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by Mel Hochster

ZARISKI’'S MAIN THEOREM, STRUCTURE OF SMOOTH, UNRAMIFIED, AND
ETALE HOMOMORPHISMS, HENSELIAN RINGS AND HENSELIZATION,
ARTIN APPROXIMATION, AND REDUCTION TO CHARACTERISTIC p

Lecture of January 4, 2017

Throughout these lectures, unless otherwise indicated, all rings are commutative, asso-
ciative rings with multiplicative identity and ring homomorphisms are unital, i.e., they are
assumed to preserve the identity. If R is a ring, a given R-module M is also assumed to
be unital, i.e., 1 -m = m for all m € M. We shall use N, Z, Q, and R and C to denote
the nonnegative integers, the integers, the rational numbers, the real numbers, and the
complex numbers, respectively.

Our focus is very strongly on Noetherian rings, i.e., rings in which every ideal is finitely
generated. Our objective will be to prove results, many of them very deep, that imply that
many questions about arbitrary Noetherian rings can be reduced to the case of finitely
generated algebras over a field (if the original ring contains a field) or over a discrete
valuation ring (DVR), by which we shall always mean a Noetherian discrete valuation
domain. Such a domain V is characterized by having just one maximal ideal, which is
principal, say pV, and is such that every nonzero element can be written uniquely in the
form up™ where u is a unit and n € N. The formal power series ring K[[z]] in one variable
over a field K is an example in which p = z. Another is the ring of p-adic integers for
some prime p > 0, in which case the prime used does, in fact, generate the maximal ideal.

One can make this sort of reduction in steps as follows. First reduce to the problem to
the local case. Then complete, so that one only needs to consider the problem for complete
local rings.

We shall study Henselian rings and the process of Henselization. We shall give numer-
ous characterizations of Henselian rings. In good cases, the Henselization consists of the
elements of the completion algebraic over the original ring. The next step is to “approxi-
mate” the complete ring in the sense of writing it as a direct limit of Henselian rings that
are Henselizations of local rings of finitely generated algebras over a field or DVR. But
this is done in a “good” way, where many additional conditions are satisfied. The result
needed is referred to as Artin approximation.

We are not yet done. Henselizations are constructed as direct limits of localized étale
extensions, and so we are led to study étale and other important classes of ring extensions,
such as smooth extensions and unramified extensiions. (The étale extensions are the
extensions that are both smooth and unramified.) There is a beautiful structure theory for

1



these classes of extensions. Because étale extensions are finitely generated algebras, one
can take the fourth step, which is to replace the Henselian ring by a ring that is finitely
generated over a field or DVR. Carrying out these ideas in detail will take up a large
portion of these notes.

Etale extensions have numerous applications to geometry: they are used to remedy the
fact that the implicit function theorem does not hold in the allgebraic context in the same
sense that it is does when working with C® or analytic functions. As an example, we
shall later use the theory of étale extensions to establish a relationship that is not obvi-
ous between intersection multiplicities defined algebraically and intersection multiplicities
defined quite geometrically.

The structure theorems we want to prove depend on an algebraic result known as
Zariski’s Main Theorem, or ZMT. It has many applications in commutative algebra and
algebraic geometry.

In our formal treatment, we shall first prove Zariski’s Main Theorem, and then define
and analyze the structure of smooth, étale, and unramified homomorphisms. We shall dis-
cuss Henselization, Artin approximation, and applications in which one reduces questions
about arbitrary Noetherian rings to the case of algebras finitely generated over a field or
a discrete valuation ring (DVR).

Another tool that we introduce provides a method for reducing many questions about
finitely generated algebras over a field of characteristic 0 to corresponding questions for
finitely generated algebras over a field of characteristic p > 0: in fact to the case where
that field is finite! It may be surprising that one can do this: it turns out to be a very
powerful technique.

I do want to emphasize that the theory we build here shows that the study of finitely
generated algebras over a field or DVR is absolutely central to the study of arbitrary
Noetherian rings.

Before stating Zariski’s Main Theorem, we review some facts from commutative algebra
that we assume in the sequel. Following the review, we state the algebraic form of the
theorem, review some basic algebraic geometry, and then give a geometric version of ZMT.
We explain how to deduce the geometric version from the algebraic version, and then go
to work on the proof of the algebraic version, which is rather long and difficult.

A prime ideal of R is a a proper ideal such that R/P is an integral domain. The (0)
ideal is prime if and only if R is an integral domain. The unit ideal is never prime. The
set of prime ideals of R, denoted Spec (R) is a topological space in the Zariski topology,
which is characterized by the fact that a set of primes is closed if and only if it has the the
form V(I) = {P € Spec (R) : I C P}. I may be any subset of R, but V(I) is unchanged by
replacing I by the ideal it generates, so that one may assume that I is an ideal. When I
is an ideal, V(I) is unchanged by replacing I by Rad (I) = {r € R : for some integer n >
0,7™ € I}. The closed sets of Spec (R) are in bijective order-reversing correspondence with
the radical ideals of R. The closure of the point given by the prime ideal P is V(P), so
that P is a closed point if and only if P is a maximal ideal of R. Note that Spec (R) is
not, in general, T;.



If f € R, Dy denotes Spec (R) — V(Rf), the set of prime ideals of R not containing
f. The sets D; are a basis for the open sets of the Zariski topology on R. Note that
ng = Df U Dg.

Let h : R — S be a ring homomorphism. Then h* or Spec(h) denotes the map
Spec (S) — Spec (R) whose value on Q € Spec (S) is the inverse image h~!(Q) under
h. This inverse image is also called the contraction of @ to R. Note that if R C S,
the contraction of @) to R is simply Q N R. We assume some familiarity with categories
and functors. Spec is a contavariant functor from the category of commutative rings and
ring homomorphisms to the category of topological spaces and continuous maps. (Very
briefly, functors assign values to objects and morphisms in a category in such a way that
identity maps are preserved, and composition is either preserved or reversed. Functors
preserving composition are called covariant, while those reversing composition are called
contravariant.)

A multiplicative system W in a ring R is a subset that contains 1 is closed under
multiplication. The localization of R at W, denoted W 'R, is an R-algebra in which
every element of W becomes invertible. Every R-module M also has a localization at W,
denoted W 1M, which is a W~ R-module. (W ~!M may be defined as equivalence classes
of pairs (m,w) € M x W where (m,w) is equivalent to (m’,w’) if there exists v € W such
that v(w'm — wm’) = 0. The equivalent class of (m,w) is denote m/w. W~='M and an
W1 R-module. Addition and multiplication by scalars are such that (m/w) + (m//w') =
(w'm + wm”)/(ww'), r(m/w) = (rm)/w, and (r/v)(m/w) = (rm)/((vw). There is an
R-linear map M — W~'M that sends m — m/1. This map need not be injective. In
fact, the kernel consists of all elements m € M such that wm = 0 for some w € W.
These remarks include the case M = R. Note that W~ R is a ring, and the multiplication
satisfies (r/w)(r/w’) = (rr')/(ww'). M — W~1M is injective if and only if no element
of W is a zerodivisor on M, i.e., multiplication by every w € W gives an injective map
M — M.

Note also that a homomorphism R — S can be factored R — W~'R — S if and only
if the image of W in S consists entirely of units, in which case the factorization is unique.
This is referred to as the universal mapping property of localization. The notation My, is
used as an alternative to W 1M, but we will not use this notation in these notes.

There is a canonical isomorphism W™1R ®g M — WM such that (r/w) @ m
(rm)/w and, under the inverse isomorphism, m/w — (1/w) ® m. M ~ W~IM is a
covariant exact functor from R-modules to W' R-modules: if f : M — N, there is a
unique map WM — W~IN such that m/w — f(m)/w.

If P is a prime ideal of R, W = R— P is a multiplicative system (this characterizes which
ideals are prime). In this case W' R is denoted Rp and is called the localization of R at
P. Likewise, W~1'M is denoted Mp. There is a canonical isomorphism of Rp®pr = Mp.

If S = W~LR, there is a bijective homeomorphism between Spec (W ~!R) and

{P € Spec(R): WNP =0}
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(with the inherited Zariski toipology from Spec (R). The maps send Q € Spec (W ~1R) to
its contraction to R, and P € Spec (R) to its expansion PSS to S. (For any homomorphism
R — S, if I is an ideal of R its expansion IS is the ideal of S generated by the image of
I.) Thus, there is bijection between the primes of W1 R and the primes of R that do not
meet W.

If R — S is surjective, then S = R/I, where I is the kernel. In this case there is
a homeomorphism of Spec (R/I) with V(I) C Spec(R), again given by contraction and
expansion.

When S is an R-algebra and W is a multiplicative system in .S, we have a definition for
W~1S: we may think of S as an R-module. This is canonically isomorphic with S-algebra
V=18 obtained by localizing S at the image of W. If P is a prime ideal and W = R — P,
this gives an identification of Rp/PRp with the fraction field of R/P. This field is often
denoted kp, but the notation is ambiguous, since it conceals the dependence on R.

If W is a multiplicative system in R and [ is an ideal of R, the R-algebras S = W~1(R/I)
and W™1R/IW ™R are canonically isomorphic. In this case we may put the facts above
together to conclude that Spec (S) — Spec (R) gives a homeomorphism of Spec (S) with
the set of prime ideals of R that contain I and are disjoint from W (in the inherited Zariski
topology from Spec (R).

Let h : R — S be a ring homomorphism and let f = Spec (h) be the continuous map
Spec (S) — Spec (R) given by contraction of prime ideals.. (Sometimes f is denote h*.)
The set-theoretic fiber of f over a prime P is f~!(P), i.e., the set of primes Q of S that
contract to P. The primes that contract to P are also said to lie over P. By taking I = P
and W = R — P, this set of primes may be identified with Spec (W ~1)S/PS, for Q lies
over P if and only if it contains the image of P, and, hence, PS, and is disjoint from the
image of W. The ring

WYS/PS) = (W™1S)/(PW™'8) = kp ®r S

is called the scheme-theoretic fiber of R — S over P. This point of view enables one to
think of the set-theoretic fiber f~!(P) as the space of prime ideals of the scheme-theoretic
fiber, (R — P)"1S/P(R— P)"'S 2 kp ®r S.

A prime @ of S that lies over P in R is called isolated in its fiber or isolated in the fiber
over P if it is both maximal and minimal among primes lying over P. In particular, if () is
the unique prime lying over P then it is isolated in its fiber. We shall return to this notion
soon and explain the use of the word “isolated” here, but we first want to state Zariski’s
Main Theorem, which we sometimes abbreviate ZMT.

We next want to recall the notion of integral dependence of elements. If R C S we say
that an element s € S is integral over R if it is a root of some monic polynomial with
coefficients in R. In other words, s satsifies an equation of the form s™ + 7, _1s" 1 4--- +
r;s? + -+ 7118+ 19 = 0 where n is a positive integer and the 7; € R. The set of elements
of S integral over R is a subring of S containing R called the integral closure of Rin S. R
is said to be integrally closed in S if the integral closure of R in S is R, i.e., every element
of S integral over R is in R. An integral domain is called integrally closed or normal if it is
integrally closed in its fraction field. Every unique factorization domain (UFD) is normal.



Theorem (Zariski’s Main Theorem). Suppose that R C R[01, ... ,0,] C S are com-
mutative rings and that R is integrally closed in S while S is integral over R[6, ... ,0,].
Let Q be a prime ideal of S that is isolated in its fiber over P € Spec (R). Then there exists
an element f € R — P such that the induced homomorphism Ry — Sy is an isomorphism.

We want to examine some consequences of this result, including a very important geo-
metric corollary, before we give the proof, which is difficult and lengthy.

We next review some basic algebraic geometry. Let K be an algebraically closed field.
For simplicity, at this point we shall restrict our attention primarily to closed algebraic sets
in some A¥. Let X be such a set. Unless otherwise specified, when we refer to “points of
X” we mean closed points. By a variety we mean a nonempty irreducible closed algebraic
set in some AY. (As a scheme, a variety is reduced and irreducible.) We write K[X] for the
coordinate ring of the affine (closed) algebraic set X: it is the ring of regular functions from
X to K = AL. Tt is a finitely generated reduced K-algebra (and, up to isomorphism, all
such algebras occur). X is a variety iff K[X] is a domain. Note that the category of (closed)
affine algebraic sets over K and regular morphisms is anti-equivalent to the category of
finitely generated reduced K-algebras and K-algebra homomorphisms: essentially, these
are opposite categories. If X is a variety then the fraction field of K[X] is denoted K (X)
and is called the function field of X. Its elements may be regarded as regular functions
defined on some nonempty (equivalently, dense) open set in X, where two functions are
equivalent if they agree on the intersection of their domains, which will be another dense
open set. A morphism g : X — Y of varieties is called dominant if its image is dense. This
holds if and only if the induced map of K[Y| — K[X] is injective, for that map has kernel
containing [ if and only if the image of g is contained V(I) C Y. A dominant map induces
a map of function fields K(Y) — K(X), which is necessarily injective. By definition, the
variety Y is normal precisely when K[Y] is normal, i.e., integrally closed in its field of
fractions K(Y').

The following is a corollary of ZMT, and is also referred to as Zariski’s Main Theorem.
The restriction to affine varieties is not needed and is only made for simplicity. We shall
explain how the Corollary is deduced in detail later.

Corollary (Zariski’s Main Theorem). Let g : X — Y, be a morphism of affine va-
rieties as in the preceding discussion. If g is bijective on closed points, Y s normal, and
K(X) is separable over K(Y), then g is an isomorphism.

We have not yet proved anything. We first want to discuss why some hypothesis other
than having g be bijective on closed points is needed.

Let Y be V(y? — 2?) in A%, which may also be described as the set {(A%, A3): X\ € K}.
Then K[Y] = K|y, 2]/(y® — 2?) & K[2?,2%] C K[z]. Let X = AL.. The map X — Y that
sends A to (A2, \3) is bijective. It corresponds to the map K[Y] = Kly, z]/(y® — 2%) =
K[z?% 23] C K[z] = K[X] that sends the images of y and z to 2% and 3, respectively. This
is an example of a bijective map of varieties that is not an isomorphism: the problem, in
some sense, is that K[Y] is not normal — the element x is in its integral closure. Thus,
Y is not normal. Note that the map of varieties cannot be an isomorphism because the
corresponding map of K-algebras is not surjective, and therefore is not an isomorphism.



Even when both varieties are normal, or even regular, the separability condition is
needed. Let K be an algebraically closed field of prime characteristic p > 0 and let
X =Y = AL. Let g : X — Y be the map sending A — M. Since K is algebraically
closed it is perfect, and so the map is surjective and therefore bijective. This morphism
corresponds to the K-algebra map of rings K [x] — K[x] sending = — 2P, or to the inclusion
K[zP] C KJ[z]. The map of rings is not surjective and so ¢ is not an isomorphism. The
induced map of function fields is K(2P) C K(z), which is evidently not separable: that is
the problem.

We next want to note that ZMT is rather non-trivial even in very special cases: it implies
a key lemma that can be used to deduce Hilbert’s Nullstellensatz very quickly. Suppose
that in the statement of (the ring-theoretic form of) ZMT one assume that R= K C L =S
where K is an algebraic closed field and S is a field that is finitely generated as a K-algebra.
Then ZMT applies: K is integrally closed in L because it is algebraically closed in L. Take
P=(0)C K and @ = (0) C L as the two primes (of course, there are no other primes to
choose). Evidently @ is isolated in its fiber, since L has only one prime. Then there exists
f € K — P such that Ky = L. Since f # 0 it is already invertible in K and L, and so we
see that K = L. That is, a field finitely generated as an algebra over an algebraically closed
field K must be equal to K. This result is sometimes called Zariski’s lemma. However,
our proof of ZMT will not give a new proof of Hilbert’s Nullstellensatz: we make use of
Hilbert’s Nullstellensatz in the argument.

Lecture of January 6, 2017

We next want to explain the used of the word “isolated” in the expression “isolated in
its fiber.” A point x of a topological space X is called isolated if it is both open and closed
in X. The fiber, as a topological space, is the Spec of the ring A = kp ®r S, and so may
be thought of as a topological space. We want to make two observations:

(1) If a prime m is an isolated point of Spec (A), then m is both maximal and minimal
among the prime ideals of A.

(2) If A is Noetherian or, much more generally, if the prime ideal m is finitely generated,

then m is an isolated point of Spec (A) if and only if m is both maximal and minimal
in Spec (A).

To see this, first note that {m} is closed if and only if m is maximal. Now {m} is open
if and only if there exists f € R such that mRy is the unique prime ideal of Ry: this is
the condition for D(f) = {m}. Since a prime has arbitrarily small open neighborhoods
of the form D(f), the set consisting of just that prime cannot be open unless it is equal
to D(f) for some choice of f. But if m = D(f) it must be minimal: any strictly smaller
prime would also be in D(f). Finally, suppose that m is both maximal and minimal and
that it is finitely generated, say by uq, ... ,up. If we localize at m it becomes the only
prime of R,,, and so every u; has become nilpotent. This implies that for every j we can
choose f; € R —m and N, such that fju™i =0. Let f = f1 -+ fn. In the ring Ry, every
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generator of m is nilpotent. Since m is maximal, it is the only prime ideal of R, and thus
{m} is open as well as closed.

Example Let K be any field and let X be the Cantor set. The ring A of locally cconstant
functions from X to K (these are the same as the continuous functions from X to K
with the discrete topology) is a zero-dimensional ring. Every prime ideal is maximal, and
corresponds to a point x € X as the ideal of functions that vanish at x. Spec(A) is
homeomorphic with X. Every point in x in both maximal and minimal as a prime ideal
of A, but no point of X is isolated. Of course, A is not Noetherian.

