446/646 COURSE NOTES
BACKGROUND

First, we assume that everyone knows what a ring is. If you don’t, you should review the definition, but roughly speaking
it is something like the integers—it has two binary operations (addition and multiplication) and there are various axioms,
which I assume you can look up somewhere. We will mostly be looking at rings that are commutative; that is, rings in which
zy = yz for all x,y € R. IMPORTANT: We always assume that our rings have a multiplicative identity 1 = 1y
and 1z = z1 = z. Other things you should already know:

(i) What an ideal is; it contains zero, it’s closed under addition and under multiplication by R;
(ii) what the quotient ring R/I is for a ring R and an ideal I.
(iii) What a unit, zero divisor, idempotent, nilpotent element, integral domain, field, PID, and UFD are.
(iv) What a prime ideal is. For commutative rings ab € P if and ounly if a € P or b € P. Also, P is prime if and only if
R/P is an integral domain.
(v) What a maximal ideal is. An ideal M maximal if and only if R/M is a field. So M maximal is also prime.
(vi) Zorn’s lemma (and it’s basic corollaries: maximal ideals exist; if I is a proper ideal, there is a maximal ideal above
it; every vector space has a basis)
(vii) Chinese remainder theorem for rings.

That’s probably it. One important thing I won’t assume you know, but you might already know anyway, is what a module
is.

MODULES

If R is a ring, an R-module is an abelian group M (with operation 4+ and identity 0 = 0ps) endowed with an action of R.
What does this mean? We have a map R x M — M written (r,m) — r - m satisfying the following relations for r, s € R and
m,n € M:

(i) r(sm) = (rs)m (associativity)

(ii)) r(m 4+ n) = rm + rn (bilinearity 1)
(iii) (r + s)m = rm + sm (bilinearity 2)
(iv) 1gm =m.
Notice that 70y = 0pr. Why? 705 = r(0pr + 0ps) = 700 + 7057 Also Og - m = 0p. Why? same reason. If M is an
R-module, we call the annihilator of M, Ann(M), the set of r € R such that rm = 0 for every m € M. Notice that Ann(M)
is an ideal. Why? 0 is in there. If r, s in there so is 7 + s and ar is in there too. A module M is faithful if Ann(M) = (0).
What does this mean? Well, if I = Ann(M) then we can give M the structure of an R/I-module since r-m = r’-m whenever
r —r’ € I; thus, morally, M is an R/I module. So this is saying that M is really an R-module and not just a module that
comes from lifting the structure of a module for R/I.

EXAMPLES

(i) Let F be a field and let V' be an F-module. Then V is a vector space and any vector space is an F-module. The
annihilator of V is (0) unless V' = (0).
(ii) Let R = Z and let M be an abelian group. Then M is an R-module. n € Z and x € M thennz =x+z+---+ x if
n>0and —z+---—x |n| times if n < 0. If M = Z3 & Z,o what is the annihilator of M?
(i) R =Rz] and M = C. Well, we define p(z) - A = p() - . What is the annihilator?
We say that the module M is finitely generated if there exist mq,...,m, in M such that M = Rmy + ---+ Rm,,. This is a
bit like being finite-dimensional for a vector space E.g., If R =7 and M = Q then M is not finitely generated.

Proof. f Q = Zay + - - - + Zayg then pick a common denominator for ay,...,aq € Q, call it N. Then Q C Z[1/N], which is
impossible. (|

E.g., R=7, M = Zy X Z3 is finitely generated. As before if N C M and N is a subgroup of M and rN C N then N is
called a submodule of M. One example is if I is an ideal of R Then IM = {> am: x € I,m € M} is a submodule of M.
If N C M is a submodule, we can form a quotient module: M/N. As a group this is just the quotient group M/N (note
that N is normal since M is abelian) and r - ([m]) = rm is well-defined. [m] = m + N. Show that the annihilator of M/IM
contains I and hence we can regard it as an R/I-module.

If Ris a ring and M and N are two R-modules, we say that a map f : M — N is an R-module homomorphism if f
is a homomorphism of abelian groups f(m1 + ma) = f(m1) + f(ms2) and f(rm) = rf(m). So it is like being an R-linear
map. Example: if f : V — W is a linear transformation of F-vector space then f is an F-module homomorphism. Any
homomorphism of abelian groups is a Z-module homomorphism. We can talk about homomorphisms being injective, onto,
etc. And when it is bijective it is an isomorphism of R-modules and the inverse is again an R-module homomorphism
(Exercise!) Notice that image and kernel are submodules and one to one if and only if kernel is trivial. Notice that we have
a surjective homomorphism f : M — M/N given by f(m) =m+ N. In general, if f : M — M’ is onto then M’ = M /ker(f).
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If M and N are two R-modules, we let Homp(M, N) denote the set of R-module homomorphisms from M to N. Notice
that Hom (M, N) is itself an R-module: if f,g € Hompg(M, N) then so are f + g and —f and the zero map is the identity.
Finally, if » € R then r - f(m) = f(rm) is a homomorphism. If {M,}, o € X is a collection of R-modules, we can form the

direct sum
My = P M.
(6%

This is all sequences (Mg, )q With m, = 0 for all but finitely many «. The sum is coordinate-wise and multiplication by R is
coordinate-wise. The direct product is just
My =[] Ma.
«

This is all sequences (mg,)q. The sum is coordinate-wise and multiplication by R is coordinate-wise. Notice that M; and M,
are isomorphic if |X| < co. (Exercise. R = Z show that Z @ Z- - - is not isomorphic to Z x Z X ---.) An R-module M is
free if there is a set X such that M = RX. If X has size n < oo, we’ll write R" for RY and R“ if | X| is countably infinite.
This says that M has a basis.

E.g. if R = F a field all R-modules are free. Proof an F-module is a vector space Since every vector space has a basis
(Exercise. Zorn!) we see that V = FX. E.g. if R =Z and M = Z/2Z then M is not free. Let R = Z and let M =[], Z.
Show that M is not free Tricky exercise! If M is a finitely generated free module, then we call the rank of R the cardinality
of | X|, where M = RX.

Question 0.1. Is the rank well-defined?

That is: why can’t we have, say, R?> = R3? We know this is the case for fields. Every vector space has a basis and all
bases have the same cardinality Exercise. In general, the rank is not well-defined if R is not commutative. E.g., x,y, z*, y*
relations z*r = y*y = 1, 2%y = y*z = 0, xz* + yy* = 1. Then R = R® R. (Why? Let ¢ : R> — R be defined by
@(a,b) = ax* +by*. Then ¢(rx,ry) = r and so ¢ is onto. Also the kernel of ¢ is zero, since ax* 4+ by* = 0 gives that ax*z = 0
and so @ = 0. Similarly, b = 0. This is a homomorphism, too!) For now we will just assume this, but we’ll see how to derive
this from the vector space case after we do tensor products.

EXACTNESS

Let M, M', M" be R-modules and let f: M"” — M and g : M — M’ be homomorphisms. We say that
M"— M — M
is exact if the image of f is equal to the kernel of g. In general, a sequence
My, — My — -+ — M,
is exact if each pair of consecutive maps is exact. A sequence of the form
0—-M'—-M-—M —0

is called a short exact sequence (s.e.s.) if it is exact. That means f is injective; im(f) = ker(g) and g is onto. Notice that
we have M/M" = M’ as R-modules by the isomorphism theorem. We say that a s.e.s.

0->M'"-M-—>M —0

is split if there is a homomorphism 7 : M’ — M (sometimes called a section) such that g o 7 = idp.

THE SPLITTING LEMMA

Lemma 0.2. Let
0O-M'-M-—-M =0

be a short exact sequence with maps f : M" — M and g : M — M’. The splitting lemma says that the following are equivalent
(notice condition 1 is a bit subtle, but it shows that (2) and (3) imply that M is isomorphic to a direct sum):
(1) there exists an isomorphism 6 : M = M"®M' such that fo f(m') = (m”,0) for everym” € M" and wo(6(m)) = g(m)
for every m € M, where my : M" @ M’ — M’ is the natural projection onto M’';
(2) there exists 7 : M' — M with go 7 = idp;
(3) there exists o : M — M" with oo f =idyn.

Proof. To see the proof, notice that we showed in class that (2) implies (1) except for the extra conditions added in (1). We
defined a map k : M" @& M’ — M via k(m”,m’) = f(m") + 7(m’). Notice that if § = k=% then 0 o f(m”) = (m”,0) and if
O(m) = (m”,m’) then m2(0(m)) =m’. Since m = f(m”) 4+ 7(m’), we see that applying g gives g(m) = m’ as required.
Notice we also have (3) implies (1) as follows. We define h: M — M" & M’ via h(m) = (o(m),g(m)). Then it is easy to
check that h is a homomorphism. Also h is 1-to-1, since g(m) = 0 only if m is in the image of f, which means that m = f(z)
and so o(m) = z. Thus if h(m) = 0, we must have o(m) = 2 = 0 and so m = f(z) = 0. To see that h is onto, notice that g is
onto, so given m’ there is some y such that g(y) = m/. Since the image of f is the kernel of g, we have g(y + f(z)) = m’ for
all z € M’. Thus it is enough to show that there is some x such that o(y + f(z)) = m”. Notice, however, that o(f(z)) =«
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and so we can take x = m” — o(y) to get h(y + f(z)) = (m”,m’). Tt is straightforward to check that § = h has the extra
properties. Since ho f(m”) = (oo f(m"), fog(m”)) = (m”,0) and m2(h(m)) = g(m).

It remains to show that (1) implies (2) and (3). This is actually easy. We take 7(m’) = 0=1((0,m’)). Then g = m3 06 and
so goT(m') =ma060007((0,m')) =m'. We take o(m) = m1(¢(m)). Then oo f(m") =m 0600 f(m”) =m1(m",0) =m".

We note that condition (1) is best appreciated by drawing a diagram, which is left to you. Here is what’s interesting:
although some books (and wikipedia) state the splitting lemma without the extra conditions, they are in fact necessary. To
see this, let R =Z and let M" =Z, M = Z & (P;2, Zs) and let M’ = @;2, Zs. Let f : M"” — M be the map given by
f(n) =(2n,0,0,0,...) and let g : M — M’ be given by g(n, €, €a,...) = ([n]2, €1, €a,...). Then f is one-to-one, g is onto and
the kernel of g is exactly the image of f. Notice that M = M"” & M’ but there cannot exist o : M — M" with oo f = id~.
Why? Since f(1) = (2,0,...) we have ¢(2,0,0,...) = 1. But what is ¢(1,0,0,...)? It has to be 1/2, which is impossible.
Similarly, we can’t have 7 : M’ — M with g o7 = idy,. Why? Think about it! O

STRUCTURE THEOREM FOR FINITELY GENERATED MODULES OVER A PID

If Ris a PID and M is a finitely generated R-module then we have a nice structure theorem for finitely generated modules.
Thm: Structure theorem for finitely generated modules over a PID.

Proof. We prove this by induction on the number of generators of M. If M = Rm (i.e., M is a cyclic R-module. Then
M = R/Ann(M). We take a homomorphism from R — M by r +— rm. the kernel is I = Ann(M). So M = R/I. If I = (0),
M Ts free. Since a PID is a UFD, we have I = (a) = (pJ' - - - pJm). Use the Chinese remainder theorem! (Remark: this gives
a ring isomorphism, but it is easily checked to give a module isomorphism.)

Assume true if we have < d generators. Now consider M that is d-generated. If M = R? great. Otherwise we get relations.
Let S be the set of all sets of d-generators for M. For (mg,...,mq) € S. Pick rymq + -+ rgmg = 0, not all zero. Pick a set
such that (r1) is maximal. (Let’s talk about this step if we don’t know that PIDs are noetherian). Claim: M = R/(r;) @ N
with N generated by d — 1 elements. Claim: r; divides all the r;. If not, (r1,r;) = (s) strictly contains (ry) for some i. So

r1 = as and r; = bs. Notice that ged(a,b) = 1. So ca + db = 1. Notice that the generating set asmy + - - - + bsm; + --- = 0.
Now let m;- =m, for j # 1,7 and m’l = amy + bm; and m}, = dmy — ¢m;. Then my = em) + bm, and m; = dm/ — am; SO
they generate and asmy + roma + -+ + bsml -++ can be written as as(cm1 +om}) +bs(dmy —am))+---=smi +---+ so
this contradicts mmlmahty So if we let m{ = m/ + --- then we have rym/ = 0 and this must be a dlrect summand. Why?
If umy = comf + - - - + cqm}; then (u,r1) contains 74 contradlctmg minimality. So M = (m1) ® N, N is d — 1 generated and
(ma) is cyclic. O

TENSOR PRODUCTS.

Let R be a ring and let M and N be R-modules. The tensor product of M and N over R, (M ®g N), is an R-module.
Defined as follows. For each m € M,n € N we make a symbol (m,n). We let F' denote the free R-module on all symbols
of the form (m,n). That is F' = @D, ,yenrxn £(m,n). This is an enormous module. We let G denote the submodule of F
generated by all relations of the form

r(m,n) = (rm,n) = (m,rn)
(my1 4+ ma,n) = (m1,n) + (ma,n)
(m,ny +ng) = (m,n1) 4 (m, nz)
In other words, we are adding all bilinear relations. We define M @ g N = F//G and we let m ® n denote the image of (m,n)
in F/G. WARNING: Not everything in M ®g N is of the form m ® n. Generally, we need to take sums of tensors (this is
the whole idea of entanglement in physics). Notice that the above relations say that the map ¢ : M x N - M ® N given by
(m,n) — m ® n is bilinear. In fact, the tensor product is defined by the universal property.

UNIVERSAL PROPERTY

The following is very helpful in proving facts about tensor products. If P is an R-module and h : M x N — P is a
bilinear map. Then there is a unique R-module homomorphism h:M®N — P such that ho ¢ = h. Notice that the tensor
product satisfies this property. Universal property says that tensor product is the unique (up to isomorphism) module with
this universal property. Let’s see why. Suppose that A and B both have the universal property for M x N. Then we have
bilinear maps ¢ : M x N — A and ¢ : M x N — B that give the universal property. Now using the universal property with
A (and bilinear map to B ) gives that there is a _homomorphism ¥ : A — B and using it with B (and bilinear map to A) gives
a homomorphism ¢ : B — A. Notice that 1) o ¢ o ¢) = 1) o ¢ = 1. But using the universal property with B and bilinear map
to B gives that the identity is the unique homomorphism with id o ¢ = ¢ and so the homomorphisms are inverses.

Probably a good idea to compute a few, to see what is going on. Let’s first do a few without using universal property.

We have Zy ®7 Z3 = 0. Proof. F is Z5. (0,0),(0,1),(0,2),(1,0),(1,1),(1,2). Notice that (0,i) = 0(1,i) = 0 mod G.
Similarly, (¢,0) = 0. Now (1,1) = (1,4) = 4(1,1) = (4,1) = (0,1) = 0. (1,2) =2(1,1) = (2,1) = (0,1) = 0. So we see that
the tensor product is zero.



What is Zs ® Z3? Let’s see (0,0),(0,1),(1,0),(1,1). and 2(1,1) = 0. So the tensor product has size at most 2. So it is
either (0) of Zy. Well, it is Zy. Let f : Zo ® Zo — Zo be given by f(a ® b) = ab. Notice that we can define it on F' and that
everything in G is sent to zero so it works.

What is Zs ® Z4? Let’s see (0,0),(0,1),(0,2),(0,3),(1,0),(1,1),(1,2),(1,3). Which go away. all with 0. (1,2) so we are
left with 0, (1,1), (1,3) =3(1,1) = (1,1) and 2(1,1) = 0. So it has size 0 or 2. Well, it is again Zs. Define m @ n = mf(n),
where f : Z4 — Zs is the natural map. In general, Z, ® Z,, = Zg4, d = ged(m,n). Proof. Well, let’s see that it has size at
most d. We have a map f : Z,, ® Z, — Zq by f(m ®&n) = g(m)h(n). Notice that d(a ® b) = (xm +yn)(a ® b) = 0. So every
element of my group has order dividing d. Claim every tensor a ® b = ab(1 ® 1). So it is generated by 1 ® 1. The order is at
most d and at least d. Notice a ® b.

