units in R to get that

m

M=Rr"o B (R/(a)),

i=d+1
as we wanted. O

Now, we can apply the following lemma, which is a weaker version of the Chinese remainder theorem for
modules:

Lemma 19.3. For ideals (a), (b) < R, if (a) and (b) are comaximal, then
R/(ab) = R/(a) ® R/ (D)
as R-modules.

This gives us the following version of the structure theorem:
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Corollary 19.4. If R is a PID and M is a finitely-generated R-module, then there exists a function
n(m) which maps irreducibles of R to nonnegative integers, such that n(r) = 0 for all but finitely many
m, and multiplicities m;(7), such that

n(m)
M =~ R@d ® @ @R/(ﬂ'mi(ﬂ)),

TER p=l
irreducible

where d, n(m), and m;(7) are uniquely determined by M.

Proof. In words, this corollary is saying we can express the invariant factors of M as the product of R/I’s,
where the I’s are all powers of prime ideals of R.
To do so, we note that since a PID is a UFD, we can express each a; in the form

TER
irreducible

up to associates, and where all but finitely many m;(7)’s are just 0. But then, tells us that

R/(a)= [ R/G=™),
€R

™
irreducible

and the statement of the corollary follows. O

Example 19.5. Find all abelian groups M that can fit into a short exact sequence of the form
0—ZaZ/5) — M —Za7Z/(10) — 0.

The structure theorem tells us that M = Z%? @ @" | Z/(a;), for some d,m,{a;}. Can we find any
restrictions on what d, m, and the a;’s must be?

Well, we can see that
My = Q%

since we can interchange localizing and direct sums, and (Z/(a;))y = (0) since a; is in our denominator
set. Moreover, as we showed in the homework, localizing preserves exactness, so

0 Q1o 0% s q 0
must be a short exact sequence.

But since f must be injective, im f = Q, and since g must be surjective, img = Q. But this means
Q%?/kerg = img = Q, and since ker g = im f = Q, we get that d = 2.

Thus, M 2 Z%2 & @", Z/(a;) for some m,{a;}. Can we find restrictions on these values?

We define
M™ ={m € M | 3a # 0 € R such that am =0} .

It should be straightforward to check that this is a submodule of M, and we call this the torsion sub-
module of M.

Then, we can see that M*" = @, R/(a;), since any element of R/(a;) is killed by a;, but R is an
integral domain so any nonzero element of R cannot be in the torsion submodule.
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We leave it as an exercise to check that taking the torsion submodule preserves left exactness but not
necessarily right exactness (intuitively, since every torsion element has to map to a torsion element to
preserve R-linearity, but it isn’t necessary for R-linearity that the preimage of a torsion element is tor-
sion).

Thus, we have the left-exact sequence

f

0 7/(5) Mtor 2 7,/(10)

We can see that since M*°* is a finite group, and im f = Z/(5) must be a submodule of M**  we get
that #M"" must be a multiple of 5. Similarly, since img = M'""/kerg = M'"*/(Z/(5)) must be a
submodule of Z/(10), we get that #M'** /5 must be a factor of 10, so
5| #M® | 50.

By the fundamental theorem of finite abelian groups, this means our options for M*®°T are

Z/(5), Z/(10), Z/(5) ® Z/(5), Z/(25), Z/(5) ® Z/(10), or Z/(50).
Let’s try all these possibilities, and see which ones work.
We begin with M = Z%2 & Z/(5), so we want a short exact sequence

0 —Z®ZL/(5) — ZOLPL/(5) — ZDZ/(10) —— 0

We recall that the torsion submodule Z/(5) has to inject into the torsion submodule Z/(5), so we can
use a bit of trial and error from there to get the maps

(a,b) —— (10a,0,d)
(z,y,2) — (y,x mod 10)

(We leave it as an exercise to check this is short exact.) So M = Z%% & Z/(5) works!
I encourage you at this point to pause and try the rest of these sequences on your own, and come back
to the lecture notes if you get stuck - it’s not super interesting to read 5 more versions of very similar
exact sequences, but it is a good exercise to make sure you can come up with these maps, and make sure
they are actually R-linear and exact at each module, yourself.
Next, we check M = Z%2 & Z/(10), so we want a short exact sequence

0 — ZBZ/(5) —> ZSZPZL/(10) —— ZSZ/(10) —— 0

We recall that the torsion submodule Z/(5) has to inject into the torsion submodule Z/(10), so we can
use a bit of trial and error from there, recalling we want cokernel equal to Z @ Z/(10), to get the maps

(a,b) —— (5a,0,2b)

(x,y,2) — (y,5(z mod 2) + 2(z mod 5))

(We leave it as an exercise to check this is short exact.) So M = Z%% & Z/(10) works as well!
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Next, we check M = Z%2 @ Z/(5) ® Z/(5), so we want a short exact sequence
0 — ZBZ/5) — ZBLZPZLZ/(5)BZL/(5) — ZHZ/(10) —— 0

We get the maps
(a,b) —— (2a,0,b,0)

(z,y,2z,w) — (y,2w + 5(x mod 2))
(We leave it as an exercise to check this is short exact.) So M = Z%®2 ® Z/(5) ® Z/(5) works!
Next, we check M = Z%% & Z/(25), so we want a short exact sequence
0 — Z®ZL/(5) —> ZOLDL/(25) —— ZDZ/(10) —— 0

We get the maps
(a,b) —— (2a,0,5b)

(x,y,2) — (y, 52 + 2(z mod 5))

(We leave it as an exercise to check this is short exact.) So M = Z%2 @ Z/(25) works!
Next, we check M = Z%% @ Z/(5) ® Z/(10), so we want a short exact sequence
0 —— ZOL/(5) — ZOLDL)(5) B L/(10) — Z B Z/(10) — 0

We get the maps
(a,b) —— (a,0,b,0)

('Ia Y, =, U}) — (y7 ’LU)
(We leave it as an exercise to check this is short exact.) So M = Z%% & Z/(5) ® Z/(10) works!
Finally, we check M = Z%2 & Z/(50), so we want a short exact sequence
0 — Z®Z/5) — ZHLZPDPZL/(50) —— ZDZ/(10) —— 0

We get the maps
(a,b) —— (a,0,100)

(z,y,2) — (y,z mod 10)

(We leave it as an exercise to check this is short exact.) So M = Z%2 @ Z/(50) works!

Thus, we have found all 6 abelian groups M that fit into a short exact sequence of this form.

Note that it is not the case in general that all the M’s that have the correct d and correct size of M fit
into the exact sequence, but it is usually the case that most such M’s fit, and if it doesn’t fit, there is usually
an explicit reason why. For example, if M had more generators than the sum of the number of generators
of its neighbors, then there would be no way to fit it into the short exact sequence.

Example 19.6. Suppose K is a field and V is a finite-dimensional K-vector space. Suppose also that
we have T' € Endg (V).
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As we’ve done before, we can make V into a finitely generated K[X] module where X acts via T, so

(Y a X)) v=>3 a;T'(v).

Then, the structure theorem of finitely generated modules over a PID tells us that

m

V= KIX* e KX/ (a:),

=1

where ay | ag | -+ | am # 0 € K[X], dega; > 0, and each a; is monic (since we can just multiply by the
inverse of the leading term). Moreover, d and the a;’s are uniquely determined by V.

However, since V is finite-dimensional over K, while K[X] is infinite-dimensional over K, we get that
d =0, so

V= P KX]/(ai),
i=1
and .
dimV = Z dega;,
i=1
since {1,..., X981} serves as a basis for K[X]/(a;) as a K-vector space.

Note that in the above, we are dealing with an isomorphism of K[X] modules, and then the endomor-
phism T on the left side maps to the endomorphism v — Xv on the right side.

Also, for any other V' = EBZil K[X]/(a}), where T" is the endomorphism we used to make V' a K[X]-
module, there exists an isomorphism

f:V -V with foT =T of

if and only if V 2 V' as a K[X]-module (the existence of an isomorphism implies they’re isomorphic
as K-vector spaces, and the fact that it commutes with T and T” implies they’re isomorphic as K[X]-
modules). This happens if and only if m = m/ and a; = o for all 4.
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LECTURE 20: FINITELY GENERATED VECTOR SPACES

Today, we continue our example from last time of finitely generated vector spaces V', where we make V into
a K[X] module where X acts as T € Endg (V), and then

v =P KX/ (a)
i=1
as a K[X]-module.
We also mentioned that for each K[X]/(a;), the basis is {1, X, X?,..., Xdes ‘“_1}7 and then the basis for V/
combines all these bases, so that dimV = Z?ll dega;.

What is the matrix for 7" with respect to this basis?

We know that T corresponds to multiplication by X, so we can see that, over a singular K[X]/(a), where
a(X) =ai + -+ ag_1 X' + X4, the matrix would be

0 0 0 —ao
1 0 0 —aq
0 1 0 —ao
0 0
1 —ag—1

since each X* would get mapped to the next basis element X! but then X! would get mapped to
X4 = —a;+---+ (—aqg_1)X? ! when we take it mod a(X).

Then, we can combine this over our direct sum to get that, for this basis of V', our endomorphism 7" has the
following matrix:

This is known as the rational canonical form of T'.

Proposition 20.1. For each such 7', its rational canonical form is unique.

Proof. Based on the matrix in rational canonical form, we can define the polynomials a;(X) = a;o + -+ +
aiq, X% 1+ X4 and for T to be in rational canonical form, we need a; | az | - - | @, which means we
can then express V as

K[X]/(a1) ® - @ K[X]/(am).
Thus, if there were two rational canonical forms for T, there would be two such ways to factor V', when we
express it as a K[X]-module where X acts by T, and this contradicts the uniqueness part of the structure
theorem for finitely generated modules over a PID. O
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Proposition 20.2. For such T, chy(X) = a1(X) - - - a;n (X).

Proposition 20.3. There exists a monic polynomial my(X) where my(T) = 0 and if f(7') = 0 then
mp | f. This is called the minimal polynomial of 7.

Proof. Consider the annihilator of V; we can see that this is the set
Anngx) (V) = {f € K[X] | f/(T) =0},
and it is an ideal of K[X].
But since K[X] is a PID, this ideal must be equal to some (my) <1 R[X], and then my is our desired minimal
polynomial. O

Moreover, we can see that since such a polynomial exists, it must be equal to the gecd of aq,...,a,,, and
since all other a;’s are factors of a.,, we get that

mT(X) = am(X).

Definition 20.4. If we have two endomorphisms A, B € M, «, K, we say that A and B are similar if
there exists g € GL,,(K) such that

B =gAg~'.

Note that this happens if and only if (K®", A) = (K®" B), which happens if and only if A and B have the
same invariant factors.

Thus, we can divide such endomorphisms into conjugacy classes of similar matrices. Let’s try this with a
few examples.

Example 20.5. Determine the conjugacy classes of GL3(F5).

As we just mentioned, the conjugacy classes are determined by the invariant factors, so we want to find
all possible invariant factors for F3 as a Fo[X]-module.

This means we are looking for monic polynomials a; | -+ | am € (Z/2Z)[X] where dega; > 1 and
degay +---+dega,, = 3.

But we are also looking for invertible matrices, and we note that a matrix is invertible if and only if
0 # det(T) = chp(0) = a1(0) - - - 4 (0).

Thus, we want to pick our invariant factors such that a,, is not a multiple of X.

We proceed via casework on the size of m.

When m =1, we are looking for monic degree-3 polynomials with constant term 1. Thus, we get the
following options

{:E?’—i-l}

{z3+x2+1}
{x3+x+1}
{3

T +x2+x—|—1}.
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When m = 2, we need two polynomials where one is a multiple of the other and their degrees sum to 3.
Thus, we need a linear polynomial and a quadratic, and since we want neither of them to be multiples
of X, we get:

{x+1,(x+1)2 :x2+1}

as our only option.