Example Let K be an algebraically closed field and consider the map A2K — A2 such
that for all a,b € K, (a,b) — (a(b—1),b(b—1)). The corresponding map of rings may be
thought of as the inclusion K[z(y — 1), y(y — 1)] € K[z, y]. Note that the ring on the left
is isomorphic with a polynomial ring in two variable

We next want to show how the geometric form of ZMT stated above follows from the
algebraic form. We need the following basic facts about the behavior of dominant maps of
varieties:

Lemma. Let g : X — Y be a dominant map of algebraic varieties, so that we have an

injection of domains K[Y] — K[X]|. Then:

(a) The transcendence degree of K(X) over K(Y) is § = dim (X) — dim (Y).

(b) There is a dense open subset U of Y such that for every u € U, the dimension of the
fiber g=1(u), thought of as a closed algebraic set in X, is § = dim (X) — dim (Y).

(¢) If dim (V) = dim (X) then K(X) is a finite algebraic extension of K(Y). Assume
also that K(X) is separable over K(Y'). Then there is a dense open set U C'Y such
that for all uw € U, the fiber g~ (u) is a finite set of cardinality d = [K(X) : K(Y)].

Proof. Given any three fields K C F C G the transcendence degree of G over K is the
sum of the transcendence degree of F over K and the transcendence degree of G over F.
Part (a) follows from applying this to K C K(Y) C K(X) along with the theorem that
the dimension of a variety over K is the transcendence degree of its function field over K.

To prove part (b), let R = K[Y] C K[X] =S. Then S is a domain finitely generated
over the domain R, and by the Noether normalization theorem for domains, we may localize
at one nonzero element f € R so that Sy is a module-finite extension of a polynomial ring
over R. The number of variables must be J, the transcendence degree. Let U be the
open set corresponding to D(f) in Y. Thus, after replacing R and S by Ry and Sy,
it suffices to show that if S is a module-finite domain extension of R[zq, ... ,xs], then
all fibers over maximal ideals m of R have dimension §. Since S/mS is module-finite
over (R/m)[x1, ... ,xs] the dimension is at most §. Since S has prime ideal @ lying over
mR|x1, ... ,xs] by the lying over theorem, and we have S/mS — S/Q, while S/Q is a
module-finite extension domain of (R/m)|x1, ... ,xs|, we also have that the dimension is
at least 9.

It remains to consider part (c). We continue the notations from the proof of (b). The
first statement is immediate from (a) and the fact that S = K[X] is finitely generated
over K and, hence, over R = K[Y]. We may localize at f € R — {0} and so assume that
S is module-finite over R. Then K(Y) ®r S = K(X). Choose a primitive element 6 for
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K(X) over K(Y): by multiplying by a suitable nonzero element in R, we may assume that
0 is in S. Let G be the minimal monic polynomial of 6 over the fraction field of R. By
our hypothesis on the field extension, G will be separable over R. By inverting one more
element of R — {0} we may assume that the coefficients of G are in R. Note that S/R[6],
as an R-module, is torsion. Therefore we may invert yet another element of R and assume
without loss of generality that S = R[f], and then S = R|z]/G.

Consider the roots of GG in a suitably large extension field of the fraction field of R.
The product of the squares of their differences (the discriminant of G) is a symmetric
polynomial over Z in the roots of GG, and therefore is expressible as a polynomial D over 7Z
in the coefficients of G, which, up to sign, are the elementary symmetric functions of the
roots. The discriminant is therefore a nonzero element of R. We localize at the discriminant
as well, and so we may assume that it is a unit of R. Note that each localization has the
effect of restricting our attention to a smaller dense open subset of Y.

The points of the fiber over a m, a maximal ideal of R, correspond to the maximal
ideals of (R/m)[z]/G, where G is simply the image of G modulo m. But R/m = K and
the discriminant of G is simply the image of the discriminant of G (one substitutes the
images of the coefficients of G into D), and so is not zero. It follows that the roots of G

are mutually distinct, and so the number of points in the finite fiber is precisely the degree
of G, which is the same as the degree of G and is equal to [K(Y) : K(X)]. O

Proof of the geometric form of ZMT. We are now ready to deduce the geometric form
of ZMT from the algebraic form. The fact that the map g : X — Y is bijective implies
that it is dominant. Therefore, we may consider R = K[Y] C K[X] = S. We want
to prove that R = S. Consider S/R as an R-module. If it is nonzero, then there is a
maximal ideal m of R such that (S/R),, # 0, and then R,, # S,,, where S,, is simply
(R — m)~1S. The bijectivity of the map shows that all set-theoretic fibers over closed
points consist of exactly one closed point. From part (b) of the preceding Lemma, we
must have dim (X) = dim (YY), and then part (c) shows that the extension is algebraic
of degree 1, which means that K(X) = K(Y): note that we are using separability here.
Since R, is normal, it is integrally closed in S,,, for S,, is contained in the fraction field
of R. Since S is finitely generated over R, S,, is finitely generated over R,,. The fiber
Sim/mSy, contains just one prime ideal, which is isolated in its fiber. Therefore we can
choose f € R,;, — mR,, such that (R,,)s = (Si)s. But since f is already invertible in R,
and S,,, this implies that R,, = S,., a contradiction. []

Lecture of January 9, 2017

We are now ready to begin the proof of the algebraic form of ZMT. We have that
Q € Spec (5) is isolated in its fiber over P € Spec (R), where R[01, ... ,6,] C S is integral,
while R is integrally closed in S. We shall used induction on n. If n = 0, then S is integral
over R, and since R is integrally closed in S, this implies that R = S, and we are done.

We postpone considering the case where n = 1. Instead, we assume this case for the
moment, and carry through the inductive step. This will reduce the problem to studying
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the case where n = 1. For this purpose let T" denote the integral closure of R[01, ... ,0,_1]
in S. Let § = 6,. Note that S is integral over T[f]. Let ¢ = Q@ NT. We want to
show that ¢ is isolated in its fiber over R, which is the fiber over P, since it is clear that
gNR=QNR = P. Suppose that we can do this. Then we can choose f € R — P
such that Ry = T, by the induction hypothesis. Now @ is evidently isolated in its fiber
over ¢, since ¢ lies over P in R, and this is preserved when we localize at f. Also, S is
integral over T'[f], and so Sy is integral over T¢[f]. Thus, we can apply the case n =1 to
conclude that there exists v = Ty — ¢T such that (Tf), = (S¢)y. Now, Ty = Ry, and
it follows that ¢y = PRy, so that we may write v = g/f" where g € R — P. This gives
Ry = (Rf)y = (T5)y = (S¢)y = Sfgq, as required.

It remains to prove that ¢ is isolated in its fiber over P.
We need the following result (think of Sy as R[04, ... ,04]).

Lemma. Let RC T C S be rings. Let (Q be a prime of S lying over P = Q N R, and let

q=QnNT.

(a) If Q is minimal in its fiber over P and uw € T — q is such that T,, = S,,, then q is also
minimal in its fiber over P.

(b) If S is integral over Sy, R C Sy C S with Sy finitely generated over R, and Q is
mazximal in its fiber over P, then q is maximal in its fiber over P.

(¢) If Q is isolated in its fiber over P, S is integral over a finitely generated R-subalgebra
So, and there exists u € T — q such that T,, = S,,, then q is isolated in its fiber over
P.

Proof. To prove part (a) note that if ¢’ is strictly contained in ¢ and ¢’ lies over P, we may
expand ¢’ to T, = S, and then contract to S to obtain a prime @’ of S strictly smaller
than @ and lying over P: we have a bijection between primes of T" not containing u and
prime of S not containing wu.

For part (b), first replace R, T, and S by their localizations at P. Thus, we may
assume that R is local with maximal ideal P. Then R/P C T/q C S/Q, and we also have
R/P C Sy/q¢ C S/Q, where ¢/ = QN Sy. The fact that @ is maximal in its fiber over P
implies that S/Q is a field. Since S/Q is integral over Sy/q’, So/q’ is also a field, and it is
finitely generated over R/P. It follows that Sy/q’ is a finite algebraic extension of R/P.
Now we get that S/Q is an algebraic extension of R/P. It now follows that T'/q is a field,
and this means that ¢ is maximal in its fiber.

Part (c) is simply the result of combining (a) and (b). O

We can now use this Lemma to to see that ¢ as defined earlier is isolated in its fiber over
P. We have the hypothesis of part (b). The hypothesis of part (a) also holds, because we
may apply the case n = 1 to the inclusion 7' C S (Q is obviously isolated in its fiber over
q) to obtain u € T — ¢ such that T,, = S5,). The result we need is now immediate from
part (c). This completes the reduction to the case where n =1. [

For the remainder of the proof we shall be studying the case where R C R[f] C S. R is
integrally closed in S, S is integral over R[f], and @, a prime of S, is isolated in its fiber
over P = QN R. We want to reduce to the case where S is actually module-finite over R[f].
For this purpose it will suffice to find 7" module-finite over R[] such that R[f)] C T C S
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and ¢ = Q NT is isolated in its fiber over P. For once we have T' as specified, if we know
the theorem in the module-finite case we can choose f € R — P such that Ry =Ty C S;.
Then Ry is integrally closed in Sy and Sy is integral over Ty = R together imply that
R; = Sy. Quite generally, we are free to replace S by any ring 7' with R[] C T C S such
that @ N7 is minimal in its fiber: by the argument just given, if the desired result holds
for T' then it holds for S.

Note that by part (b) of the Lemma above, we have that ¢ is maximal in its fiber for any
choice of T' with R[#] C T C S. Thus, the problem is to choose T such that ¢ is minimal in
its fiber. Thus, we want to find sg, s1, ..., sy € S such that with T'= R[0][so, s1, .. , Sh],
g = Q@ N T is minimal in its fiber over P. For this purpose we may replace R, S by Rp,
Sp and 6 by its image in Sp. If we find elements so/ fo, s1/f1, --. ,sn/fn that work here,
where the s; € S and the f; € R — P, we may use Sg, S1, ... ,Sp, since the f; become
invertible in any case when we calculate the fiber. Let K = R/P. Let 6 be the image of
6 in R[0]/PR[A] = K[0]. If § satisfies a monic polynomial of positive degree over K, then
we may take T" = R[f]: the fiber is module-finite over K and, hence, zero-dimensional,
and so all primes of the fiber of T" over P will be isolated in that case. Therefore, we may
assume without loss of generality that 6 is transcendental over K. Q lies over a prime of
R[] that is maximal in its fiber, by part (b) of the Lemma above, and this prime will be
generated modulo PR[f] by g(f), where g is a monic polynomial over K. Lift g(f) to an
element v € R[A]. Then v € @ is nilpotent mod PSg, since ) is minimal in its fiber.

Hence, we can choose sg € S—(Q), a positive integer N, p1, ... ,pp € P,and s1, ... ,sp €
S such that sgy™N = 2?21 sjpj. Choose T' = R[f][so, S1, ... ,sn). We claim that ¢ = QNT
is minimal in its fiber over P, for a smaller prime ¢y that lies over P will not contain s,
and so must contain . But then ¢ and ¢y contract to the same prime in R[0], since there
is only one prime that contains P and ~, and since T is integral over R[0] it follows that
q = qo-

Once we have replaced S by a module-finite extension of R[], we may again replace
R by Rp and S by Sp, and it suffices to see that Rp = Sp. For if these two are equal,
then for each of the finitely many generators of S over R we may choose f; multiplying
that generator into R with f; € R — P. Let f be the product of the f;. Then Ry = S;.
Henceforth we assume that R = (R, P, K) is quasi-local as well.

If A C B is module-finite the conductor of B in A is defined as {a € A: Ba C A}. It is
readily checked to be an ideal of A and an ideal of B. It is also easy to see that it is the
largest ideal of A that is also an ideal of B, since any element a of such an ideal has the
property that Ba C A.

Throughout the rest of the proof of ZMT, let J be the conductor of S in R[f]. The
remainder of the proof breaks up into two cases: one where J € @, which is easier, and
one where J C (). The second case will require two preliminary results.

We first discuss the case where J Z Q. Let u € J — Q. Then R[0], = S,, and by part
(a) of the Lemma of January 9, Q N R[] is isolated in its fiber over P. We may therefore
replace S by R[f]: once we have the result for R[f], the case of S follows, by the comment
at the end of the first paragraph of the preceding page.
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But then R[0]/PR[f] = K[0] cannot be a polynomial ring in 6 over K, for no prime
could then be isolated. It follows that there is a polynomial in # with at least one coefficient
not in P whose value is in PR[f]. Subtracting, we find that there is a polynomial in 6
over R that vanishes and has at least one coefficient not in P. Choose such a polynomial
of least degree d, and call it 740" + r4_10%"" + --- + 9. By multiplying the polynomial
by rj_l, we see that r460 is integral over R and therefore in R. Thus, we may re-write the
polynomial as (rq + rq_1)09~! + - - + 1o, which has lower degree in #. Therefore all of
its coefficients are in P, and we conclude that r460 +rq_1 € P. If r4 is a unit, we find that
0 € R, as required. If ry € P and ry_; is a unit, we find that r4_1; € PS, a contradiction,
since () contains PS. This completes the proof for the case where J Z Q.

In the remaining and most difficult case, where J C @, we shall show that ) cannot be
isolated in its fiber. We need two preliminary results.

Lemma. If R C R[] C S are domains with S integral over R[] and 0 is transcendental
over R, then no prime ideal of S is isolated in its fiber.

Proof. Suppose that @ is isolated in its fiber over P = SN R. Let S’ be the integral closure
of S in its fraction field. By the lying over theorem, there exists a prime ideal Q' of S’
lying over Q. @' must also be isolated in its fiber over P: a prime @)} comparable to but
distinct from it lying over P would yield such a prime lying over P and comparable to but
distinct from @ when contracted to S (@) cannot lie over @): primes lying over the same
prime in an integral extension are mutually incomparable). Henceforth we assume that
S = S’ is integrally closed. It then contains an integral closure R’ of R in the fraction
field of R. Then Q will be isolated in its fiber over P = Q N R’: a comparable prime lying
over P’ will automatically lie over P (note that P’ R C @ N R = P). Therefore we may
replace R by R’ and R[] by R[], and so assume that R is integrally closed. But now
both going up and going down hold between R[] and S, since R[f] is again normal, and
it follows that @ N R[A] is also isolated in its fiber over P. We may consequently replace
S by R[f]. But now we can see that no prime is isolated in its fiber, since the fiber over
P is the polynomial ring in one variable over a field, and there is no prime that is both
maximal and minimal. [J

Lecture of January 11, 2017

We need one more preliminary result:

Lemma. If A C A[r] C B with B integral over A[T] and A integrally closed in B, and there
is a monic polynomial F' with coefficients in A such that F(17)B C A[r], then B = Alr].

Proof. Let b € B be arbitrary. Then F(7)b = G(7) for some polynomial G with coefficients
in A, since F(1)B C Alr]. By the division algorithm for monic polynomials we can write
G = QF + H, where H is either 0 or of degree smaller than that of F', and where ) and H
are polynomials with coefficients in A. Let ¢ = b— Q(7). It will suffice to show that ¢ € A,
and for this it will suffice to show that ¢ is integral over A. Now F'(7)b = F(7)(Q(7)4+c), but
F(r)b=G(1) = Q(7)F(r)+ H(7) as well, and so F(7)c = H(7). Since deg(H) < deg(F),
this implies that 7/1 € B, is integral over the ring A’[1/¢], where A’ denotes the image
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of Ain B, and ¢ is the image of ¢ in B.. Since B is integral over A[r], we have that B,
is integral over A’[1/¢], and, in particular, ¢ € B, is integral over A’[1/c]c. We may write
down an equation of integral dependence for ¢ over A’[1/¢]. Each element of A’[1/¢] can
be expressed as a polynomial in some degree M in ¢ with coefficients in A’ divided by ¢/,
and we may multiply numerator and denominator by a power of ¢ to increase M. Hence,
for some k we have an equation:

E=1 @
ey Ul -
j=0

where every «; is a polynomial in ¢ of degree M with coefficients in A’. Multiplying by
M yields:

k—1
MLy "aj(e)e =0.
j=0

The power of ¢ on the left has strictly higher degree than any power of ¢ in the summation.
This shows that ¢ is integral over A’. If we take the monic polynomial above over A’ that
¢ satisfies and lift it to A[c], its value in B vanishes in B., and so is killed by a power of c.
Multiplying by this power of ¢ yields a monic polynomial over A that is satisfied by ¢. [

Proof of Zariski’s Main Theorem: the finale. We shall now show that if .J, the conductor
of S into R[t], is contained in @) that @ is not isolated in its fiber, which will complete the

proof of the theorem. Recall that R is integrally closed in S and that S is module-finite
over RI[0)].

If J C @ we can choose a minimal prime ¢ of J in S such that ¢ C Q). Let p = gNR. Let
t denote the image of # in the ring S/q. Now, R/p C (R/p)[t] C S/q, and S/q is integral
over (R/p)[t]. The fact that @ is isolated in its fiber over P implies that @)/q is isolated in
its fiber over P/p C R/p. By the final Lemma in the Lecture Notes from January 11, this
means that ¢t cannot be transcendental over R/p. We complete the proof by obtaining a
contradiction.