Let’s redo this with the last one with the universal property. We have a map Z,, x Z, — Zq4 by (m,n) — g(m)h(n).
If we have a bilinear map h : Z,, x Z, — P then h(a,b) = ah(1,b) = abh(1,1). And dh(1,1) = (zm + yn)h(1,1) =
amh(1,1) +ynh(1,1) = h(0,1) + h(1,0) = 0. So there is a map Zg — P given by ¢ — i(1,1). Then this works.

PROPERTIES OF TENSOR PRODUCTS
Proposition 0.3. The following hold. M @ N =2 N ® M (commutativity). (M @ N)®@ P~ M ® (N ® P) (associativity).

Proof. Exercise. Commutativity follows from the universal property since M x N = N x M. For associativity, notice that
a bilinear map on (M @ N) @ P2 M ® (N ® P) gives a trilinear map on M x N x P. O

If f: M - N and g : P — @ then we have a bilinear map h: M x P — N ® Q given by h(m,p) = f(m) ® g(p). The
universal property then gives a homomorphism f®g: M ® P — N®Q satisfying f@g(m®p) = f(m)®g(p). U P=Q =C
and g is the identity on C' then we have a homomorphism f®id: M @ C - N®C by f(m®c) =n®c.

RIGHT EXACTNESS
Next we’ll discuss an important property, called right exactness.
Proposition 0.4. If M - N — P — 0 is exact then so is M @ C - N ®@ C — P® C — 0 (right exactness).

Proof. Exercise Notice that if f: M — N and g : N — P then the map M @ C — N ® C given by f(m®c) = f(m)®cis
well-defined from the above. |

What’s an example where 0 — M — N is exact but 0 - M ® C — N ® C' is not? How about M = N =7, f is
multiplication by 2, and C' = Zs?7 An R-module C' is called flat if whenever M — N is 1-to-1, we have M @ C' - N® C'is 1
to 1. Example. A free module is flat. We just saw Zs is not flat as a Z-module. So, a module is called flat if it it preserves
injections under tensoring; the module C' is called faithfully flat if it is flat and if M is nonzero then so is M ® C. What
is a faithful and flat module that is not faithfully flat? How about Q as a Z-module. Notice that Q ® Zy = (0). But Q is
certainly faithful and we can show this is flat later in the course.

Proposition 0.5. R®r M = M.

Proof. Let ¢ : R x M — M be given by (r,m) — rm. This is bilinear. Notice that if h : (R, M) — P is bilinear then
h(r,m) = rh(1,m). Now define h : M — P by h(m) = h(1,m). This is an R-module homomorphism since rm — h(1,rm) =
rh(1,m). Unique. O

Proposition 0.6. (direct sums) (M ®N)RC =2 M C® N ® C. Same proof works for arbitrary direct sums.

Proof. Just use the natural maps i : M — M & N and 7 : M & N — M, as follows. We have a bilinear map from
(M&N)xC—-M®Ca®N ®C given by ((m,n),c) = (m®c,n® c). The universal property then gives a homomorphism
h:(MeN)®@C=MxaC®N ®C that satisfies h((m,n) ®c) = (m®@c,n®c). Similarly, the inclusions s and ix for M and
Ninto M@ N giveamapg: MQCPHNRC = (M@ N)®C given by g(m®@c,n®c) = (m,0)®c+ (0,n) ®c = (m,n) Qc.
Notice ho g and g o h agree with the identity maps on generating sets and so they are inverses.

(|

What about direct products? It doesn’t work in general for infinite direct products. Consider R = Z, C' = Q, and
M; = Z/iZ for i = 2,3,.... Then one has M; ® C = (0) for all i. But [[M; ® C is nonzero. Why? Use (and prove!) the
following general fact. If A is an abelian group that has an element of infinite order then A x Q is nonzero. (Hint: we showed
that Q is flat (but not faithfully flat). If A is not torsion then we have an embedding Z — A and flatness gives the result.)
Notice that (1,1,1,...) has infinite order in the direct product!

Proposition 0.7. Let R be a ring and let M be a free module—then rank is well-defined. Then M = RX = RY if and only
if | X[ =1Y].

Proof. Let P be a maximal ideal of R. Let FF = R/P. Let V = F ®g M. Then V is an F-module. Why? PV = 0. Notice
that V=F@r M 2 FRrR* =2 (FerR)X 2 FX and V = FY. So FX = FY which means that |X| = |Y]. O



ALGEBRAS

If R is a commutative ring then a commutative R-algebra S is just a commutative ring S equipped with a ring homo-
morphism « : R — S. Notice every ring is a Z-algebra, a(n) = n - 1g. We usually suppress a and just think of r as being
identified with a(r) in S (even if it is not 1-to-1). Examples: k[z1,...,zy] is a k-algebra. R[z] is an R-algebra. E.g. Cis a
Q-algebra. Notice if S is an R-algebra then S is also an R-module.

BASE CHANGE/EXTENSION OF SCALARS

If S is an R-algebra and M is an R-module, sometimes we’d rather work with an S-module. (Think of vector space over
Q v.s. vector space over C.) We can use tensor products to do this. If S®pg M is an R-module, but it gets a structure as an
S-module too. s(s’ ® m) := (ss’ ® m). Notice that (s + s2)(s’ ® m) = (518’ + s28") @ m.

In fact, if A and B are two R-algebras, we can endow A ®pr B with an R-algebra structure as follows. We define
multiplication on A ®g B via (a1 @ by) -+ (a2 @ by) = (a1a2 ® b1by) and extend via linearity. This is well-defined: exercise!
NOETHERIAN RINGS

Let R be a ring. We say that R is noetherian if every ascending chain of ideals I; C I --- terminates.

Proposition 0.8. The noetherian property is equivalent to every non-empty set of ideals having a maximal element and to
every ideal being finitely generated as an ideal.

Ezample 0.9. If R is a PID, then R is noetherian; R = k[z1,x9,...] is not noetherian.

Let R be aring and let M be an R-module. We say that M is noetherian if every ascending chain of submodules terminates.
Equivalently all submodules are finitely generated and equivalent to every non-empty set of submodules having a maximal
element.

Ezxample 0.10. R =7, M = Q is not noetherian.
We note that if R noetherian then R is noetherian as an R-module.

Proposition 0.11. Let M be an R-module and N be a submodule. Then M is noetherian if and only if M/N and N are
noetherian.

Proof. Any chain in M /N lifts to a chain in M containing N so M noetherian implies that M /N noetherian. Any chain in
N is also a chain in M so M noetherian implies N noetherian. Let’s do the other direction now.

If M/N and N are noetherian, let J; < Jo < -+ be a chain. Then the chain J; N N terminates so there is some m such
that J, NN = Jp1 NN ---. Now we have a map ¢ : M — M/N. Then ¢(J;) = (J; + N)/N. The chain ¢(J;) terminates

so there is some m’ at which it stabilizes. Now let n > max(m,m’). Claim J, = J,41 = ---. Let x € J; for i > n. We have
Jon+ N =J;+ N sox =y+n for some y € J, and somen € N. Thusy—xz=n¢€ J;NN and so y —x € J, NN, which
means y —z = u for some u € J, "N soy=x+u € J,. Thus J;, = J, for all ¢ > n. O

Exercise: (corollary) if M and N are noetherian modules then M @ N is noetherian. Does this hold for infinite direct
sums?

Proposition 0.12. Let R be a noetherian ring and let M be a finitely generated R-module. Then M is noetherian.

Proof. M is finitely generated so there is some F = R% such that F' — M is surjective. F' is noetherian by direct sum result.

The kernel, K, is noetherian by submodule result. So M = F/K is noetherian. O
MAXIMALITY PRINCIPLE

If one takes an ideal in a noetherian ring that is maximal with respect to having a “nice” property, one can often show it
is a prime ideal. This is a nice trick, that we will use a lot in this course.

Let’s give our first example of this principle in action—probably the first application of this idea, from E. Noether.
Pay attention to the fact that the primes contain / in the proposition below!

Proposition 0.13. Let R be a ring and let I be a proper ideal of R. Then there exist prime ideals Py, ..., Py 2 I such that
PP Py CI.

Proof. Suppose this is not the case. Let S be the set of all ideals I for which this does not hold. Then S is non-empty, so we pick
an ideal that is maximal in §. Claim: I is prime. Suppose not. Then there exist a,b & I such that ab € I. Let J; = Ra+1 and
Jo = Rb+1. Then J; and Js are bigger than I so they are not in S by maximality. Thus there exist Py, ..., Py O J; such that
P -Py---P;CJiand Qq,...,Q. 2 Josuchthat Qq--- Q. C Jo. Butnow Py --- PyQ1--- Q. C J1Js = (Ra+P)(Rb+P) C P.

Thus I is prime. Now just take P; = I. Done! |



As a nice corollary notice that we get that in a noetherian ring R there are only finitely many primes that are minimal
with respect to containing I.

Let R be a ring and let I be an ideal in R. We call the radical of I, V1, the intersection of the prime ideals above I. If R
is noetherian, this intersection can be taken to be finite by Noether’s theorem. Why? Exercise!

Let’s see another application.

Proposition 0.14. Let R be a noetherian ring and let I be the intersection of all prime ideals in R (the radical ideal of (0).
Then I s a nil ideal.

Proof. Suppose that I is not nil. Then pick z in I that is not nilpotent. Let X = {1,x,22,...}. Let S be the set of ideals I
such that 7N X = (). Since (0) € S, S is non-empty. Pick J in & maximal. Claim: J is prime.

Proof. Suppose not. Then there are a,b € R\ J such that ab € J. Let J; = Ra+ J, Jo = Rb+ J. Then by maximality
2™ € J; and z™ € J;, for some m,n. Then z™+" € J;Jo C J, contradiction. O

Thus J is prime. But I C J and x € I so x € J, contradiction. O

Remark 0.15. We can get this proof to work for general commutative rings using Zorn’s lemma to produce a maximal element
of S.

Corollary 0.16. If z € \/T then there is some n such that " € I.
Hence the name radical. Let’s do one more application.
Proposition 0.17. Let R be a noetherian ring and let I be a nil ideal. Then I is nilpotent. (i.e., I™ = (0) for somem >1.)

Proof. Suppose not. Let S be the set of ideals J such that ¢(I) is nil but not nilpotent in R/J where ¢ : R — R/J is the
canonical map. By assumption (0) € S. Pick J maximal in S§. Claim: J is prime. If not ... you get the idea. But now ¢(I)
is zero since R/J is a domain, contradiction. ]

HILBERT BASIS THEOREM

The Hilbert basis theorem says that if R is noetherian then R[z] is noetherian too. We note that if R[z] is noetherian
then R is noetherian. (why? homomorphic image.)

Corollary 0.18. If R is noetherian then so is R[x1,...,xq] for d < co.
Corollary 0.19. If R is noetherian and S is a finitely generated R algebra then S is noetherian.

Let’s give the argument in the Hilbert basis theorem in steps we can understand. Let R be a noetherian ring. Recall that
given p(z) € R[x], we let deg(p(z)) denote its degree and we let in(p(z)) denote the coefficient of the highest power of x that
occurs in p(z) with nonzero coefficient. So in(p(z)) € R.

KEY STEPS IN THE ARGUMENT

(i) We start with a nonzero ideal I in R[x]. Our goal is to show that I is finitely generated. Our first step is that we
take f1 in I\ O of smallest degree. We let Iy = f1R[z] and we let a; = in(f1) and J; = a1 R.
(ii) At step n + 1, having found f1,...,f, in [ and ay,...,a, € R, and ideals I, = fiR[z] + - -+ f,R[z] and J, =
a1 R+ -+ ap R, we pick fr41 € I\ I, of minimal degree (if we cannot do this, we stop and we have I = I,, and so
I is finitely generated). We let a,,+1 = in(fr41) and we let I,41 = I, + fot1 R[z] and J,y1 = Jp + an R.
(iii) Since R is noetherian, there is some n such that

Jn:Jn+1:"'-

We claim that I = I,,.
(iv) To see this, if it is not the case then the algorithm does not terminate at the n + 1-st step and so f,11 € I\ I,,.
(v) By minimality, we have that the degree of f, 1 is at least as big as the degrees of fi,..., f,. Also, since ap41 =
in(fnt1) € Jny1 = Jn, we have a1 = ria; + - - + rpay, for some rq,...,r, € R.
(vi) Let d; =deg(f;) fori=1,...,n+ 1. Since deg(fn+1) > deg(f;) for i < n, we have

h = foi1 — Tlxd”“_dl fr— e — Tnmd"'“_d"fn

is in I and has degree strictly less than d,,+1. So by minimality of deg(f,+1) we must have that h € I,,.
(vil) Now what? if h € I,, then so is f,41 since

fn+1 =h+ Tlxd"+17d1 fl 4+ rnxdmrlfdnfn

and every term in the RHS is in I,,. This is a contradiction!
(viii) Conclusion I = I,, as claimed and so I is generated by fi,..., f,. Since every ideal is finitely generated, we see that
RJ[z] is noetherian.



THE JACOBSON RADICAL

The intersection of all maximal ideals is the Jacobson radical. Note that the Jacobson radical need not be nil. E.g.
R = {a/b: bodd}. What is J(R)? A ring is a Jacobson ring if R/P has Jacobson radical zero for every prime P. This
is the same as saying that if S is a homomorphic image of R then the Jacobson radical is equal to the nil radical. (In the
noetherian case, this says that the Jacobson radical of any homomorphic image is nilpotent.)

Ezample 0.20. Z, a field F, F[z] are all Jacobson.
Notice that the following holds:
Proposition 0.21. = € J(R) if and only if 1 + ax is a unit for every a € R.

Proof. Suppose x € J(R). If 1 + ax is not a unit then R(1 4 ax) is in a maximal ideal and so is x. If 1 — ax is a unit for
every a then for P maximal, R/P is a field. Now if 2 is not in P then there is some a such that az = 1 mod P. So 1 — ax is
not a unit. 0

A ring R is local if it has a unique maximal ideal M. A ring is semilocal if it has only finitely many maximal ideals.
(Note that a field is local.) When we get to localization, we’ll see the importance of local rings. This and Nakayama’s lemma
become very important.

Theorem 0.1. (Nakayama’s lemma.) Let R be a ring and let M be a finitely generated R-module. Suppose that J(R)M = M.
Then M = (0).

Why is finitely generated needed? What if R = {a/b : b 0odd}? Then J(R) = 2R. Take M = Q. Then J(R)M = M.
Notice that M not finitely generated. Why is Nakayama’s lemma useful? Often one has a finitely generated module M and
one wants to say it is generated by some subset {m1,...,mq}. Of course, proving that elements generate a module is not
always so easy. The way one does it in a ring with a big Jacobson radical is as follows. First, let N = (mq,...,mg). Then
it J(R)L = L where L = M/N, then Nakayama’s lemma says that L = (0) and so M = N and we are done. This can be
checked by showing J(R)M + N = M, which is often not so hard when J(R) is big, such as in a local ring. So for a local
ring, where the Jacobson radical is maximal and R/J(R) is a field, we can say that if images of mq,...,mq span M/J(R)M
as an R/J(R)-vector space, then we are done!

Proof of Nakayama’s lemma. Suppose M is nonzero. Then a minimal generating set has size at least 1. Let {mq,...,mq} be
a set of generators for M of smallest possible size. Since J(R)M = M, we have m; = jimq + - - - + jgmq with the j; € J(R).
Now we rewrite this as (1 — j1)my = jams + -+ + jgmg. But notice that 1 — j; is a unit in R since j; € J(R). Thus
mp = (1-— jl)_1j2m2 +--4+ (1= jl)_ljdmd. But this means that we do not need m; in our generating set, contradicting
the minimality of our choice of generating set. O

LOCALIZATION

Let R be a ring. We say that a subset S of R is multiplicatively closed if 1 € S and whenever s1, s5 € S we have s1s9 € S.
(We can think of 1 as being the empty product and then we really just want S to be closed under all finite, possibly empty,
products.) Because we don’t want to deal with the zero ring in this class, we’ll assume that 0 € S throughout the course.