Finally when m = 3, we need all our polynomials to be linear, and since they’re all multiples of each
other, we get

{z+lLz+1,2+1}
as our only option.
Thus, there are 6 conjugacy classes, corresponding to each set of invariant factors.
What are the representatives of the conjugacy classes?

In the beginning of lecture today, we learned how to put our matrices in rational canonical form, based
on the invariant factors. Doing this gives us the following table of representatives:

invariant factors representative
1 00
{r+1,z+1,2+1} 010
0 0 1
1 0
{z+1,22+1} 00 1
0 1
0 0 1
{$3 + 1} 1 0
0 1 0
0 0 1
{a® + 2%+ 1} 100
0 1 1
0 0 1
{£* +2z+1} 101
0 1 0
0 0 1
{x3 +22 4+ 1} 1 0 1
0 1 1

Example 20.6. Determine the number of conjugacy classes for g € GL3(K) with g5 = 1, for various
fields K.
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Here, we are looking for monic polynomials a; | - - - | a,, € K[X]| where dega; > 0, degaj +---+dega,, =
3, and g is a root of X® — 1, 80 my = a,, | z° — 1.

(a)

when K = C:
In this case, note that we can factor 2° — 1 as

(- — - Aa-Oa—¢"), =,

Then, we again proceed via casework on the size of m.

When m = 1:
We know that dega; = 3, so a; must be a product of three distinct factors

(@ — ") (@ = ¢*) (@ —¢™).

Since the order of these factors doesn’t matter, there are

5
= 10 choi
(3) choices

for the invariant factors.

When m = 2:
We know that dega; = 1 and degas = 2, so our invariant factors are of the form

{@= )@= )@=}
There are 5 choices for the first factor and then 4 choices for the second factor, for a total of

20 choices

for the invariant factors in this case.

When m = 3:
We know that a; = as = as and all of these are linear factors of 2° — 1, so there are

5 choices

for the invariant factors in this case.

This gives us a total of such conjugacy classes.
when K = R:

When m = 1:

We know that dega; = 3, so this must be a product of three distinct factors of z° — 1. But for
this product to have real coefficients, the product must be of the form (z — 1)(x — ¢*1)(z — (°~F1),
since ¢* and ¢°~F1 are complex conjugates. We can see that then we have

2 choices

for the k1,5 — ky pair, and therefore there are only two possible sets of invariant factors in this case.
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When m = 2:

We know that dega; = 1 and degas = 2. But then for a; to have real coefficients, we must have
a; = = — 1, and then there is no other linear factor of z° — 1 that we can multiply by = — 1 to get
a polynomial with real coefficients, so there are no options with m = 2.

When m = 3:
We can see that x — 1 is our only factor with real coefficients, so {x — 1,z — 1,z — 1} is our only
option in this case.

This gives us a total of | 3 | such conjugacy classes.
when K = Fy:

In this field, we can factor 2° — 1 as (x — 1) (2% + 2% + 2% + 2+ 1). We claim that the latter term is
irreducible: we can see that it has no linear factors because neither 0 nor 1 are roots, so if it were
to have a factorization, it would be into two quadratics. But the only irreducible quadratic in this
field is 22 + x + 1, and (2% + 2 + 1)? = 2* + 22 + 1, which is not the factor we have above. Thus,
this is irreducible.

But then, we know that we cannot use our z* + 22 + z2 + = + 1 factor, because it is too large,
so all our invariant factors have to be x + 1, and therefore our only conjugacy class is the one
corresponding to

{+1,z+1,xz+1}.

when K = F5:
In this field, we can see that x°> — 1 = (z — 1)°.

Then, when m = 3, we get the invariant factor {(x — 1)3}, when m = 2 we get the invariant factors
{2 —1,(z —1)*} and when m = 1 we get the invariant factors {x — 1,z — 1,2 — 1}, for a total of

conjugacy classes.
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LECTURE 21: PROOF OF THE STRUCTURE THEOREM

We begin by returning to our vector space V over a field K, where we can make V into a K[X]-module by
having X act by some endomorphism 7' € Endg (V). The structure theorem for modules over a PID tells
us that we then have some monic polynomials a; | - -+ | a,, where dega; > 0, such that

V=P Klal/(a:),
i=1

and then we can use the obvious basis to write V' as a matrix in rational canonical form.

If K is algebraically closed, there is another way we can express this matrix. We can see that since K[X] is
a UFD, we can express each a;, up to associate factors, as

mi, mo Mk,

Py P2 " Py,

where each p; is irreducible. But since K is algebraically closed, we know that all of the irreducible factors
are linear, so we can write each p; as X — ;. Thus, we can write

14
V= P KX)/(X - 2™,

Jj=1

for some \; € K. (Note that these A;’s can repeat, since a; and a;11 will have common factors.)

But then, we can write the “multiplication by X” matrix over K[X|/(X — A;)™ with respect to the basis
{1,X — >‘j7 ceey (X — )\j)mjil}.

We can see that 1 gets mapped to X, which equals 1(X — X;) + A;(1), and similarly, for any k < m; — 1,
(X — \j)¥ gets mapped to 1(X — X\;)FT + X;(X — \;)F. However, (X — \;)"™ ! gets mapped to X (X —
A)™i =X\ (X — Xj)™ ~twhen taken mod (X — A;)™. Thus, we get the matrix

A 0
D VI
.

with A; along the diagonal, 1’s below the diagonal, and zeroes everywhere else.

Then, combining across the dot product, we get the final matrix

97



Math 210a Aditi Talati &= Fall 2022

with \;’s on the diagonal, 1’s below the diagonal (besides at the end of a block, and zeroes everywhere else.
Note that blocks may be of different sizes, because the (x — A;)s may appear with different multiplicities,
and there can be multiple A;’s which are equal.

This is known as Jordan normal form. It is easier to work with than the rational canonical form (as in,
it is more clear to see what to do if we try to take large powers of this matrix) but it only exists when K is
algebraically closed.

This concludes our discussion of applications of the structure theorem for finitely generated modules over a
PID; we now turn to a proof of the theorem.

As a reminder, we had:

Theorem 19.1. Suppose R is a PID and N C R®" is a submodule. Then, N must be free, and we can
find a basis {ey,...,e,} of R®" and elements

ay|az |- |am #0€ER

such that {a;e;} is a basis of N.

Moreover, these a;’s are unique up to associates.

We will prove this now.

Proof. The case where N = (0) is clear, so we assume N is nonzero.

Our intuition is that, in the basis we are trying to construct, every basis element of IV is a multiple of a1, so
for any linear map R®" — R, we expect the image of N to be a subset of (a1) < R, so maybe we can define
a1 by looking at such maps ...

Let us consider the set
X = {ng AR ‘ 6RO 5 Ris R-hnear}.

This is nonempty, because we know for example that 7;, which maps each element of R®™ to its e;-coordinate,
is such an R-linear map. Then, since this is a nonempty set of ideals of R, which is a PID and therefore
noetherian, we know there is a maximal element, which we will call

(al) = d)lNa

noting that we know this ideal is principal because this is a PID.

Now, we can see that if ¢1(N) = (a1), we can find some y € N such that ¢1(y) = a;. We claim that for any
other YN € X, ¢(y) is still a multiple of a;.

To prove this, we can consider the ideal (¢1(y), ¥ (y)) = (a1,%(y)) 2 (a1). Since R is a PID, this ideal is just
(d) for some d € R. This means there exists «, 5 € R such that

d=agi(y) + BY(y) = (ad1 + BY)(y)-

But since y € N, this means that
(a1 + BY)(N) 2 (d) 2 (a1),

and since the ideal on the LHS is also an element of X, we get that (a¢; + S¢)(N) = (a1) so as to not
contradict the maximality of ¢1(IN) € X. But then d = (a1,%(y)) = (a1), so ¥(y) C (a1), as we desired.
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Specifically, this means that for each projection map m;, which projects an element of R®" onto its e;-
coordinate, we get that 7;(y) € (a1). This means that as a whole, y is a multiple of a;, so we can write

Yy = aiyi,

and we can see that by R-linearity of ¢1, ¢1(y1) = 1.

But this means that for any m € R®", we can write
m = ¢(m)ys + (m — p(m)ys),
and we can see that ¢p(m — ¢(m)y1) = d(m) — p(m)d(y1) = 0, so
R®" = Ry, @ ker ¢

and therefore
N = Rayy1 @& N Nker ¢;.

From here, we would want to continue this process by inductively pulling out Rys from ker ¢ and a corre-
sponding Rasys from N Nker ¢1, and so on. But in our proof above, we used the fact that R®™ is free over
R. So we first need to show that ker ¢; and N Nker ¢; are free R-modules.

Claim. Any submodule M of R®" is free.

We will prove this via induction on the dimension of M. For a base case, we can see that when dim M ) = 0,
this means that M = (0) and therefore M is free. For the inductive case, assume dim M) = k > 0. Then,
we can use the above process to write M = Rajy] & (M N ¢}), for some a} € R,y; € R¥™,¢| : R®" — R.
But then M N ¢} is a different submodule of R®", and we can see that since

M(o) = QR-l- (M N ker(b'l)(o),

(M Nker ¢7) gy must have dimension k — 1, so we can apply the inductive hypothesis to see that M is the
direct sum of two free modules and is therefore free as well. Thus, via induction, we get that any submodule
of R®" is free.

Thus, by our claim, ker ¢; is a submodule of R®™ and therefore is free, so we can repeat our extraction step
above (with ker ¢ substituted for R®™ and N Nker ¢ substituted for N) to get some ¢2, az, y2 such that

ker ¢1 = Ryg D ker (;52
N Nker ¢1 = Rasys & N Nker ¢ Nker ¢s.

Continuing inductively, and plugging back into our original equations, we get that

R®" = Ryy ® Ry ® - - - & Ry, ® ker ¢y,
N = Rayy1 ® Rasys @ - - - Ran,yn, & N Nker ¢y N--- Nker ¢,.

But we know that the degree of R®" is n, so ker ¢,, must be (0), and then we get our desired bases.

The last step is to make sure that each a; divides a;;1. We will just show that a1 | as; to show the rest, one
can proceed inductively.

We can see that there is an R-linear map 1 : R®"® — R such that

Y(y1) = P(y2) =1

but for all other basis elements y;,

Y(yi) = 0.
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Thus, v maps an element of R®™ to the sum of its y; coefficient and its vy, coefficient.

But this implies that
Y(N) = (a1,a2) € X.

But since (aq) is maximal in X, (a1,a2) = (a1), so a1 | az, as we desired. O

Recall the corollary:

Corollary 19.2 (structure theorem for finitely generated modules over a PID). If R is a PID and M is
a finitely generated R-module, then there exists

ai |az |- |am #0 € R,

where none of the a;’s are units, such that
M= R* o @) (R/(a:)) .
i=1

Moreover, d, m, and the a;’s are uniquely determined by M.
We proved this based on the above theorem last time, so I will not restate the proof.
However, we have not yet shown uniqueness of the invariant factors. We will do that now.
Theorem 21.1. In the above corollary, d, m and the ideals (a;) are uniquely determined by M.
To prove this, we first have the following lemma:

Lemma 21.2. If ¢; | --- | ¢; are elements of R such that ¢; ¢ R*, then ¢ is the minimal number of
generators for the module
M = R/(c1) @ R/(c2) @ --- @ R/(ct)-

Proof. We know there exists some maximal ideal m D (¢1). Then

M/mM=R/m&R/m&---®R/m.

t times

If M can be generated by s < ¢ elements, then M/mM can be as well, but M/mM is a dimension-t vector
space over R/m, so this is a contradiction.
Thus, ¢ is the minimal number of generators for this module. O

Based on this, we have a proposition which proves the theorem:

Proposition 21.3. If . .