If ¢ is algebraic over R/p, localize at p and consider the image 7 of 6 in S,. We
then obtain a monic polynomial Fj, with coefficients in R, such that Fy(7) € ¢S,. Since
q is a minimal prime of J, there exist a positive integer N and w € S — ¢ such that

w(Fo(T))N € JS,. Replacing Fy by F' = FYN, we have F monic over R, such that
wF(r) € JSp. We now apply the Lemma above with A = R, and

B = R,[1, wSy] = Ry[T] + wS, C 5.
Note that since F'(7)w € JS,, we have that
F(r)B C A[r] + JS,S, = A[r] + JS, C A[r],

since JS C R[f]. Note also that A is integrally closed in B, because R, is integrally
closed in S,. The Lemma above now applies, and we can conclude that B = A[r|, and
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so wS, C A[r]. Since S is module-finite over R[f], this implies that for some element
g€ R—p, gwS C R[f]. But g ¢ q and w ¢ ¢, and so gw ¢ ¢, while we have just shown
that gw € J. This is a contradiction, since J C ¢ by our choice of ¢q. [

We next want to define smooth, étale, and unramified algebras. We first need to discuss
finitely presented algebras a bit. Let R be any commutative ring. An R-algebra S is
called finitely presented if it is finitely generated and for some set of R-algebra generators
S1, ..., 8y of S, the ideal of polynomial relations on s1, ... ,s, over R is a finitely gener-
ated ideal. In more detail, note that a choice of R-algebra generators sq, ... ,s, yields a
homomorphism of a polynomial ring R[X1, ..., X,,] — S that is surjective, and so we have
that S = R[X3, ..., X,]/I, where I is the kernel. I is the ideal of polynomial relations
on si, ...,S, over R, and so we are requiring that I have some finite set of generators,
say I, ..., F,. That is, S is finitely presented over R if and only if it has the form
R[Xy, ..., X,]|/(Fy, ..., F,), where Xy, ..., X, are indeterminates.

It is reasonable to ask what happens if one chooses a different finite set of algebra
generators for S over R. The answer is that the ideal of polynomial relations is still finitely
generated. It suffices to compare each set of generators with the union of the two sets, and
so we may assume that one set is contained in the other, say s1, ... ,s, and s1, ..., Sp1h.
By induction on A it suffices to consider the case where h = 1, i.e., to compare sy, ..., Sy,
and s1, ... ,Sp, s where s = s,11. Since s is in the R-subalgebra generated by s1, ..., s,
we can choose a polynomial F' € R[Xy, ..., X,] such that s = F(s1, ...,$,). Consider
the R-algebra map T'= R[X;, ..., X,] - S such that X; — s;, 1 < j < n: let I be the
kernel. We extend this to T'[X] so that X — s. It is easy to verify that the new kernel is
J =IT[X]|+ (X — F)T[X]. Clearly, if I is finitely generated, so is J. On the other hand,
if J is finitely generated we use the fact that there is an algebra retraction T[X] — T that
fixes T and maps X to F": the image of J under this map is clearly I, and so a finite set
of generators for J will map to a finite set of generators for I.

If S is finitely presented over R and T is finitely presented over S then 7' is finitely
presented over R. For suppose that

S=R[X1,...,Xn)/(F, ... ,Fp)and T = S[V4, ... ,Yi]/(G1, ... ,Gp).

Each G; can be lifted to an element H; of R[Xy, ... ,X,, Y1, ... Y] by lifting every
coefficient to an element of R[X, ..., X,] that maps to it. Then

T=R[Xy,...,Xn, Y1, ..., Y%|/(Fy1, ..., Fy, Hy, ... Hyp),
as required.

Finally, note that a localization of R at one (and, hence, at finitely many) elements is
finitely presented: Ry = R[X]/(fX —1). A localization (at any multiplicative system) of
a finitely presented R-algebra is called essentially finitely presented. If the multiplicative
system is finitely generated, the word “essentially” is not needed.

Let S be an R-algebra. Let (T, J) be a pair consisting of an R-algebra T and an ideal
J C T such that J? = 0. Then there is an obvious map

@T,J : HOIIlR_a]g(S, T) — HomR_alg(S, T/J)
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that sends f : S — T to its composition yo f with the natural surjection v : T — T'/J. By
a smooth R-algebra S we mean a finitely presented R-algebra such that for all R-algebras
T and J C T with J% = 0, the map Or ; is surjective. By an étale R-algebra S we mean a
finitely presented R-algebra such that for all R-algebras T' and J C T with J? = 0, the map
O, is bijective. By an unramified R-algebra S we mean a finitely presented R-algebra
such that for all R-algebras T and J C T with J? = 0, the map O ; is injective.

Thus, given an R-algebra map S — T'/J with J? = 0, if S is smooth over R it has at
least one lifting to an R-algebra map S — T'. If S is étale, it has a unique such lifting. If
S is unramified it has at most one such lifting (but there may not be any lifting).

Note that some authors give these definitions while only requiring S to be essentially
finitely presented rather than finitely presented. This creates only small differences in the
theory and is convenient in certain ways, while adding a few complications in other ways.
Instead, we shall add the word “essentially” for this case and talk about maps that are
essentially smooth, essentially étale, or essentially unramified.

Our next objective is to give many other characterizations of these three properties.
These characterizations should offer deep insight into the nature of morphisms with these
properties.

We first need to review the notions of derivation and of the module of Kdahler differ-
entials. A derivation of a ring R into an R-module M is a map D : R — M such that
for all f, g € R, D(f 4+ g) = D(f) + D(g9) and D(fg) = fD(g) + gD(f). The kernel of
D is a subring of R: note that D(1-1) = 1D(1) 4+ 1D(1) and so D(1) = D(1) + D(1)
and D(1) = 0. A derivation D always kills the image of Z in R. If R is an A-algebra
then a derivation D : R — M is A-linear if and only if the image of A is killed by
D. (If it is A-linear then D(a - 1) = aD(1) = 0, while if the image of A is killed then
D(af) = D((a-1)f) = (a-1)D(f) + fD(a-1) = aD(f) + f -0 = aD(f).) An A-linear
derivation is also called an A-derivation. The set of A-derivations Dery (R, M) is an R-
submodule of the set of all derivations Der (R, M) of R into M. The module structure
may be described as follows: the value of Dy + Do on f € R is D1(f) + D2(f), and the
value of D on f is rD(f).

There is a “universal” A-derivation from R into a specially constructed R-module Qg 4.
We sketch the construction. Let W be the free R-module with a basis in {b; : f € R}
in bijective correspondence with the elements of R. We want to kill a submodule of W
in such a way that the map that takes f € R to the image of by in the quotient of W
by this submodule is a derivation. We therefore kill the R-submodule of W spanned by
the elements by, — by — by and by, — fby — gby for f, g € R, and also b,y — rb; for all
r € R in the image of A and all f € R. Let Qg4 denote the quotient of W by the
span V of all these elements. It should be clear that the map d : R — Qg/4 that sends
f to the image of by is an A-derivation. We therefore use df to denote the image of by.
The map d : R — Qg4 has the following universal property: given any A-derivation D
of R into an R-module M, there is a unique R-linear map T : Qr,4 — M such that
D = T od. Thus, every A-derivation arises from d, uniquely, by composition with an
R-linear map. (It is straightforward to check that the composition of an A-derivation with
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an R-linear map is an A-derivation.) Otherwise said, for every R-module M we have an
isomorphism Hompg(Q2p 4, M) = Dera(R, M). This is the universal mapping property
of d: R — Qprsa. (Another way of thinking about this is to note that d : R — Qg a
represents the functor M +— Ders(R, M) in the category of R-modules.) This mapping
property determines d : R — (g, uniquely up to unique isomorphism.

The proof that every A-derivation D of R — M arises uniquely from an R-linear map
Qr/a — M is straightforward. Given D, it is clear that if one composes the required linear
map with the quotient surjection W — Qg 4, it must map by +— D(f) for every f € R.
This shows uniqueness. There is certainly a unique such map from W to M. All that
is needed is to show that it kills all the elements whose span V' we took in constructing
Qr/a as W/V. But these are killed precisely because D is an A-derivation. We shall have
a lot more to say about derivations and Kahler differentials, but at this point we want to
explain how to use them to characterize smooth, étale, and unramified homomorphisms.
The proof of the theorem we state next will occupy us for quite a while.

Theorem. Let S be a finitely presented R-algebra.

(a) If R contains the rationals, S is smooth over R if and only if S is flat over R and
Qg/Rr is projective as an R-module.

(b) S is étale over R if and only if S is flat over R and Qg g is 0.

(c) S is unramified over R if and only if Qg/r = 0.

In part (a), when R does not necessarily contain the rationals a supplementary condition
is needed: e.g., S is smooth over R if and only if for every maximal ideal ) of S lying over
Pin R, (Qg/R) is Sg-free of rank equal to the dimension of Sg/PSq.

Lecture of January 13, 2017

It is obvious from the definition that a homomorphism is étale if and only if it is
both smooth and unramified, and that is also obvious from our characterizations using
differentials.

Note also that the composition of two smooth (respectively, étale, respectively, unram-
ified) homomorphisms is again smooth (respectively, étale, respectively, unramified). For
example, suppose that S5 is smooth over S; and S is smooth over R. Given a map
So — T/J where J? = 0 we have a composite map S; — So — T/.J which lifts to a map
S1 — T. Now, since T is an Sp-algebra and Sy is smooth over S; we can lift to a map
Sy — T. Likewise, given two R-algebra liftings of an R-algebra map So — T'/J to two
maps Sy — T that are distinct, the induced maps S7 — S5 — T must also be distinct,
since S9 is unramified over S;. But these both lift the same R-algebra map S — T'/J,
contradicting the fact that S; is unramified over R. The corresponding result for étale
maps is the consequence of putting these two results together.

We want to give a bit more feeling for derivations and modules of differentials. Note
that by a straightforward induction, if D is a derivation on R then

D(fifo- fu)=1fo - fiD(fr)+ -+ fife - fam1D(fr)-
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A typical term in the sum is the product of all the f; except f; times D(f;). An immediate

consequence is that D(f*) = kf*='D(f). Tt then follows that D(f* --- f*) is the sum of

the h terms of which a typical term is k; fh ffj_l e f;th(fj). It also follows that the

value of an A-derivation D on a polynomial in f1, ..., f; with coefficients in A is uniquely
determined by the values of D(f1), ..., D(fr).

0
In the case of the a polynomial ring B[x] there is B-derivation — (we use the partial

derivative notation because B may be a polynomial ring involving other variables) whose
value on F(x) is
F(x+ A) — F(x)
A A=0

0
where A is a new indeterminate. For b € B, — (ba"*) = kbz* 1.

" Ox
The polynomial ring R over A in variables x; (there may be infinitely many) has a

derivation for each variable z;: one may think of R as B;[x;] where B; = Alx; : j # i].

L
Then if R is an A-algebra, F' € A[Xy, ..., Xg] and fi1, ..., fx € R, for any A-derivation
D we have that
5 OF

It follows that if we have elements f; that generate R over A then the elements df; span
Qg4 as an R-module. In particular, if R is a finitely generated A-algebra then Qg4 is a
finitely generated R-module.

Given a polynomial ring R in variables x; over A, a derivation D of R into M is uniquely
determined by specifying values u; € M for the variables x;, and it is straightforward to
check that there really is a derivation for each specified set of values {u;};: it sends F' to

oF

7

This implies that for the polynomial ring R, (g, 4 is the free R-module on the dx;. This
is true whether the number of variables is finite or infinite.

Note that if we have an A-algebra homomorphism R — S and an S-module M there is
an R-linear map Der (S, M) — Dera(R, M) (where M is thought of as an R-module via
restriction of scalars) that is simply induced by composition with the map R — S. This
implies that there is an R-linear map 2z/4 — Qg/4 sends df (this might more precisely
be denoted dr/4 f) to df (which might more precisely be denoted dg,4 f). Hence, there is
an S-linear map S ®g Qr/a — Qg/a-

Let I be an ideal of the A-algebra R. Given an A-derivation R/I — M we may compose
to get an A-derivation R - R/I — M. An A-derivation D : R — M arises in this way if
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and only if M is an (R/I)-module and D kills I. It follows that if we have an A-algebra
surjection R — S with kernel I, then Qg/4 = S ®r Qr/a/Span{df : f € I}. In the
denominator here, it suffices to kill the R-span of the df; for a set of elements f; that
generate I (note that d(rf;) = rd(f;) + f;dr, and the second summand is 0 because I kills

Any A-algebra R may be thought of as a polynomial ring 7" in variables x; modulo the
ideal generated by polynomials F;: both ¢ and j may vary in an infinite set here. It follows
that /4 may be thought of as the free R-module on the dz; modulo the images of the

elements dF} calculated in €074, i.e., the images of the elements > gif dx;.

In the case of a finitely presented A-algebra R we may work with finitely many variables

F,
x; and finitely many polynomials F};, and then Qg,4 is the cokernel of the matrix ( J )

8Ii
(each entry is replaced by its image in R). This matrix is called the Jacobian matriz. The
Jacobian matrix depends on a choice of generators and relations for R over A, but its

cokernel, {2g, 4, does not.

If R is an A-algebra, W is a multiplicative system in R, and D : R — M is a derivation,
then any derivation D : R — M induces a unique derivation W='D : W—IR — WM
whose restriction to R is D. Since w(f/w) = f/1 for f € R and w € W, the extended

derivation, if there is one, D, must satisfy

D(f)/1 = D(f) = D(w(f/w)) —wD(f/w)+(f/w)D(w/1) = wD(f/w)+(f/w)(D(w)/1).
We may multiply by 1/w to obtain

By = 2O SD() _ wD(h) = D(w)

w? w?

the usual quotient rule. This proves that there is at most one way to define D. Tt is
straightforward to check that if one takes this as the definition (one must check that if
fi/w1 = fa/ws then one gets the same result from either of these representations) then one
does in fact get a derivation that extends D. The remaining details are also straightforward.

It then follows easily from the universal mapping properties for the modules of differ-
entials and for localization that

Q-1r/a 2 W Qp/a.

Before proving the theorem we have already stated characterizing smooth, étale, and
unramified morphisms in terms of the behavior of differentials, we want to give some further
characterizations: the proofs of these results are likewise postponed for a while.

We need the notion of a geometrically regular algebra over a field. If K is a field, we say
that a Noetherian K-algebra R is geometrically reqular if for every finite purely inseparable
extension L of K, the ring L ® g R is regular. This implies that R is regular, and in equal
characteristic 0, it is equivalent to the condition that R be regular, since the only purely
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inseparable extension of K is K. Similarly, if K is algebraically closed or perfect, the
condition that a K-algebra be geometrically regular is, again, simply the condition that it
be regular. It turns out that if R is geometrically regular over K, then L ®x R is regular
for every finite algebraic extension of K. In this generality, infinite field extensions L are
slightly problematic in that one may lose the Noetherian property.

However, when R is essentially of finite type over K, i.e., a localization of a finitely
generated K-algebra, the geometric regularity of R over K implies that L ® ¢ R is regular
for every field extension L of K. In this case it turns out that R is geometrically regular
provided that L®pg K is regular for some field that contains a perfect closure of K (in char-
acteristic p, this is a maximal purely inseparable algebraic extension, gotten by adjoining
all p° th roots of all elements). In particular, if R is essentially of finite type over K, then

R is geometrically regular if and only if K ® i R is regular, where K is an algebraic closure
of K.

Note the following example. Let R = k(t) be a field where k is a field characteristic
p > 0 and t is transcendental over k. Let K = K(t?) C R. K is a field, and R is a
regular, but it is not a geometrically regular K-algebra: k(t) ® x R contains the nilpotent
t®1—1®t, whose pth power is 0.

We will eventually prove all of the statements about geometric regularity made above.
But we first want some additional characterizations of smooth, étale, and unramified mor-
phisms, of which the next is:

Theorem. Let S be a finitely presented R-algebra.

(a) S is smooth over R if and only if S is flat over R and for every prime P of R, the
fiber kp @pr S is geometrically reqular over Kp.

(b) S is étale over R if and only if S is flat over R and for every prime P of R, the fiber
kp ®pr S is a finite product of finite separable algebraic field extensions of kp.

Note that a smooth algebra over a field K is the same as a finitely generated geomet-
rically regular algebra, while an étale algebra over a field K is the same thing as a finite
product of finite separable algebraic field extensions.

For varieties over the complex numbers C, étale has the following geometric interpreta-
tion: R — S is étale means that the map of corresponding varieties is, locally, like an open
inclusion in a covering space with finite fibers. The interpretation of unramified is that
the geometric map is like a locally closed inclusion in a covering space with finite fibers.

In the algebraic setting we now give very down-to-earth characterizations of all these
notions. Let R be aring and let x be an indeterminate over R. Let f be a monic polynomial
in z, and let g € R[z| be such that f’, the derivative of f with respect to z, is invertible in
Rlx],. It then turns out that (R[z]/fR[xz]), is étale over R. Such an extension is called a
standard étale R-algebra. The following is a deep result characterizing étale and unramified
extensions:

Theorem. Let S be a finitely presented R-algebra. Then S is étale (respectively, unrami-
fied) over R if and only if for every prime ideal Q of S with contraction P to R there exist
beS—Q and a € R — P such that Sy is isomorphic to a standard étale algebra over R,
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(respectively, a homomorphic image by a finitely generated ideal of a standard étale algebra
over R,).

The result just stated requires ZMT in the proof, and generalizes immensely that state-
ment that a finite separable algebraic field extension has a primitive element.

There is a similar result characterizing smooth homomorphisms:

Theorem. Let S be a finitely presented R-algebra. Then S is smooth over R if and only if
for every prime ideal Q of S with contraction P to R there eristbe S —Q anda € R— P
such that there is a factorization R, — T — Sy, where T is a polynomial ring in finitely
many variables over R, and T — Sy is étale.