We make a ring ST1R= R x S/ ~={(r,s): r € R,s € S}/ ~, which is called the localization of R with respect to S. Our
model will be the rational numbers, where we invert the nonzero integers to obtain this ring.

Using this as our intuition, we define an equivalence relation on pairs (r,s) € R x S Where

(7‘1,51) ~ (’I"Q, 82) < (T182 — 7'281)53 =0
for some s3 € S. Notice that when you defined the rational numbers you didn’t need this s3. This is an extra subtlety that
is added to deal with the fact that you might want to “invert” zero divisors in general.

Let’s check that it is an equivalence relation. It’s clearly reflexive and symmetric, so let’s check transitivity. Suppose that
(r1,81) ~ (2, 82) and (72, s2) ~ (rs3, s3). Then there are s, s’ € S such that (r;ss —res1)s =0 and (ras3 — r382)s’ = 0. Thus

0 = 538’ (r180 — ros1)s — 515(1283 — 1382)s’ = (1183 — 1351)8’s.
Since ss’ € S we see that (r1,s1) ~ (r3,s3). We can then give S™!R a ring structure. Rather than write [(r,s)] for the

equivalence class of (r,s) € R x S, we instead simply write s~1r, much as we do with the rational numbers.
We can then define addition and multiplication as follows:

51_17"1 '52_17’2 = (5152)71(7“17“2)
and
31_17’1 + 82_17’2 = (3132)*1(7’152 + 7981).
As always, one should check these are well-defined, because we are using equivalence class representatives and once can check
the ring axioms, if one likes. If you have done this for the construction of the rationals, the same arguments go through here.

There is one additional subtlety. We know that Z is a subring of Q. In general, however, R need not embed, as a ring,
into S~!R.



For example, let R = ZxZ, S = {Z\(0)} x0). Then S does not contain zero. Let’s look at equivalence. For (a,b), (¢,d) € R

and (s,0),(s’,0) € S we have
((a’ b)? (870)) ~ ((Cv d)7 (5/70))

if and only if (a,b)(s’,0)(¢,0) = (c,d)(s,0)(t,0) for some (¢,0) € S. This holds if and only if as’ = bs. Thus S™'R = Q, with
isomorphism given by (s,0)71(a,b) — s~ta. If S consists of regular elements (non-zero divisors) then it is straightforward
to see that the map R — S™'R given by r + 1717 is an embedding: if 1717 = 171/ then we have s(r — ) = 0 for some
s € S. But s is a non-zero divisor and so r = 7. We’ll mostly focus on this case in the course.

We note that if I is an ideal of R and S is a multiplicatively closed subset of R then we can make an ideal S~'I :=
{s7lr:r eI} of STIR.

UNIVERSAL PROPERTY OF LOCALIZATION
Let S be a multiplicatively closed set of non-zero divisors of R. Then localization has the following universal property.

Proposition 0.22. (Universal property of localization) If R is a ring and S is a multiplicatively closed subset of R not
containing any zero dwisors. Then if T is a ring and ¢ : R — T is a ring homomorphism such that ¢(S) C T*, the units of
T, then ¢ extends to a homomorphism from S™'R to T, and moreover this extension is unique and if ¢ is one-to-one then
the unique extension is one-to-one as well.

Proof. Define a map ¢ : ST'R — T via the rule ¥(s7r) = ¢(s)"1é(r). Observe that since ¢(s) is a unit in T, we can
invert ¢(s). We note that since there may be multiple ways to express a fraction in S™'R, we must check that this map
is well-defined. Let us suppose then that 51_17"1 = 32_17*2 with 71,70 € R and s1,s2 € S. Then by the definition we have
that there is some s3 € S such that s3(s1r2 — sor1) = 0 (we don’t really need ss in this case, because we are using non-zero
divisors in S). Now apply the homomorphism ¢ to obtain

P(s3)(¢(s1)9(r2) — d(s2)9(r1)) = 0.
Since ¢(s3) is a unit, we then have ¢(s1)d(r2) —d(s2)¢(r1) = 0. Multiplying by ¢(s1) " ¢(s2) ! we now see that ¢(s1) Lo (r1) =
#(s2)"1¢(r2), and so the map 1 is well-defined. Once we have that it is well-defined, we immediately see that its restriction

to R is equal to ¢, since ¥(r) = (s~ 1(sr)) = ¢(r).
We now claim that ¢ is a homomorphism from S~'R to T. To see this, we just check that

D(s1 sy re) = P((s182) T (r1r2)) = @(s1) "M b () - P(s2) M b(r2).-
Also,
G(sy i+ 83 r2) = ((s182) " (sar1 + s172)) = (57 m1) + (55 ).

We note that v is also the unique extension of ¢ to a homomorphism, because if f is an extension of ¢ then we must have
6(1) = F(1) = f(s~1s) = F(s~1)o(s), 50 f(s~1) = ¢(s)~* and so f(s~1r) = (s~ 17).

As before, uniqueness gives that localization is the unique—up to isomorphism—ring with this property. If By and Bs
both have this property (for a fixed set S) then if we take 7' = By and ¢ : R — By to be the inclusion map r + 171, we see
that we get a map from B; to By and similarly we get a map from By to B;. Now the composition of these maps must be
the identity by the universal property: if we work with B; and take T' = B; we see that there is only one extension of the
inclusion map to B; and it is the identity map.

Finally, suppose that ¢ is one-to-one. We claim that the extension 1) is also one-to-one. To see this, suppose that s~!r is
in the kernel of ©. Then ¢(s)"1¢(r) =0 = ¢(r) = 0 since ¢(s) is a unit. But since ¢ is one-to-one this gives that r = 0
and so the kernel of 1 is trivial. O

Ezample 0.23. If f is non-nilpotent and S = {1, f, f2,...} then we define Ry := S™'R. Let P be a prime ideal and let
S = R\ P be its complement in R. Then we have that S is multiplicatively closed, contains 1, and has no zero divisors. We
define Rp := S™'R.

We notice that Rp has an ideal PRp := {s!r: s & P,r € P}. Let’s show that PRp is a prime ideal of Rp. Let Frac(R/P)
denote the field of fractions of R/P. We construct a homomorphism ¢ : R — T := Frac(R/P) via the rule ¢(r) = (r + P).
Notice that if s € S = R\ P, then ¢(s) # 0 and so it is sent to a unit of 7. By the universal property ¢ extends uniquely to
a homomorphism 9 : ST'R — T = Frac(R/P). Then it is straightforward to see that 1 is onto since if x = (b+ P)~(a+ P)
is in T then b € S and so 9(b~'a) = z. Then the kernel of 1/ is a maximal ideal since the image is a field. The kernel is
precisely the elements of the form s~'r with s € S and » € P. Thus PRp is a maximal ideal. We’ll show that it is in fact
the only maximal ideal in Rp.

We recall that a ring R is a local ring if it has a unique maximal ideal. Notice that a field is a local ring, but Z is not.
There is a nice criterion to show that a ring R with maximal ideal M is a local ring. You simply show that 1 + z is a unit
for every € M. To see this, suppose that there is some maximal ideal Q # M. Then Q + M = R, since M and @ are
both maximal and are not equal. Now pick ¢ € @ and = € M such that ¢ + x = 1. By assumption 1 + (—z) is a unit, since
—x € M. Thus ¢ =1 — z is a unit, which is a contradiction since it is contained in a proper ideal.

Proposition 0.24. Let R be a ring and let P be a prime ideal of R. Then the ring Rp is a local ring whose unique mazximal
ideal is the ideal PRp.
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Proof. Tt suffices to show that if + € PRp then 1 4+ x is a unit in Rp. To see this, notice that 1 + x ¢ PRp since if
x,1+x € PRp then we would have 1 € PRp. Thus 1+ = s 'aforsomes € Sanda & P;ie., a € S. But thena™'s € Rp,
too, and so 1 4+ x has an inverse in Rp. O

Let R be a ring and let S be a multiplicatively closed set of regular elements (non-zero divisors) of R. We say that an
ideal J of R is S-saturated if whenever s € S and x € R has the property that sz € J, we then have x € J. The structure of
the poset of ideals in S™'R can be understood in terms of the saturated ideals of R.

Theorem 0.2. Let R be a ring and let S be a multiplicatively closed set of reqular elements. Then we have an inclusion-
preserving bijection between the poset of proper ideals of ST'R and the poset of S-saturated ideals of R that intersect S. In
one direction, this is given by I < ST*R s f(I) := I N R; in the other direction, we take J < R+ g(J) :== S~1J.

Proof. We first show that if I is an ideal of S™'R then go f(I) = S™'(I N R) = I. To see this, observe that if z € I then
x = s"1a for some s € S and some a € R. Soa=sx € INR. Then z = s ta € S~H(INR). Thus I C go f(I). Conversely,
if z € go f(I) then x = s~!a for some s € S and some a € I N R. but then a € I so = € I.

In the other direction, If J is a saturated ideal of R then we can show that S~'J N R = J. To see this, observe that if
x=s1j€S'JNR with s € S and j € J then sz € J and since J is saturated and € R we see that x € J. To get the
other containment, observe that S~'J O J and so S"'JNR D J.

Now let’s put it together. Notice that if I is an ideal of S™'R then f(I) = I N R is an S-saturated ideal of R since if
st € INR with s € S and x € R then x = s~ !sz € I and since € R it is also in I N R. Thus f gives a map from the ideals
of ST'R to the S-saturated ideals of R. If we look at the map g on the S-saturated ideals of R then we have shown that
go f and f o g are both the identity maps on their respective domains. Furthermore, it is straightforward to see that f and
g are inclusion preserving. The result follows. (|

Corollary 0.25. Let R be a noetherian ring and let S be a multiplicatively closed set of reqular elements. Then S™'R is
noetherian.

Proof. Using the bijection described in Theorem 0.2, we see that an ascending chain of ideals in S™!R corresponds (via the
map f) to an ascending chain of S-saturated ideals in R. Since the chain of ideals we produce in R must terminate, the
original chain of ideals in S~!R must terminate too. The result follows. O

Notice that if S is a multiplicatively closed set consisting of regular elements and P is a prime ideal of R with PN .S = ()
then P is automatically S-saturated. To see this, notice that if x+ € R and s € S and sx € P then we must have s € P or
x € P, but by assumption s € P and so P is indeed S-saturated. We claim that this bijection restricts to a bijection on
prime ideals which we can describe as follows

{prime ideals of S™'R} +— {prime ideals of R with PN S = (}}.

To see this, let P be a prime ideal of S~!R. Then since S consists of regular elements we have that the map r — 17'r € S™!R
is an embedding. Then if ¢ is the composition of the embedding R — S~'R and the canonical surjection S™'R — S~'R/P
then the kernel of ¢ is PN R = f(P). Then f(P) is prime since R/ f(P) is isomorphic to the image of ¢ and ¢ maps into
an integral domain. Similarly, if T is not a prime ideal then f(I) is not prime since if ab € T and a,b &€ I then we can “clear
denominators” and assume without loss of generality that a,b € R. Then ab € f(I) and a,b & f(I).

We also have that f(P) NS = (), since if this were not the case then there would be some s € SN P andso 1 =s"!s€ P,
too, a contradiction. Now if @ is a prime of R with P NS = ) then we saw that Q is S-saturated and f(g(Q)) = Q. Thus Q
is in the image of f and we saw that g(Q) must be prime since f(g(Q)) is prime. Thus we have this bijection.

Let’s look at a few special cases.

Ezample 0.26. Let R be a ring, let f be a non-zero divisor and let S = {1, f, f2,...}. Then the prime ideals in S™'R
correspond to prime ideals of R that do not contain f. In the ring Rp, we are taking S = R\ P. Then the primes in Rp
correspond to primes @ of R such that @ N Q. This is the same assaying that Q C P. Thus the primes of Rp are in bijection
with the prime ideals that are contained in P—this again shows that Rp is local.

Compare this last example with the correspondence theorem: the prime ideals of Rp correspond bijectively to the prime
ideals of R that are contained in P; the prime ideals of R/P correspond bijectively to the prime ideals that contain P.

Remark 0.27. If A and B are F-algebras (F' a field) and S and T are multiplicatively closed sets of regular elements then
S ® T is multiplicatively closed and (S® T) ' (A®r B) =2 S 1A® S™!B.

Proof. To see this, use the universal property of localization (we already used the universal property of tensors to get
homomorphisms of this type in Assignment 2). We have an injective homomorphism f®g: A®r B — S~!A® T~!B, where
f:A— S 1Aand g: B — T !'B are the canonical injections given by a ~ 17'a and b ~ 17'b. There’s an important
question here: Why is f ® g injective?

Notice that a tensor product of injective maps need not be injective. (It is a common misperception that this should
hold.) As an example, look at Zs ® Zy + Z4 ® Z4 with the map being a @ b— 2a ®2b. Then 11— 2®2=4®1=0.
When we take the tensor product over a field, however, it is fine. We can pick bases for A and B over F, say {a.} and {bg}
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respectively. Then since A and B are free F-modules (well, they’re vector spaces), we see that {a, ® bg} forms a basis for
A®p B. Now if f ® g is not injective then there is some finite F-linear combination

Z Ca,B0a ® bg

that is in the kernel of f ® g. But f ® g sends this to the element

Zcmﬁl_laa ® 17 .

Since A injects into S7'A, {171a,} is linearly independent over F; similarly, {171bg} is linearly independent over F and so
the set {17 'a, ® 171bg} is linearly independent over F' by the assignment. This gives injectivity.

Moreover the elements of S ® T get sent to units so by the universal property of localization, f ® g extends to an injective
homomorphism (S ® T)"'(A ®r B) — S™'A ® S~'B. The map is easily seen to be onto since s~'a @ t~1b generate
S71A® S~!B and they are in the image of f ® g. |

Corollary 0.28. Let F be a field and let K be a finitely generated extension of F. Then K ®p K is noetherian. In particular,
every subfield of K that contains F' is finitely generated by the assignment.

Proof. We have K = Frac(A), the field of fractions of A, where A is a finitely generated F-algebra that is an integral domain.
By the second assignment A ®p A is finitely generated as an F-algebra and so it is also noetherian by the Hilbert Basis
Theorem. Then S = A\ {0} is multiplicatively closed and we have K @ K = (S®S) "} (A®F A). Since A® A is noetherian
we have K ®r K is too since it is a localization of A @ A. O

THE NULLSTELLENSATZ

Recall that a ring R is a Jacobson ring if the Jacobson radical of every prime homomorphic image is trivial. Equivalently,
every prime ideal is the intersection of the maximal ideals above it. We will prove the following general Nullstellensatz.

Theorem 0.3. (Nullstelensatz) Let R be a Jacobson ring and let S be a finitely generated R-algebra. Then S is a Jacobson
ring. If M is a mazimal ideal of S then M N R (remember that o : R — S and so we will write R for a(R) in S—in general
a need not be injective, but we may assume that it is—we’ll talk about this in class a bit) is a mazimal ideal of R and S/M
is a finite R/M N R extension.

Corollary 0.29. If S = Cl[t1,...,tm] then S/M is C so every mazimal ideal is of the form (t; — a1, ..., tm — Q).
Proof. R = C. Then S/M is a finite extension of C and so it is C. O

We recall that a ring R has an ideal, J(R), called the Jacobson radical. Tt is the intersection of all maximal ideals. A ring
is a Jacobson ring if J(R/P) = (0) for every prime ideal P of R. We’ve already seen some examples of Jacobson rings: Z,
klz], k a field (why? think about it!). We note that if R is Jacobson then the correspondence theorem immediately gives
that R/I is Jacobson for every proper ideal I of R.

We will prove a very general version of the Nullstellensatz. Before we do this, recall that if R is a ring, then S is an
R-algebra if S is a ring and there is a ring homomorphism « : R — S sending 1 to 1g. In general, o need not be injective
(for fields it is, however). Thus a(R), the image of R under « is in general a homomorphic image of R; i.e., it is isomorphic
to R/Ker(a). Nevertheless, when we speak of R we will mean «(R), even though it is not necessarily isomorphic to R. This
will not create any problems, since we will be concerned with maximal ideals of «(R) and by the correspondence theorem
maximal ideals of «(R) correspond to maximal ideals of R that contain the kernel of . Thus we will assume without loss of
generality that « is injective and we will identify R with a(R) C S.