R® & (D R/(a;) = R* & D R/ (by),
i=1 i=1

where a1 | -+ | am # 0 and by | -+- | by, # 0, and ay,b; ¢ R*, then d = e, m = n, and for each 4,

(a;) = (bi).
Proof. First, we will localize at (0) to get that

QR®! =~ QR®

which implies d = e.
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From this point, we will assume d = ¢ = 0. We can do this because it is the same as working within the
submodule M'T; this is just easier notationally.

By our lemma, m is the minimum number of elements needed to generate M, so n > m. But we can also
apply our lemma to @, R/(b;) to get that m > n, so we conclude that m = n.

Then, for any a € R, we say that M|[a] is the submodule of M defined by
Mla]={m e M :am =0}.

We can see that for any i, R/(a;)[a] is the set of equivalence classes of elements r € R such that ra is a multi-
ple of a;. Thisis (rq,,q)/(a;), where 74, o gcd(a;, a) = a;. Note that (r4,,,) = R whenever a is a multiple of a;.

Thus, we have that, for any a € R,

M/Mla) = @ R/(rs,,0) = P R/ (ra;.0)-
i=1 =1

Then, taking a = a;, we get that the first 7 terms zero out, M/M|a;] must have n — ¢ generators. But this
means that exactly the first 7 terms of the direct sum on the LHS must zero out, so we get that a; | b; | - -+ | bn,
and applying the lemma to M /M[b;| similarly gives us b; | a; | -+ | an, so (a;) = (b;), as we desired. O
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LECTURE 22: ADDITIVE CATEGORIES, ABELIAN CATEGORIES, AND SHEAVES

Recall that X is an initial object for a category C if for every Y € ob(C), there exists a unique morphism
X =Y.

Similarly, X is a final object for a category C if for every Y € ob(C), there exists a unique morphism ¥ — X.

Using this, we have the following definitions:

Definition 22.1. We say that a category C is a pointed category if C has an initial object and a final
object, and the two are isomorphic.

We call this the null object of the category, and denote it (0).

Note that if C is pointed, then for any X,Y € ob(C), there exists a unique morphism X — Y such that the

diagram
r— O =Y

commutes. This is called the zero morphism.

Proposition 22.2. If our category is pointed, and finite products and coproducts exist, then there is a
natural morphism from the coproduct to the product.

Proof. We will show that for any X,Y € ob(C), there exists a natural morphism X [[Y — X x Y.

We can first see that the universal property of the product gives us a natural morphism X — X x Y, via

the commutative diagram:

) XxY — X
lﬂ

Y

X

and we can similarly get a natural morphism ¥ — X x Y. But then the universal property of the coproduct
gives us a natural morphism o : X [[Y — X x Y, via the diagram

Now, we will assume that « is an isomorphism.

In this case, we denote the finite product/coproduct as X @Y.
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Definition 22.3. For any X € ob(C), the diagonal embedding A is the unique morphism X — X®X
that makes the diagram

id

commute; its existence follows from the universal property of the product.

Definition 22.4. For any X € ob(C), the addition map is the unique morphism that makes the
diagram
X

|

X — XX

commute.

Definition 22.5. We say that C is an additive category if:

e (C has a null object
(this gives us a zero morphism between any two objects)

e ( has finite products and coproducts
(this, combined with the zero morphism, gives us a morphism from the coproduct to the product)

e any finite coproduct is isomorphic to the corresponding finite product
(this lets us define the addition map)

e there exists an —idx € Home (X, X) such that the induced map

X idy

« o 4 equals the zero morphism.

Proposition 22.6. When C is an additive category, then for any X, Y € C, we can give Hom¢(X,Y') an
abelian group structure.

To make Home (X, Y') into an abelian group, we define f 4 g to be the induced map X — Y ®Y — Y defined
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A

We leave it as an exercise to show that additive inverses follow from the last part of the definition.

by
X

Proposition 22.7. In an additive category C where Hom¢(X,Y') has this abelian group structure, the
composition map

o: Home(X,Y) x Home (Y, Z) — Home (X, Z)
is bilinear, in the sense that for any f € Hom¢(X,Y') the map
Home (Y, Z) — Home (X, Z)
g fog
is a group homomorphism, and for any g € Hom¢ (Y, Z) the map

Home(X,Y) — Home (X, Z2)
frfog

is also a group homomorphism.

Definition 22.8. We say that a functor between additive groups is additive if it preserves finite prod-
ucts and coproducts, and initial and final objects.

Thus, if C is an additive group, and F' is additive, the map
F :Hom¢(X,Y) — Homp(FX, FY)

is also a group homomorphism.

Definition 22.9. We say that a category C is pre-additive if we give each Hom¢(X,Y) the structure
of an abelian group, such that for any X,Y, Z € ob(C), the composition map

o: Home(X,Y) x Home (Y, Z) — Home (X, Z)

is bilinear.

Definition 22.10. A functor F' between pre-additive categories C and D is called additive if
F :Home(X,Y) — Homp(FX, FY)

is a group homomorphism.

We just showed that all additive categories have this group structure, so we can think of additive categories
as a special type of pre-additive category. In fact, we have that:

Proposition 22.11. A category C is additive if and only if it is pre-additive and has finite products and
coproducts.
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Proof. In our discussion of additive categories above, we already showed that if C is additive, it has finite
products and coproducts, and it is pre-additive.

For the other direction, we need to show that if C has finite products and coproducts and is pre-additive,
then it has a null object, and the finite products are isomorphic to the finite coproducts.

Because C has finite coproducts, it has an initial object X; (as the empty coproduct), and because it has
finite products, it has a terminal object X (as the empty product). By definition of the initial object, there
is a unique morphism X; — X, and moreover, since Hom¢ (X, X;) is an abelian group, it must have a 0.
To show that X; = X, we must show that these morphisms are inverses. We have the maps

X, — X; 25 X,

but we know that id is the unique morphism X; — X, so this composition must be the identity. Similarly,
we have the composition

Xy 2o X, — Xy
but we know that id is the unique morphism X; — X (since by definition of the final object, these mor-
phisms are unique), so this composition must also be the identity.

Thus, the initial and final objects are isomorphic, so this category has a null object.

Then, we need to show that for any X, Y € ob(C), X[[Y & X x Y. We will do this via a series of
commutative diagrams. First, we can see that by definition of the coproduct, there exist unique maps
XJ]Y — X such that the diagram

commutes, and we can find a similar map X [[Y — Y. But then, by the universal property of the product,
there exists a unique o : X [[Y — X x Y such that the diagram

commutes, where the green maps are the induced morphisms we just found.

Then, we claim that o has inverse tx o mx + ty o my. We can see that
(,xomx +iyomy)oaoitxy =txo(mxoaotx)+tiyo(myoaorx)=1x +0=1x.

Similarly, we can see that this composition, composed with ¢y, gives us ¢y, and then applying the universal
property of the coproduct, we can see that this must be the identity map idx yy-
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We can apply similar logic to see that avo (tx o, + ty oy ) must be the identity map idxxy, and therefore
these two maps are inverses and « really is an isomorphism. O

We leave it as an exercise to check that, if we start with a preadditive category which has finite products
and coproducts, the additive structure we get from the addition map coincides with the additive structure
we get from the preadditive category.

Recall that a monomorphism is a morphism f : X — Y, such that, for any other g: Z7 — X, h: Z7 = X,
fog= fohonlyif g =h. We can think of this as a generalization of injectivity.

A epimorphism is a morphism f : X — Y, such that, for any other g: Y - Z, h:Y — Z, gof=ho f
only if g = h. We can think of this as a generalization of surjectivity.

Using this, we have the following definition:

Definition 22.12. We say that an additive category C is abelian if for any f € Hom¢(X,Y), the
diagram
X Y

_—
0

has a limit ker f — X (called a kernel) and a colimit Y — coker f (called a cokernel), and, moreover,
any monomomorphism is the kernel of some X — Y, and any epimorphism is the cokernel of some
X =Y.

We leave it as an exercise to check that any kernel is a monomorphism and any cokernel is an epimorphism.

Example 22.13. R-Mod is an example of an abelian category.

Another example is: if " is an abelian group, then I'-Mod, which is the set of abelian groups M with
some defined action of v on M, is an abelian category.

We will now move on to talking about sheaves.

Example 22.14. Let X be a topological space. Then, we can define the category Open(X) to be the
category of all open subsets of X, where the only morphisms are inclusion morphisms between objects
and their supersets.

Definition 22.15. We say that a pre-sheaf on X is the contravariant functor F' : Open(X) — Ab.
This means that for all open sets U,V C X we associate abelian groups F(U) and F(V), and if V C U
then we have a morphism F(U) — F(V), called the restriction morphism.

Notation-wise, we say that the restriction morphism maps m € F(U) to m|y.

Moreover, for F' to be a pre-sheaf, we require the restriction morphisms to have the property that for
any W C V C U, the diagram

m—mly m—m|w

F(U) F(V)

m—m|w

F(W)

comimutes.

Note that there is a bit of notational ambiguity here, because our notation for the restriction morphism only
indicates the codomain, and not the domain, of the restriction. This means there are times in the rest of
this lecture where we use the same notation to indicate two different morphisms; please be careful about this
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when trying to read the lecture notes!

Definition 22.16. A morphism between pre-sheaves is a natural transformation ¢ : F' — G, which
means that it collection of maps ¢y : F(U) — G(U) such that for all V' C U, the diagram

F(U) —2" s qU)

m—mly m—m|y

! !

FV) —2 5 qw)

commutes, or

d(m)lv = d(m|v).

Definition 22.17. Now that we have morphisms between pre-sheaves, we can define Pre-Sh(X) as the
category of all pre-sheaves on X.

Definition 22.18. We say that a pre-sheaf F' is a sheaf if for all open sets U C X and for all open
covers {U;},.; of U, F(U) is the limit of

(Suden (uloinwy Y
IL F(U(z')) ( IL,; F(UinU;)
83 )i (S

i lu;nu; ;(j,i)

Intuitively, we want the behavior of F/(U) to match the behavior of F' on the open cover, at the places where
the open cover agrees with itself.

More formally, this implies that:
o If s € F(U) such that s

v, =0 for all ¢, then s = 0.

e If we have some (s;) € [[, F(U;) such that, for all 4,5, s;|lv,nv;, = sjlv,nv; (so the two arrows in the
diagram agree), then there is a unique s € F(U) such that for all ¢, s|y, = s;.

Proposition 22.19. We say that Sh(X) is the category of all sheaves on X; this is a full subcategory
of Pre-Sh(X)

Example 22.20. One sheaf on X is the functor C, where
C(U)={f:U — C continuous} .

Then, the restriction morphism is what we might expect: if V C U and f: U — C, then f|y is just the
restricted function V' :— C.

Moreover, we can see that if U;, U; C U, then for any f € U,

f

U; UiﬂUj = f|U‘7 UiﬂUj'
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LECTURE 23: EXACT SEQUENCES IN ABELIAN CATEGORIES

We begin by finishing our lecture on sheaves.

If X is a topological space, F' is a pre-sheaf on X, and U C X is an open set, then:

Definition 23.1. We say that F'(U) is a section of F' at U.

Definition 23.2. We say that
F,= lim F(U)
=
UlzeU

is the stalk of F' at x.