If we are working with varieties over C then R — S is smooth means that, locally on
Spec (R) and Spec (.5), the map factors as an open inclusion in a covering space with finite
fibers of the product of the base with A" for some m.

Filling in the proofs of the results we have stated will be a considerable task.

Lecture of January 18, 2017

An R-algebra S is called formally smooth, respectively formally étale, respectively for-
mally unramified if for all R-algebras T and ideals J C T such that J? = 0, the map Or s
is surjective, respectively bijective, respectively injective. Evidently, in each case, the word
“formally” may be dropped, if the property of finite presentation for S over R is assumed
as well. If two homomorphisms f : R — S and g : S — T are formally smooth (or formally
étale, or formally unramified), then their composition go f : R — T has the same property.

Proposition. Let S be an R-algebra. If S is a polynomial ring over R, then S is formally
smooth, and it is smooth if the number of indeterminates is finite. If S = W'R then S
is formally étale over R, and it is étale if W is finitely generated. If S = R/I then S is
formally unramified over R, and it is unramified if I is finitely generated.

Proof. For the result on polynomial rings, note that the values on the indeterminates x;
are elements ¢; of T'/J, where ¢; is the image mod J of t; € T. One may lift the map by
sending x; — t; for all . This does not use that J2 = 0.

Given a map of f: W™1R — T/J, one has a map of R — T'/J, and this has a unique
lifting to a map R — 7. The map W~!'R — T that lifts f must extend this map, and
there is at most one map that does so: it exists if and only if every element of W maps
to a unit of 7. But this is true, because every element of W maps to a unit of 7'/.J, and
killing nilpotents does not affect the invertibility of elements.

Finally, if an R-algebra map R/I — T'/J has two liftings to maps R/I — T, these
will induce, by composition with R — R/I, distinct R-algebra maps R — T, a contradic-
tion. [

We next note that if S is formally smooth, or étale, or unramified over R, and if R’ is
any R-algebra, then R’ ®g S is formally smooth, or étale, or unramified over R’. The same



20

result holds with the word “formally” omitted, since if S is finitely presented over R then
R’ ®p S is finitely presented over R': if S = R[x1, ... ,x,]/(F1, ..., Fy) then R @ S =
Ry, ..., 2, /(F}, ..., F},), where F] is the image of F;j in R'[zy, ... ,z,]. The point in
the proofs is that if 7" is an R’-algebra, then Homp/_a.(R' ®r S, T) = Homp_a15(S, 1)
as sets, and the same holds when T is replaced by T'/J. The required results are then
immediate.

We shall say that § : R — M, where M is an R-module, is a universal derivation for the
A-algebra R if for every derivation D : R — N, where N is an R-module, there is a unique
R-linear map L : M — N such that D = Lod. We have already noted that d : R — Qg /4
is a universal derivation. If § : R — M is another, the universal mapping properties give
unique R-linear maps L : Qr 4 — M and L' : M — Qpr/4 that are mutually inverse (e.g.,
L' o L is the unique map from Qp /4 to itself whose composition with d gives d, and so is
the identity). Note that 6 = L o d.

If S is an R-algebra, let I be the kernel of the map S®zr .S — S. The ideal [ is generated
by elements of the form s®1—-1®s. Now S®pgS has two S-module structures coming from
the two maps of S into it (one structural morphism maps s to s ® 1 and the other maps
s to 1 ® s), and every ideal of S ®p S has these two S-module structures. In particular, I
and I? have two S-module structures. However, we claim that on I/I? these two S-module
structures agree. The reason is that

I/ = (S®r 9)/I) ®sgps |

is an ((S ®@g S)/I)-module, and (S ®g S)/I = S. Notice that we have a map 6 : S — I
such that for all s € S, §(s) = s® 1 —1® s. This map is easily seen to be R-linear. In
fact, it is an R-derivation of S — I/I?, since

so(t)+t0(s) =s(t®1—-1t)+t(s®1—-1® ).
In evaluating s(f ® g) we may use either sf ® g or f ® sg. Thus, this expression becomes
stRl—sRt+sRt—1Rst=st®1—1R st = 0(st),

as required.

Theorem. With notation as just above, 6 : S — I/I? is a universal R-derivation on S,
and so Qg/p = I/I? in such a way that ds corresponds to s®1—1® s.

Proof. Let S = K[X; :i]/(Fj : j) be a presentation of S, where i and j are both permitted
to vary in index sets that may be infinite. We shall think of this as the copy of S on the
right in S ®r S. Let Y; be a new family of indeterminates indexed in the same way as
the X; and let G; = F;(Y') be the corresponding family of polynomials in the Y;, so that
S = R[Y :i4]/(G, : j) as well, which we shall think of as the copy of S on the left in the
S ®grS. Then

S@R S = R[Xl, )/z : Z]/(FJ,GJ j)
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Let A; =Y, — X, for every i. Then we may describe S ®p S using the indeterminates
X; and A, replacing Y; by X; + A; for al i. We replace G; = F;(Y) by F;(X + A): we
use this notation to indicate that in F}, every X; has been replaced by X; + A;. In this
presentation, if x; is the image of X; in S, then é(x;) is the image of Y; — X; = A;. Thus,
the ideal I corresponds to the ideal generated by all the A; in

RIX;, A; i)/ (F}, Fj(X + A) : j).

By the multi-variable version of Taylor’s formula, for all j,

OF;

Fi(X +A) )+ Z Ai + terms of degree 2 or more in the A; .

This leads to the result that

Since R[X; :i]/(F; : j) & S, (S ®gr S)/I? may be identified with the free S module With
basis 1 together with the A; modulo the S-span of the relations ZZ aX
where each j is identified with its image in S. It follows that I/I? may be 1dent1ﬁed
with quotlent of the free S-module on the elements A; modulo the S-span of those same
relations, and we have already seen (see the fifth paragraph of the second page of the
Lecture Notes of January 13) that this module is isomorphic with Qg/r in such a way that
A,; corresponds to dz;. [

Theorem. Let S be an R-algebra. Then S is formally unramified over R if and only if
Qg/r = 0, and this is equivalent to the condition that, with I = Ker (S®g S — 5), I = I?.

Proof. Since Qg/p = I/I?, it is obvious that Qg/gp = 0 if and only if I = I?. We work
with the latter condition.

We first show that if I = I? then S is unramified over R. Suppose that I = I? and also
suppose we have two R-algebra maps ¢, and ¢o of S — T that agree mod J, with J? = 0.
This gives an R-algebra map S ®p S — T such that s®t — ¢1(s)p2(t). The fact that the
¢; induce the same map to T'/.J implies that for all s € S, s®1 —1® s maps to 0in T'/J,
and this implies that I maps into J. But then I = I? maps into J2 = 0, and so [ is killed.
Since s® 1 —1® s € I maps to ¢1(s) — ¢2(s), it follows that ¢1 = ¢po.

Conversely, suppose that S is formally unramified over R. Then let T = (S ®g S)/I?,
and let J = I/I? C T. We have two obvious R-algebra maps of S into S®r S (one sending
s to s ® 1, and one sending s to 1 ® s, and, hence, two obvious maps into 7. Since the
two maps agree mod J, they agree. But this means that each element s ® 1 —1® s is 0 in
T/I?, and since these elements generate I, we have that I C I?. since the other inclusion
is obvious, I = I2.
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Lecture of January 20, 2017

Proposition. Let R be a ring.
(a) If S = R[z]y/(f) where f is any polynomial whose derivative f’ with respect to x is
invertible in S, then S is étale over R.
(b) More generally, if S = Rlx1, ... ,xn)g/(f1, ..., fn) i such that the image of the
J
8301-
Proof. 1t is evident that (a) is a special case of (b) and it will suffice to prove (b). Suppose
that we are given a homomorphism ¢ : S — T'/J where J2 = 0 and we seek a lifting to T
Let y; € T lift the values of the ¢(z;), where x; is the image of X; in S. Then we must
have that f;(y) € J for every j, where y = yi1, ... ,y,, and we also know that g(y) is a
unit of 7', since it is a unit of 7'/J. Then we want to prove that there are unique elements
9; € J such that f;(y + ) = 0 for all j, where y + § indicates y; + 61, ... ,yn + 0. By
Taylor’s formula with remainder, the fact that the §; will be chosen in J, and J 2 =,
these equations are equivalent to the equations

of;
)+ Z 8:1;1

Jacobian determinant det( ) is tnvertible in S, then S is étale over R.

i

x; |z=y
The determinant of this matrix is a unit, because that is true mod J, and so the matrix
is invertible. Let A be a column vector whose entries are the unknown elements d; of J
that we seek, and let I" be a column vector whose j th entry is f;(y) € J. Thus, we seek to
solve JA = —I" where A has unknown entries in .JJ, —I" has entries in J, and the matrix
J is invertible. It is now clear that the unique solution is A = — 7 ~'T, and the entries of
the solution do happen to be in J. [

Note that part (a) has the desirable consequence that standard étale extensions are,
indeed, étale.

Corollary. A finite separable algebraic extension L of a field K is étale over K.

Proof. By the theorem on the primitive element, L. = K|[f], where the monic minimal
polynomial f of 6 is separable over L. This implies that the image of f’ in L does not
vanish, and so is invertible. Thus L = K|z]|/(f) where f’ is invertible in L. O

Proposition. If J is contained in the ideal of nilpotents of T, there is a bijection between
the idempotents of T and the idempotents of T/J induced by the quotient surjection T —»
T/J.

Proof. Clearly, the image of an idempotent e € T' is idempotent in 7'/J. Suppose that
¢/ = emod J. Then e — ¢ is nilpotent, and hence so is e(e — €’), i.e., e = €2 = e’ mod J,
and so e(1 — €’) is nilpotent. But e and 1 — €’ are both idempotent, and, hence, so is their
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product. It follows that e(1 — ') = 0, i.e., that e = e¢/. But ee’ = €’ similarly. Thus, the
map on idempotents is injective.

It remains to show that it is surjective. Let e be an element whose image mod J is
idempotent and let f = 1 —e. Then e+ f = 1 and e"f" = 0 for some n. Expand
(e+ f)?"~! by the binomial theorem. Each term is either a multiple of €™ or a multiple of
f™. The multiples of e” include e?”~! and other terms involving f, and similarly for the
multiples of f™. Thus,

1= (e+ )" =€+ fu) + f"(f* ' +ev).

Let ¢/ = e™(e" ! + fu) and f' = f*(f*~1 +ev). Then ¢/ + f' =1, €'f’ is a multiple of
e"f" =0, and, mod J, € = 2" ! 4 e"fu =e. Thus, € is an idempotent of T that lifts
e. U

Proposition. Let Sy, ...,S5, be R-algebras. Consider any of the following properties:
finite presentation, (formal) smoothness, being (formally) étale, or being (formally) un-
ramified. Then S = S X --- X Sy, has this property if and only if all of the S; have this
property.

Proof. By a straightforward induction it suffices to consider the case where n = 2. We
leave the property of finite presentation as an exercise. Once that is known, it suffices to
consider the properties of being formally smooth and formally unramified: the property
of being formally étale then follows. Note that giving a map S; x Sy — T'/J yields an
idempotent in T'/J that lifts uniquely to an idempotent in T, and so T' = T7 x T5. We may
then write J = J; x Jy where J; is an ideal of T; and Ji2 = 0,47 =1, 2. The problem of
lifting a map is a componentwise problem, and so if both factors are smooth (respectively,
unramified) so is the product. Now suppose that S is smooth (respectively, unramified).
Let T} be an Sp-algebra and J; an ideal such that J12 =0. Let T'="1T7 x Sy with J, =0,
and let J = Jj X Jo. The problem of lifting maps S; — 731 /J to maps S; — T is equivalent
to the problem of lifting maps S; x So — T'/J of the form ¢ x 1g, to maps S; x So — T
It follows that if S is formally smooth (respectively, unramified), then so is S, and the
argument for Sy is similar. [J

We are aiming next to prove the following characterization of étale extensions of fields.

Theorem. Let K be a field and let R be a finitely generated K-algebra. The following
conditions are equivalent:
(a) R is étale over K.
(b) R is unramified over K.
(c) R is a finite product of finite separable algebraic field extensions of K.
(d) If L is an algebraic closure of K, then L @ R is K-isomorphic with a finite product
of copies of L.
We postpone the proof until we have established some preliminary results on modules

of differentials for field extensions. These results themselves need further preliminaries.

Let K C L be a field extension. A family of algebraically independent elements {x;};
of L over K is called a separating transcendence basis for L over K if L is separable over
K(x; :i) € L. We need the following result of S. MacLane:
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Theorem. If K is algebraically closed or perfect of characteristic p > 0 and L s finitely
generated over K then L has a separating transcendence basis over K.

Proof. If F' is a subfield of L, let F*P denote the separable closure of F' in L. Choose a
transcendence basis x1, ... ,x, S0 as to minimize [L : L'] where L' = K(x1, ... ,x,)%*P.
Suppose that y € L is not separable over K(z1, ... ,z,). Choose a minimal polynomial
F(z) for y over K(x1,...,zy). Then every exponent on z is divisible by p. Put each
coefficient in lowest terms, and multiply F'(z) by a least common multiple of the denom-
inators of the coefficients. This yields a polynomial H(x1, ... ,x,, 2) € K[z, ... ,x,][7]
such that the coefficients in K[x1, ... ,xz,| are relatively prime, and such that the poly-
nomial is irreducible over K(x1, ... ,z,)[z]. By Gauss’s Lemma, this polynomial is ir-
reducible in K[z1, ... ,xp, 2]. It cannot be the case that every exponent on every x;
is divisible by p, for if that were true, since the field is perfect, H would be a pth
power, and not irreducible. By renumbering the z; we may assume that z, occurs with
an exponent not divisible by p. Then the element x, is separable algebraic over the

field K(x1, ... ,xn-1, y), and we may use the transcendence basis z1, ... ,x,_1, y for L.
Note that x,,y € K(x1, ... ,Tn_1, y)*P = L”, which is therefore strictly larger than
L' =K(z1,...,2,)°P. Hence, [L: L"] < [L: L], a contradiction. [

Lemma. Let R be a ring.

(a) Let S be a direct limit of R-algebras Sj. Then Qg/p may be viewed as the direct limit
of the modules Qg /r (or of the modules S ®s, Qsj/R)-

(b) Let S be an R-algebra and let T = S[X; : i], a polynomial ring. Then

Qr/R=T @5 Qs P (EP TdX:),

and the value of dr/r on F = Z”GM Supt, where p runs through some finite set of
monomials M in the X;, is

oF
nemM 7

Hence, if U =T/(F}; : j) then

Qu/r 22U @7 Qp/r/{dr/r(F}) : j),

where the brackets () indicate span over T.

Proof. (a) One may deduce this using universal mapping properties. Here is another
argument. Since S is the union of the images of the S;, the images of the ds;, s; € 5},
span {2g,r. Each relation coming from addition, multiplication by a scalar in R, or the
product rule in some S; continues to hold when we map to {1g,g, while it is clear that
each such relation that holds in {25,z comes from one that holds in some Sj.

In part (b), the second statement is immediate from the first. The formula for dp/p is
forced by linearity and the product rule, and it is straightforward to verify that dr/r as
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defined is a derivation. (Note that in checking the product rule, one has that both sides
are bilinear. Therefore it suffices to check it when each of the two elements is the product
of an element of S with a monomial.) [

Lecture of January 23, 2017

Proposition. Let K C L be fields.

(a) If L = K(z; :i € I) is a purely transcendental extension of K then Qi is the free
L-module on the dx;.

(b) If L' is a separable algebraic extension field of L, then Qp,/x = L' @1 Qp, /K-

(c) If {x; : i € I} is a separating transcendence basis for L/K, then Qp i is the free
L-module on the basis dx;.

(d) If K is perfect and L is finitely generated over K, then dim )y, /i is the transcendence
degree of L over K.

Proof. Part (a) follows from the corresponding fact for polynomial rings together with the
fact that localization commutes with formation of the module of differentials.

For part (b), a direct limit argument enables us to reduce to the case of a finite separable
algebraic extension field L of K, and by the theorem on the primitive element, L' =
L[z]/(f) where f is separable over L. Let f = Y, \jaz'. By part (b) of the final Lemma
from the Lecture Notes of January 20,

QL//K = (L/ X QL/K @D L/dZE)/L/dL[m]/Kf

But
drpy/kf = Z dL/K()\t)xt + fldx.
t

Since the image of f’ in L is invertible, the quotient is simply the isomorphic with the
module L ®r, Qp,/x.

(c) is immediate from parts (a) and (b), while (d) is immediate from (c) and MacLane’s
theorem on the existence of separating transcendence bases. [

We are now ready prove the characterization of étale extensions of fields stated in the
Lecture Notes of January 20.

Proof of the theorem characterizing étale extensions of fields. We will prove that (c) = (a)
= (b) = (d) = (c). Note that since R is finitely generated over a field, it and its quotients
are finitely presented. For these rings, étale is equivalent to formally étale and unramified
is equivalent to formally unramified.

The fact that (¢) = (a) follows from the Corollary to the first Proposition of the Lecture
Notes of January 20 together with the Proposition from those same notes on behavior of
finite products, while (a) = (b) is immediate. To prove that (b) = (d), note that L @ x R
is unramified over L, and so it will suffice to prove that a finitely generated algebra over
L is unramified if and only if it is isomorphic with a finite product of copies of L. We
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first claim that R must be zero-dimensional. If not, we may kill a minimal prime that is
contained in a maximal ideal that is different from it, and so obtain an unramified finitely
generated L-algebra that is a domain. The module of differentials of the fraction field
F has vector space dimension equal to the transcendence degree of F over L, which is
the Krull dimension of R. But this must be zero. Therefore F must be equal to L, a
contradiction.