Theorem: (General form of Nullstellensatz) Let R be a Jacobson ring and let S be a finitely generated R-algebra. Then
S is a Jacobson ring and if M is a maximal ideal of S then N := M N R is a maximal ideal of R and S/M is a finite field
extension of R/N.

Before we continue, we note that R C S and if we look at the composition of the injection R — S with the surjection
S — S/M, then N is in the kernel of this and so we get an injective map from R/N into S/M. Thus we can regard R/N as
a subfield of S/M.

THE RABINOWITCH TRICK

The Rabinowitch trick is often stated in forms that make it look like more of a trick. We use the following version from
Eisenbud, which simply gives a reformulation of the Jacobson property.

Theorem: Let R be a ring. Then R is a Jacobson ring if and only if whenever P is a prime ideal of R and T := R/P has
the property that Ty is a field for some nonzero b € T then T is a field.
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Proof. Suppose first that R is Jacobson and P is a prime ideal of R. Let T = R/P and suppose that T}, is a field. Since the
prime ideals of T} are in bijective correspondence with the prime ideals of T' that do not contain b, we see that every nonzero
prime ideal of T' contains b. It follows that if T" is not a field then every maximal ideal of T contains b and so the Jacobson
radical of T' contains b; a contradiction, since J(T') = (0), since R is Jacobson.

Suppose next that whenever P is a prime ideal of R and T := R/P has the property that T} is a field for some nonzero
b € T then T is a field. Let P be a prime ideal of R. We claim that S := R/P has zero Jacobson radical. To see this, suppose
not. Then there is some nonzero b € S such that every maximal ideal contains b. Then there is a bijection between prime
ideals of S, and prime ideals of S that do not contain b. Let Q' be a maximal ideal of S,. Then there is a prime ideal @ of S
that does not contain b with @S, = Q'. Let T = S/Q. By construction, every nonzero prime ideal of T' contains the image
of bin T'. Thus T} has only the zero prime ideal and hence it is a field. It follows that 7" is a field. But this is a contradiction
since every maximal ideal of S is a nonzero maximal ideal of T' that contains b. O

STRATEGY OF PROOF OF NULLSTELLENSATZ

The main steps are as follows.

(i) Show that the Nullstellensatz holds when S = R]x];
(ii) Use induction to show that it holds for S = R[x1,...,zy];
(iii) Show that the Nullstellensatz holds for homomorphic images of R[z1,...,x,].

Every finitely generated R-algebra is isomorphic to an algebra of the form R[z1,...,x,]/I for some ideal I (a homomorphic
image) and so we get the result from (1)—(3).

We observe that (1) is the only difficult step. Let’s see this now.

Proof of (2) and (3) from (1). (2): Suppose that the Nullstellensatz holds for S = Rlx1,...,z4) with d < n. Let T =
R[x1,...,2p—1]. Then by the inductive hypothesis T is Jacobson. Thus S = R[z1,...,z,] = T[x,] is Jacobson by applying
step (1) using R =T (which is Jacobson). Thus if M is a maximal ideal of S then N := M N T is a maximal ideal of 7" and
S/M is a finite extension of T/N. But by the inductive hypothesis, N’ := N N R is a maximal ideal of R and T'/N is a finite
extension of R/N’ and hence S/M is a finite extension of T/N.

(3): If S = R[x1,...,2,]/I then by (2) and the remarks we made at the beginning S is Jacobson. We may assume that
INR = (0) or else we would work with R/(I N R) instead at the beginning. If M is a maximal ideal of S then M corresponds
to a maximal ideal M’ of R[x1,...,x,] that contains I. Then N := M N R = M’'N R and by (2), N is a maximal ideal of R
and S/M = Rlxy,...,x,]/M’ is a finite extension of R/N. The result follows. O

To prove (1), there are two parts: We must show that if R is Jacobson then R[z] is Jacobson. We must then show that
if M is a maximal ideal of R[z] then M N R is a maximal ideal of R and R[z]|/M is a finite extension of R/(RN M). So we
do these now. We show that R Jacobson = R[z]| Jacobson. This is the hardest part and we will notice that if we pay
attention to the proof, that the second part falls out for free. There is one extra ingredient that we need that will appear on
the third assignment. For now we will call it the black box.

Black box: If R C S are rings and S is a finite R-module then if S is a field then R is a field.

For now we will assume this and we will come back to this at the end. Now let’s do step (1)—this is the trickiest part of
the argument.

Step (1) of Nullstellensatz. By the Rabinowitch trick it is enough to show that if T = R[x]/P has the property that T} is a
field then T is a field. We let R" = R/(PNR). Then R’ is Jacobson since R is Jacobson and R’ can be regarded as a subring
of T and we may regard T = R’'[z]/Q where Q is a prime ideal of R'[z] with @ N R’ = (0). We first note that @ is not the
zero ideal: if it were, we would have T'= R’[x] and so T would be a subring of K|[z], where K is the field of fractions of R'[z].
But then T, = R'[z], would be a subring of K[z],. Since T} is a field and it contains K, we see that R'[z], = K|[z], and so
K|[z]p is a field. But K[x] is a Jacobson ring (polynomial ring in one variable over a field, which we know is a Jacobson ring)
and it is not a field and so K[z], cannot be a field by the Rabinowitch trick. Thus @ is nonzero.

Since (R'[x]/Q)s is a field and QN R’ is zero, it contains K. Thus we see that T, = (K[z]/QK[x])s. Notice that K[z]/QK|[z]
is a finite extension of K since it is a nonzero prime ideal and hence it is a finite field extension of K. Thus T} is a finite
extension of K. We will show that R’ must be equal to K and so T' = K[z]/Q with @ nonzero and so T is a field!

Let f(z) = apz™ + - - - + ap be an element of ) with ag,...,a, € R’ and a, not equal to zero. Then notice that we have
" + (ap—1/an)az" "t + -+ 4 (ao/an) = 0 mod Q' := QR'[x],,. Thus the image of z inT,,, = R, [x]/Q’ satisfies a monic
polynomial. It follows that T, is a finite R}, -module (with spanning set given by the images of 1, z, 22,..., 2" ). Now if

Ty is a field then certainly T, 4 is a field, since inverting a,b is the same as inverting both a,, and b. Now since Ty, is a finite
R, -module, it follows that there is a non-trivial relation (why? think about it!)

™+ +cg=0
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with cg,...,cm € R;n. By clearing denominators, we can assume that the ¢; are all in R. Since T is an integral domain,
we may divide by a power of b if necessary to assume that cgc,, # 0. Then consider the localization T, This is a finite
R . -module (think about it!). Also, we notice that b is invertible in T, ., since we have

an Co

nCo "

b+t cg=0 = 1=0b(—c1/co+ - —cm/cob™ )
and so b h as an inverse in 7T, .,. Thus T, ., contains Tj. Since it sits between T3 and the field of fractions of T' and T is
a field, we see that Ty, ., is a field. Also Tq, ., is a finite R;, . -module. It follows from the black box that R, . is also a

Ay, C An Co

field. Since R’ is Jacobson, the Rabinowitch trick gives that R’ is a field and so T' = R'[z]/Q = K|[z]/Q is a field since Q is
a nonzero prime ideal.

For the remaining part, above we showed that if T = R[z]/Q is a field then R’ = R/Q N R is a field. Thus P:= QN R is
a maximal ideal of R. We also showed that T' = R'[z]/Q’ with @’ a nonzero ideal and so T is a finite extension of R’. Thus
we get the second part for free from the first part. O

This just leaves the black box, and you will see this on the assignment.

INTEGRAL EXTENSIONS

Let R C S be rings. Then S is an R-module. We say that S is an integral extension of R if every s € S satisfies a monic
polynomial equation with coefficients in R.

Ezample 0.30. Q is not an integral extension of Z. Z[v/2] is an integral extension of Z.
Remark 0.31. If R C S are rings and S is a finite R-module then S is integral.

Why? Write S = Raj + - - - + Ray. Notice that if s € S, we can associate an element of My (R) via the rule sa = T'(s)d,
where T is as defined in class. If sa; = 0 for all ¢ then sS = 0 so s = 0. Now by Cayley hamilton theorem s is integral.

Given R C S we say that s € S is integral if it satisfies a monic polynomial equation with coefficients in R.
Theorem 0.4. The set of integral elements form a subring of S. This is called the integral closure of R relative to S.
To prove this, we’ll prove the following result:

Proposition 0.32. TFAE: x € S is integral over R
there is a finitely generated R-submodule M of S such that Mx C M.

Proof. If z is integral then there is some n such that R[x] = M = R+ Rz + --- + Rz"~!. Done. Conversely, if we have M
then M = Raj; + --- + Rag. We have a map given by x — T'(x) as before. Then x satisfies its char poly by CH so we are
done. O

Proof of Theorem. If a,b are integral of degrees m and n, let M = > Ra't/ with i < m and j < n. This is a finitely generated
R-module that works. (]

The integral closure of an integral domain R is the integral closure relative to the field of fractions of R.
Ezample 0.33. What is the integral closure of C[t?,¢%]?
If R is equal to its integral closure we say it is integrally closed or we say it is a normal domain.
Theorem 0.5. If R is a UFD then R is integrally closed.
Proof. Let a/b € Frac(R) be integral. Then we may assume that ged(a,b) = 1. Finish the proof. O

LYING OVER AND GOING UP

Theorem 0.6. If R C S is an integral extension, if P € Spec(R) then there is @ € Spec(S) with Q@ N R = P. Moreover, we
may find Q 2 Q1 whenever Q1 € Spec(S) with @1 N R C P.

Proof. First, we may factor out Q1 so we let P, = QN R. Then replacing R with R/P; and S with S/Q; we still have integral
extensions. Why? Then correspondence reduces it to lying over. Let U = R — P, which is multiplicatively closed. Then
U~1S is integral over U "' R. Why? So now replace S with U~1S and R with U~'R. Then we have R is local with maximal
ideal P. If PS # S then if L is maximal above P.S then we have L N R = P. Why? Well, it contains P and is proper and P
is maximal! Now if PS = S then we have p1s1 + -+ + ppmsm = 1. Let S’ be the R algebra generated by s1,...,s,,. Then S’
is a finite R-module. Why? Integrality! Also PS' = S’. Why? 1 € PS’ so S’ = (PS")S’ = PS’. So Nakayama’s lemma says
that S’ = (0), contradiction. O

We also have incomparability for integral extensions. If @Q,Q’ are distinct primes in S with Q N R = Q' N R then Q, Q'
are incomparable. (one cannot contain the other). Why? Suppose that P = QN R = Q' N R with @ C Q’. Then replacing
R by R/P and S by S/Q we may assume that Q' N R = (0) with Q" not zero. Now pick z € Q' not zero. Then x is integral
over R, which is a domain. Then 2™ + --- + 79 = 0 s0 rg € Q' N R, contradiction, since we can make rg % 0.
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KRULL DIMENSION

Given a ring R, we let Kdim(R) denote the supremum over lengths of ascending chains of prime ideals of R (starting the
count from 0).

Ezample 0.34. Kdim(F) = 0, Kdim(F[z]) = 1, Kdim(C[z, y]) = 2.
Theorem 0.7. If R C S is an integral extension then Kdim(S) = Kdim(R).
For now we will restrict to noetherian rings.

A noetherian ring R has Krull dimension zero if and only if R/N is a finite product of fields, where N is the nil radical
of R. A ring R has Krull dimension 1 if every non minimal prime is maximal. A Dedekind domain is a normal noetherian
domain of Krull dim 1.

KRULL DIMENSION OF POLYNOMIAL RINGS
Lemma 0.35. The Krull dimension of R[x] is between dim(R) and 2dim(R) + 1.

Proof. Suppose that Qg C - - Q., is a chain in R[z]. We claim that Q; "R # Q;42 N R. Why? If P:=Q; N R = Q42 N R.
Replace R = R/P. Then we have primes Q; < Q;+1 < Qit2 with Q;NR = (0) for j =4,i+1,i+2. Let S = R—0. Then the
Q; survive in Flz] = S™'R[z]. But F[z] has Krull dimension 1. So we get the upper bound. The lower bound is easy. O

NOETHER NORMALIZATION

Let R be a finitely generated k-algebra and then there is a polynomial subalgebra S in d = Kdim(R) variables with R a
finite S-module.

Proof. (Induction on number of generators.) Suppose that R is generated by one element, say R = k[a]. If a is algebraic over
k then we take S = k; otherwise, we take S = R = k[z].

Assume true for < m generators. Suppose R = klay,...,am]. If a1,...,a, are algebraically independent, then R is a
polynomial ring in m variables and we take S = R and we are done. If not, there is some nonzero polynomial relation
P(ay,...,an)=0. Exercise: There is a substitution a; = u; + uf}L for ¢ < m and a,, = u,,. Such that

P(uy +ult, . wy,) = ul + stuff of lower degree in wu,y,

Then R = k[uq,...,uy,]. Then R is a finite T-module, where T = k[u1, ..., uy,—1]. By the inductive hypothesis, T is integral
over S, a polynomial subring in d variables. Since R is finite over T" and T is finite over S, R is finite over S. The result
follows. =

We’ve just shown that if A is a finitely generated k-algebra then A is a finite free module over a polynomial ring B =
kly1,--.,y4). Moreover, A is integral over B so Kdim(A) = Kdim(B). We’'ll show that Kdim(B) = d—we’ll use an indirect
proof. This gives a strengthened version of Noether normalization theorem: A is a finitely generated module over a polynomial
ring in d = Kdim(A) variables. Right now all we know, however, is that Kdim(K[z1,...,24[) > d by using the polynomial
extension estimates for Krull dimension.

COMBINATORIAL KRULL DIMENSION

Let A be a finitely generated k-algebra. Given a k-subspace V of A, we say V is a frame for A if V is finite-dimensional,
V generates A as a k-algebra and 1 € V. Then given two subspaces V and W of A we define VW to be the span of all
products of vw with v € V and w € W. If V and W are finite-dimensional then so is VW as it is spanned by products
of basis elements. Since A is associative we see that if V, W, U are subspaces then (VW)U = V(WU) and so we can speak
unambiguously about VWU.
If V is a frame then we have
vevic...clJvr=A

We define the dimension function dy(n) = dim(V"™). We then define the combinatorial Krull dimension (Gelfand-Kirillov
dimension) to be
GKdim(A) := limsup log(dim(V™))/ log n.

Notice that GKdim(A) is independent of choice of generating space V. To see this observe that if V and W are two frames
for A, then we have V C WP and W C V1 for some p,q > 1. Thus V" C WP™ and so

lim sup log(dim (V™)) / log n < lim sup log(dim(W*™))/log n = lim sup log(dim(W*"))/log (pn) < lim sup log(dim(W ™))/ log n.

Similarly,
lim sup log(dim(W™))/log n < lim sup log(dim(V™))/log n.

So we see that we get the same result regardless of choice of frame.
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Remark 0.36. If V is a frame for A and dim(V"™) ~ Cn? for some C' > 0 and some d > 0 then GKdim(4) = d.
Remark 0.37. GKdim(k[z1,...,xq4]) = d.

Proof. Let V.= k + kxy; + -+ + kxg. Then V is a frame for k[z1,...,24] and V™ has a basis consisting of monomials
{xzf e led} with i1 + -+ -+ 144 < n. Notice there is a bijection between this set and all ways of placing d copies of the letter x
into n + d slots. We describe the bijection briefly. Given xil - ~x2‘i, we put an z in the iy + 1,41 +i2+2, ..., 01 +---+ig+d
slots. This is clearly reversible and so we see that V™ has dimension (";d) ~n?/d. Thus GKdim(k[x1,...,24]) = d. g

Lemma 0.38. Suppose that A is a finitely generated k-algebra and B is a finitely generated k-subalgebra of A. If A is a
finitely generated B-module then GKdim(A4) = GKdim(B).