We also have the following remark, which we will not prove in class:
Proposition 23.3. If F, G are sheaves on X, then:
The following statements are equivalent:
e ¢: F — G € mor(Sh(X)) is a monomophism
e ¢y : F(U) — G(U) is injective for all open sets U C X
o ¢,;F, — G, is injective for all z € X

Similarly, ¢ : F — G € mor(Sh(X)) is an epimorphism if and only if ¢,, : F, — G, is surjective for all
zeX.

However, epimorphisms don’t play as nicely with sections; ¢ : FF — G being an epimorphism doesn’t
necessarily imply that ¢y : F(U) — G(U) is surjective.

Now, we will return to talking about general abelian categories.
Last time, we mentioned that in an abelian category, for any morphism X — Y, we can extend this to
ker f — X — Y — coker f,

where the first part is a monomorphism and the second part is an epimorphism.

Definition 23.4. An abelian category also has the concept of an image, where

im f = coker(ker f — X) = ker(Y — coker f).

Definition 23.5. Then, we say that something of the form:

fo

X, X, f1 X, f2 X I3 X,

is a complex if for all 4, f;11 0 f; =0, and it is exact if im f; = ker f; 1 for all i.
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Definition 23.6. If a sequence of the form

0 X Y A 0

is exact, then it is called short exact.

Definition 23.7. If a sequence of the form

0 X Y A

is exact, then it is called left exact.

Proposition 23.8. A sequence is left exact if and only if X = ker(Y — Z).

Definition 23.9. If a sequence of the form

X Y A 0

is exact, then it is called right exact.

Proposition 23.10. A sequence is right exact if and only if Z = coker(X — Y).
Proposition 23.11. A sequence is short exact if and only if it is left exact and right exact.
Proposition 23.12. We can split a long exact sequence into a bunch of short exact sequences, as follows:
0 \ U \ / 0
X3

ker fo

N

ker f3
X, A X, f2 .
ker fi ker f4

N .

and for every collection of short exact sequences

0

0 — coker f;_o — X; — ker fi11 — 0,

we can combine them into a long exact sequence.

Proof. For the first part, we leave it as an exercise to check that ker f; = im f;_1 = coker f;_o for all .
We leave the second part as an exercise. O

Between abelian categories, the only useful kind of functor is an additive functor. As a reminder, additive
functors preserve (0) and they preserve direct sums @, but not in general kernels and cokernels.

We can give an example of this:
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Example 23.13. Consider the functor Ab — Ab defined by G — G ®z Z/(2).

The image of the short exact sequence

X2

Z Z/(2) — 0
is the right exact sequence
Z)(2) —2— Z)(2) — Z/(2) —— 0
but the first map is no longer injective, so this functor does not preserve kernels.

Similarly, the image of the short exact sequence under the functor G — Homgz(Z/(2), G) is the left exact
sequence

0 (0) (0) Z/(2)

but the second map is no longer surjective, so this functor does not preserve cokernels.

In a sense, homological algebra is entirely about understanding how additive functors interact with kernels
and cokernels.

We have special words for the functors that do preserve these:

Definition 23.14. An additive (covariant) functor F is left exact if it preserves kernels.

Note that this is equivalent to F' preserving left-exact sequences.

Definition 23.15. An additive (covariant) functor F is right exact if it preserves cokernels.

Note that this is equivalent to F' preserving right-exact sequences.

Definition 23.16. An additive (covariant) functor F' is exact if it preserves kernels and cokernels.

Note that this is equivalent to F' preserving short exact sequences, which is equivalent to F' preserving exact
sequences.

It should be clear that if F' preserves kernels and cokernels, then it preserves images, so it preserves exact
sequences (and therefore short exact sequences). However, it is harder than one might think to show that if
F preserves short exact sequences, then it preserves kernels and cokernels:

Lemma 23.17. If an additive (covariant) functor F' preserves short exact sequences, then it preserves
kernels and cokernels.

Proof. We have the sequences

o\imf/o
X/ \Y

f

e ™

ker f coker f

e I

0 0
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Applying F', we have the sequences

0

im f)
\
Ff FYy
/ \
F(ker f) F(coker f)

7 ™~

0 0

o~
FX/

which are still short exact.

We want to show that F(ker f) = ker F'f. We can see that F'(ker f) = ker(FX — F(im f)) from exactness
of this sequence. What we want to show is that for any other Z such that

0

commutes, Z factors uniquely through F'(ker f). But if we add in the F'(im f) part of the sequence, and note
that F(im f) — F'Y is a monomorphism, the diagram

F(im f)

N

Z FX FYy

must commute, and then using the fact that F(ker f) = ker(FX — F(im f)), we get that these maps must
factor uniquely through F'(ker f), so
F(ker ) = ker(Ff)

as we desired.

The proof that F(coker f) = coker(F'f) is similar, so we leave it as an exercise. O

We have similar definitions for contravariant functors:

Definition 23.18. A contravariant additive functor F : C — D is:
o left exact if F°P : C°P — D is left exact.
e right exact if F°P : C°P? — D is right exact.

e exact if F°P : C°P — D is exact.

Thus, for example, F is left exact if and only if for all right exact sequences X — Y — Z — 0 in C, the
image
0 —FZ —FY —FX

is left exact. So F' is named after the sequences in the target.
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Proposition 23.19. Similarly to before, F' is left exact if and only if it takes cokernels to kernels, and
F is right exact if and only if it takes kernels to cokernels.

Let’s look at some examples of such functors.

Example 23.20. In the category R-Mod:
e the functor M +— D~'M is exact (we showed this in a homework problem)
e the functor M — M ® N, for a fixed N, is right ezact (but not necessarily left exact)
e the functor M — Hompg(N, M) is left exact (but not necessarily right exact)
e the functor M — Hompg(M, N) is left exact (but not necessarily right exact)

The functor Sh(X) — Ab defined by F' +— F(X) is left exact but not in general right exact (because of

).
The functor I'-Mod — Ab defined by M — MT, where
MY ={me M |ym=m forall y €T},

is left exact but not in general right exact.

But in some special cases, any additive functor will preserve exactness!

Lemma 23.21. If
0— M — N — Fr(X)—0

is a short exact sequence of R-modules and F' : R-Mod — D is additive, then
0— FM — FN — F(Fr(X)) — 0

is again exact.

Proof. We have the short exact sequence

f

0 M N —2 Fr(X) —— 0

But we can construct a “section” s: Fr(X) — N, which is a one-sided inverse to g, so that g o s = idp,(x)
but s o g is not necessarily the identity.

Specifically, for any basis element e,, we define s(e;) to be any preimage of e,, and we know this uniquely
defines an R-linear map Fr(X) — N.

Then, we have that N =2 M @ Fg(X) via the maps

f(m) + s(p) «— (m, p)
n— (f~1(n—s(g(n))),g(n)),

and we leave it as an exercise to see that these are inverses.

Then, we know we have the standard exact sequence
0—FM — FM® F(Fr(X)) — F(Fr(X)) —0
via the projection and inclusion maps. But since F' preserves direct sums, this induces the exact sequence
0— FM — FN — F(Fr(X)) — 0,

as we desired. O
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The important part in this proof was not really that Fr(X) was free, but that we were able to create this
section s. Thus, we can generalize our above strategy to any abelian category:

Definition 23.22. We say that P € ob(C) is projective if for any

P

|

X —»Y

there exists a morphism P — X that makes the diagram
P

X —»Y

commute.

Example 23.23. In the category C = R-Mod, any free module is projective.

Definition 23.24. We say that I € ob(C) is injective if for any

1

|

X ——Y

there exists a morphism Y — I that makes the diagram

1™

X —Y

commute.

Lemma 23.25. If 0 > X - Y — Z — 0 is exact in C and F : C — D is additive, then if X is injective
or Z is projective, the image
0— DX — DY —DZ—0

is exact in D.

Definition 23.26. We say that C has enough projectives if for any X € ob(C), there exists an epi-
morphism P — X, where P is projective.

We say that C has enough injectives if for any X € ob(C), there exists a monomorphism X — I, where
I is injective.

Proposition 23.27. If C has enough projectives, then for any X, we can construct the exact sequence

i P?2 Pt P X 0,
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where each P’ is projective. We call this the projective resolution of X.

If C has enough injectives, then for any X, we can construct the exact sequence
0—X —I° 1" —1°—...,

where each I' is injective. We call this the injective resolution of X.

The main idea of homological algebra is that we can replace X with these resolutions to get nicer properties.
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LECTURE 24: PROJECTIVES AND INJECTIVES

First, as a note, there was an error in the initial definition of an additive category - we need to additionally
assume that in every Home (X, X) there exists a —idx function such that —idy +idx = 0, in order to be
able to show that the homomorphisms actually form an abelian group. (This is now fixed in the notes for
the additive categories lecture.)

Last lecture, we left off defining projectives, injectives, and what it means to have enough projectives or
enough injectives.

Example 24.1. R-Mod and I'-Mod have enough projectives and enough injectives.

Sh(X) has enough injectives, but it doesn’t usually have enough projectives.

Definition 24.2. We say that an R-module P is finitely presented if there exists some finite a, b such
that we have the right exact sequence

R® _y R® s p_ 0.

Note that this is a stronger condition than just being finitely generated.

Example 24.3. When P is finitely generated over a noetherian ring, it is finitely presented.

Lemma 24.4. Suppose that P is an R-module. Then, the following are equivalent:
1. P is projective

2. There exists a set Q and an R-module @ such that P & Q = Fr(Q) (so it is a summand of a free
module).

Moreover, if P is finitely presented, these are also equivalent to:
3. P, is free over R, for all p < R prime.
4. Py, is free over Ry, for all m <t R maximal.

Proof. We will first show 1 — 2:
Recall that since P is projective, there is a morphism s : P — Fr(P) that makes the diagram
P
Fr(P) —» P
commute, so o s = idp.

This implies that Fr(P) = kerm @ P, via the isomorphisms

a+ s(b) +— (a,b)
¢— (¢ = s(m(c), m(c))

We leave it as an exercise to check that these are really inverses.
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Now we will show that 2 — 1:
We have P ® Q = Fr(Q)), and we want to show that for any X,Y such that we have the diagram

P

|

X —Y

there exists some s : P — X that makes the diagram commute. But we know there exists some « that makes
the diagram

Fp(2)

/£
1

X —Y

commute, since all free modules are projective, and then we can just take s = a o ¢, where ¢ is the inclusion
map P - P& Q.
Now, we will show that if P is finitely presented, then 1 and 2 imply 3:

Let © be a finite set that generates P. We know that there is a projection map Fr(2) — P, and then using
the same argument as 1 = 2, we are able to say P & @ = Fr(f2), for some finite €2.

Then, localizing at p, we get that
Fr () =P, ®Q,

as R,-modules.

Then, taking everything mod g, we get that

FRW/W(Q) = Po/pPy ® Qu/9Qp-

But R,/ is a field, so this is now an equivalence in terms of vector spaces. That means we can find a basis
{€1,...,8,} of P,/pP, and a basis {€q+1,...,€n} of Qp/pQy.

Then, Nakayama’s lemma tells us that if we take {ey,...,e,} such that e;/pP, = €; for each i, this forms a
generating set for P, as an R,-module. So we have the surjection

Rga — P,

and we similarly get the surjection
R = Q,,.

Combining these, we get that
R — P, & Q, = Fr,(Q).

We can represent this surjection with some n xn matrix A. But we can see that A mod p is an isomorphism,
so det A ¢ p, and since p is the unique maximal ideal of R,,, det A must be a unit in R,,.