Since R is zero-dimensional, it is a finite product of Artin local rings, and these may
be considered separately. To complete the argument, we show that if an Artin local ring
is a finitely generated L-algebra and is unramified, then it is = L. The residue field must
be the image of L. If the maximal ideal is nonzero, we may kill m? # m to obtain an
example in which m? = 0 but m # 0. We may now kill all but one element in a minimal
set of generators of m. The resulting ring has the form R = L[xz]/z*. But then Qp/y, is the
cokernel over R of the matrix (290), and is not zero since the image of 2z is in the maximal
ideal of R, a contradiction. This concludes the proof that (b) = (d).

It remains only to show that (d) => (c). Suppose that L& i R is a finite product of copies
of L. Then R is a finite-dimensional vector space over K. Since it is module-finite over K,
it has Krull dimension zero. Since R C L ®k R (since L is free over K, this extension is
faithfully flat), we see that R is reduced. Then R is a finite product of reduced Artinian
local rings, each of which stays reduced when we apply L ®x _ . It follows that each local
ring of R is a finite algebraic field extension K’ of K such that L ® g K’ is reduced. It
remains to show that K’ is separable. Let 6§ € K’ have minimal polynomial f = f(z) over
K. Then L®k K[0] C L ®k K'is reduced, and L @k K[0] = L @k Klz|/(f) = Liz]/(f)
is reduced, which implies that f is square-free in L[z], as required. [

The following is a variant of Zariski’s Main Theorem, and we shall refer to it as Zariski’s
Main Theorem.

Theorem (Zariski’s Main Theorem). Suppose that R C S and that S is finitely gen-
erated as an R-algebra. Let QQ be a prime ideal of S that is isolated in its fiber over P, a
prime in R. Then there exists a module-finite extension R” of R with R C R” C S and
f € R"—Q such that R} = Sy.

Proof. Let R’ be the integral closure of R in S and P’ = Q N R’. Then (@ is isolated in
its fiber over P’, and by the earlier version of ZMT, there exists f € R'F — P’ = R' — Q
such that R, = S;. Hence, for each of the finitely many generators u; of S over R, we can
choose N; such that fNiu; = v;/1 with v; € R'. Let R” be the subring of R’ generated
by f and the v;. Clearly, R} =5 O

Let P be a property of ring homomorphisms, and let R — S be a ring homomorphism.
Let @ be a prime ideal of S lying over a prime P in R. We shall say that P holds near @
or that R — S has P near @Q if there exist b € S — @) and a € R— P such that the image of
a in Sy is invertible (so that there is an induced map R-algebra map R, — Sj: we say that
R, — Sp is defined in this case) and such that R, — Sy has property P. Thus, we may
talk about a homomorphism R — S that is étale near (), or smooth near (), or unramified
near ), or formally unramified near @), and so forth.

The following result makes major inroads in classifying étale and unramified morphisms.
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Theorem. Let S be an R-algebra, and Q) a prime ideal of S lying over P in R.

If S is finitely presented over R then R — S is unramified near Q if and only if there
erista € R— P and b € S — @ such that R, — Sy is defined and Sy, is a homomorphic
image by a finitely generated ideal of a standard étale algebra over R, .

If S is finitely generated over R then S is formally unramified near Q if and only if there
erista € R— P and b € S — @Q such that R, — Sy is defined and Sy, is a homomorphic
image of a standard étale algebra over R,.

The proof involves Zariski’s Main Theorem, the theorem on the primitive element for
separable field extensions, our understanding of unramified homomorphisms when the base
ring is a field, Nakayama’s lemma, and additional trickery.

Before beginning the proof, we want to make several remarks. If R — S is finitely
presented so is R — Sy and, hence, R, — Sp when it is defined. Likewise, if S is finitely
generated over R, then S is finitely generated over R and, hence, over R, when R, — Sp
is defined. Also note that if we have maps R — R’ — S such that R’ and S are finitely
presented over R, then S is finitely presented over R’. (Take finitely many generators and
relations for R’ over R. Include the images of these generators and relations in a finitely
many generators and relations for S over R. The additional generators and relations needed
give a finite presentation of S over R'.)

154

Note that we already know the “if” part of the theorem: a standard étale algebra is
unramified, and a quotient by an ideal is formally unramified and unramified if the ideal
is finitely generated. Thus, we need only be concerned with proving the “only if” part.

The result in the final paragraph may be paraphrased as follows: if S is finitely generated
over R it is formally unramified near @ if and only if it is a homomorphic image of a
standard étale algebra near (). The result in the second paragraph may be paraphrased as
follows: if S is finitely presented over R, it is unramified near @ if and only if it is locally
a homomorphic image, by a finitely generated ideal, of a standard étale algebra.

The statement in the second paragraph is immediate from the statement in the final
paragraph: Sp will be finitely presented over the standard étale algebra, and therefore, if
it is a homomorphic image of it, the ideal must be finitely generated.

Thus, we need only prove the “only if” part of the statement in the final paragraph.

Lecture of January 25, 2017

Proof of the “only if” statement in the final paragraph of the theorem classifying unrami-
fied homomorphisms. Note first that if T" is another finitely generated R algebra with an
element ¢ € T is such that T, = S, where b ¢ @, then we may study 7T instead of S:
T. will have a prime ideal Q'T. corresponding to Q.S,, where Q' is a prime ideal of T'
not containing ¢, and any localization of S, at one element not in Q).S; corresponds to a
localization of T, at one element not in QT..

We next want to observe that we may replace R and S by Rp and Rp®prS = Sp: thisis
a base change, and the hypotheses still hold. If we know the case where R is quasilocal then
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we know that for suitable elements o« € Rp — PRp and € Sp—QSp, we have that (Sp)g
is a homomorphic image of a standard étale algebra over (Rp),, say of ((Rp)a[x])g/(f),
where f is monic over (Rp),, g has coefficients in (Rp),, and f’ is invertible in the

quotient. If we localize at the denominators in representations for «, (3, the coefficients of
f and g, and elements needed to show the invertibility of f” in ((Rp)a[{li‘])g /(f) we get a

standard étale algebra over a ring of the form R,, namely C' = R,[z],/(f) that will map
to (S¢g)p, where § may be assumed to be in S — (). This map becomes onto if we invert
all elements of R — P. Thus, we can find a single ¢’ € R — P such that the image of
Cy contains all of the generators in some finite set of generators for S over R, then map
Cy — Sqa g will be surjective.

Henceforth, we assume, as we may, that (R, P, K) is quasi-local. Let R denote the image
of R in S. Consider the fiber K — K ® S = S’. This map is also formally unramified
near the prime @’ corresponding to ), which means that after localizing at one element b’
of 8" — @', we have an unramified map K — S}, and so Spec (.5},) is finite. This means
that @ is isolated in its fiber over P: it is obviously minimal, and for finitely generated
algebras over a field, maximal ideals contract to maximal ideals, and so it is maximal as
well. Moreover, the field extension K — S/Q is a finite separable algebraic extension. We
now apply the form of Zariski’s Main Theorem proved in the Lecture Notes of January 23
to conclude that we have a module-finite R-algebra T with R C T' C S and an element
b € T — @ such that T, = Sp. It follows that T is also formally unramified over R near
Q NT, and it will suffice to prove the theorem with S and @) replaced by T"and Q N T.
We may therefore assume without loss of generality that S is module-finite over R, where
(R, P, K) is quasi-local.

Now the fiber S/PS is zero-dimensional. One of the factors, call it L, is S/Q, a finite
separable algebraic extension of K. Let us write S/PS = L x B, where B is simply the
product of the other Artin local rings (there are finitely many) in the factorization of
S/PS. Note that Q/PS corresponds to the ideal generated by (0, 1), which is {0} x B, in
L x B.

Let 6 denote a non-zero primitive element for L over K, so that L = K[f] (the condition
that 6 # 0 is automatic except in the case where L = K), and let # € S be an element
that maps to (0, 0) in S/PS = L x B.

Let g be the contraction of Q to R[f]. Note that 6 € S is integral over R. We claim that
R[0), = S, = Sg (once we know this, we will be able to replace S by R[f].) To prove that
R[f], = S, we may use Nakayama’s lemma: since S is module-finite over R, S, is module-
finite over R,. It therefore will suffice to show that R[f],/qR[0], = S,/qS, We first
consider what happens to the extension R[f] C S when we work mod the expansions of P,
since PR[f] C q. The image of R[f]/PR[f] in S/PS is R[0]/(PSNR[A]) C S/PS =L x B.
Let 0/ = (6,0). Then the image of R[f]/(PS N R[A]) in L x B is K[#'], where we have
identified K with its image in L x B. The typical element of the image has the form
H(0') = (H(0), H(0)), where H is an element of K[z]. Since we may choose H to be
the minimal polynomial of 6 # 0, which has nonzero constant term «, the image contains
(0, ), and hence, the image contains e = (1,1)—a~%(0,a) = (1,0) € L x B. The element e
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lies outside the contraction of Q/PS. Therefore, (S/PS), is a localization of (L x B), = L.
Therefore, (S/PS), = L. It is also clear that R[f]/q = L, since 0 is a primitive element
for L over K. We have verified that R[f], = S,, and so S, is already local with residue
class field L. It follows as well S; = Sq.

We may now replace S by R[f]. Let h denote the dimension of the K-vector space
K ®pr S = S/PS, which is now spanned over K by the powers of the image of 6, which we
call ;. Then 1, 01, 63, ... ,0?*1 is a K-vector space basis for K ®r S. By Nakayama’s
lemma, it follows that 1, 8, 2, ...0" 1 span S over R, and that there is a monic polynomial
f in R[x] such that if f denotes the image of f in R[z], then f(#) = 0. Let C denote the ring
Rlz]/(f(z)): we have that C maps onto S and that K ® g C' — K ®g S is an isomorphism.
Let n denote the contraction of @ to C. Note that C,/nC,, = K[0] = Sq/QSq = L.

We then have that K ®g Qc/r — K ®g {lg/g is an isomorphism, since the former is
isomorphic to Qxg /K, the latter to Qxe,5/k, and K g C = K @r S. Now,

L®cQc/r = (Lec C/PC)@cQo/r = Lo (K®rQc/R)= Lec/pe (K ®rQc/R)

and, by an entirely similar argument, L ®s Qg/r & L ®g/ps (K ®@r Q¢c/r). Since
S/PS = C/PC, we have that L ®c Qc/r = L ®s g/r, and so

(Ca/nCy) ®c Qc/r = (Se/QSq) ®s Qs/r = (Us/r)@/Q(s/R)qQ-

Since Sy is formally unramified over R, the numerator is 0, for even Qg, /g = (Q2g/r)p = 0.
Thus,

0= (Co/nCh) ®c Qc/r = L®Qc, /R,

and since {1¢, /g is finitely generated over Cy, we may apply Nakayama’s lemma to conclude
that (c/r)n = Q¢,/r = 0. Since Q¢ g is finitely generated over C, we may choose a
single element g = g(x) with image not in n such that Q¢ ,r = 0. Thus, Cy is unramified
over R, and we may replace g by a multiple that maps to a multiple of b. We replace b by
this multiple, and then we have a surjection Cy — Sp. Since C; = Rlx],/(f) is formally
unramified over R and Q¢, /g = 0 is the cokernel over Cy of the matrix ( I’ ) (one takes
the image of f’ in C), we have that the image of f’ in invertible in Cy = R[z],/(f), so
that R[x],/(f) is the required standard étale algebra. [

Lecture of January 27, 2010

We are now ready classify étale homomorphisms. First note that the property of R — S
being flat is local on S: if Sq is flat for every prime @ of S, sois S. For if 0 = N — M is
an injection of R-modules, and S®r N — S ®gr M is not injective, the kernel is supported
at some prime ideal @) of S, and Sg ®r N — Sg ®r M will have non-trivial kernel, a
contradiction. Thus, if S is flat near @) for all prime ideals @ if and only if S is flat.
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Theorem. Let S be a finitely presented R-algebra. The following are equivalent:

(a) S is étale over R.

(b) S is flat over R and Qg/r = 0.

(c) S is flat and unramified over R.

(d) Near every prime @ of Spec(S), S is standard étale over R (that is, there exists
be S—Q and a € R not in the contraction P of Q such that R, — Sy is defined and
is standard étale).

Proof. We already know that (b) and (c) are equivalent. We next observe that (d) = (a).
Suppose that we have an R-algebra map ¢ : S — T'/J and we want to show that it has
a unique lifting S — T. This is very easy if we make use of the local nature of a map
of schemes. For every prime @) of Spec(S) we can choose b € S — @ and a € R — P,
where P is the contraction of @), such that R, — S is defined and standard étale. Fix
an element 5 € T that maps to the image of b in T//J. Then we have a surjection
T — Tp/JTs = (T/J),. Note that T is independent of the choice of 5: if 5’ also maps to
the image of b, the images of the two differ by a nilpotent in T3, and so /5’ also is invertible
in Ts. The sets D(b) cover Spec (S) (there is a choice of b outside any given prime @),
and for each of them we have a unique map S, — T} lifting the map Sy, — (T7'/J)p. If we
think in terms of schemes we have a map from the open set Spec (T3) — Spec (Sp). These
maps agree on overlaps: given by, by and corresponding elements (1, 52, we may localize
the map Sy, — T3, at be and the map Sy, — T}, at by: the results must agree, because
we get two liftings of Sp,p, — (T'/J)pyb, t0 T,3,, and R — Sp,p, is étale. Therefore there
is a unique homomorphism S — 7" such that for all b, S, — T}, is the same as S, — 1. It
is easy to check that this unique homomorphism gives the unique lifting.

The condition in (d) also implies that S is flat over R, since standard étale algebras are
flat. Thus, (d) implies not only (a) but (b) and (c) as well.

To complete the proof, we shall show both that (a) = (d) and that (¢) = (d). In either
case, we have that S is unramified over R, and so after passing to a suitable choice of
R, — Sy (our hypothesis is preserved) we may assume that S = C/I where C = R|x],/(f)
where f is monic and f’ is invertible in C, i.e., C' is standard étale over R. Let ¢ be the
contraction of () to C'. To complete the proof, it will suffice to show that I becomes 0 after
localizing at some element of C' — q. From the finite presentation condition, I is finitely
generated. Therefore, it suffices to show that I, = 0. We may now replace R by Rp and
assume that (R, P, K) is quasi-local.

By Nakayama’s lemma, to show that I, = 0 it will suffice to show instead that I, = I 3,
i.e., that Iq/Ig = 0. Let L = C,;/qC,. By another application of Nakayama’s lemma it
will suffice to show that L ®¢, (IC,;/1*Cy) = 0. Now, because C' is unramified over R,
C/PC' is unramified over R/P = K, and so is reduced and zero-dimensional. But then

Cy/PCy is local, reduced, and zero-dimensional, which means that it is a field. It follows
that Cy,/PC, = L and that PC, = ¢qC,. For any C,-module M,

L®g, M 2 (Cy/qCy) ®c, M = M/qM =~ M/PM ~ R/P®z M = K ®g M.

Applying this with M = IC,/I*Cq, we see that to complete the proof it suffices to show
that K @ (IC,/12C,) = 0.
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We have an exact sequence of R-modules:
() 0= IC,/T2C, % Cy/I2Cy 2 So — 0

(recall that Sg = C,/IC,). If we are assuming (a) we have that S is étale over R and
so Sg is formally étale over R. Therefore the R-algebra isomorphism Sg — C,/IC, has
a unique lifting to a homomorphism Sg — C,/I?C,. This map is a splitting, over R, of
the map 3 : C,/I?C, — Sg, so that C,/I*C, = Sq & IC,/I*>C,. This implies that the
exact sequence (#*) remains exact when we apply K ® g _ . On the other hand, if we are
assuming that S is flat over R then so is Sg. This implies that Torp (K, Sg) =0, and so
the sequence (**) remains exact when we apply K ®z _ as well. Thus, in either of the two
cases, we see that we may identify K ® g (IC,/I?C,) with the kernel of the map K ®p 3,
and so we have reduced to proving that K ®g [ is an injective map.

Since both R — C' and R — C' — S are unramified over R, these two homomorphisms
are unramified over K once we apply K ®r _ . This implies that

K—)K@ch and K%K@chﬁK@)RSQ

are maps of K into separable algebraic finite field extensions of K. We therefore have that
the map K ®@r C; = K ®p S¢ is injective. Since we have a factorization

K®p Cq —- K ®p Cq/I2Cq —- K ®p SQ,

both these maps are injective as well as surjective, and the second of them is K @r 5. U

Lecture of January 30, 2017

Our next main objective is the Jacobian criterion for smoothness. We need some pre-
liminary results. The first gives a useful criterion for when the cokernel of a matrix over a
quasilocal ring is free. For this lemma we need some discussion of ideals of minors.

If M is a matrix over a ring a ring R we denote by I;(M) the ideal generated by the
size t minors (or subdeterminants) of M. By convention, Io(M) = R. (The determinant
of a 0 x 0 matrix ought to be 1, because it is the determinant of an identity map, albeit
on a zero module. With this convention, the determinant of the direct sum of two square
matrices is the product of their determinants, even if one of the matrices is 0 x 0.) Note
that I;(M) = I (/\t(M)) If M and N are matrices whose sizes are such that M N is

defined, we have that A'(MN) = A'(M) A\*(N). Tt follows easily that every size ¢ minor
of M N is a sum in which each term is the product of a size ¢ minor of M and one of N,
and so [t(MN) C I,(M)I:(N). If U is invertible, I,(UM) C I;(U)I;(M) C I;(M), while

L(M)=1L({U " (UM)) C LU HL,(UM) C I,({UM),

and so [;(M) = I;(UM), provided, of course, that UM is defined. Similarly, if V is
invertible and MV is defined we have that I,(M) = I,(MV).
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Lemma. Let M be an n X m matriz over a quasilocal ring (A, q, K). Then the cokernel
of the linear map induced by M from A™ — A™ (we also use M to denote this map) is
free of rank d if and only if I,,_qi1(M) = 0 while I,,_q(M) = A.