Proof. Exercise on Assignment 4. ([l

Corollary 0.39. If A is a finitely generated k-algebra then the Gelfand-Kirillov dimension of A is a nonnegative integer.

Proof. By Noether normalization, there is some subalgebra B of A such that B = k[xy, ..., z4] for some d and such that A is
a finitely generated B-module. Since A is a finitely generated B-module, they have the same GK dimension, which we saw
was equal to d for a polynomial ring in d variables. O

Corollary 0.40. If A is a finitely generated k-algebra then GKdim(A) = Kdim(A).

Proof. We’'ll prove this by induction on Kdim(A). We first remark that we have Kdim(A4) > GKdim(A). To see this, observe
that by Noether normalization, there is some subalgebra B of A such that B = k[x1, ..., z4] for some d and such that A is a
finitely generated B-module. Since A is a finitely generated B-module, B is integral over A. It follows that A and B have the
same Krull dimension. Since A is a finitely generated B-module, we also have that they have the same GK dimension, which
we saw was equal to d. Since we have shown that a polynomial ring in d variables has Krull dimension at least d, we get the
inequality stated above. We have now shown that it suffices to prove the equality in the case of a polynomial ring. Suppose
that the claim does not hold. Then pick the smallest d > 0 for which Kdim(k[x1,...,z4]) > GKdim(k[z1,...,z4]) = d. Then
d > 1, since we have shown the equality holds in the cases when d =0 or d = 1.

Then by assumption there is some chain of prime ideals Py C Py € -+ € Pyyq in k[z1,...,24]. Then Kdim(A/P;) > d by
correspondence. We now use the following claim.

Lemma 0.41. If A is an integral domain and I is nonzero then GKdim(A/I) < GKdim(A) — 1.

Let’s first see how this claim finishes this for us. GKdim(A/P;) < GKdim(A) —1 =d—-1 < d < Kdim(A4/P;). By
Noether normalization, there is some polynomial ring in e variables with e < d such that A/P; is integral over a polynomial
subring in e variables. Moreover, the Krull dimension of A/P; is equal to the Krull dimension of B. But by minimality of d,
e = GKdim(A/P;) = Kdim(A/Py) > d, a contradiction. O

It only remains to prove the lemma, which we do now.

Proof of Lemma. Pick f nonzero in I. Let V be a frame for A that contains f. Let W = V be the image of V in A/I. Then
let W,, € V™ be a subset with dim(W,,) = dim(W") and W,, = W". Then W, + W,,_1f + --- 4+ Wy f™ € V™. This sum is
easily seen to be direct. Finally, if GKdim(A/I) > GKdim(A) — 1. Then let d = GKdim(A). Then dim(W") > nd=1+¢ for
infinitely many n. This means dim(V?") > n-dim(W™) > n?*¢ for infinitely many n. So GKdim(A) > d. Contradiction. [

Corollary 0.42. Let A be a finitely generated k-algebra. Then Kdim(A[z]) = Kdim(A) + 1.

Proof. By Noether Normalization, A is a finite k[x1, ..., z4]-module. So A[z] is a finite k[z1,...,zq, z]-module. If V is a
frame for A then V + kz is a frame for A[z]. Then W™ = V* @ V" 1z + ... + ka". So dim(W™) < dim(V™)(n + 1). So
GKdim(AJz]) < GKdim(A) 4+ 1. So Kdim(A[z]) < Kdim(A) 4+ 1. But we saw the other inequality already. O

TRANSCENDENCE DEGREE

Let F' be an extension of a field K. We define trdegy (F) to be the sup over the cardinality of sets of algebraically
independent elements of F' over K (possibly can be infinite).
We can define GKdim(A) when A is a not necessarily finitely generated k-algebra to be the supremum of the GK dimensions
of finitely generated subalgebras of A. Notice GKdim(A) is still either infinity or a nonnegative integer. GK dim gives us a
nice connection between trdeg and Kdim.

Proposition 0.43. Let K be an extension of a field F. Then GKdimp(K) = trdegy(K). That is GK dimension of K as
an F'-algebra is the same as its transcendence degree.

Proof. If x1,...,z4 are algebraically independent then K contains F[zy,...,z4] so GKdim(K) > d. Thus GK > trdeg.
Next suppose that K has GK dimension m. Then if m < oo, m is an integer and K has a finitely generated subalgebra B
of GK dimension m. It follows that B contains a polynomial subalgebra on m generators and so K has trdeg > m. Thus
transcendence degree is greater than or equal to the GK dimension. If m is infinite then we get infinite transcendence degree
too. |
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Lemma 0.44. . If A is a finitely generated k-algebra that is an integral domain and K is its field of fractions then
GKdimg(K) = GKdim(A).

Proof. Let B be a finitely generated subalgebra of K. Then B is generated by s 'ai,...,5 'a,,. So B is contained in the
subalgebra A,. So GKdim(B) < GKdim(As). Next notice that As & Afz]/(xs — 1). So GKdim(A4s) < GKdim(A[z]) — 1.
Finally, GKdim(A[z]) = Kdim(A[z]) = Kdim(A) + 1. So GKdim(A;) < GKdim(A). So GKdim(K) < GKdim(A4). On the
other hand, A is a finitely generated subalgebra of K so the other inequality is immediate. O

One last thing. For a ring R, we can define the height of a prime ideal P. To be the Krull dimension of Rp. This is
the same as the length of the longest chain of prime ideals contained in P (and including P). So we can define the Krull
dimension to be the sup over all heights of primes. Height one primes are especially important—these come up in the study
of divisors in algebraic geometry and discrete valuation rings.

SPEC AND M-SPEC

Given a ring R, we let X = Spec(R) denote the collection of prime ideals of R. (Why is Spec non-empty?). We let
M-Spec(R) denote the set of maximal ideals of R. We can actually turn Spec(R) into a topological space. (And M-spec too
via subspace topology!) We define the closed sets as follows. Given I an ideal in R we let C; = {P : P D I}. Then C is the
collection of closed sets. Let’s see that it is a topology. §) = Cr. X = C(g). Closed sets should be closed under finite unions.
Enough todo 2. C;UC; ={P:P2I}U{P:PDJ}={P:PDIJ}. Why? If P contains I.J then if P doesn’t contain I
or J there is a € I and b € J. Do the rest! Arbitrary intersections. NCy, = Cs~y, . Why? If P D I, for all a then it contains
I,. Conversely, if P D > 1, then P D I, for all «. X endowed with this topology is called the Zariski topology. What is
the Zariski topology on X = Spec(Z). How about Spec(C[t])? How about Spec(Q)? Spec({a/b:b odd})?

Notice that C; O Cj if and only if VICYJand C; =C /T SO we’ll only consider radical ideals. Recall that a topological
space X is disconnected if it can be written as a union of two disjoint closed sets.
Correspondence. C7 inherits the subspace topology. Then C; is homeomorphic to Spec(R/I). Via the map P € C; — P/I
bijection. We just need to check that this is a continuous map with continuous inverse. If Y is a closed subset of Spec(R/T)
then Y = C(J/I) for some ideal J of R that contains I. Then the pre image of Y is C;. Conversely, if Y is a closed subset
of Cr then Y = C; for some radical ideal J containing I. Then the forward image is just Cy/;.
Localization. Spec(S™'R) — Spec(R) is a continuous injection.
P +— PN R. Then this is injective. If C; is a closed subset of Spec(R) then the pre image is all primes P that contain J and
have the property that S N P is empty. If J N S is non-empty, .J radical, this is just an empty set. Otherwise we have S~1.J
and this is Cs-1;. Notice that the image is an open subset when S = {1, f,...} : It is just Spec(R) — C(y).

Proposition 0.45. The following are equivalent:
(i) X = Spec(R) is disconnected;

(ii) R 2 Ry X Ry, with Ry, Ry nonzero rings;
(iii) R has an idempotent e # 0, 1.

Proof. If (3) holds then R 2 Re x R(1 —e). So (3) gives (2). If (2) holds then we may take R = R; x Ry. Then every prime
contains (1,0) or (0,1) so R = C(1,0)UC(g,1). These are disjoint because if P contains (1,0) and (0, 1) then it contains (1,1).
Finally we show that (1) implies (3). If X = C U D with C,D proper and closed and disjoint then we have C = C; and
D = C; with I and J proper ideals. Then disjointness says that I + J = R. The fact that the union is Spec(R) says P O I.J

for all P, so I.J is in the nil radical of R. Thus 1l =z 4y, € I and y € J and (xy)™ = 0. Then let e = Z;-n:o (2;”) xly?m=i

and 1 —e = Z?Zm+1' Then e(1 —e) = 0. Finally e € J so it can’t be 1 since J is proper and 1 —e € I so e can’t be 0 since
I is proper. O

A topological space X is reducible if and only if it can be written as Y U Z with Y, Z proper closed subsets not necessarily
disjoint. X is irreducible if and only if R is prime and C is irreducible if and only if v/T is prime.

Proposition 0.46. Let R be a ring. Then X = Spec(R) is quasi-compact. (In algebraic geometry, it is normal to use the
term quasi-compact and reserve compact for Hausdorff and quasi-compact)

Proof. Let UU, be an open cover of X. Each U, = X \ Cy,. Then NCy, = 0. This means > I, = R. Sol =1+ -+ zq4,
x; € I,. So ijl I,; = R. What does this mean? ]

Notice that X = Spec(R) is rarely Hausdorff. In fact for a noetherian ring it occurs if and only if every prime is minimal.
To see this, let P be a prime and suppose that P is not minimal. Then there is some prime @ C P. If X is Hausdorff, there
are neighbourhoods Up and Ug disjoint. What does this mean? It means we have closed sets C; and Cy such that P & Cj
and @ ¢ Cj such that C;UC; = X. But @ doesn’t contain J so P doesn’t. Thus P is not in C';. This means P is not in the
union. Even more simply: points are closed in a Hausdorff space! In Spec(R) the maximal ideals are the only closed points.

If every prime is maximal (and hence minimal too!) and R is noetherian then R has only finitely many primes by Noether’s
trick! Now these points are closed and open.
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DIMENSION

This gets us to a notion of dimension of a topological space and dimension of a ring. Let X be a topological space. Given
a top space we say it is noetherian if every descending chain of closed sets terminates. Notice that if R is noetherian then
Spec(R) is noetherian (Exercise on Assignment 4!). We say that the dimension of X is the sup over all strictly descending
chains of irreducible closed subsets Cy C Cy C Cs - - - C),. Notice that C = C7 is irreducible if and only if I is a prime ideal.
So the dimension of Spec(R) is the same as the sup over lengths of ascending chains of prime ideals of R. This is called the
Krull dimension of R. So Kdim(R) is the Krull dimension of Spec(R).

Theorem 0.8. Let R be a noetherian ring. Then the following are equivalent:

(i) R has Krull dimension zero;
(ii) Spec(R) is compact Hausdor(f;
(iii) Spec(R) is finite and discrete;
(iv) R/N is isomorphic to a finite product of fields, where N is the radical of (0).

Proof. Suppose that R has Krull dimension zero. We’ve shown that Spec(R) is quasi-compact, so we only have to show
Hausdorff. We know that Spec(R) is finite by Noether’s trick and all points are closed so we see that (1) implies (2) and
(3). Also (3) implies (2) and and if Spec(R) is Hausdorff then points are closed and so all primes are maximal and so (2)
implies (1). It remains to show the equivalence with (4). If R/N is a finite product of fields, then R has Krull dimension

zero. Conversely if R has Krull dimension zero then R has finitely many prime ideals P, ..., P,, all of which are maximal
and hence comaximal. Also N = NP; and so the Chinese remainder theorem gives that R/N = [[ R/P;, which is a finite
product of fields. O

As an immediate corollary we see that if R is a noetherian integral domain of Krull dimension 0 then R is a field.

ARTINIAN RINGS

We'll see that zero dimensional noetherian rings are precisely those rings that are Artinian; namely rings where every
descending chain of ideals terminates. Let R be a ring. We say that a ring R is Artinian if whenever I; O I 2 --- is a
descending chain of ideals, we have I,, = I,,41 = --- for some n. We say that an R-module M is Artinian if and only if every
descending chain of R-submodules terminates. Notice R is Artinian if and only if R is Artinian as a module over itself.

Just as with the noetherian case, we have that R is Artinian if and only if every nonempty subset of ideals of R has a
minimal element and an R-module M is Artinian if and only if every nonempty subset of submodules has a minimal element.

If0— M - M — Ms — 0is as.es. of R-modules then M is Artinian if and only if M; and M are.
Proof. It My and M are Artinian and we have a d.c. N; of submodules of M then looking at the quotient it stabilize so

N; = Ny and N; N My = N;;1 N M;. Now we know. This is for noetherian too. O

Also if R is Artinian then every homomorphic image of R is Artinian.
Corollary 0.47. If R is a ring in which zero is a product of maximal ideals then R is Artinian if and only if R is noetherian.

Proof. Let (0) = Py --- Ps. Let M; = Py --- P;. We claim that each M; is Artinian. Notice M; is Artinian. We want to show
My is. If it’s not, pick the smallest ¢ for which M; is not Artinian. Then M, ; — M; — M;/M;;1. Notice M; 1 is Artinian.
Also M;/M;41 is an R/P;yi-module spanned by images for generators for M - - - M;. Thus it is finite-dimensional and hence
Artinian. Other direction is similar. a

Theorem 0.9. Let R be a ring. Then R is Artinian if and only if R is noetherian and Krull zero.
Proof. If noetherian and Kdim = 0 then (0) is a product of maximal ideals. Done.
For the other direction, we’ll do some structure theory.

Claim 1: If R is Artinian and Let P be prime. We claim that P is maximal. If not let S = R/P. This is an Artinian
domain. We claim S is a field. Let € S be nonzero. Let I, = 2™S. Then I, = I,;1 so 2" = 2"t!y. Now we can cancel
and we get xy = 1. Thus P is maximal.

Claim 2: We claim we have only finitely many prime ideals. If we have Py, Ps,.... Let [, = PLNP,y--- P,. Then I,, C P43
by Artinian property. So P11 = P; for some i.

Claim 3: the ideal J(R) of R Artinian is nilpotent.
Proof. By the Artinian property we have J" = J?" for some n. Suppose that J" is nonzero. Let S be the set of all ideals
I such that J"I # (0). Then J € S. Pick L minimal in S. Then there is some x € L such that J"z # (0). So L = Rx

by minimality. Then J"L C L and J"L € S since J"J"L = J?"L = J"L. Thus J"L = L. So JL = L and L is finitely
generated so by Nakayama we have L = (0). (]

Thus we have that (0) is a product of maximal ideals in an Artinian ring and so R is noetherian and its Krull dimension
is equal to zero. O
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PRIMARY DECOMPOSITION

Definition 0.48. Let R be a ring. We say that an ideal I of R is primary. If whenever xy € I we have either x € I or
y™ € I for somen > 1. This means that if xy € I then either x € I, y € I or there is some n > 1 such that both z" and y™
are in 1.

Notice that any prime ideal is primary, by the definition (take n = 1). Notice that as a corollary, if ab € I and a & /T
then b € I. To see this, take y = @ and = b. Then xzy € I. If z & I then y" € I, which means a =y € /1.

Lemma 0.49. Let Q be a primary ideal. Then the radical ideal of Q is a prime ideal.

Proof. Suppose that P = /@ is not prime. Then there exist z,y € R\ P such that zy € P. Then z"y™ € Q. By the
definition, either ™ € @ or there is some m such that y™ € @. Thus either way x or y is in P. O

Definition 0.50. If Q is primary and P = \/Q, we say that Q is P-primary.

The primary ideals of Z are precisely (0) and p"Z. Prove it!

Notice prime powers need not be primary. If A = C[z,y, 2]/(zy — 22) then if P is the ideal generated by the images of
and z, then A/P = Cly], so P is prime. We claim that P? is not P-primary. Notice that (the image of) zy = 22 € P? and
so if P? is primary then either 2 € P2 or 4™ € P2. But if ¢ P? because every element of P2 has degree at least 2 in the
generators and if y® € P? then we would have 4" € P, which we know doesn’t occur.