Thus, A is invertible, which means this surjection is invertible; specifically, this implies that
®
RJ* — P,

is also injective and therefore must also be an isomorphis, as we desired.
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Then, 3 = 4 is clear, so we will skip this and show that 4 — 1.

We want to show that for any M, N such that we have the diagram

P

|

M —— N

we can find a map P — M that makes the diagram commute.

This is equivalent to showing that Hompg(P, M) — Hompg(P, N) is surjective; we have the right exact
sequence
Homp(P, M) — Homp(P,N) — Q@ — 0

and we want to show that QQ = 0.

To do so, we can localize at a maximal ideal m to get the right exact sequence

Hompg(P, M)y — Hompg(P,N)y — Qu — 0.

Claim. The above sequence is equal to the right exact sequence

Homp,, (Pm, M) — Hompg, (Pn, Nm) — Qm — 0.

We will assume this claim is true for now; then we can see that since Py is free, Hompg,, (P, My) must
surject onto Homp, (P, Nm), 80 Qu is 0, which means @ = 0, as we desired. O

To prove the claim in the middle, we have the following sub-lemma:
Lemma 24.5. If M, N are R-modules with M finitely presented and D C R multiplicative, then
D' Homp (M, N) = Homp-15z(D"'M,D™'N).
Proof. We don’t have time to fully prove this, but the idea is that:

We first prove the case where M is a finite free module, so we can write M = R®?

and then we use the right exact sequence R®® — R®* — M — 0, and note that this induces a left exact
sequence

0 — Hom(M, N) — Hom(R®*, N) — Hom(R®’ N).

If we apply the D~! before the homomorphism operator, then we get the sequence
Homp-1z(D'M,D"'N) — Homp-1z(D"'R®* D"'N) — Homp-1z(D 'R®® D7IN),
while if we apply the D! after the homomorphism operator, we get
D~ 'Hompg(M, N) — D' Homg(R®* N) — D~! Hompg(R®’, N).
It is possible to show that this implies the isomorphism we want. O]

Now, we will move on to proving a few facts about injectives.

Definition 24.6. We say that a Z-module M is divisible if for all m € M and all a € Zq, there exists
some m’ € M such that am’ = m.
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Example 24.7. Q and Q/Z are examples of divisible Z-modules.

Lemma 24.8. A Z-module [ is injective if and only if it is divisible.

Proof. If I is injective, then for any such m, a, we can consider the maps

I
1|—>mT

L San L

and we know there exists a map

I
. ’
1|—>mT F\H'n

L San L

that makes the diagram commute. But we can see that moving from Z to I in one direction will give us
1 +— m and moving from Z to I in the other direction will give us 1 — am’. Thus, we must have

am’ =m,
as we desired.

If I is divisible, then we want to show that for any XY such that we have this diagram:

1

|

X —Y

there is a map Y — I such that the diagram commutes.
We will do so by essentially granularly extending the map a.

Consider the set
X = {(Z,ﬁ) | X CZ CY submodules, 8: Z — I,5|x :a}_

That is, we consider the set of all morphisms §: Z — I that extend . We can apply a partial ordering to
this set, by saying
(Z,8)> (2,8 it Z2 2 and Bl = .

We can see that this is a nonempty set, because (X, «) is an element of the set, and we can see that for any
chain C' C X, we have an upper bound (W, ~) defined by

W = U ZCY,
(Z,8)eC

and since for any w € W, w € Z for some (Z, ) € C, we can define y(w) = S(w).

Thus, every chain has an upper bound, so we can apply Zorn’s lemma to get a maximum (Z, 8) of this set.
If Z =Y then we have won.

We will assume Z # Y and arrive at a contradiction. Specifically, choose some y € Y — Z, and then consider

the ideal
J={n|nyeZ}<Z.
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Since Z is a PID, we can write J = (a), and then we know there exists some m = $(ay), and some m’ € I
such that am’ = m. Then, we can consider the morphism

B i{Zy) —1

defined by
z+ny— B(z) +nm'.

We leave it as an exercise to check that this is a well-defined morphism. Then, we see that ((Z,y), ') € X,
contradicting the maximality of (Z, 5).

Thus, Z =Y, and we have the extension we wanted. O

Corollary 24.9. If [ is an injective Z-module and M C I is a submodule then I/M is injective.
This is because divisibility of I is preserved under quotients.
Corollary 24.10. Z-mod has enough injectives.
Proof. For every Z-module M, we can construct the exact sequence sequence
0— K — Fz(M)— M — 0,
which means M = Fz(M)/K. But Fz(M)/K C Fp(M)/K, which is divisible and therefore injective. Thus,
M is contained in an injective, as we wanted. O
Lemma 24.11.

1. If I is an injective Z-module then Homgz (R, I) (which is an R-module when R acts via (af)(b) =
f(ab)) is an injective R-module.

2. Then, for any R, R-Mod has enough injectives.
We will not prove this formally, but the idea is that Homy (R, I) is right adjoint to the forgetful functor, and

right adjoints preserve injectives. Then, for the second part, we know there exists some injective I such that
M — I as Z-modules, and then M — Homgyz(R, I) as R-modules.
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LECTURE 25: MAPS BETWEEN COMPLEXES

Definition 25.1. If we have the complexes
R G GLISE Y Ly

and
oo — DV DI DI

then we say that a chain map or map of complexes f*®: I®* — J* is a collection of maps

. Ci-1 Ci NYoan G

lfH lf fir

-—— D"l —— DI —— DI ..

Definition 25.2. If f* ¢g°* : C* — D® are maps of complexes, we say that they are homotopic if there
exist maps k' : C*t! — D with

f’i_gi:ainloki—l_’_kioaé.
This gives us the commutative diagram

i—1 i
96 e

e —y 1 o [0 G
| A |
fiml_giml i1 fizgi ki/fwl_gul
L L
.y pi—1 D Dt D Dt ...

If two maps of complexes are homotopic, we denote this f® = g°.

Lemma 25.3. Suppose C is an abelian category with enough injectives. If f : X — Y is a morphism in
C and X and Y have the injective resolutions

0 X I° It

0 Y JO J!

then there exists a chain map f®:I® — J*®, and f*® is unique up to homotopy.

Proof. We can prove the existence of f® inductively. First, we can see that we have the maps

X I°
|#
Y

0

JO
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and since JO is injective, this induces a map f°: I° — J°, so that we get this diagram:

X
|#
Y

Then, we will show that if we have the maps f*~! and f?, we can construct f*+!. We have maps of the form

0 1°

0 JO

coker 5}71

i—1 /
Ii—1 9 i

I it L
lfi—l lfi
Ji= J?

1

Ji+1

Since this diagram commutes, we can see that I'"! — I' — J? — J™*1 is the same as I'~! — J=1 —
J' — J1. But since this complex is exact, we know that J'=' — J* — Jt! is just the zero map, so
I'"' — I' = J¥ is also the zero map, and the universal property of the quotient gives us an induced map
coker §5~' — Ji*! Then, since J'! is injective, we get our desired f"+!, so we have the map

coker 07~ 1

7i-1 9 / )
LfH J{fi lf’“
Ji

Jifl Ji+1

and thus, inductively, we get the map of complexes f*°.

Now, we need to show that f*® is unique up to homotopy. Specifically, if we have two such chain maps f*, g°,
we will show via induction that they are homotopic. Subtracting these two gives us the complex starting
with

0 X 0 .
\LO lfofgo
0 Y JO

But then, we we did before, we note that X — Y — J° = X —+ Y — J% = 0, so the universal property of
the quotient gives us an induced map I°/X — JY  and then since J is injective, this gives us an induced
map kO : I' — JO that makes the diagram commute:

a7
0 X P X =

J{O lfo/
1&“)
0 Y JO e

and f0 — g° = k%0 Y%, as we desired.

For the inductive step, if we already have

i—1
81 Iz IiJrl

e
fl_lfgz_ll g1 J/fzigi
X

. Ji—1 8’%1} Jt s Jitl s
7
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then we can consider the map f* — g* — o k=l 1 I' — J'. Following the commutative diagram above,
we can see that (f' —g%) 0 0% ' = 9% 1 o (fi7! — g*~1). Thus,

(fi —g -9 ki—l) 09l =il (fi—l gl it 08}'*1> .
But our inductive assumption says that fi=! — ¢gi=! = ki1 00y 4+ 052 0 k2. So
(fi —g -0 ki—l) 08l = 909 2o k2 = 0

by exactness of this sequence. Now, as before, we can apply the universal property of the quotient and then
use injectivity to get the induced maps
o
I ~—— cokera};l % Jitl
(f"'fg"’)ff)f}‘lok""ll
Ji

k"

and thus fi — g' — 97 ' o k'1 = k=1 0 9}, as we desired.
Thus, by induction, f® and g® are homotopic. O

Corollary 25.4. If we have two distinct injective resolutions 0 — X — I® and 0 — X — J°, then
there exists f® : I* — J*® extending idx which is unique up to homotopy, and there exists ¢g® : J®* — I°®
extending id x which is unique up to homotopy.

Note that this implies ¢g® o f*® is a chain map I®* — I°® extending idx, and ¢°® o f®* = idje. Similarly,
f*—g® =idy..

Definition 25.5. We say that two injective resolutions I*® and J*® are homotopic if there exists f*® :
I1* — J*® and ¢°® : J®tol® such that f® o g® = idje and g® o f® = idj..

Definition 25.6. Suppose C* is a chain complex. We say that the i*® cohomology of C* is

H'(C*) = ker 0,/ im 05 .

Example 25.7. Consider an injective resolution
0—X—I1"—T1"— ...

Then, H°(I*) = X, and for all i > 1, H*(I®) = 0, since [ is exact.

Remark 25.8. If f*: C*®* — D® is a map of complexes, then we get the induced maps

HY(f*): H(C*) — H(D"®).

This is because we know the diagram

. ot .ol .
s Cl_l L> Cl *C> C'L+1 - ...

J{f’ifl J{fz J{f’H»l

. 4)Di71 F}Dl TDi+1 —_
D D

commutes, so f’ maps im 88_1 to im 8%_1 and it maps ker 9% to ker 8%,. Thus, we can construct an induced
map H'(C*) — H"(D*), as we desired.
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Lemma 25.9. If f® ¢g°* : C* — D*® are homotopic, then for each 1,
H'(f*) = H'(g").
We will just show this for chain complexes in R-Mod. Consider any z € kerd5. We want to show that

H(f)(x) — H'(g)(x) = 0 € H(D®), or fi(z) — g*(x) € imd%*. But we can see that since f® and g* are
homotopic,

Fi(@) — gi(x) = 05 o k(@) + K 0 0(w)
= 9 (K (@) + 0,

which is clearly in im 8}51, as we wanted.
Thus, cohomology is invariant under homotopy.

Example 25.10. Say we have abelian categories C, D, where C has enough injectives, and we have the
left-exact additive functor F': C — D.

Then, for any X € ob(C), we have an injective resolution 0 — X — I°®, and FI® is a complex in D
(though not necessarily exact).

We say that the i*® right derived functor of F is
R'F(X) = H'(FI*).
We must check that:
(a) R'F(X) is well-defined on objects X.
If we had two different injective resolutions of X, then they would be homotopic, so we’d have the

maps
0O— X —— I°

N

00— X —— J*®
such that f®og¢g® =idse and ¢® o f* = idj..

Remember that if FI® and F.J® were homotopic, then H!(FI®) = H'(FJ*®). So what’s left is to
prove that F' preserves homotopies. That is, we want to show that we have the diagram

FI°®

ol Jor

FJe
such that F'f® o Fg® 2 idpje and Fg® o F f® =idpjye.
Indeed, we can see that if 4 ' A ' o
fz _gz _ 8}’1 ok.z—l —l—kZOa}
then since F is additive,

F(f') = F(g") = F(95 ") o F(k'™") + F(k') o F(0})
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and therefore F'f® = Fg°®, as we desired.