Moreover, if d =n —m the following conditions are equivalent:

) Coker (M) is free of rank n —m.

(b) I,,(M) = A.

(c) Some size m minor of A is a unit.

(d) The image of M mod q has rank m.

(e) The rows of M span A™.

(f) There exists an m x n matriz W such that WM is the size m identity matriz.

(a

Proof. Replacing M by UMYV, where U and V are invertible, does not affect the ideals
of minors of various sizes, and does not affect the cokernel. If some entry of M is a unit
we may perform elementary row and column operations until the unit is in the upper left
hand corner and is replaced by the element 1. We may then perform elementary row and
column operations to get the rest of the entries in the first column and row to be 0. We
may then iterate this process with the n — 1 x m — 1 matrix in the lower right corner.
Eventually, we express M is the direct sum of a size k identity matrix 15 (kK may be 0) and
an n — k x m — k matrix M’ all of whose entries are in ¢, and we need only consider this
case. The cokernel of the M is the direct sum of the two cokernels, and therefore is equal
to the cokernel of M’. This cokernel is free if and only if M’ = 0, since otherwise one has
non-trivial relations on what must be a minimal set of generators. Note that if M’ = 0,
the cokernel is free of rank n — k, and one has that I 11(M) = 0 while I,(M) = A. Here,
d =n—k,and so k = n—d. Tt remains only to see that if M’ # 0, then we cannot have one
ideal of minors be the unit ideal while the ideal generated by the next larger size minors
is 0. Consider the ideals of minors mod ¢. It is clear that, I(M) = A while I;(M) C ¢
for t > k. We can complete the proof of the first statement by showing that if M’ # 0,
then I 1(M) # 0. Let w be a nonzero entry of w and form the submatrix determined by
the first £ rows of M and the row of w together with the first £ columns of M and the
column of w. This submatrix is the direct sum of I, and the 1 x 1 matrix (w), and has
determinant w # 0, as required.

The equivalence of the six conditions for the case d = n — m is then easy: (a) < (b)
by what we have already proved, and (b) < (c¢) < (d) is clear. We have that (d) = (e)
by Nakayama’s lemma, while (e) = (f) is an easy exercise: the ¢ th row of W consists of
the coefficients needed to express the ¢ th standard basis vector as a linear combination of
the rows of M. Finally, (f) = (b) because A = I,,(1,,,) = L, WM) C I,,(W)I,,,(M) C
In(M). O

We also need:

Lemma. Let S be an R-algebra and let T be any formally smooth R-algebra that maps
onto S (we know that a polynomial ring over R or a localization of a polynomial ring is
formally smooth). Let S = T/I. Then S is formally smooth over R if and only if the

R-algebra homomorphism T/I? LN S =T/I splits in the category of R-algebras.
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Proof. Evidently, if S is formally smooth one has a lifting of the identity on S = T'/I to
an R-algebra map 3 :.S — T/I? which gives the splitting. Now suppose that one has this
splitting and that one has a map S — U/.J where J? = 0. Then we have a composite map
T — S — U/J from which we get an R-algebra map T"— U, lifting T'— U/J (because T
is formally smooth over R) such that I maps into J. Thus, I? maps into J? = 0, and so

we have an induced map T'/I1? — U that lifts T/I — U/J. The composite S LN T/I? - U
gives the lifting we want. [

We are now ready to prove the following:

Theorem (Jacobian criterion for smoothness). Let S = R[z]/I = R[z1, ... ,z,)/1,
where I is finitely generated, and let Q) € Spec(S). Let @ denote the inverse image of QQ
in R[x]. Let h(Q) denote the least number of generators of 15 Then R — S is smooth
near Q if and only if (Qs/r)q is free of rank n — h(Q), and this holds iff Sq is formally

smooth over R.

Moreover, a localization S’ of S is formally smooth over R if and only if (S")q is formally
smooth for every prime (respectively, mazximal) ideal Q of S’.

Proof. Consider a localization S’ = W~1R[z]/I, where [ = (F}, ..., F,)R[z]. By the
preceding Lemma, S’ is formally smooth if and only if W1 R[z]/I? — S splits. Let Z; be
the image of x; mod I? and x, be its image mod I. Constructing the splitting is equivalent
to finding elements 41, ... ,d, € I/I2 such that the n elements Ty + 01, ... , T, + J, can
serve as the images of the x under the splitting, and the condition is simply that the m
elements

Fi(Zi+61, ..., Ti+0iy... ,Tpn+ )

vanish in W=t R[x]/I?W ~!R[x]. Using Taylor’s formula, this system may be written as

OF;
Fi+) an~ 6; = 0 mod I2W~'R[z].

F;
8:1;1-

That is, the expression on the left vanishes when each F}; and each is replaced by its
image in W1 R[z]/I?W ~!R[x].

Let vy, ..., v, be the images of Fy, ..., F,, in IW 'R[z]/I?W~'R[z], and let v =

F.
(v1 ... vy). Let J be the image of the matrix (8 J) in S’. Since each §; is to be a linear
X
combination of the elements v;, say 6; = > .- | Vswy;, with the wy; € S’, we see that S’ is
formally smooth over R if and only if there exists an m x n matrix ¥V with entries in S’

such that —v = VW

Here, v and J are fixed and we seek the unknown entries of WW. The system is a system
of linear equations over S’ in unknowns wy; that are allowed to be arbitrary elements of S”.
The coefficients are in IW ~ R[z]/I?W ~1 R[z]. The problem of whether such a system has
a solution is local on S’, that is, it has a solution in S’ if and only if it has a solution after
localization at every prime ideal if and only if it has a solution after localization at every
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maximal ideal. The reason is that such a system has a solution if and only if a certain
element of a certain module is in the span of certain other elements of the module. The
final statement of the theorem is now clear.

In the remainder of the proof we may assume that W = R|z] — Q. Moreover, in analyzing
this case we may assume that the F; have been chosen to be a minimal system of generators
of IR[x]a. Thus, we are in the situation where m = h(Q). The statement that (Qg,r)q is

free of rank n —m is equivalent to the statement that I,,,(7) is the unit ideal. By part (f)
of the Lemma on freeness of cokernels, if I,,,(J) is the unit ideal then we can choose W
such that W(—J) = 1,,. On the other hand, if —v = vWWJ then after tensoring with the
residue class field (I/I1? becomes an m-dimensional vector space with the images of the v,
as a basis), we see that the image of J has rank m. O

Lecture of February 1, 2017

We next want to give some alternative characterizations of smooth algebras.

Theorem. Let S be a finitely presented R-algebra. The following conditions are equiva-
lent:

(a) S is smooth over R.

(b) Near every prime Q of S, S is étale over a polynomial ring in finitely many variables.

(c) Near every mazimal ideal Q of S, S is étale over a polynomial ring in finitely many
variables.

In consequence, if S is smooth over R, then S is flat over R.

Proof. Polynomial and étale extensions are flat, and flatness is local on Spec(S), so that
condition (b) implies flatness. Therefore it will suffice to show that (a) = (b) = (c) =
(a). It is clear that (b) = (c). Assume (c¢). To prove that S is smooth, it suffices to prove
that Sg is formally smooth for every (). Since every Sg is a localization of S, for some
maximal m O @), it suffices to show that S, is formally smooth when m is maximal. This
is clear from the condition in (c), since étale homomorphisms and adjunction of finitely
many indeterminates are both smooth, and localization is formally smooth.

This means we need only prove the most interesting of the implications, namely, that (a)
= (b). Suppose that S = R[z1, ... ,zy]/I is smooth over R, where I is finitely generated.
Fix @ € Spec (5), and let @ be the inverse image of @ in R[x]. Suppose that IR[CL’]@ has m

generators. Then we may choose g € R|x] —@ such that these m generators F, ... , F}, are
in R[x], and IR[x], = (F1, ... , Fn)R[z],. Here, m = h(Q) in the notation of the Jacobian
o0f;

;
S. The fact that S is smooth near ) together with the Jacobian criterion for smoothness
imply that some m X m minor of J is not in ). Without affecting any relevant issues, we
may replace S by its localization at the image of this minor, and therefore assume that the
image of this minor is invertible in S. By renumbering, we may assume that this minor is
formed from the last m rows of J.

criterion from the preceding lecture. Let J denote the image of the matrix ( ) over
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Let d =n—m, and let z; = 2,44, 1 <i <m. Let R' = R[zy, ... ,zq4], and let G; denote
F; thought of as an element of R'[z1, ..., %y]. Then we may think of S (after localizing
at one element) as a localization at one element of R'[z1, ..., 2m,]/(G1, ... ,Gy) such that

the image of (%Gj

) is invertible: the determinant A is the minor that we know is not in
Zi

@. This shows that
R/[Zl, Ce ,Zm]gA/<G1, Ce. ,Gm)

is étale over the polynomial ring R’ = Rz, ... , z4], by part (b) of the first Proposition in
the Lecture Notes of January 18. But this ring is the localization of S at the image b of
gA [

Before proceeding further, we want to characterize smooth extensions first over alge-
braically closed fields and then over arbitrary fields.

Lemma. Let K be an algebraically closed field and let S be a finitely generated K -algebra.
Let QQ be a mazximal ideal of S. The following conditions are equivalent:

(a) Sq is (formally) smooth over K.

(b) Sq is a regular local ring.

(c) (Qs/K)q is free of rank equal to the Krull dimension of Sq.

Proof. S is generated over K by elements of @ (S = K + @) and so we can map
Klzy, ... ,x,] — S so that all z; map into Q. Let Q = (1, ... ,2zpn). Then Sg =
WK[zy, ... ,zn)/(Fy, ..., Fy) where W = Kl[z1, ... ,x,] — Q. Moreover, we may as-
sume that the F; are a minimal set of generators for the ideal they generate in the ring
WKz, ... ,z,). The fact that (a) and (b) are equivalent may now be deduced from
the Jacobian criterion for smoothness. Think of K as S/Q, and let J be the Jacobian
matrix. Then K ®g J has rank m if and only if the linear forms occurring in Fi, ..., F,,

are linearly independent: the coefficient of z; in Fj is the same as the image of ( &zzj)
mod (). This is equivalent to the condition that the F; are part of a minimal system of
generators for @K [T1, ..., xy) oL which is tested mod @2. But we know that a quotient
of a regular ring is regular if and only if the ideal being killed is part of a minimal set of
generators of the maximal ideal: see the first Proposition of the Supplement on Regular
rings and finite projective resolutions. This shows that (a) < (b). Moreover, when these
equivalent conditions hold, we have also seen that n—m = dim (Sg), so that the equivalent
conditions (a) and (b) imply (c).

Now assume (c), so that (Qg/x)q is free of rank equal to dim (Sg). We must show
Sq is regular. To see this, renumber the F; so that Fy, ..., F} have linearly independent
linear forms, where h is the dimension of the span of the linear forms of the F;. By
subtracting K-linear combinations of F}, ..., F} from the remaining F};, we may assume
that Fpi1, ..., Fp, are in Q% Let T = WKz, ... 2]/ (F1, ..., Fy). Then T is a
regular local ring of Krull dimension n — h. Since the cokernel of 7 is free once we localize,
the rank of J once we tensor with Sg may be computed modulo @Sg, and so is h. It
follows that (£2g/x)q@ has rank n — h. But we are given that the rank is dim (Sq). It
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follows that dim (Sg) = n — h. But Sq is a homomorphic image of the regular local ring
T, which has dimension n — h and is a domain. If the kernel were nonzero, the dimension
of the quotient would drop. It follows that Sg = T, and so Sq is regular. Therefore (c)
= (b). O

Lecture of February 3, 2017

We next want to characterize smooth algebras over an arbitrary field. In order to do
so, we need to discuss geometrically regular K-algebras. We need a lemma first.

Lemma. Let S — T be a ring homomorphism.

(a) If T is faithfully flat over S then for every prime ideal P of S there is a prime ideal
Q of T lying over P: in fact, any minimal prime of PT has this property.

(b) If S — T is a faithfully flat homomorphism and T is a reqular Noetherian ring then
S is reqular.

(¢) If S is Noetherian and is a direct limit li_r)nt St of reqular Noetherian rings, then S is

reqular.

(d) If (S, P) — (T, Q) is flat local, where the rings are Noetherian, then dim (1) =
dim (S) + dim (S/PS).

(e) If (S, P) — (T, Q) is flat local such that (S, P) and and T'/PT (the closed fiber) are
reqular, then T 1is reqular.

(f) if S — T is flat, T is Noetherian, S is regular, and all fibers of S — T are regular,
then T' 1is reqular.

(g) If K C S where K is a field and L is a field containing K such that L&k S is regular,
then S s reqular.

(h) If K C S where K is a field and S is reqular, and if L is a finite separable algebraic
extension of K, then L @k S is reqular.

Proof. For part (a), since T is faithfully flat PT is a proper ideal of T' and has a minimal
prime Q. We want to show that @ lies over P. Suppose that @ lies over P’. Then
Rp: — Sg is faithfully flat, and so is Rp//PRp: — Sg/PSg. This map is therefore
injective. Since () is minimal over PS, every element of the maximal ideal of Sg/PSqg
is nilpotent, and so every element of the maximal ideal of P'Rp/ is nilpotent mod PRp:.
Since PRp: is prime, this shows that P’ = P.

For (b), let P be any any prime of S. By part (a), we can choose @ lying over P, and
then Sp — Tg is a faithfully flat local map of local rings. Since Ty is regular, so is Sp,
by the corollary at the bottom of the second page of the Supplement on Regular rings and
finite projective resolutions.

In (c), let @ be any prime ideal of S and let @; be its contraction to S; for all t. Then
Sq is the direct limit of the rings (S;)q,. Thus, we may assume without loss of generality
that all the rings and maps are local. We use induction on dim (.5).

Note that S is clearly a domain, since all the S; are and a direct limit of domains is a
domain. The case of dimension 0 is clear, since then S must be a field. If S has positive



37

dimension let z be an element of Q — Q?. Then for sufficiently large to, we have x4, € Sy,,
mapping to x. We may restrict to t > to without changing the direct limit. Let z; be the
image of x;, in S;. Then we must have that z; € Q; — Q7: if z; were a unit, x would be
a unit, while if x; were in Q?, x would be in Q2. Then the rings S;/z;S; are regular, and
their direct limit is S/zS. By the induction hypothesis, S/xS is regular, and, therefore, S
is.

We prove (d) by induction on dim (S). If dim (S) = 0 then P is nilpotent. Therefore,
dim (7') = dim (T//PT), as required. If dim (S) > 1 we first reduce to the case where S
is reduced: let J be the ideal of nilpotents in S and we may study S/J — T'/JT instead.
In the reduced case there is a nonzerodivisor x in S. Then z is a nonzerodivisor in 7',
since we may apply 7 ®s _ to 0 = S = S, and we may apply the induction hypothesis
to S/xS — T/xT. The closed fiber is unaltered, and so dim (7)) — 1 = dim (T'/2T) =
dim (S/xS)+dim (T//PT') (by the induction hypothesis) = dim (S) —1+dim (7'/PT'), and
the result follows.

To prove (e), let d be the dimension of S and let n be the dimension of T'/PT, so that
T has dimension d + n by part (e). P has d generators, and Q/PS has n generators,
and putting together the former with liftings of the latter to @), we see that Q has d + n
generators. This shows that T' is regular.

For part (f), let @ be a maximal ideal of T" lying over P in S. Then Sp — Tj is
faithfully flat and local, and the closed fiber is the fiber of S — T over P localized at @,
and so is regular. Thus, T is regular by part (e).

Part (g) is immediate from (b), since L @k S is faithfully flat over S (even free: L is
free over K).

For part (h), note that since S — L ® S is flat, it suffices to prove that the fibers are
regular, and each has the form L ®x K’, where K’ = Sp/PSp for some prime P. Let
F be an algebraically closed field containing K’. Then it suffices to prove that L @ F
is regular, by part (g). But L = K[x]/(f) where f is a polynomial with distinct roots in
F, and so L ® F' = Flz]|/(f) and, by the Chinese Remainder theorem, this is simply a
product of copies of F, and is therefore regular. [

In part (f), note that the result holds if we only assume that the fibers of S — T are
regular over prime ideals P of S lying under maximal ideals of T

Proposition. Let K be a field and let S be a Noetherian K-algebra. The following con-
ditions are equivalent:

(a) For every finite purely inseparable algebraic extension L of K, the ring L Qg S is
reqular.
(b) For every finitely generated field extension L of K, the ring L @k S is regular.

Moreover, if S is finitely generated over K the following conditions are also equivalent
to these:

(c) For some perfect field extension L of K, L Q@ S is regular.
(d) For some algebraically closed field L with L O K, L Qg S is regular.
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(e) For every field L O K, L ®k S is reqular.

Before we give the proof, we note that conditions (c), (d), and (e) cannot be used in
the general case because the ring L ® i S need not be Noetherian.