We can say something in the case that the radical ideal is maximal.

Proposition 0.51. Let R be a ring and suppose that Q is an ideal with P := \/Q a mazimal ideal. Then Q is P-primary.

Proof. Observe that R/Q is a local ring with maximal ideal P/Q by correspondence. Thus every element in R is either in
P/Q or it is a unit. In particular, if zy € Q then xy € P so z or y is in P. If y € P then y™ € @ for some n since P is radical
over Q. If y & P then y is a unit in R/Q and so zy € Q gives x € Q. O

We'll show that in a noetherian ring every ideal has a primary decomposition—this means that every ideal is the intersection
of a finite set of primary ideals. This is a bit like how we showed that in a noetherian ring that every radical ideal is the
intersection of prime ideals, so one can regard this as a generalization of Noether’s result.

To do this, we’ll introduce the notion of irreducible ideals.

Definition 0.52. Let I be an ideal in a ring R. We say that I is irreducible if I = J N K implies I = J or I = K. This is
not to be confused with the notion of irreducibles in Spec(R).

Notice any prime ideal is irreducible.
Lemma 0.53. In a noetherian ring every ideal is a finite intersection of irreducible ideals.

Proof. Suppose not and let I be the biggest ideal in R that is not an intersection of finitely many irreducibles. Then obviously
1 is not irreducible. So there exist J, K O I such that J N K = I. But now J and K are finite intersections. Done! |

Lemma 0.54. In a noetherian ring every irreducible ideal is primary.

Proof. Let I be an irreducible ideal of R. Then passing to R/I, we see (0) is irreducible and so it is enough to show (0) is
primary in R/I. So we replace R by R/I and assume (0) is irreducible. Suppose that zy = 0 but « # 0. We must show
y™ = 0 for some n. Let J, = {a € R: ay™ = 0}. Then J; C J, C --- is a chain of ideals. Since R is noetherian, it terminates,
say Jp, = Jut1. This means that (z) N (y™) = (0). Why? If a € (z) and a € y" then a = bz and so ay = 0. But a = cy™ so
ay =cy"t =0soc€ J,i 1 = J, and so cy™ = 0 = a. But now since (0) = () N (y™) and (0) is irreducible and (x) # (0)
we see (y") = (0). O

Corollary 0.55. In a noetherian ring every ideal is a finite intersection of primary ideals.

What does this say about noetherian rings of Krull dimension one? These are rings in which every prime ideal that is not
minimal is maximal. For example, the rings Z and k[t] with k a field. In such a ring a nonzero ideal is primary precisely if
and only if its radical is prime (since its radical will be a maximal ideal). Primary decomposition show that every nonzero
ideal in a noetherian ring of Krull dimension one is a finite intersection of ideals I; N--- NI, with the I; having radical equal
to a maximal ideal.

VALUATION RINGS

Let K be a field. A map v: R — Z U {oo} is called a valuation if v(a) = oo if and only if a = 0; v(ab) = v(a) + v(b) and
v(a+ b) > min(v(a),v(b)).

Given a field K with a valuation v, we define the valuation ring R = O, of v to be the set of x € K such that v(z) > 0.
Notice that R is a local ring with unique maximal ideal M, all things with valuation > 0. Why is it unique. If v(z) =0
then v(1/x) = 0. We need to check that v(1) = 0, but this is fine: v(1) = v(12) = v(1) + v(1). A ring R is called a discrete
valuation ring (d.v.r. for short) if it is the valuation ring of some valuation on a field. Example, power series in one variable,
Lp)-
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Remark 0.56. A d.v.r. is a PID. In particular a discrete valuation ring is noetherian.

Proof. Let I be an ideal of R that is nonzero. Then there is some smallest m such that v(z) = m for some x € I. We claim
that I = (x). To see this, suppose that y € I. Then p(y) > m so mu(y/x) > 0 so it is in R. O

Corollary 0.57. R has Krull dimension < 1.

Proof. Suppose that P C @ are distinct nonzero primes. Then @ = () for some z and P = (y); moreover v(y) is minimal
among all elements of P. Since P is contained in (), we have y = xza. Thus x € P or a € P. By assumption, x ¢ P so
a € P—but this has smaller valuation. (]

Here is another nice fact, which shows that discrete valuations are especially nice rings.
Proposition 0.58. If R is a d.v.r. then R is integrally closed.

Proof. Let x € K be integral over R. Then 2" + a, 12" '+ ---+a9g =0, a; € R. If x € R then v(z) < 0; but now
v(z") < v(—(an_12" "t + -+ ag)). O

In fact, we’ll soon see that discrete valuation rings are characterized by being noetherian local domains of Krull dimension
1 that are integrally closed. This means that if we start with an integrally closed noetherian integral domain A and localize
at a height one prime P we’ll get a discrete valuation ring. To see this, observe that Ap is a local noetherian integral domain
and has Krull dimension 1 by our choice of P. It is integrally closed, which follows from the following remark.

Remark 0.59. If A is an integrally closed domain then so is S™!A.

Proof. If © € Frac(S™'A) is integral over S™'A then 2™ + --- + s5'ag = 0. Now multiply by s = sg---8,_1. Then
ST 4+ by _1(s2)" L+ 4+ by =0, b; € A. Since A is integrally closed, sz € Aso xz € STA. O

We are going to look at rings of Krull dimension one in this context. We begin with a lemma.

Lemma 0.60. Let A be a noetherian integral domain of Krull dimension 1. Then every nonzero ideal in A can be expressed
uniquely as a product of primary ideals whose radicals are pairwise distinct.

To do this we need a remark. Let P be a fixed prime. If Q1,...,Q, are P-primary ideals then sois [ := Q1 NQ2---NQ,.
To see this notice that the radical of I is P. If xy € I. Then if x € I, we are done. So x € I. Then z ¢ Q;. But this means
that y™ € Q; so y € P. But now y~ € I since P is the radical of I. As a corollary, we see that in a noetherian ring every
ideal has a primary decomposition 1 N --- N Qs where the radicals of the @; are distinct. Now we prove the lemma.

Proof. Let I be a nonzero ideal of A. Then I has a primary decomposition with distinct radicals, say I = Q1N ---NQs. Let
Py, ..., P, be the radicals of Q1,...,Qs. Then Claim: Q; + I; := Hj# Q;=A

To see this, notice that if not ); + I; must be contained in some maximal ideal P. But P; is the only max ideal above Q;
since our ring is Kdim 1; If J; is in P; then some ); must be in P;, which is impossible.

Notice that @1 N---NQs = Q1 ---Qs: one containment is clear. Notice that we have Q; + Hj# Q; = A, too, so there is
x; € Q; and y; € I; such that ; +y; =1. ThenIf z € Q1 N---NQs, we have z = z(x1 +y1) - (s + ys) € Q1+ Qs. Why?
If we choose even one y;, we're done since z is in all the @);. So we only need to look at zzy - - -z, but that is in the product
too. ([l

Now we can study some local rings of Kdim 1.

Proposition 0.61. Let A be a noetherian local domain of Kdim 1 and let P be its maz ideal and k = A/ P its residue field.
Then TFAE.

(i) Ais adov.r

(ii) A is integrally closed
(iii) P is principal.
iv)
(v)

11

(iv) dim(P/P?) =1
v) every nonzero proper ideal is a power of P
(vi) there is some x such that every nonzero ideal is of the form xz™.

Proof. We just saw 1 = 2. For 2 = 3, let a € P\ P2, Then P is radical over (a) and so P" C (a) since the radical
ideal is nilpotent in a noetherian ring. Thus there is some smallest n such that P" C (a). If n = 1, we're done. If not, pick
b€ P 1\ (a). Then look at z = a/b. Then 2! ¢ A since b ¢ (a). Thus x~! is not integral over A since A is integrally
closed. But notice that Px~! C A since Pb is in P and @ O P™. Thus Pz ! is an ideal of A. Notice that if it is all of A,
we get Az = P, and so we are done. Otherwise we have Pz~! C P. But P is a finitely generated A-module with Pz~ C P
and this gives 7! integral over A, contradiction. 3 = 4 is immediate: if P = (), then P/P? = kz + P?. 4 = 5 is OK
too. If P/P? is 1-diml, then P is principal by Nakayama: if # € P\ P? then Ax + P? = P and so we get P = Ax by looking
at P/Ax. If I is a nonzero proper ideal then I C P. Pick the biggest n for which I C P"; then if T # P™ then there is some
y € I such that y = az™ but y # bz"!. Thus a € (z) = P and so a is a unit. Thus y = 2", so [ 2 (z"). So [ = (z") = P™.
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Tosee 5 = 6, let x € P\ P?. Then (z) = P*. Since v ¢ P?, we see k = 1 and (z) = P. Now we get [ = P* = (z%).
WAIT! We cheated. How do we know that P is not P?? If P = P? then J(A)P = P- P = P? = P and so P = (0) by
Nakayama’s lemmal

Ok 6 = 1 can’t be hard, right? Let K be the field of fractions of A. Let v(a) for a nonzero in A be defined by v(a) = m
when (a) = (2)™. Show this gives a valuation. O

Last time, we had begun proving the following proposition.

Proposition 0.62. Let A be a noetherian local domain of Kdim 1 and let P be its maximal ideal and let k = A/ P its residue
field. Then TFAE:

(i) A is a d.v.r.
(ii) A is integrally closed
(iii) P is principal.
(iv) dimy,(P/P?) =1
v) every nonzero proper ideal is a power of P
(vi) there is some x such that every nonzero ideal is of the form (z™).

In addition, we had proved that (i) = (it) = (#i1) = (iv).

Proof. Let’s do the rest. OK, so we need (iv) = (v). If P/P? is 1-dimensional as a k-vector space then P is principal
by Nakayama’s lemma, since if z € P\ P? then Ax + P? = P since P/P? is 1-dimensional and the image of = spans. This
means that if we look at M = P/Ax, then PM = (P? + Ax)/Axz = P/Ax = M. Nakayama gives M = (0) and so P = Ax.
If I is a nonzero proper ideal then I C P. Let n be the largest natural number for which I C P™ = (z™). Since I is not
contained in (z"*!) = P"*t1 there is some y € I such that y = ax™ but y ¢ P"*! = (2"*!). Thus a ¢ (z) = P and so a is a
unit. Thus (y) = (z™), so I D (2™). So I = (z™) = P™.

To see (v) = (vi), let x € P\ P2. Then (z) = P*. Since x ¢ P?, we see k = 1 and (z) = P. Now we get I = P = (zF).
WAIT! We just cheated on the first set when we picked x € P\ P?. How do we know that P is not equal to P2? If P = P?
then J(A)P = P-P = P? =P and so P = (0) by Nakayama’s lemmal!

Finally, we’ll do (vi) = (7). Let K be the field of fractions of A. Define v(a) for a nonzero in A by v(a) = m when (a) =
(z)™. The Nakayama argument we did before shows that this m is unique. We extend this to K* via v(a/b) = v(a) — v(b).
We leave it as an exercise to the class to show that v is indeed a valuation. ]

DEDEKIND DOMAINS

Let’s recall that a Dedekind domain is an integrally closed noetherian domain of Krull dimension one.
Examples: Z,C[¢].

We showed UFDs are integrally closed and we showed that both rings are noetherian and of Kdim 1. Now we’ll give a
characterization of Dedekind domains. The next result shows that Dedekind domains can be characterized in terms of their
local rings and in terms of their primary ideals.

Proposition 0.63. Let A be a noetherian domain of Krull dimension one. Then TFAE:

(i) A is integrally closed (in particular, A is a dedekind domain);
(ii) every primary ideal in A is a prime power (we saw this in the special case when A =17.);
(iil) Ewvery local ring Ap with P a nonzero prime is a d.v.r.

Proof. Let’s show the equivalence of (i) and (iii). We know that if A is an integrally closed domain then so is S~!A for any
multiplicatively closed set of nonzero elements—we’ve shown this. Thus if P is a nonzero prime ideal then Ap is a noetherian
local ring of Kdim 1 that is integrally closed. We showed last time that this is equivalent to being a d.v.r. To see the other
direction, suppose that each Ap is a d.v.r. when P is a nonzero prime ideal. Then each Ap is integrally closed. Now let
C be the integral closure of A in its field of fractions. If A = C, we are done, so we’ll show this. Since A C C', we have an
inclusion map f: A — C. We must show that f is in fact onto.

We claim that f is onto. Suppose not and let ¢ € C'\ A. Notice that if we let S = A\ P then S is a multiplicatively closed
subset of A and C. We have Ap = S~'A and we define Cp := S~!C. We can check that Cp is contained in the integral
closure of Ap—this is an easy exercise to leave to the students. Since Ap is integrally closed, we have that Ap = Cp for all
maximal ideals P. Since C' C C'p we see that ¢ € Ap for every maximal ideal P of A. In particular, there is some s ¢ P and
some a € A such that ¢ = as™!. In other words, cs € A. Let I = {s € A: cs € A}. Then [ is an ideal. We claim I = 4; if

not, I is contained in some maximal ideal P. But we just showed there was some s ¢ P such that c¢s € A and hence s € I
and so I Z P. It follows that 1-c¢ € A and so A = C. So we’ve shown (i) and (iii) are equivalent.
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Now we’ll show that (i) and (ii) are equivalent. Suppose first that (ii) holds. To do this, it suffices to show that Ap is
a d.v.r. whenever P is a maximal ideal—we showed this characterizes Dedekind domains when A is a noetherian domain
of Krull dimension one. So consider the local ring Ap. Let J be a nonzero ideal of Ap. Then the radical of J is PAp
since Ap has only two prime ideals (0) and PAp and J is nonzero. Since A is noetherian, there is some n > 1 such that
(PAp)" = P"Ap C J. Now let I = JN A. Then I O P". It follows that P is the radical of I since P" C I. Since P is
maximal, we see that I is a primary ideal—we showed in class that any primary ideal whose radical is maximal is necessarily
primary.

Now what? Since (ii) holds, I is a prime power; moreover, since the radical of I is P, we see that I = P™ for some m. We
know that J = I Ap since I = J N A—remark: we showed in class that if J is an ideal of S~'A4 and I = AN J then
J = S~1I; doing it in the other order, namely starting with an ideal of I then going to S~!I and intersecting
down to A doesn’t necessarily return /—we showed this occurs if and only if I is what we called S-saturated:
namely, if sx € I and s € S then we must have x € I. This means that J = [Ap = P™Ap = (PAp)™. This means
that every nonzero ideal of Ap is a power of PAp and so we see from a result last time that Ap is a d.v.r. Since this holds
for every nonzero P and A is a noetherian domain of Krull dimension one, we get that A is a Dedekind domain, and so we
get (i).

Suppose that (i) holds, so that A is a Dedekind domain. Let I be a primary ideal and let P be its radical. Then we
showed last time that Ap is a d.v.r. Thus the ideal IAp is a power of PAp, say I[Ap = (PAp)™ = P™Ap. Now we want to
show that I is P™, but that takes some arguing. We showed during the lectures on localization that if S is a multiplicatively
closed set, then there is a bijection between the S-saturated ideals (see above for definition) of A and the ideals of S~1A
given in one direction by I + S~!I and in the other by J ~ J N A. So to finish this proof, we’ll show that any primary ideal
with radical P is S-saturated, where S = A\ P (the set we invert to form the local ring Ap). Let J be a primary ideal with
radical P. Let’s recall the definition of primary: if xy € J then either x € J or y™ € J for some n > 1. So let’s show that a
P-primary ideal is S saturated when S = A\ P. Suppose that zs € J with s € S. Then s ¢ P and so no power of s can
be in J since if s™ € J then s™ € P since P is the radical of J; since P is prime, this gives s € P, which cannot occur. It
follows that = € J, since J is primary. Thus J is S-saturated. Now I and P™ are both P-primary. (P" is P-primary, since
its radical is P, which is a maximal ideal: we showed that ideals whose radical is maximal are primary.) Thus I and P" are
both S-saturated. It follows that

I=({Ap)NA=(P"Ap)NA=P™.
Thus we get (ii). O

The next result shows that Dedekind domains, while not always UFDs, have something close to this property.