Thus, R'F(X) is well-defined.
(b) R'F is well-defined on morphisms f: X — Y.

If I* is our injective resolution of X and J*® is our injective resolution of Y, but we have two chain
maps f*,g°: I* — J® extending f:

00— X —— I°®

ool

0O—sY —— J°

then as we showed above, since f* = ¢°, Ff* = Fg*, so H((Ff®*) = H'(Fg*), and R'F(f) is
well-defined.

(c) R'F :C — D is additive.

This is easy to check.
(d) ROF = F.

We can consider the start of the injective resolution
0— X —1°— 71
This is a left-exact sequence, and since F' is left-exact, the image is also a left-exact sequence
0— FX — FI° — FI',

and therefore HO(FI®) = FX.
(e) If I is injective and i > 0 then R'F(I) = 0.

Example 25.11. If X is a topological space, then

I :Sh(X) — Ab
F— F(X)
is the global section functor. Since I' is left-exact and Sh(X) has enough injectives, this has the right

derived functors _
R'T : Sh(X) — Ab.

Theorem 25.12. Suppose X is a second countable topological space where every point has an open
neighborhood homeomorphic to an open set in R™ (so it is a manifold). Then, for all i,

R'T(Zx) = H;

ring

(X7Z>7

where Zx is the constant sheaf mapping each U C X to Z.
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LECTURE 26: SEQUENCES OF COMPLEXES

Proposition 26.1. Suppose C has enough injectives and
0 —X —Y —27—0

is short exact. Then, there exist injective resolutions 0 - X — I*, 0 - Y — K*®, and 0 — Z — J*® such
that there is a commutative diagram

RN
0 )\E )\[0 1 0
0 .11 Ij | 1 | 0
U
.
R

with exact rows.
More specifically, for any injective resolutions 0 — X — I®, 0 — Z — J°, there exists an injective
resolution 0 — Y — K*® that makes the statement true.

Proof. Let’s say we have injective resolutions 0 — X — I*, 0 = Z — J*. We claim that the K'* that makes
this diagram commute is K’ = I' @ J°.

We can see that each K* is injective because it is the direct sum of two injectives.
Then, we first need to find a map J — I° @ J° that makes the diagram
0 0
0 X Z
| [

o7
0—— 1 —— 1" J° —— J* —— 0

~
— ~<+—o
s}

commute.

I missed the part of lecture where we construct this part of the map, so I'll fill this in later, but if you have
notes for this, please let me know!
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Afterwards, we need to inductively find a map I* @ J* — I't! @ J**! such that the diagram

0 I I'sg Jt Jt 0
] Jos
0 Ii—i—l Ii—i—l @ Ji+1 Ji+1 O

commutes. But we can see that for the square on the right to commute, we need this map to be something
of the form

(z,y) = (07 y)

and then for the square on the left to commute, we need this map to be something of the form
(z,y) = (97 e + W'y, 05 y),
where h*t! is some map J¢ — I**1,

So we have found maps between each of these exact sequences that preserve commutativity, but we still have
freedom over what our h'’s are. This is good, because we still need to ensure that

0—Y =) >I'eJ — ..

is actually an injective resolution.

Since we already said each term in this sequence is an injective, it is sufficient to pick our h*’s such that this
becomes an exact sequence.

We can first see that, in order for this to be a complex, we need to pick our h®’s such that the composition
of any two maps is zero. We will leave the case of the Y — I @ J% — I'' @ J! map as an exercise, and focus
on the maps beyond that.

We can see that the composition of any two maps is then
(z,y) = (D5 + Ry, dhy) = (O hiy + h*T1ahy, 0).
Thus, for this to be a complex, we will pick our h’’s such that
Iy hiy 4+ KLy = 0.
But this also makes this an exact sequence! We can see that if (z,y) € I' ® J* maps to 0 € I't1 @ J*+1 then
i1y =0,

and since J* is an injective resolution, this implies there exists y’ € J*~! such that §%y’ = y. Similarly, we
know _ _
Jix+h'y =0,

or _ o
o1z + h”@f,_ly/ =0,
but then by the definition of h* we just chose, i’ ' = —0thi~1, so
Oz —h'"1y') =0,
and then by exactness of I°®, we get that there exists some 2’ such that
(z,y) = (97 "' + BNy 05 1Y),

as we desired.
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But does there actually exist an A* that satisfies this definition?

It turns out there does; we can construct it inductively using the same sort construction we used repeatedly
last lecture:

Ji—2

|

Jifl

N

coker 9!

Ii+1

induces a map

Ii+1

which induces a map

as we desired. O
Ok, now let’s say we have an exact sequence
00— X —>Y —7—0,

and then we apply our injective resolution to get the diagram

R S
Y A

Then, if we have an additive functor F', we can apply it to this diagram to get
0—FI*—FK®*—FJ*—0.

Here, the columns are still complexes, but they no longer have to be exact. However, the rows are exact,
because additive functors preserve short exact sequences when the first term is an injective.
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Lemma 26.2. Suppose C®, D®, E*® are complexes that fit the commutative diagram
0—C*—D®*—E*—0,

with exact rows.
Then, there is a long exact sequence

.- — H'(C*) — H'(D*) — H'(E*) — H'''(C*) — H""'(D*) — - --

It should be somewhat clear that H*(C®) — H*(D®) — H'(E®) is exact; the unusual part is the H*(E®) —
HTY(C*®) map, which we call a boundary map.

Corollary 26.3. If F': C — D is left exact and C has enough injectives, and if 0 - X - Y — Z — 0 is
exact in C, then

0— ROFX — RFY — R°FZ — R'FX — R'FY — ...

is long exact.

Proof of lemma. We will first show exactness at H*(D). We have the diagram

0 —— C+1 —— pi-t B 0
L

0 C* D* E? 0
| | |

0 —— Citl — pitl Eitl 0

Then, for any d +im 0% ' € H'(D*®) such that g'(d) = 9} ' (e), we want d +1im d% " to equal f(c) for some
c € ker 9%,

Indeed, we can see that since our rows are exact, there must be some d’ € D*~! such that
07 (e) = 05 (" (@) = g (015 ().
But this means that g°(d — 9% *d’) = 0, so by exactness of the rows, there must exist some ¢ € C? such that
d—05td = fi(c).
Now, we want to show that ¢ € ker 9%. Indeed, we can see that
FH06()) = 9p(f'(e) = dp(d) = 9p (9 ' (d') =0,

since d € ker 0%,. But since fi*! is injective, fi1(9%(c)) = 0 implies that 9% (c) = 0, so this sequence is
exact at H'(D®), as we desired.

Showing exactness at H(C*®) and H*(E*®) is harder, because we need to define the boundary maps. We will
do this at the start of next lecture. O
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LECTURE 27: SEQUENCES OF COMPLEXES, 11

We begin by continuing our proof from last lecture.

Proof, cont’d. Last time, we showed that our induced sequence was exact at H'(D*®). We will now define
our boundary map H*(E®) — H**1(C*®) so that we can show exactness at H*(E®) and H'(C*).

We will focus on this part of the commutative diagram:

D=l — it — pil
ot 32—1
0 c £ D? g éz 0
3‘5 6‘)5 o5
0 —— Oil*'l — it D;ZL+1 gt E;L+1 .0
0 —— Cil+2 — itz Dz‘l+2

where we note that the rows are exact but the columns are (not necessarily exact) complexes.

Consider an arbitrary element in H'(E®). That is, consider some e + im !, where e € kerd%. Then,
since ¢’ is surjective, there exists some d € D’ such that g'd = e. Moreover, we can see that since this is a
commutative, diagram,

gt o5d = 0Lg'd = Oze = 0.

So dpd € kerg't! = im f**!, so there exists some ¢ € C**! such that f*"'c = d,d. We want ¢ to be an
element of ker 8’;1. Indeed, we can see that

fRo e =0 f e = 0t opd = 0,
and since fi*? is injective, this implies 8&“0 = 0, as we desired.
Thus, our boundary map is the function e 4 im 9% ! — ¢ + im 9%

We need to first check that this is well defined.

Consider some
5 gi—1 s a1
e +imdy  =e+imdy .

This implies that ¢/ — e € im 9% !, so there exists some e” € E'~! such that e/ — e = 9% 'e”.

Then, by surjectivity of ¢g° and ¢*~!, we know there exist d,d’,d” such that:

gid=e
gidl _ 6/
gifld// _ 6//.
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s before, we note that 0%d, 85d' € ker 't = im fi+!, so there exists c,¢’ € C*T! such that fitlc = d,
As bef te that 0%d, d%L,d' € ker g**! 150 th ts ¢, € C**1 such that fitle =d
fitle’ = d'. We can show, moreover, that ¢,c’ € ker 88“.

Then, ¢+ im 8%, is the image of e +im 9% ' and ¢’ + im 9} is the image of €/ + im d% *. Thus, we want to
show that these are equal; that is, ¢ — ¢ € im 9.

But we can see that, indeed, ‘ , o
e/ —e= 8zE—lg'L—1d// _ giazD—ld//.

This implies that . _
g'(d —d—095'd" ) =¢ —e— (¢ —e) =0,

so this is in ker g* = im f?, and there exists some ¢ such that fic’ = d’' —d — 9% 'd”. This implies that
FHroLe" = 0 fic" = 0bd — Ophd — 05,05 td" = fiicd — fitle
But since fi! is injective, this implies that
d —c= 04",
so ¢ —c€im 5‘6, and this boundary map is well-defined, as we desired.

Now that we have a well-defined boundary map, we can show that this map is exact at H'(E®).

First, we will show that

H'(D*) — H'(E®*) — H"™"'(C*)
is the zero map. We can see that, for any d € ker %, we map d + im 8551 to g*(d) + im 851. Then, the
boundary map takes g'(d) + im 82?1, maps this back to d, and then maps this to some ¢ +im 9, € H'(C*)
such that fi'c = 9%d. But since d € ker 8%, this implies fi™'c = 0, and since f**! is injective, this implies
c =0, as we desired.

Then, we will show that this is exact. Consider any e +im 9 ' which maps to 0 € H**1(C*). We want this
to be the image of an element of H*(D®). By our definition of the boundary map, this means there exists
some d € D' such that g'd = e, and then some ¢ € im % such that f**'c = 95,d. But this means that there
exists ¢ € C" such that 95¢ = ¢, and then we can see that

db(d— fic) = 0hd — fTre =0,
so d — fic’ € ker %, and this is an element of H*(D®) whose image under ¢° is e + im 3};1.

Showing that this sequence is also exact at H'(C*®) is a very similar process, so we will leave this as an
exercise. O

(Note that the everything we are proving about sequences of complexes also holds in general abelian cat-
egories, but we are just proving them for R-modules because it is a lot easier notationally to describe
morphisms of R-modules.)

Lemma 27.1. Suppose we have a commutative diagram of complexes:

0 cC* D* E*° 0
f'J( g'J’ h'J’
0 c’e D'* E'’* 0
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where the rows are exact. Then, we get a commutative diagram
- —— HY(C®*) —— HYD®*) —— HY(E®) —— H*1(C®) —— -
Hi(f’)l H"(g’)l H"(h')l H”l(f’)l
. Hi(c/o) Hi(D/o) Hi(E“) Hi+1(0/o) .
where the rows are still exact.