Proof. We first note that if L C L’ are fields and L’ ® i S is regular, then L ® g S is regular
by part (g) of the Lemma. Evidently, (b) = (a). For the other direction, note that given
L, we may consider a field L’ generated by finitely many generators for L over K over
a perfect closure K’ of K. Then L’ has a separating transcendence basis over K’, and
can be obtained as a finite separable algebraic extension of a finite purely transcendental
extension of K’. After replacing K’ by a smaller field K; gotten by adjoining finitely many
of elements of K’ to K, we obtain a field Ly finitely generated over K; (and, hence over
K) which contains L and is obtained from K in three steps: a finite purely inseparable
algebraic extension, then a finite transcendental extension, and finally, a finite separable
algebraic extension. The first step gives a regular ring by hypothesis, the second obviously
does not disturb regularity (one has a localization of a polynomial ring in finitely many
variables), and the third preserves regularity by part (h) of the Lemma. This shows that
(a) = (b).

Now, when S is finitely generated over K, note that (e) = (d) = (c¢) = (a) is clear
(the last because a perfect extension contains every finite purely inseparable algebraic
extension, coupled with part (g) of the Lemma), and we have already shown that (a) =
(b). Finally (b) = (e) because every field extension is a direct limit of finitely generated
field extensions, and we may apply _ ®x S and use part (c) of the Lemma. O

We shall say that a Noetherian K-algebra is geometrically regular if the equivalent
conditions (a) and (b) of the Proposition hold for S. If S is a finitely generated K-
algebra this property is characterized by the equivalent conditions (a) through (e) of the
proposition.

Lecture of February 6, 2017

We next prove:

Theorem. Let K be a field and let S be a finitely generated K -algebra (finite presentation
is automatic). The following conditions are equivalent:

(a) S is smooth over K.

(b) L ®k S is smooth over L for some (equivalently, every field) L.

(c) For some algebraically closed field L O K, L @ S is regular.

(d) For every field L O K, L ®k S is reqular.

(e) For every maximal ideal Q of S, (Q2s/K)q is Sq-free of rank equal to dim (Sg).

Proof. We shall show that (a) = (b) for all L = (b) for some L = (¢) = (d) = (e) = (a).
That (a) = (b) for all L is immediate from our results on base change, and this evidently
implies (b) for some L. If L ®x S is smooth over L, and L is an algebraic closure of L,
then L @k R is smooth over L, and the Lemma of the Lecture Notes for February 1 then
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implies that Ly ®g S is regular. Thus, (b) = (c). We have already seen that (c) and (d)
are equivalent.

Now assume that (d) holds. In particular, (d) holds when L is an algebraic closure of
K. Let 8" = L®g S. Then S’ is both faithfully flat and an integral extension of S. Hence,
every maximal ideal @ of S lies under a maximal ideal of S’, and every maximal ideal
Q' of S’ contracts to a maximal ideal of S. Moreover, Sb, and Sg have the same Krull
dimension.

Moreover, Qg /1, = L @k Qg/x = 5" @5 Qg/k. Let Q' be a maximal ideal of S” lying
over a given maximal ideal @ of S. Then dim (Sg, ) = dim (Sg) and it now suffices to see
that if M is a finitely generated module over Sg the is free when we tensor with S’Q, if
and only if it was already free over Sg. This is clear, because a minimal resolution over
Sq is preserved by applying 5S¢, ®s, _

Finally, we need to see that (e) implies (a). This follows because (e) continues to
hold after we tensor with an algebraic closure L of K. This implies that L ®g S is
smooth, and therefore regular. It follows that S is regular, and, therefore, every Sq is

regular. Fix a maximal ideal @ of S and write S = K|z, ... ,:z;n]@v/(Fl, .., Fi), where
@ is the inverse image of @} in a polynomial ring K|z4, ... ,x,] mapping onto S and
Fi, ... ,F, € K|z, ... ,x,] are minimal generators for the kernel K[ax]a — Sg. We

know that (2g/x)q is free of rank equal to dim (Sg), and we want to show that it is free
of rank n — m. But since Sg is regular, we know that these two numbers are equal. [

Theorem. Let S be a finitely presented R-algebra. Then the following are equivalent:

(a) S is smooth over R.

(b) S is R-flat and every fiber kp @ S is geometrically reqular, where kp = Rp/PRp.

(c) S is R-flat and for every mazimal ideal Q of S lying over P in Spec(R), (Qs/r)q 15
free of rank equal to dim (kp @ Sq).

Proof. We shall prove (a) = (b) = (c¢) = (a). We already know that smooth algebras
are flat, since they are locally polynomial followed by étale, and that fibers, which are the
result of a base change, are smooth and therefore geometrically regular. Thus, (a) = (b).
Next assume that S is R-flat, fix a maximal ideal (), and write Sg = R[:c]@v /1 R[:c]@v where

Fi, ..., F, € R[x] are minimal generators for I R[z] g as usual. The sequence

0— IR[x]@ — RM@ —+ S =0
remains exact when we apply kp ®pr, _ : since S is R-flat, Sg is Rp flat and
TOI‘?P (Iip, SQ) = 0.
It follows that the minimum number of generators m for the kernel of R[z] g~ Sq does
OF;
not change when we apply kp®pg,: it is still m. Let J denote the image of ( 3 ]) in
7

7

S. Now, (R ,@rS/kp)q is free of rank n —m iff kp — kp ®r, Sg is formally smooth iff
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kp ® J has rank m if and only if a size m minor of J has invertible image in Sg. It is
now clear that in the presence of flatness for R — S, we have that (b) = (¢) = (a). O

This completes our basic treatment of unramified, étale, and smooth morphisms. We
next want to use our knowledge of étale morphisms to construct the Henselization of a
quasilocal ring, as well as to gain understanding of what a Henselian ring is.

We recall that a quasilocal ring (R, P, K) is called Henselian if for every monic poly-
nomial F' € R[z] and each factorization F' = gh into relatively prime monic polynomials
g, h of K[x], where F denotes the image of F in K[x], there is a lifting of that factoriza-
tion F' = GH to R[z|, where G and H are monic and G = g mod PR[z] while H = h
mod PR[x]. It is a theorem, Hensel’s lemma, that if R is complete and P-adically sepa-
rated then such a lifted factorization exists. That is, a complete P-adically separated ring
is Henselian. In this case, and whenever R is P-adically separated, the factorization is
unique: this follows from its uniqueness mod P! for all t. See page 3 of the Supplement
on the Structure theory of complete local rings.

A module-finite extension ring S of a quasilocal ring (R, P, K) is said to decompose if it
is a product of quasilocal rings. By a pointed étale extension of a quasilocal ring (R, P, K)
we mean a localization (S, @, L) of an étale algebra over R at a prime lying over P such
that the induced map of residue fields R/P — S/Q is an isomorphism. Note that a pointed
étale extension actually is an extension, since it is faithfully flat.

We shall prove:

Theorem. Let (R, P, K) be quasilocal. Then the following seven conditions are equivalent:

(1) R is Henselian.

2) Every module-finite extension of R decomposes.

3) Ewvery free module-finite extension of R decomposes.

4) FEvery module-finite extension of R of the form R[z]/(F), where F is a monic polyno-
mial, decomposes.

(5) If F is a monic polynomial over R whose reduction F mod P has a simple root \ € K,
then there is an element r € R such that r = X\ mod P and F(r) = 0.

(6) If R — S is a pointed étale extension, then R = S.

A~ N N

(7) If Fr, ..., F, aren polynomials in n variables whose images Fj mod P vanish simulta-
neously at (A1, ..., A\n) € K™ and the Jacobian determinant det( 3 j) does not vanish
x‘
mod P at x1 = A1, ..., T, = A\, then there are unique elements Tlt .. ,Tn € R such
that for all i, r; = \; modulo P and F;(ry, ... ,r,) =0,1<j<n.

The proof is postponed for a bit. It is easiest to make the connection between (1) and
(4), and we shall discuss this first. Note that (5) is more special than (7), and we could
have made a uniqueness statement in (5) as well as in (7).

Lecture of February 8, 2017
Before giving the proof of the Theorem stated at the end of the previous lecture, we want

to discuss the general problem of when a module-finite extension of a quasilocal domain
decomposes.
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Let (R, P, K) be quasilocal and let S be a module-finite extension of R. For every
maximal ideal @ of S, S/Q is a field integral over R/(Q N R), and so R/(Q N R) is a field:
that is, every maximal ideal of S lies over P, the unique maximal ideal of R. Since S/PS is
module-finite over K = R/P, it is zero-dimensional. The maximal ideals of S correspond
bijectively to the prime ideals of the Artin local ring S/PS, and so there are finitely many
of them, say Q1, ... ,Q,. Let ¢ = Q;/PS, 1 < j <r. Then

T

S/PS = [[(S/PS),,

J=1

and (S/PS)q, = (S/PS)q,, 1 < j <r. Note that since P is contained in every Q;, PS is
contained in every maximal ideal of S, i.e., it is contained in the Jacobson radical of S. It
is now clear that S decomposes if and only if S =[], Sq,.

There are 2" idempotents in S/PS: S/PS is a product of r indecomposable factors,
and for each subset S of the factors there is a unique idempotent that corresponds to 1 in
the factors that are in § and 0 in the factors in the complementary subset.

In the product ring S/PS, we shall refer to the idempotent e; the corresponds to 1
in the factor (S/PS)q, and 0 in the other factors as the idempotent associated with Q;
or with ¢; = Q;/PS. It is characterized among the idempotents by the condition that
ej ¢ q; while e; € ¢; for ¢ # j. It is then easy to see that S decomposes if and only if
all idempotents of S/PS lift to idempotents of S, and it suffices if the idempotents e; lift.
(Any other idempotent is a sum of mutually distinct e; or 0.) An idempotent e of S lifts
e; if and only if e ¢ @; while e € Q; for i # j. The reason is that the image of e in S/PS
is an idempotent with the corresponding membership property, and this means that the
image must be e;.

We next consider exactly what it means for S = R[z]/(F) to decompose when F' is
monic and (R, P, K) is quasilocal. Let f € K[z] be the image of F' modulo PR[z]. Then f
factors uniquely, except for the order of the terms, as g; --- g, where the g; are monic and
are powers of mutually distinct monic irreducible polynomials. Thus, g; and g; generate
the unit ideal in K[z] if i # j. We claim that S = R[z|/(F') decomposes if and only if the
factorization f = gy - - g, lifts to a factorization F' = G, --- , G, over R|x], where every
G, is monic and G; = g; mod PR|x]. Suppose one has the lifted factorization. Then the
principal ideals G;S are pairwise comaximal: since PS is in every maximal ideal of S, it
suffices to see this working over R[x]/PR[z] = K|[z], and in this ring the G; map to the
g;- It follows from the Chinese remainder theorem that S = [, S/G;S, and this shows
that S decomposes.

For the converse, suppose that S = [[.S; decomposes, where S;/PS; = K[x]/(g;). Let
d; = deg(g;). By Nakayama’s lemma, the images of 1, z, ..., x% 1 generate S; as an
R-module, since their images in S;/PS; = K[x]/(g;) generate that ring as K-vector space,
and PS; is in the Jacobson radical. Therefore, the image of x;l is in the R-span of the
images of 1, z, ..., 2%~ ! in S;, and this means that we can choose a monic polynomial
G; € R[z] of degree d; such that G;(z) maps to 0 in S;. This implies that the image of
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G; in K|z] is divisible by g;. Since they have the same degree, g; is the image of G; mod
PRz]. Let G =[], G;. Then deg(G) = >, deg(G;) = >, deg(g;) = deg(f) = deg(F).
Now, x satisfies G(x) = 0 in S: since S is the product of the S;, it is enough to check
that this is true in every S}, and that follows because G; divides G. Since S = R[z]/F, it
follows that F' divides GG. Since they are monic of the same degree, they are equal.

Note that if (R, P, K) is Henselian, a factorization of the image f of F' € R[z] over k[x],
say f = g1 -+, gr, where the g;, g; are relatively prime in pairs, lifts to such a factorization
into monic polynomials over R[z]. When r = 2 it is the definition of Henselian, and one
may prove the result in general by induction on r: if r > 3, since ¢* = g1 --- ¢,—1 and g,
are relatively prime, we may lift the factorization g = g*g, to a factorization G = G*G,.,
and then apply the induction hypothesis to G* and the factorization ¢* = g1 -+ gr_1.

We are now ready to prove the equivalence of the first four conditions in the statement
of the Theorem from the previous lecture.

Proof of the equivalence of (1), (2), (3), and (4). The remarks above show that (1) < (4),
while (2) = (3) = (4) is clear. We can therefore complete the proof by showing that (4)
= (2). Let R C S be module finite and let ) be a maximal ideal of R. Let ey be the
corresponding idempotent in S/PS, so that eg is in Q/PS and not in any other maximal
ideal. It suffices to show that eq lifts to S. Choose any lifting ¢ of eg to S: of course, ¢
need not be idempotent, but ¢ is not in ) and and is in every other maximal ideal of S.
Of course, ¢ satisfies some monic polynomial F' € R[z|. Let T = R[z|/(F). We have an
R-algebra map T' — S that sends the image of x in T to ¢ € S. Let Q be the inverse image
of Q in T', which is a maximal ideal of T'. Since T decomposes it contains an idempotent €
that is not in @ but is in every other maximal ideal of T'. The image e of € is an idempotent
of S that is evidently not in Q). It will suffice to show that e is in every maximal ideal
Q' of S other than ), for then e must lift eq. It suffices to show that if Q' # @ then @’
does not lie over Q, for € will then be in the contraction of Q' to T, and so € will be in Q.
But if Q' lies over Q then T'/Q injects into S/Q’. The image of x is sent to the image of ¢
under this map, and so is sent to 0. Hence, the image of x in T is in O, and so is sent to
0 under the injection 7/Q — S/Q. But ¢ ¢ @, a contradiction. [

Lecture of February 10, 2017

Proof that conditions (1), (5), (6), and (7) are equivalent. We show that (1) = (5) = (6)
= (7) = (1). Suppose that the ring is Henselian and that we have a monic polynomial F’
such that mod PR[x] the image f of F' has a simple root A € K. This gives a factorization
f = (x — \)g, and the fact that A is a simple root means that x — A and g are relatively
prime. Hence, the factorization lifts to a factorization F' = (z — r)G where r = XA mod P.
But then F(r) = 0. This shows that (1) = (5).

Now suppose that (5) holds, and let S be a pointed étale extension of R. Then S is a
localization of standard étale extension of R near @ lying over P, and so S = (R[z|,/F)q
where F is monic, F’ is invertible in S, and @ lies over P. Let A denote the image of x
in the residue field of S, which is K. Thus, if f is the image of F' modulo PR[z], we have
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that f(A\) = 0, and since F” is invertible in S, its image f’()) in K is nonzero, so that A
is a simple root of F'. Thus, we can choose r € R such that F'(r) = 0, and it follows that
F = (z—r)G(x) for G € R[z]. Since A is a simple root of f, the image of G(x) is invertible
in S, which means that S is a localization of R[z|/(x —r) = R. Since R — S is a local
map, we must have that R = S. Thus, (5) = (6).

Assume that we have condition (6) and consider a system of equations as in (7). Let
@ be the kernel of the map R[X;, ..., X,] — K that agrees with the quotient surjection
R - R/P = K on R and sends X; — \;, 1 < j < n. Then the hypothesis implies
that S = R[Xy, ..., X,]q/(F1, ..., F,) is a pointed étale extension of R, using part
(b) of the Proposition in the Lecture Notes of January 20, and is therefore equal to R.
Solving the equations in R so as to lift the solution (A1, ... ,\,) is equivalent to giving
an R-algebra mapping R[Xy, ..., X,]|/(Fy, ..., F,) — R so that under the composite
R X1, ..., X,]/(F1, ..., F,) = R — K the elements x; map to the elements \;, which is
equivalent to the condition that () map into P. Thus, giving a lifting of the solution to
R is equivalent to giving a local R-algebra mapping S — R. Since R = S as R-algebras,
there is a unique such mapping, and so the equations have a unique solution.

Finally, assume that (7) holds, let F' € R[z]| be monic of degree n, and suppose we have
a factorization f = gh over K[z] where g, h are monic of degrees d and e respectively and
d+e=mn. Let g = Z;'l:() oz with all a; € K and g = 1, and let h = > Bzt
with all g € K and . = 1. We seek to lift this factorization to R[z]. Proceed by

letting the coefficients of the factors be unknown, i.e., we seek values for Yy, ... ,Y;_ 1 and
2y, ... yZe—1 in R such that

F="+Y 127 4+ 4 Yz 4+ YY) (2 4+ Ze12° 4+ + Ziz + Zp).

Let F' = 2" 4+ cp_12" ' 4+ -+« + 1@ + ¢y where the ¢; are given elements of R. This leads
to a system of n equations in the d 4+ e = n unknowns Y, Z), by setting the coefficient of
z', expressed in terms of the Y;, Zy, equal to ¢;, 0 <t < n— 1. After transposing ¢; to the

other side of the equation, the typical equation looks like:

> YiZk—c=0

k=t
where Yy = 1 and Z, = 1 (these are not indeterminates) and where 0 < j < min{d,t}
and 0 < k£ < min{e,t}. We want to solve so that YV; = «a;, Z;, = 0, 0 < j < d—1,

0<k<e-—-1.