Corollary 0.64. Let A be a Dedekind domain. Then every nonzero ideal has a unique (up to ordering) factorization as a
product of prime ideals.

Proof. We showed last time that every nonzero ideal in a noetherian domain of Krull dimension one is a product of primary
ideals with pairwise distinct radicals. We just showed that in a Dedekind domain every primary ideal is a prime power. This
gives that if I is a nonzero ideal then I has a factorization I = P/"* ... P/"* where Pi, ..., Py are distinct nonzero primes.

We'll now show uniqueness. Suppose that we have two factorizations: I = P/"* --- P["* = Q" - -- Q?j with the P; pairwise
distinct and the @; pairwise distinct and the m;,n; all positive. We first note that {P1,..., Py} = {Q1,...,Q;} since if
P, ¢ {h,...,Q;} then Q7" ~~~Q?j C P;. We have shown multiple times that this can only occur if P; contains some @);.
Since all nonzero primes are maximal, we see that P; = Q; for some j. Thus {Py,..., P} € {Q1,...,Q;}. By symmetry we
get the other inclusion. Thus k£ = j and after ordering, we may assume that P; = @; for all i. From now on, we’ll just take
7 = k and write P; for ();. We must show that n; = m; for all 4.

Notice that if we pass to the local ring Ap, we have

(PLAp)™ - (PyAp)™ = (PLAp)™ - (PyAp)™*.

Now let’s take P = P;. Then the LHS becomes (P;Ap,)™ since P; contains a unit in Ap, for j # 4. Similarly, the RHS
becomes (P;Ap,)" . Thus (P;Ap,)™ = (P;Ap,)™ in Ap,. This then gives m; = n,. OR DOES IT?

Well, it does, but we need to show this. Now Ap, is a d.v.r., so to show this, it suffices to show the following claim.

Claim: Let R be a d.v.r. of Krull dimension one (to rule out a field where all nonzero elements have zero valuation). Then
if P is the maximal ideal of R then P™ = P" if and only if m = n.

Suppose that P™ = P" with m < n. Then P™ = P™*! since P™ D P™*! D P® = P™. This means that J(R)P™ =
P.pPm=pPmtl = P and so P™ = (0). But now since R is a domain, we see that P™ = (0) implies that P = (0) and so
R is a field, a contradiction.

From the claim, we see that m; = n; for all ¢ and so we get unique factorization. O

As an important case, we look at number rings. Let K be a field that is a finite extension of Q. We say that R C K is a
number ring if R is the integral closure of Z inside K.
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Example. Z[/2] is the integral closure of Z in Q(v/2). Let’s see why!

We know that /2 is integral over Z since it satisfies > — 2 = 0. Since the integral elements form a ring, we see that
Z[\/i] is contained in the integral closure. On the other hand if a 4+ bv/2 € Q(v/2), a, b rational, is integral over Z, then so
is @ — b\/2 since any integer polynomial having a + bv/2 as a root also has a — by/2 as a root (this is either an easy exercise
or the students know enough Galois theory to know it is trivial). Since the integral elements form a ring, we have that
2a = (a + bv/2) + (a — b\/2) is integral over Z. Since Z is integrally closed in Q, we see that 2a is an integer. Similarly,
(a+0v2)(a—bv2) = a® — 20 € Z and 4b = (a+bv/2)v/2 — (a — b\/2)v/2 is an integer. So we see that a = ag/2 and b = by /4
for some integers ag,bo. Also, a? — 2b* = a3/4 — b%/8 is an integer. Multiplying by 4 we see that b3/2 is an integer and so
bo is even. Thus we can write b = b1 /2. Then we have a® — 2b% = (a3 — 2b3)/4 is an integer. In particular, a2 — 2b% must be
even and so ap must be even. Thus a € Z. Hence 2b? is an integer and so b must be an integer too.

Let’s notice that R = Z[v/2] is a number ring and let’s now show that R is a Dedekind domain. Notice that R is a finitely
generated Z-algebra—it’s generated by v/2 over Z. Thus R is noetherian by the Hilbert basis theorem; since R is an integral
extension of Z, we see, from an earlier result from class, that R and Z both have the same Krull dimension—in this case it
is one; finally, we can check that R is integrally closed in its field of fractions: leave this as an exercise to the students. If
students ask whether it follows from the definition of R, then you can say ’yes’, but it requires proof.

In fact, the following theorem holds, but this proof is done in Algebraic Number Theory, so we will not do it.

Theorem 0.10. Let R be a number ring. Then R is a Dedekind domain.
This gives the fact that we have unique factorization of nonzero ideals into prime ideals in a number ring.

Let’s now tie up some loose ends with height one primes. There are two last results that we should touch upon, and this
will conclude the course.

(i) Krull’s principal ideal theorem: if A is a noetherian ring and f is a non-unit then any prime ideal P that is minimal
with respect to containing Af is necessarily of height at most one;
(ii) (Characterization of UFDs). Let A be a noetherian domain. Then A is a UFD if and only if every height one prime
is principal.
We will postpone the proof of Krull’s PIT, but we will assume it when characterizing UFDs and then give its proof, which
is technical, later.

Let’s recall some facts about UFDs. Recall that if R is an integral domain, then an element f € R is called prime if
(f) = Rf is a prime ideal; a nonzero, non-unit element f of R is irreducible, if whenever we have f = ab with a,b € R then
either a or b is a unit. We recall that in 347 we showed that in a UFD, irreducible elements and prime elements are the
same and that in general, a prime element is irreducible, but an irreducible element need not be prime (look at C[t?,¢3]—t2
is irreducible, but it is not prime since ¢3 - £ € (#2) but 3 ¢ (¢?)). 0
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A FEw FACTS ON UFDs

We recall that if we have a ring R in which every element factors into irreducibles and all irreducible elements are prime
then R is a UFD. That is:

Theorem 0.11. Let R be a domain in which every element factors into irreducibles and f € R is irreducible if and only if
it is prime. Then R is a UFD.

Proof. Suppose that we have two factorizations of an element x. Recall that unique factorization is always up to associates
(multiplication by units), for example, 2 -3 = (—2)(—3) are consider the same factorization. We have z = unj'---m} =
vpy' - - - py¢ with u, v units and the 7;, p; prime (or irreducible, if you prefer—we are assuming these are the same) elements and
the is, js > 0 and the (7;) pairwise distinct and the (p;) pairwise distinct. First note that {(m1),..., (7x)} = {(p1),.- ., (pe)}-
To see this, notice that
TT(os) = (2) € (7).
S
Since (7;) is a prime ideal, by the same argument as before we see that (m;) 2 (ps) for some s. Thus p; = m;a for some
a € R. Since p; is prime, it is irreducible and since 7; is not a unit, ¢ must be a unit. Hence ps; = 7; up to associates. Thus

(Wi) = (ps) for some s and so we see {(71-1)7 ) (ﬂ-k)} C {(pl)v R (pé)} By symmetry, {(7‘(1)7 EE) (Trk)} = {(pl)a R (pé)}
Thus ¢ = k and so it is enough to look at a non-unique factorization with the same primes; that is:

_ i1 iy _ J1 Jk
r=ur'---mF =vmt k.

We now show that is = js for all s. Suppose that is < js for some s (the other case, is identical). Then since R is a domain,

we can cancel 7l and we get
it _ o s Jt
u”ﬂt—vﬂ; *Ilﬁt.

t#s t#£s
Thus 7 divides
u H ﬁzt .
t#s
In other words, u[], ., 7t € (m,). Since (m,) is a prime ideal and u is a unit, some 7, t # s is in (7). But this gives 7, = m.a
for some a and so since m; is irreducible, a is a unit. Thus (m;) = (7s)—this contradicts pairwise distinct. ]

Corollary 0.65. Let R be a noetherian domain. Then R is a UFD if and only if all height one primes are principal.

Proof. Suppose that R is a UFD. Let P be a height one prime. We claim that P contains an irreducible. Then P is nonzero
and so it contains some nonzero, non-unit fy. If fy is irreducible, we’re done; if not fo = fig1 with fi, g1 non-units. Since P
is prime and f € P, we see either f; or g1 is in P; WLOG f; € P. Then (fy) € (f1). Continuing in this manner, we get an
ascending chain. This chain must terminate because R is noetherian, so we arrive at an element f = f, that is irreducible.
Since R is a UFD, f is prime. Thus (0) € (f) C P. Since P is height one, P = (f) and so P is principal.

Next suppose that all height one primes are principal. We need Krull’s PIT. We first show that every element of R factors
into irreducibles. This is the same trick using noetherian. Let S be the set of all ideals of the form (f) where f is nonzero,
non-unit and does not factor into irreducibles. If S is empty, we’re done; if it is non-empty, we can pick a maximal element
(g) of S. Since (g) is in S, g cannot be irreducible. Thus g = ab with a,b non-units. But then (g) C (a) and (g) € (b) and
so by maximality, ¢ and b factor into irreducibles. But this gives that g does since g = ab.

Now we must show that irreducible elements are prime (we know already that primes are irreducibles, since this always
holds). Pick f irreducible. Suppose that f is not prime. Then since R is noetherian, there is a finite set of minimal prime
ideals Py, ..., Ps containing Rf. By Krull’s PIT theorem, these are all principal, say P; = (g;). Then P, = (¢g1) D (f) and so
f = g1a for some a € R. But f is irreducible and g; is not a unit, so ¢ must be a unit. Thus (f) = (¢1) and so f is prime,
since it generates a prime ideal. O

KRULL’S PRINCIPAL IDEAL THEOREM
Let’s prove PIT now.
Given a prime ideal P of R, we define the n-th symbolic power P(™) of P to be P(™ = (PRp)" NR.
Easy exercise: P Rp = (PRp)" and P(™ is P-primary.
Now we assume R is noetherian and f is a non-unit.

Proof of PIT: Let f be a non-unit and suppose there is a prime ) of height > 2 above Rf. Then we have a chain
Py C P C Q with f ¢ P,. Passing to R/P,, we may assume that (0) is prime. Passing to Rg, we may assume that R is
a local ring of Kdim > 2 such that @ is the unique maximal ideal and it is minimal above Rf. We also assume we have a
chain (0) C P C Q. Then R/Rf is Artinian: R is Artinian and @ is the only prime ideal above Rf and so R/Rf has Kdim
0. Thus R/Rf is Artinian. Now let I, := P(Y) + Rf. Then I, gives a descending chain in R/Rf and so there is some n such
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that I, = I,4, = ---. That is P + Rf = P("t1) 4 Rf. This means that if a € P("), there is some b € P("*t1 such that
a=b+fy. So fy=a—be P C P. But f ¢ P and so no power of f is in P(™. Thus y € P since P(™ is primary. This
means that fy € fP(™ and so we see that P = P+ 4 p(™) f 1In other words, M = P /P("+1) satisfies fM = M and
so QM = M. By Nakayama, M = 0 so P() = P(") for all t > n. But this means that

(PRp)* = P™Rp =N, PYRp =N, (PRp)".

In particular, (PRp)"*! = (PRp)™. But now use Nakayama to get that (PRp)™ = (0). This means P = (0) since R is a
domain. This is a contradiction.



24

REGULAR LOCAL RINGS

Recall that a noetherian ring R of finite Krull dimension is regular if the dimension of M/M? as an R/M-vector space is
equal to the Krull dimension of R for every maximal ideal M of R. regular local rings (which are taken to be noetherian)
are very well-behaved. We note that they always have finite Krull dimension too even without the regular hypothesis: one
always has Kdim(R) < dim(M/M?) < co. We begin with a result showing a nice property of regular local rings.

Proposition 0.66. A regqular local ring is an integral domain.

Proof. We prove this by induction on d, the Krull dimension of R. Let P be the maximal ideal of R. If the Krull dimension
is zero then P/P? is zero-dimensional and hence P = P? and so P = (0) by Nakayama’s lemma and so R is a field. Thus we
may assume that d > 1 and that the claim holds whenever the Krull dimension is strictly less than d.

Since R is noetherian, there is a finite set of minimal primes (the primes above (0))—let’s write them as Q1,. .., Q. Then
if I CQiUQaU---UQqU P? then I is contained in one of the Q; or in P? (exercise). If P is contained in some @;then
this would give P = @, and so the Krull dimension would be zero. Similarly, if P is in P? then Nakayama gives that the
Krull dimension is zero. Thus there is some z € P that is not in P? and not in the Q;. Let S = R/xR. By our choice of
x we see that the Krull dimension of S is strictly less than the Krull dimension of R, so Kdim(S) < d — 1. Let Q@ = P/zR
denote the maximal ideal of S. Then Q/Q? = P/(P? + (z)) is clearly generated by d — 1 elements. By Nakayama’s lemma,
the dimension is exactly d — 1: if not there would be y1,...,y. with e < d — 1 such that the images in Q/Q? span. Then
by Nakayama’s lemma Q = (y1,..-,¥e, ) and S0 y1, ..., Y,z would span P/P?. We note that the Krull dimension of S is
exactly d — 1 by Theorem 0.12.

Thus S is a regular local ring and so it is an integral domain by the induction hypothesis. This means that (x) is a prime
ideal. Thus (z) contains some @;. By our choice of z, we have x € ();. Let y € Q; then y = ax and so ¢ € ;. This means
that zQ; = Q; and so PQ; = Q;. Since R is noetherian, Nakayama’s lemma gives that ¢); = (0) and so (0) is prime and R
is a domain. |

We require the following result to complete the proof of the preceding theorem. This can be seen as a converse to Krull’s
principal ideal theorem.

Theorem 0.12. If R is a noetherian local ring of Krull dimension d with mazimal ideal P and if x € P then the Krull
dimension of R/xR is at least d — 1.

Proof. Exercise. U

PROJECTIVES ARE FREE IN LOCAL RINGS
In this section, we’ll be looking at projective modules in local rings. We begin with a lemma.

Lemma 0.67. Let R be a local ring with maximal ideal P and let M be a finitely generated R-module and let N be a direct
summand of M such that N C PM. Then N = (0).

Proof. Write M = N @ C. Then PM + C = M since PM 2 N. Hence P(M/C) = (M/C) and so M = C by Nakayama’s
lemma. Thus N = (0). O

Lemma 0.68. Let R be a noetherian local ring with maximal idea P and let M be a finitely generated R-module with
mi,...,mqg a minimal set of generators for M. Let F be a free R-module on d generators x1,...,xq and consider the
R-module homomorphism sending x; to m;. Then the kernel of this map is contained in PF.

Proof. Suppose that Y c;x; is in the kernel and not all ¢; are in P. Then without loss of generality ¢; ¢ P and so ¢ is a
unit and so we can take it to be one by multiplying by the inverse of ¢;. Then my + ) ;. ¢;m; = 0 and so we can express
m in terms of the other generators, contradicting minimality of our generating set. O

Theorem 0.13. Let R be a local ring with maximal ideal P. Then any finitely generated projective module is free.

Proof. Let M be a finitely generated projective module. Map a free module F' onto M as in the preceding lemma. Then the
kernel is in PF'. By projectivity, we have F' = M & N, where N is the kernel of the map. Then N C PF and so N = (0) by
the other lemma. Hence M = F and M is free. ]

We remark that this holds for all projective modules and not just finitely generated ones, although the proof is more
difficult.

GLOBAL DIMENSION OF REGULAR LOCAL RINGS

We define the projective dimension of a module as follows. Let R be a noetherian ring and let M be a finitely generated
R-module. Then the projective dimension, d(M), is defined to be the infimum over all n for which there is a projective
resolution of M of the form

0—-+P,—-PFP,1— - —=>F—->M=0
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with each P; finitely generated and projective. If no such n exists then we take d(M) = oo. The global dimension of R,
denoted d(R), is then taken to be the supremum of all d(M) as M ranges over all finitely generated modules of R. When
there is some ambiguity as to which ring we are working over, we’ll use dr instead of d.