The proof of this lemma is very similar to the previous lemma; we will skip it in the interest of time. The
fact that the square

Hi(C*) —— Hi(D*) — H(E*)
Hi(f')l Hi(g'ﬂ H' (h%)
Hi(clo) N Hi(D/o) N Hi(Elo)

commutes should just follow from definitions, so the difficult part is just showing commutativity with the
boundary maps.

Lemma 27.2. Suppose we have abelian categories C,D, and a left exact additive functor F' : C — D.
Suppose moreover that C has enough injectives. Then, if

0 X Y z 0
14 i
0 5 Y’ 7 0

is a commutative diagram in C with exact rows, then

0 —— ROFX —— R°FY —— R FZ —— R'FX —— ---

ROFfl ROFgl ROFhl RlFfl

0 — ROFX' —— RFY' —— R'FZ —— R'FX' —— ...
also commutes.

Proof sketch. Recall that RPFX is the i*? right derived functor of F, and it equals H'(FI*®), where I*® is an
injective resolution of X.

Recall that gives us a commutative diagram of injective resolutions

0 X Y A 0

| | |

00— I* —I*eJ* — J* — 0

with exact rows. Then,
0—FI* —FI*®FJ*— J*—0

is still an exact sequence, since additive functors preserve exact sequences that start with injectives. We
similarly construct
0—I*—TI"®J*—J*—0

and the induced exact sequence

00— FI'* — FI*®FJ*—FJ*—0.
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Then, the map f : X — X’ induces a map f® : I* — I'*, and the map h : Z — Z’ induces a map
h® : J* — J'*. Thus, we have the diagram

0O——I*—I*eJ* —— J* —— 0

| 7|

0—— I ——TI*pJ*——J*—0

What remains is to define a map I®* & J* — I'* & J'* which makes the diagram commute; from there, we
can apply the previous lemma to get our desired result. O

A lot of our work so far has been in terms of turning these short exact sequences of complexes into long
exact sequences of objects: we will generalize this now.

Definition 27.3. If C and D are abelian categories, then a d-functor (delta-functor) C — Di s a
sequence of functors S°, S',...: C — D such that:

1. For each short exact sequence
0 —X—=Y —=272—0

in C, there exist morphisms % : $*Z — S*t'X such that

0 SOX S0y S0z 9, s1x
is long exact.

2. For any commutative diagram

0 X Y Z 0

fl gl hl
0 X' Y’ Z! 0

with exact rows, the diagram
Stz — Sitlx
S'h sty
Stz ——— §itlX
61'

comimutes.

(This property is known as functoriality.)

Definition 27.4. We say that a § functor is a universal §-functor if for any other delta functor {1’}
and natural transformation ¢° : S — T, there exist unique natural transformations ¢* : S* — T for
all 7, such that for any short exact sequence

0—X—>Y —272—0
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in C, the diagram

17 ———— T™X
T

commutes.
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LECTURE 28: RIGHT DERIVED FUNCTORS

We left off last lecture defining universal d-functors. We have the following lemma:

Lemma 28.1. For any left-exact additive functor F, {RiF } is a universal J-functor.
Proof. We have some other J-functor {S;} and a natural transformation ¢° : ROF = F — S°.

We want to inductively create each ¢?, prove that it is a natural transformation, and show that it is com-
patible with boundary maps.

Recall that a natural transformation is a morphism ¢% : RIFX — S*X, for each X € ob(C). Let’s consider
an arbitrary such X. We know that there exists an exact sequence

0—X—IT—Q—0,

where [ is injective, and @ is the cokernel of the map X — I.

Then, by our inductive hypothesis, we have natural transformations (;5371 and qbgl which make the diagram

R-FI —— Ri-'FQ

¢T1J %”l

Si7 1] Sile
commute.

Then, we define ¢% to be the induced map that makes the diagram

RTIFI —— R"'FQ —— R7'FX

¢§71l ¢571l ”"xl

Sl g9 §iX

commute; since R"1FQ — R'FX is surjective, the existence of ¢% follows from the universal property of
the quotient.

Now, we need to show that this ¢*X is independent of our choice of I, is a natural transformation, and it is
compatible with the general boundary map.

Let’s say we have some morphism f : X — Y’; this induces the diagram

0 X I Q 0
i
0 Y J Q' 0

where I and J are injectives. Here, we know there exists an induced g since I is injective, and then there
exists an induced h by universal property of the quotient.
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Then, to show the naturality of ¢’, we can start with the diagram

i—1 i—1 /

i—1 i—1
o5 iy

Sile Silel

Si1h

Then, we note that since these are both d-functors, we can add in the § maps induced from the short exact
sequence to get

R'FX R'FY

RileQ i RileQ/

i—1 i—1
4 oy

Si—lQ Si—lQ/

s \

SiX . Sty
s'f

Then, by the way we defined the ¢% s, we know they commute with the § maps, so we get the diagram

RFX R'FY

Ri—lFQ i Ri—lFQ/

i1 i1
.1 d’zQ ¢1Q/ Y.y

Si—lQ = Si—lQ/

— N

SiX Sty
Sif

where the outer square show that ¢’ is a natural transformation. Moreover, we can see that by taking Y = X
and f = idx, we have shown that ¢’ is independent of our choice of I.

Finally, we need to show that ¢ commutes with boundary maps. As before, we can extend any short exact
sequence to

0 X Y z 0
|
0 X I Q 0

where the X — X map is just the identity, the Y — I map is induced by the fact that I is an injective, and
the Z — @ map is induced by the universal property of the quotient.
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Again, we will start with the commutative diagram
R'FQ —— R'FX
¢g " ¢
SlQ ———— S'X

and then extend it into

R-1FZ R'FX

R™1'FQ ———— R'FX
b5t bk

§1Q ———— S'X

Si-1z S'X

where the green arrows follow from naturality of the ¢’s, and the purple arrows follow from the fact that
these are d-functors. We leave the details of the diagram chasing as an exercise.

Thus, we have inductively shown that ¢’ has all our desired properties, so R*F is a universal d-functor. [

Definition 28.2. We say that X € ob(C) is acyclic if R'/FX = 0 for all i > 0.

Example 28.3. All injectives are acyclic.

(I'm missing a lemma about acyclics here because I'm not entirely sure what the statement of the lemma is,
and I don’t want to include incorrect information)

Definition 28.4. Recall that in any abelian category C, the functor

Home(X,—):C — Ab
is a covariant left-exact functor.
If C has enough injectives, we say that Eixtlc (X, —) is the §-functor

Exto(X, —) = R Home (X, —) : C —» Ab.

Similarly, in any abelian category C, the functor

Home(—,Y):C — Ab
is a contravariant left exact functor, and if C has enough projectives, we define Exté(f, Y) to be

Exti(—,Y) = R*Home(—,Y) : C — Ab.
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Thus, we can apply Ext to a short exact sequence
0—YT —Y, —Y; —0
to get a long exact sequence
0 — Hom(X, Y1) — Hom(X,Y3) — Hom(X,Y3) — Ext (X, V1) — Bxt (X, Vs) —» -+
and we can apply Ext to a short exact sequence
00— X1 —Xo—>X3—0
to get a long exact sequence

0 — Hom(X3,Y) — Hom(XpY) — Hom(X;,Y) — Ext'(X3,V) — ---

Theorem 28.5. If C has enough injectives and enough projectives, then

Exth(X,Y) = Exto(X,Y).

Lemma 28.6. The following are equivalent:
1. X is a projective
2. for all Y, Ext*(X,Y) =0 for all i >0
3. for all Y, Ext'(X,Y) =0

Proof. We will first show that 1 — 2.

Recall that Ext’(—,Y) = R Hom(—,Y’). Moreover, we can see that since X is projective,
o —= 00— 0—X —=X —0
is a projective resolution of X. But then, applying our homomorphism functor gives us
Hom(X,Y) — Hom(0,Y) — Hom(0,Y) — - -,

and then we can see that Ext’(X,Y) is H* of this complex, which is 0 for all i > 0.
It is obvious that 2 = 3.
Finally, we will show that 3 — 1.

We have some X such that (3) holds. Then, consider the exact sequence
0—K—P— X —0,
where P is a projective. This induces the long exact sequence
0 — Hom(X, K) — Hom(P, K) — Hom(K, K) — Ext' (X, K) — ---

However, note that Ext'(X, K) = 0, so Hom(P, K) surjects onto Hom (K, K). Specifically, we can find some
f € Hom(P, K) which maps onto idg € Hom(K, K), so our short exact sequence splits as

0 K P X 0

and then P & K @ ker f, which implies ker f = X, and since X is a direct summand of a projective, it must
also be a projective. O
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LECTURE 29: EXT FUNCTORS

Last time, we defined the functors Ext and Ext, and we had a lemma about projectives and Ext. We will
now prove a similar lemma about injectives and Ext.

Lemma 29.1. The following are equivalent:
1. Y is injective
2. for all X, Ext(X,Y) =0for alli >0
3. for all X, Ext’(X,Y) =0

Proof. We will first prove that 1 — 2.

First, note that for any X, we can construct a short exact sequence
0—K—P—X—0,
where P is projective. Then, the induced long exact sequence is
0 — Hom(X,Y) — Hom(P,Y) — Hom(K,Y) — Ext'(X,Y) — ---

However, since Y is an injective, and K — P is injective, we know any morphism K — Y must factor
through P, and therefore Hom(P,Y) — Hom(K,Y') is surjective. This implies that the rest of this long
exact sequence must be zeroes, and in particular, Ext*(X,Y) = 0 for all i.

It is clear that 2 — 3.
We will now show that 3 — 1.

Consider any injective map A — B. This implies that there is a short exact sequence
0—A—B—Q—0,
which induces a long exact sequence that starts with
0 — Hom(Q,Y) — Hom(B,Y) — Hom(A,Y) — Ext'(Q,Y) =0

which implies that Hom(B,Y) — Hom(A,Y") is surjective, so any map A — Y factors through B, and
therefore Y is injective. O

Lemma 29.2. We defined Ext’(X,Y) as a functor of X, but it is also a § functor when considered as a
function of Y.

Proof. To prove this, we need to show that for any map f : Y7 — Y5, there exists a corresponding natural

transformation Ext’(—,Y;) — Ext’(—, Y3).

We start with ¢ = 0; in this case we want a map Hom(—,Y;) — Hom(—,Y2). In this case, we can just
take the natural transformation ¢x : g — f o g. As we have shown before, this is a natural transformation
between homomorphism functors.

But then, since Ext’(—,Y7) is a universal é-functor and Ext’(—,Y3) is a d-functor, we know that this induces
a unique collection of natural transformations

¢': Ext'(—, Y1) — Ext’(—,Y3)
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which is compatible with the boundary maps.

Thus, we have found our induced morphisms, so we have shown Ext’ (X, —) fulfills the second part of

We leave it as an exercise to finish the proof that Ext’(X, —) is a d-functor. O

Lemma 29.3. For any category C which has enough injectives, and for any X € C, there exists a natural
isomorphism '
Ext (X, —) — Ext'(X, —).

Proof. We can see that when ¢ = 0, we need a map Hom(X, —) — Hom(X, —), and we can just use the
identity map here.

Then, since Ext' (X, —) is a universal é-functor and Ext’(X, —) is a é-functor, the definition of a universal
d-functor tells us we can uniquely extend the natural transformation above into a collection of natural

transformations . ,
Ext' (X, —) — Ext'(X, -)

which commutes with the boundary maps.

Then, we need to show that this is an isomorphism for each ¢. We can show this inductively; note that since
C has enough injectives, for any Y € ob(C) we can produce the short exact sequence

0—Y —1—@Q—0,

where [ is an injective.

Then, we induce the long exact sequence

L Ext (X,Q) —— Ext(X,Y) —— Ext (X,I) — ---

|

- —— Ext"(X,Q) — Ext'(X,Y) — BExt/(X,I) — ---

By our inductive assumption, the green map on the left is an isomorphism, and since I is injective,
Extl(X, I) = Ext'(X,I) = 0, so the green map on the right is an isomorphism of 0 modules, and via
diagram chasing, this implies the purple map must be an isomorphism, as we desired. O

Let’s look at some examples of Ext.

Example 29.4. We will work in the category Z-mod.
1. Since Z is projective, Ext®(Z, A) = A and Ext‘(Z, A) = 0 for all i > 0.
2. What is Ext’(Z/nZ, A)?
We have the exact sequence

0 7 =" 7 Z/nZ — 0

and by looking at the induced long exact sequence, and using the fact that Exti(Z, A) =0 for all
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1> 0, we get that
Ext®(Z/nZ, A) = Hom(Z/nZ, A)
Ext'(Z/nZ, A) = A/nA
Ext’(Z/nZ, A) = 0 when i > 1.

Exercise 29.5. As a challenge, compute Ext’(Q,Z) for all i.

We now switch to talking about the Tor functor.

Definition 29.6. Consider the map

M ® — :R-Mod — R-Mod
N+— M ® N.

This is a covariant and right-exact functor.

Since R-Mod has enough projectives, we can define the Tor functor to be the §-functors:

Tor®(M, —) : R-Mod — R-Mod

where L; is the left-derived functor.

This is a universal d-functor.

This means that given any short-exact sequence
0— Ny — Ny, — N3 — 0
we induce the long-exact sequence

- — Torf (M, Ny) — Tor® (M, N3) — M @ N; — M @ Ny — M @ N3 — 0.

Definition 29.7. We say that M is a flat module if M ®r — is an exact functor.
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LECTURE 30: TOR FUNCTORS

At the end of last lecture, we defined the Tor o-functor. (Note that I have added in this definition at the end
of last lecture, but I didn’t have it there before.)

We have a very similar lemma to what we proved for Ext:
Lemma 30.1. The following are equivalent:
1. N is a flat module.
2. For all M, Tor;(N,M) = 0 for all ¢ > 0.
3. For all M, Tory (N, M) = 0.
Based on the above lemma, we can also prove the following:
Lemma 30.2.
1. My & M is flat if and only if M; and Ms are flat.
2. All free modules are flat.

3. All projective modules are flat.

Lemma 30.3. If
0— My — My — M3 — 0

is exact, then
-+« — Tory (My, N) — Tor; (M3, N) — M1 @ N — Mo ® N — M3 @ N — 0
is long exact.
Proof. Consider the projective resolution P®* — N — 0. Then, we know that the induced sequence
00— M QP°* — My@P* — M3®@P®*—0

has exact rows. This implies a long-exact sequence in the cohomology, which implies there is a long exact
sequence of our left-derived functors, which are exactly the Tor functors. O

Now, we can consider the Tor functor on the first coordinate, and we get similar results.

Lemma 30.4. The following are equivalent:
1. N is a flat module.
2. For all M, Tor;(M,N) = 0 for all ¢ > 0.

3. For all M, Tory(M,N) = 0.
Proof. We will first show that 1 = 2.

We proceed via induction on ¢. First, given an M, we know there exists an exact sequence

0—K-—P—M—0,
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where P is a projective, and K is the kernel of P — M. At a base case, when ¢ = 1, we are looking at the

exact sequence
-+ — Tory(P,N) — Tory(M,N) —- KQN — PN — ---

But Tor;(P,N) = 0 since P is projective and therefore flat. This means Tor;(M,N) — K ® N must be
injective. But since N is flat, we know that — ® N preserves exact sequences, so K @ N —+ P ® N is an
injective map. For this sequence to be exact, we then need Tor; (M, N) = 0. For the inductive case, we are
looking at the exact sequence

-+« — Tor;(P, N) — Tor;(M,N) — Tor; _1(K,N) — ---

and we can see that because P is projective, Tor;(P, N) = 0 and by the inductive hypothesis Tor;_; (K, N) =
0, so for this sequence ot be exact, we need Tor;(M, N) to be 0 as well.

It is clear that 2 — 3.

To show that 3 = 1, we will look at an arbitrary exact sequence
0— My — My — M3z — 0.
Then, we know that the induced long exact sequence is
<o — Tory (M3, N) — M1 @ N — My @ N — M3® N — 0.

But Tory (M3, N) =0, so

is short exact, as we desired! O
As we might expect, Tor is a d-functor in the first variable as well:
Proposition 30.5.
1. M +— Tor;(M, N) is a o-functor.
2. For all M, N, Tor;(M,N) = Tor;(N, M).

The proofs of these were covered in class but I am very tired and these are very similar to the corresponding
proofs for Ext, so I am leaving these as an exercise.

Remark 30.6. The functor Tor;(—, M) is the left-derived functor of — @z M.

Let’s try to understand flatness better. The following lemma essentially tells us that flatness is a local
property:

Lemma 30.7. The following are equivalent:
1. M is flat over R
2. M, is flat over R,,, for any prime ideal p < R.

3. M, is flat over R, for any maximal ideal m < R.

Proof. First, we will show that 1 — 2:

For any short exact sequence
0— Ny — Ny — N3 — 0,
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where each NV; is an R -module, we note that since M is flat,
0—MQ®rN — M ®r Ny — M ®g N3 — 0
is short exact. But then we can see that for each N,
M @g N; = M ®g (R, @r, Ni) = (M ©r Ry) @r, Ni = M, ®r, Ni,

so this gives us an exact sequence over R, and M, is flat over R, as we desired.
It is clear that 2 =— 3.
We now show that 3 = 1.

Consider any short exact sequence
00— Ny — Ny — N3 — 0
of R-modules. Then, we know that since M, is flat,

0 — My ®r,, Nim — Mun ®r,, Nom — Mun ®r,, N3mw — 0

m m

is short exact. Moreover, since M ®pr — is always a right-exact functor, we know that there is an induced
exact sequence
0—K—>M@rN, — M®r No — M ®r N3 — 0,

for some kernel K. But localizing this at m should preserve exactness, so Ky = 0 for all m (to match the
above short exact sequence). But this means that K = 0, and we get our desired short exact sequence, and
M is flat over R. O

Definition 30.8. A local ring is one with a unique maximal ideal.

Lemma 30.9. If R is a Noetherian local ring and M is a finitely-generated R-module, then M is free
over R if and only if it is flat over R.

Definition 30.10. Showing that free implies flat is easy.

For the other direction, consider the unique maximal ideal m. We know that M /mM is finitely generated
over R/m, which is a field, and therefore it must have a basis over this field. Thus, we can write

M/mM = (R/m)®¢,
where d is the degree of M/mM.
Then, Nakayama’s lemma tells us that R®? — M is a surjection, so we have the exact sequence

0— K —R¥ 5 M —0.

Then, we can consider the functor R/m ® g —. We can apply the induced Tor functor to this short exact
sequence to get the long exact sequence

oo — Torf(R/m, M) — K/m — (R/m)®? — M/mM — 0.

But since M is flat, Torf(R/m, M) = 0, so K/m = ker ((R/m)®? — M/mM). But we know that this
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is an isomorphism, so the kernel is 0, and K/m = 0. Since K is finitely generated over R (since R is
Noetherian), Nakayama’s lemma tells us this implies K = 0, and therefore M = R®4.

Now, let’s look at some examples of torsion functors.

Example 30.11. What is Tor” (Z/(n),Z/(m))?
Well, we can consider the short exact sequence

0 7 "5 7 Z/(m) — 0

We can see that tensoring this with Z/(n) gives us the short exact sequence
0 —— Z/(n) =" Z/(n) — Z/(m,n) — 0
and if we look at the left derived functors of this, we get that

Z/(m,n) ifi=0,1
(0) otherwise.

Tor? (7)), 7)) = {

For example, consider the short exact sequence

X2

0 7.)2 7./4 7)2 0

Tensoring this with Z/2 gives us the induced torsion sequence
0 — Tori(Z/2,Z/2) — Tor1(Z/2,Z/4) — Tor1(Z/2,Z/2) — Z/2 — Z]2 — Z]/2 — 0,

which is just the long exact sequence

X2

0 Z)2 —— 72 —2 /2 —= 7/2

7)2 — 7)2 0
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APPENDIX A: TENSOR PrRODUCTS REVIEW

I'm collecting some information about tensor products here, because I keep getting lost looking for the rele-
vant information in the actual notes.

First, we have a tensor product of rings:

Definition A.1. If R, S,T are rings, and ¢ : R — S and ¢ : S — T are ring morphisms, then the
tensor product S ®pg T is defined as

R[X,,Yi]ses et /1,
where I is the ideal

1 S92 )/;51+t2 - }/;51 - thz7
I: Xslsz _X81X827 Ytltg _1/,{1 _}/1&27
Xow) =1, Yy =

Xoi4sy — X5y — X

S$1,52€8,t1,t2€T, reER

The tensor product of rings has the following universal property:

Lemma A.2. For any ring morphisms S — U and 7" — U such that the diagram

-,

commutes, there exists a unique ring morphism « : S ® g T' — U such that the diagram

RLT

o

S —— SQrT

commutes.

We have a few useful lemmas about tensor products of rings, starting with

Then, we have the tensor product of a ring and a module:

Definition A.3. If R and S are rings, M is an R-module, and ¢ : R — S is a ring morphism, then the
tensor product S ®r M is defined as
FS(A{>/N7

where N is the submodule

N = <6n +em — Em+n; €rm — ¢(7’)6771>7’6R,m,n61\4~

This has the universal property:
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Lemma A.4. For any S-module P and R-linear map f : M — P (where R acts on P by r-p = ¢(r)p),
there is a unique S-linear map f : S ® g M — P such that the diagram

_—
M 7 P

S®r M

commutes and f(s ® m) = sf(m).
We have a few useful lemmas about tensor products of a ring and a module, starting with
Note that the above two tensor products are equivalent, in the sense that:

Lemma A.5. If R, S, T are rings and we have ring morphisms ¢ : R — S, ¢ : R — T', then we have the
ring tensor product S ®g T'.

But we can also consider T as an R-module, via the action r - ¢ = 1(r)t, and then get the ring-module
tensor product S Qg T

These two are isomorphic as S-modules.

Finally, we have the tensor product of multiple modules:

Definition A.6. If M;,..., M, are R-modules, then the tensor product over R M; ® --- ® M, is
defined as
FR(Ml X oo X Ma)/N,

where we are taking the free module generated by the set-theoretic product M; X - -+ x M,, and then
quotienting out by the submodule

N = <e(m1,~-~’mi+7"m§,,~-~7ma) — €(ma,...,ma) — ,r‘e(ml7~~-7m;§:~-7ma)>mj6Mj7m;6M7L7TER'

This has the following universal property:

Lemma A.7. For any R-module P and multilinear map ¢ : My x --- X M, — P, there exists a unique
R-linear map ¢ : My ® --- ® M, — P such that the diagram

M1><~~~><Ma+>P

comimutes.

We have a few useful lemmas about the tensor products of modules, starting with

This is also equivalent to the previous tensor products, in the sense that:

Lemma A.8. If R and S are rings, with a ring morphism ¢ : R — S, and we have an R-module M,
then we have the ring-module tensor product S ® g M, which turns M into an S-module.

But we can also consider S as an R-module, with the action r - s = ¢(r)s, and then S ®p M is the
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R-module induced by the set product S x M.

These two tensor products are isomorphic as R-modules.
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