We're going to show that regular local rings have finite free resolutions—we’ll do this by induction on the Krull dimension.
To do this, we need the following result which will serve as our “induction” step

Theorem 0.14. Let R be a noetherian local ring with mazimal ideal P and let © € P be a non-zero divisor. Let M be a
finitely generated R module and suppose that if m € M has the property that xm = 0 then m = 0. If dg/or(M/xM) < 0o

Proof. Let dr/yr(M/xM) = n. We'll prove this by induction on n. We first do the base case. When dg/,r(M/xM) = 0,
we have M /xM is a projective R/xR module. We have to show that M is projective as an R-module in this case. Since R is
local, so is R/xR and so M/xM is a free R/xR-module. Pick a basis vy,...,vq for M/xM as an R/xR-module. Then there
exist uy,...,uq in M that map onto vy,...,vs under the natural map M — M/xM. We claim that M = Ruj + --- + Rug
and that the sum is direct. To see this, first let N = Ru; 4 --- + Rugy. Then since M/PM is a quotient of M/xM we see
that N+ PM = M and so P(M/N) = 0, which gives M = N by Nakayama’s lemma. If > c;u; = 0 in M then > ¢;u; =0 in
M /xM and so each ¢; is in xR. Since M has the property that if xm = 0 then m = 0 we see that we must have > cju; =0
where ¢, € R satisfies ¢; = cjz. But now each ¢ is divisible by = since 3 civ; = 0. Continuing in this manner, we get a

(m) (0 (m+1) . _ (

: : ) T = cim). But notice that we get an ascending chain of left ideals

(") ceVco,

which must terminate since I is noetherian. This gives cgmH) € Rcl(-m) = chmﬂ)x for some m. In particular if I = Rcz(-

then Iz = I and so IP D Ix = I and so I = (0) by Nakayama’s lemma. But since z is a non-zero divisor we see that each
¢; = 0 and so M is free.

Now assume that n > 0 and that the claim is true for finitely generated modules K whenever dg/,z(K/xK) <n. Map a
finitely generated free module F' onto M with kernel K. Then we get an induced map from F/xF onto M/xM with kernel
K/xK. (This isn’t hard, but let’s see why. First, we map F onto M/xM by composing the map from F onto M with the
quotient map M — M/xM. The kernel of this map is K + xF and since the kernel contains «F' this map factors through
F/xF with new kernel given by (K + zF)/xF. By the second isomorphism theorem we have that this is isomorphic to
K/(KNzF). Finally, K NaF = K. The containment K NzF D zK is easy. Conversely, if m € K NaF then m = zu for
some u € F. Let @ be the image of u in M. Then zz = 0 in M and so @ = 0 and so u € K, giving us the other containment.)
Then by the generalized Schanuel lemma exercise, dr/,r(K/xK) =mn — 1. Then K is finitely generated and if zm = 0 with
m € K then m = 0 since K is a submodule of a free module and z is a non-zero divisor. Thus by the induction hypothesis
dr(K) < dp/yr(K) =n, and so dg(M) < n + 1.

sequence ¢; ~ with ¢,/ =¢; and ¢

m+1)

]

We note that one can in fact show with a bit more work that the inequality is always an equality and it holds even when
dryur(M/xM) = co.

Theorem 0.15. Let R be a noetherian local ring with maximal ideal P and suppose that x € P is not a zero divisor. If
D(R/xR) =n < co then D(R) <n+1.

Proof. Let M be a finitely generated R-module with d(M) = k. We must show that k¥ < n + 1. If £ = 0 then clearly
d(M) < n+ 1 and so this is fine. Thus we may assume that k£ > 0. Then there is a finitely generated free module F' that
maps onto M with kernel K. Then K is finitely generated since R is noetherian and F' is finitely generated. Observe that
d(K) = k — 1 (where co — 1 = o0, of course). (This follows from the generalized Schanuel lemma exercise.) Notice that
if m € K and xm = 0 then m = 0, since x is a nonzero divisor and K lives inside a free module. Thus by the preceding
theorem we have that dp(K) = dr/yr(K/xK). Since D(R/zR) < n, we see that dr(K) <n and so d(M) <n+ 1. O

Corollary 0.69. Let R be a noetherian local ring of Krull dimension d with mazimal ideal P. Then D(R) < d.

Proof. We prove this by induction on d. We note that R is an integral domain. If d = 0 then R is a field and the claim is
immediate. If R is not a field then P is nonzero and so by Nakayama’s lemma we can pick z € P that is not in P2. Then x
is not a zero divisor since R is a domain. Then S = R/xR is a local ring of Krull dimension < d — 1. By Theorem 0.12 it has
Krull dimension exactly d — 1. Notice that Q := P/zR is our maximal ideal and Q/Q? = P/(P?+ xR), which has dimension
d—1 as an §/Q = R/P-vector space (this requires Nakayama’s lemma as we did before). Also, S is regular. Thus by the
induction hypothesis, D(R/xR) < d — 1 and so D(R) < d by the preceding theorem. O

Corollary 0.70. Let R be a regular local ring of Krull dimension d. Then every finitely generated R-module has a free
resolution of length at most d.

We’ll next show that a noetherian domain having the property that every finitely generated module has a finite free
resolution is a UFD. As a corollary we obtain the famous Auslander-Buchsbaum theorem.
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Theorem 0.16. (Auslander-Buchsbaum) A regular local ring is a UFD.

Before we prove this, we’ll prove a few basic results.
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Lemma 0.71. Let R be a noetherian ring and let M be a finitely generated R-module. Then M has a filtration M = My D
My D - D M, = (0) such that M;/M;11 = R/P; for some P; € Spec(R).

Proof. Suppose not. Let N be maximal with respect to M/N not having this property and replace M by M/N. Let Py be
maximal among all annihilators of nonzero elements of M. Then Py is prime by the standard noetherian trick. Then B,
is the annihilator of some m € M. Consider the ideal Rm = R/P. Then we look at M/Rm, which by induction has this
property. The result follows. (]

One way of saying this is that in a noetherian ring the family of modules generated by modules isomorphic to R/P is
equal to all finitely generated R-modules. Here we recall that a family of modules is a collection with the property that if two
members from the family are in a short exact sequence then the third module in the short exact sequence is too. Notice that
by induction the Lemma gives this result. We also remark that if a family in a noetherian ring is generated by a collection
of finitely generated modules with the property that every element in the set of generators has a finite free resolution then
the entire family has this property. To see this we just note that if we have a short exact sequence and two modules have a
finite free resolution then so does the third—thus the set of finitely generated modules with an FFR forms a family.

Proposition 0.72. If R is a noetherian ring with the property that every finitely generated R-module has an FFR then
S = RJx] has this property too.

Proof. Let S denote the family of all modules generated by a module isomorphic to a module of the form M ®pg R[z] where
M ranges over finitely generated R-modules. If we can show that every finitely generated R[z]-module is in S then we’ll
be done. So we may first reduce to the case where we may assume that any R[x]-module whose R-annihilator is nonzero is
in §: we do this by at the beginning replacing R by R/I where I is maximal with respect to having the property that the
statement of the proposition doesn’t hold for R/I. Now finitely generated S modules are generated by modules of the form
S/P with P a prime ideal, so it suffices to show that such modules are in §. By assumption, we then have that P N R is
zero and so R is an integral domain. Let f(z) € P be a nonzero polynomial of smallest degree (at least degree 1). Then the
principal ideal f(x)S = S and hence is in §. At the same time, P/f(x)S has nonzero annihilator in R—this follows since
PN R =(0) and so if g(z) € P then rg(x) must be a multiple of f(z) and now we just take the product of r’s as we range
over a generating set for P—and so it is S too.

|

Theorem 0.17. Let R be a noetherian integral domain and let {P;} be a collection of principal prime ideals and let S be the
multiplicatively closed set that they generate; i.e., each P; = (f;) and we let S be all finite products of fi’s. Then if ST'R is
a UFD then so is R.

Proof. Let @ be a nonzero height one prime ideal in R. We’ll show that @ is principal. If () contains some f; then QQ = P;
and we're done. By assumption, S™'R is a noetherian UFD and since S~'Q is a height one prime ideal of R we see that
S71Q is principal. We write it as S71Q = (¢/s) where ¢ € R and s € S. Notice that ¢ € Q and we may assume without
loss of generality that not f; divides ¢—if it did, we could divide it out and continue doing so; this process would have to
terminate by the noetherian hypothesis. We now claim that with this extra condition, the ideal (¢) in R is prime. Once we
show this, we’ll have @ = (q) since @ is height one and we’ll be done. So now suppose that ab € (¢) with a,b € R. Then
ab € S71(q) = S7!Q and so either a € S7%(q) or b € S~!(g). So let’s suppose that it is a that is in the ideal and write
a = s~ 'rq. So by multiplying through by s we get that as = rq with s = f;, -+ f;,, where the i; need not be distinct. But
now f;, divides rq. Since (f;;) is prime, we see it must divide  and so by cancelling the f;, in succession, we see that we can
reduce to an equation of the form a = r’q, which gives that a € (¢q), as required. (]

We also need the following local characterization of UFDs. We recall that an ideal I is invertible if it is projective of rank
one.

Theorem 0.18. Let R be a noetherian integral domain. Suppose that Rp is a UFD for every mazimal ideal P and suppose
that every invertible ideal in R is principal. Then R is a UFD.

Proof. Let @ be a height one prime ideal of R. Let P be a maximal ideal of R above (). Then Rp is a UFD and hence
QRp is a height one prime of Rp and so it is principal. If, on the other hand, P is maximal and does not contain @ then
QRp = Rp and so again QRp is principal. Either way, we see that @ is invertible and so @ is principal by hypothesis. The
result follows. |

We can now prove a general result about UFDs.

Theorem 0.19. Let R be a noetherian integral domain. Suppose that each prime ideal P of grade one has the property that
Rp is a UFD and that in any localization of R[z] all invertible ideals are principal. Then Rx] is a UFD and so in particular
R is a UFD too.

Proof. Let T = R[z] and let S be the set of finite products of principal primes in T'; that is, products of elements f where
(f) is a height one prime ideal of R. Then it is sufficient to show that U := S~1T is a UFD. We'll do this with the preceding
theorem. We already have that every invertible ideal in U is principal by hypothesis. Thus we just need to show that Up is
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a UFD for every maximal ideal P of U. Now P = S~'Q for some prime ideal Q of T that is disjoint from S. Let I = QN R.
Then I is a prime ideal of R. We claim that I is either equal to zero or has grade one. Otherwise, there exist a,b in I such
that a is a nonzero and such that the image of b in R/aR is not a zero divisor. But now we claim that (a — bx) is a principal
prime ideal of T" and hence is a unit in U, which is a contradiction. Once we have this we’re done: by hypothesis R; is a
UFD since I is either (0) or a prime ideal of grade 1 and so T, which is a localization of Rp[z] is a UFD, and so U, which
is a localization of Tg is a UFD too. Thus it remains to show that (@ — bz) is a prime ideal of T'. We have a homomorphism
¢ : T — R[1/b] given by x — a/b. Since the image is a domain, the kernel is a prime ideal that contains (a — bz). We claim
that this is the entire kernel. To see this, suppose that this is not the case and let p(x) = pg + p1x + - - - + pmz™ be in the
kernel of ¢ and not in (@ — bz) with m minimal. Then we have pob™ + p1ab™ ! +- - - +p,,a™ = 0. Since b is not a zero divisor
mod a, we see that pg = ago. Thus p(z) — (a + bx)go =: 12 + - + ¢ma™ is in the kernel. Since the kernel is a prime ideal and
x is not in the kernel, we see by minimality of m that ¢; + -+ + ¢mz™ ™! € (a — br) and so p(x) is too, a contradiction. The
result follows. (]

Corollary 0.73. If R is a regular local Ting then R is a UFD.

Proof. Let P be a prime ideal of grade one. Then P is height one and so Rp is a regular local ring of Krull dimension
one, which means that Rp is a discrete valuation ring. Since R is regular local, every finitely generated module has a finite
free resolution. Hence R[z] has this property and thus so does any localization of it, since localization is flat. Let T be a
localization of R[z]. If I is an invertible ideal of T then I is a rank one projective module with a finite free resolution. Hence
by the assignment we have that I @ T = T"*! for some n and so I = T by the assignment; i.e., I is principal.

|
We can even prove more!
Corollary 0.74. Let R be a regular noetherian domain in which every invertible ideal is principal. Then R is a UFD.
In fact, the converse holds too—this is similar to the argument we did before about height one primes being principal.
Proof. We just showed that Rp is a UFD for all maximal ideals P and this gives the result. O

We can even show that if R is a regular UFD then so is R[[z]]. Notice that if R = C[z,y,2]/(z? + y> + 27) and S is R
localized at the ideal (z,y, z) then R is a local ring but is not regular since (0, 0,0) is not a smooth point of the corresponding
variety. Now R is a UFD but S[[t]] is not a UFD, so the regular hypothesis is needed.

Theorem 0.20. Let R be a regular UFD. Then R[[z]] is a regular UFD.

Proof. (Quick sketch) To see that R[[z]] is regular, notice that z is in the Jacobson radical of R[[z]] (use the usual criterion)
and is not in the square of any maximal ideal. It follows that every maximal ideal P of R[[z]] contains z and z € P? so
P/P? has an R|[[z]]/P-basis that contains z. Moreover, we can find a basis in which the remaining elements of the basis are
in R—think about it! Now let d be the Krull dimension of R. Then the Krull dimension of R[[z]] is at least d + 1. So it is
sufficient to show that P/P? has dimension at most d + 1. By assumption there is a basis {x,71,...,7,} for P/P? as an
R[[z]]/ P-vector space. Let @ be a maximal ideal in R above PN R. Then @ = P N R since QR[[z]] + zR[[x]] is proper and
contains P. Then ry,...,7,, are linearly independent in Q/Q? and so m < d, which gives the result about regularity.

To show it is a UFD, we must show that invertible ideals are principals. So let I be an invertible ideal in R[[z]]. Then
I®Q = F for some finitely generated free module F and some module @ and I has rank 1. Then (I/2I)® (Q/zQ) = (F/zF)
and F/xzF is a free R-module. Hence I/xI is R-projective as it is a direct summand of a free module. In particular, I/xI
is torsion free and has a well-defined rank (see exercise). We claim that the rank of I/zI is at most one. To see this, if
uy,us € I/xI then there are vy, ve € I that map onto uq,ue. Then v1,vs are dependent and so we have ajv, + agvy = 0, we
may assume that a1, ag are not both in (z). Then we reduce mod x and get a relation involving uq, us. Similarly, the R-rank
of Q/zQ is at most the R[[z]]-rank of Q. Since the R-rank of F/xF is equal to the R[[z]]-rank of F', we see that the ranks
of all the involved modules are equal to the ranks of their reductions mod x.

A projective module of rank one is isomorphic to an invertible ideal in R. The idea is as follows: let P be a rank one
projective module. Then S™1P = S~! R, where S is the set of nonzero elements of R (in general we’d use nonzero divisors).
This means Ps; = R, for some fixed element s € R, since we just have to look at an element that gets sent to one under the
isomorphism. But now by clearing denominators we can construct an injective map from P into R and the image is obviously
a rank one projective ideal of R.

Thus I/xzI = J for some invertible ideal of R. So since R is a UFD, we see that J is principal. Now we lift J to a principal
ideal JR|[[x]]. We'd like to show that JR[[z]] = I and then we’ll have that I is principal. To do this, we use the fact that
we have a map f : JR[[z]] — I/xI, given by reducing first mod z to get J and then applying the isomorphism between J
and I/zI. Since I is projective, the map I — I/zI lifts to a map ¢ : I — JR][[z]]. Similarly, JR[[x]] is projective since J is
principal and so we get a map h : JR[[z]] — I. We’d just like to show that g and h are bijective. To see this, observe that
hog:I— I by construction induces the identity map on I/xI. Consider the map ¢ := (hog,idg) : P& Q — P & Q. This
induces a map from F to itself that is the identity mod x. Thus we can regard ¢ as an R[[x]] linear map from some R[[z]]%
to itself that is the identity mod z; i.e., we can view it as a d X d matrix with entries in R][[z]] that is the identity mod z.
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Now z is in the Jacobson radical and use the usual trick to show that I 4+ xA is invertible. This gives that ¢ is a bijection
and so h o g is a bijection. Similarly, g o h is a bijection. O