Explicitly, the first two equations are YgZy — cg = 0 and YyZ1 + Y12y — ¢; = 0, while
the last equation is Yy 1+ Z._1 — ¢,,—1 = 0. Of course, the factorization of f = gh gives a
solution in K™ in which «; is the image of Y; and S}, is the image of Z. To complete the
proof, it suffices to show that the Jacobian determinant of these n equations with respect
toYy, ..., Yy_1, Zo, ..., Zq_1, evaluated at the point («, ) € K™, is nonzero: condition
(7) will then allow us to lift this solution to R", giving the required factorization.
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Explicitly, the Jacobian matrix 7 is obtained by differentiating all of the polynomials we
are setting equal to 0 by Yy, ... ,Yz_1 and then Zj, ..., Z._1. Each row is the sequence
of partial derivatives with respect to one of the variables. The matrix is

Zo 71 Zy o Zeq 1 0 - 0
0 Zo Z1 + Zewg Zeex 1 o 0
0 0 -+ 0 Zo o Zewo Zeqg 1
Yo Vi Yy - Yy, 1 0 - 0
0 Yy, Y7 - Yy Yy, 1 e 0
0 0 -+ 0 Yy o Yyo Yyq 1

There are d rows involving the Z; and e rows involving the Y;. Let Jy = J |(a, 3) be this
matrix after the o are substituted for the Y; and the g for the Z.

Now consider instead the following problem: find polynomials u, v, not both 0, in K|z]
of degrees at most e — 1 and d — 1, respectively, such that ug + vh = 0. This problem
has a solution if and only if ¢ and h have a common factor w of positive degree. If they
have such a factor, say w, for then we may write ¢ = vw and h = —uw and we have that
ug+vh = 0. On the other hand, if g and h have no common factor but we have ug+vh =0
(u = 0 iff v = 0 here) then h divides u and ¢ divides v, contradicting the degree bounds
unless both vanish. Given g, h, we can look for v and v by letting their coefficients be
unknowns. Suppose that u = Zz;é Bpa® and v = Z?;é Az, Setting the coefficients on
powers of x equal to 0 gives a system of n linear equations in the n unknowns A; By: the
coefficients of these equations are functions of the coefficients «, § of g and h. Consider the
n X n matrix M of this system of linear equations. The ¢ th row may be thought of as the
coefficients of A; and By, occurring in the coefficient of z* in ug + vh = 0. Therefore, each
column consists of the coefficients on some fixed A; (or on some fixed By) as t varies. For
A; we get the coefficients in ijj h, which is a row of Jy. For By we get the coefficients
in Bja*g, which is also a row of Jy. With the columns suitably ordered, we see that Jj is
the transpose of M. Since g and h are relatively prime, the only element in the kernel of
M is 0, so that M is invertible. Hence, Jy is invertible. [

The determinant described in the proof above is an eliminant for f and ¢g: when f
and g are monic of fixed degrees but their non-leading coefficients are varying, it vanishes
precisely on the set of n-tuples of non-leading coefficients such that f and g have a common
factor (i.e., a common root in an algebraic closure of K'), which shows that this set is Zariski
closed. This is the classical approach to elimination theory, and has been largely hidden
by recent methods. The theorem that a projective morphism is proper, i.e., gives a closed
map even after base change, contains much the same sort of information. However, specific
descriptions of the equations defining the closed sets are sometimes needed.
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We want to construct the Henselization of the quasilocal ring R as the direct limit of
all (up to isomorphism) pointed étale extensions of R. To make this idea precise, we need
to study the category of pointed étale extensions of R. The following result contains the
information we need.

Theorem. Let (R, P,K) be a quasilocal ring and let S and T denote pointed étale R-

algebras.

(a) If I is any proper ideal of R, then R/I — S/IS is a pointed étale extension.

(b) The maximal ideal of S is PS.

(c) There exists a pointed étale R-algebra U together with local R-algebra maps S — U
and T — U. In fact, one may take U to be (S @r T)g where Q is the kernel of the
composite R-algebra surjection S QpT — K Qg K = K.

(d) If T = S in the construction in (c) just above, then (S ®r S)q = S wvia the obvious
map that takes (s ® s')/1 to ss'.

(e) There is at most one local R-algebra homomorphism from S to T, and if there is such
a homomorphism then T is pointed étale over S.

(f) If there are local R-algebra homomorphisms from S to T and from T to S then S =T
as local R-algebras. Moreover, this isomorphism is canonical.

(g) If the cardinality of R is finite so is the cardinality of S. In all other cases, R and S
have the same cardinality. Therefore, there exists a set R of pointed étale extensions
of R such that R contains exactly one representative from each isomorphism class of
pointed étale extensions (isomorphism as local R-algebras). Moreover, R is partially
ordered by the rule that S < T if and only if there exists a local R-algebra map from
S toT. With this partial ordering, R is a directed set.

Proof. Part (a) is clear: this is base change so the map remains localized étale. It is clear
that the map is still local and the the map of residue class fields does not change.

By part (b), S/PS is a pointed étale extension of the field K = R/P: since it is local,
it is a field, and so K — S/PS must be an isomorphism. This proves (b).

To prove (c), first note that the statement that the tensor product of two étale algebras
is étale is left as an exercise: cf. the first problem of Problem Set #2. The composite

R—>SrT K K - K

is isomorphic with the quotient surjection R - R/P = K, and so R — (S®rT)q is local,
and the induced map of residue class fields is an isomorphism.

Note that the map S ®p S — S sends ) onto the maximal ideal of S, and is surjective.
Since S' is a localization of a finitely presented R-algebra, the kernel I of S®r S — S is a
finitely generated ideal I, and since S is formally étale and therefore formally unramified
over R, I2 = Iy. Let I = Io(S ®@gr S)q, the kernel of the map (S @ S)g — S. Then
I is finitely generated and contained in the maximal ideal, and I? = I. It follows from
Nakayama’s lemma that I = 0, and so (S ®gr S)g — S is an isomorphism. This completes
the proof of (d).

Suppose that there are two local R-algebra homomorphisms from S — T, call them
f and g. Then there is an R-algebra homomorphism S ®r S — T that sends s ® s’ —
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f(s)g(s’), and, with notation as in part (d), it carries @) into the maximal ideal of T" and so
induces a map (S ®gr S)g — T whose value on s®1/1is f(s) and whose value on 1 ® s/1
is g(s). But under the isomorphism of (S ®pr S)g = S established in (d), both s ® 1 and
1® s map to s, e, s®1/1=1®s/1in (S®r 5)qg. It follows that f(s) = g(s), and this
establishes the first statement in (e).

Now suppose that we have local R-algebra maps R — S — T where S and T are
pointed étale over R. We want to show that 7' is pointed étale over S. The module of
differentials {07, = 0 simply because Q7/r = 0, and so T is formally unramified over
S. It follows from the structure theory that we may write T = U/I where U is a local
ring of an étale S-algebra. We know that all of the residue class fields are isomorphic.
Thus, to complete the proof, it will suffice to show that I = 0. We know that [ is finitely
generated. Consider the exact sequence 0 — I — U — T — 0. Since T is R-flat, we have
that Torl'(K, T) = 0. Therefore the sequence remains exact when we apply K ®pr _,
giving 0 — I/PI — U/PU — T/PT — 0. Since U and T are both pointed étale over R,
the map U/PU — T/PT is an isomorphism: these quotients are both K, by part (b). It
follows that I/PI =0, and then I = (0) by Nakayama’s lemma.

Part (f) is then immediate because the compositions of the two maps must be the
respective identity maps on S and T: the only local R-algebra map from S — S (or
T — T) is the identity. The isomorphisms are obviously unique, since there is at most one
local R-algebra map from S — T or T"— S.

Let | | indicate cardinality. Then |R[x]/(F")|is |R|™ for F monic of degree n. Elements
of W=IT are parametrized by T x W and so |[W~T| < |T|?. Tt follows that |R| < |S| <
|R|*" for any pointed étale extension S of R (note that R < S here). Therefore, |S]| is
finite if |R| is and |S| = |R| otherwise. The existence of the set R is then immediate from
the axiom of choice. The relation < is transitive because one can compose local R-algebra
maps, and we have a partially ordered set using (f). The set is directed because of (c).
This proves (g). O

It is easy to see that the construction (S ®r T')q in part (c) gives the coproduct of
and T in the category of pointed étale R-algebras and local R-algebra homomorphisms.

Lecture of February 13, 2017

Let (R, P, K) be a quasilocal ring. By a Henselization (S, Q, L) for R we mean a quasilo-
cal ring together with a local homomorphism R — S such that every local homomorphism
from R to a Henselian quasilocal ring T', the map R — T factors uniquely R — S — T'. If
S’ is another Henselization of R the mapping properties give that R — S’ factors uniquely
as R -+ S — 5" and R — S factors uniquely as R — S” — S. The maps S — S5’
and S’ — S must compose to give the respective identity maps on S and S’. Thus, a
Henselization of R is unique up to unique isomorphism.

We can now construct the Henselization of a quasilocal ring (R, P, K) as follows: choose
a set R of pointed étale extensions of R containing exactly one representative of every
isomorphism class. Then R is a directed set indexing itself, and when S < T there is a
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unique local R-algebra map S — 7. We may therefore take the direct limit, lim g S.
—
We denote this direct limit as R".

Theorem. R is a Henselization of the quasilocal ring (R, P, K). It is faithfully flat over
R, and has mazimal ideal PR". Its residue class field is K.

Proof. Let g : R — T be a local map from R to a Henselian ring 7. We want to show
that it has a unique local extension to R", and it suffices to show that it has a unique
local extension to (S, @, K) for every pointed étale extension S of R. Note that we have
S®rT — K ®r L = L: call the kernel Q. Then (S ®gr T)g is a localization of an étale
extension of T, T' — (S®gr T) o induces an isomorphism L = K ®pr L = L of residue fields.
Thus, (S ®r T)g is a pointed étale extension of T'. Since T' is Henselian, it is equal to T'.
The local map S — (S ®r T)go = T is the map we want. The fact that (S®rT)g =T
also implies uniqueness.

Since R" is a direct limit of flat quasilocal rings and local R-algebra homomorphisms, it
is a flat R-algebra, and the map R — R" is local, so that R" is faithfully flat. P expands
to the maximal ideal of R" because that is true for every pointed étale extension, and
K = R"/PR" because K = S/PS for every pointed étale extension S of R. [

We pause in our treatment of Henselization to consider further our results on smooth
homomorphisms. The following result was stated in the lecture of January 11 as the last
Theorem, to be proved later:

Theorem. Let S be a finitely presented R-algebra.

(a) If R contains the rationals, S is smooth over R if and only if S is flat over R and
Qg/Rr is projective as an R-module.

(b) S is étale over R if and only if S is flat over R and Qg g is 0.

(c) S is unramified over R if and only if Qg/r = 0.

We eventually proved (b) and (c), but we never proved (a), although we did give criteria
for smoothness involving the local freeness of the module of differentials subject to a
condition on its rank.

With no condition on the rank, the hypothesis of characteristic 0 (or some other addi-
tional hypothesis) is needed. For example, let R be a field K of characteristic p > 0 and
let S = K[z]/(2P). Then d(2?) = 0, and from this is it follows that g/ is S-free of rank
one on dz.

We want to prove (a) in equal characteristic 0. To analyze the situation it will help to
consider differentials over complete local rings (R, m, K) with coefficient field K, but we
want to use a somewhat different notion in this case: the ordinary module of differentials
Qr/Kk need not be finitely generated, but its m-adic completion Q r/k is. (The power
series ring R = K|[[z1, ... ,x,]] typically has uncountable transcendence degree over K,
even when n = 1. If K has characteristic 0, and {u;};cs is a transcendence basis in R
for F, the fraction field of R, over K, then because the extension K(u; : j € J) C F is
separable, we have that {)r,x is free on the du;, and needs uncountably many generators.
This is a localization of Q7 g, which must also need uncountably many generators. In
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characteristic p, if K is perfect then any derivation kills Ty = K[z}, ..., z2]]. Since
T is module-finite over T} it is certainly finitely generated as an algebra over T by the
elements dx;. It follows that Qr,x = Q7 is a finitely generated T-module and so is

already complete and QT /k = Qr/k in this case.)

~ 0
In order to see that Qg is finitely generated, we first want to define — for a power

Ox
series ring R[[z]]. We may define this formally by the rule

8 oo [e.e]
e g rixt = g riixt
x

0

where the r; € R. Alternatively, we may obtain — F' by introducing a new formal inde-
x

terminate A, noting that F(x + A) — F(x) is divisible by A in R][x, A]], and letting

o . F(z+A)—F(a)

—F = .

Ox A A=0
This is an R-derivation of R[[z]] into itself. Now, consider A[[zq, ... ,x,]], the formal
power series ring in n variables over A. We may define — for 1 < ¢ < n by letting

81:1'

R; be the formal power series ring over A in the variables other than z; and thinking of

Allz1, ... 2] as Ril[zi]].

Now let (R, m, K) be a complete local ring with coefficient field K, so that we have
K < R as well as R — K and the composition is the identity. We write {2g,x for the
m-adic completion of Qg k. By a complete R-module M we mean an R-module that is

complete and separated in the m-adic topology. The composition d : R — Qg,x — O R/K
gives a K-derivation of R into Q r/Kk Which we still denote by d.

Then:
Proposition. Let (R, m, K) be complete local with coefficient field K.

(a) For every complete R-module M, there is a bijection between HomR(QR/K, M) and
K- dem’vations of R into M : every derivation is obtained from a unique R-linear map
L : QR/K — M by composition with d. This mapping property together with the

condition that QR/K be complete characterizes QR/K up to unique isomorphism.

(b) If R is a formal power series ring K|[x1, ... ,x,]], then QR/K is the free R-module

on the basis dx;, and
dF =
Z o

(¢) If R is the quotient of K[[z1, ... ,zy]] by the ideal with generators Fy, ..., Fy,, QR/K
is quotient of the free R-module on the dx; by the images of the df;: thus QR/K S
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j
8937; N
choice of presentation K|[x1, ... ,z,]]/(F1, ..., Fn). In particular, Qg is finitely
generated.

the cokernel of the Jacobian matrix ( ), which is consequently independent of the

Proof. For part (a), the derivation induces a unique linear map Qp,x — M: since M is
complete, this factors uniquely through 0 r/K- The rest of the argument is routine.

For part (b), it suffices to see that a K-derivation D of R into a complete module M
is uniquely determined by the images of the dx;, and that there is a derivation for every
specified set of values. If values uq, ... ,u, € M are specified one simply checks that the
map taking F' € K[[x1, ... ,z,]] to >, g—iui is a derivation. To see that the derivation is
determined by its values on the x;, fix N € N. Given F, let f be the polynomial containing
all terms of I of degree < 2N, and let w € P2V be the sum of remaining terms of F. The
definition of a derivation forces

and since w = F — f € P2V = (PY)2, the product rule forces Dw to be in PN’ M. Thus,

OF N
DF—;axiui e PYM
for all N, and the result follows.

To prove part (c), we note that a K-derivation R = K{[z1, ... ,z,]]/(F1, ..., Fn) —
M induces a K-derivation K[z, ... ,x,]] = Kl[z1, ... ,z,]]/(F1, ..., Fn) — M by
composition. The condition that a K-derivation K{[x1, ... ,x,]] — M factor through
Kl[z1, ... ,z,]]/(F1, ..., Fy) is simply that every dF; be mapped to 0, and so the coker-

J
81'1'
Proposition. Let (R, P, K) be complete with coefficient field K C R.

(a) If K has characteristic 0, then R is reqular if and only if QR/K is free, in which case
it is free of rank dim (R).

(b) If K has characteristic p > 0, then R is regular if and only of SA)R/K s free of rank
< dim (R), in which case it is free of rank dim (R). If K is perfect, R is reduced, and
O Rr/K 18 free, then R is reqular.

nel over R of ( ) has the required mapping property. [

Proof. We can represent R as a quotient K[[z1, ... ,z,]|/(F1, ..., F,,) in such a way that
Fy, ..., F, are minimal generators of I and all F; € (z1,...,x,)% if any F; has a
nonzero linear form, K[z, ... ,x,]]/(F;) is regular and can be written as power series
ring in fewer variables. Then 0 r/K 1s the cokernel of the image of (gij ), which has entries
in P, and so the cokernel is free if and only if all of the partial derivatives are in the ideal.
In characteristic 0 this cannot happen unless all the F}; are 0, by the Lemma that follows.
In characteristic p, again by the Lemma that follows, one has that every variable occurs

in every term of every F}; with exponent that is a multiple of p. Therefore, all the F} are
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pth powers if K is perfect. In this case, the module of differentials is free of rank n, but

if some F} is nonzero then dim (R) < n. If K is perfect the fact that R is reduced and Fj
is a pth power contradicts the assumption that F} is a minimal generator of m. [

Lecture of February 15, 2017

Lemma. Let K be a field and let T = K|[x1, ... ,x,]] be a formal power series ring over
OFf:
K. Let I =(f1, ..., fm) be an ideal, and suppose that for all i, j, a—fj el.
X

(a) If K has characteristic 0, then I =0 or I =T.
(b) If K has characteristic p > 0, then I is generated by elements of K[[z%, ..., a]]. If
K is perfect, these elements are pth powers.

Proof. First note that if all the partial derivatives of all of a given set of generators of [
are in I, then I is closed under partial differentiation:

9 g, of;
eSS Wi R
J J

and all terms are in 1.

In the characteristic 0 case, if I is not (0), choose an element h of I whose lowest degree
term H is of smallest degree. If I # R, then H has positive degree. Choose a variable z;

that occurs in H. Then 5 # 0 and is the lowest degree term of e a contradiction.
Ty T
In the case of characteristic p > 0, note that the set M of monomials p = zi* - z%»
such that all of the a; < p form a free basis for T over Ty = K[[z}, ..., zP]]. Also note

that all of the derivations : T — T are Ty-linear. Suppose that I has an element

ox;
ZueM gupt where the g, € T(Z). We want to show that all of the g, € I. Evidently, if
we have a counterexample, we still have a counterexample if we omit all terms such that
g € I. Therefore we may assume that g, ¢ I for all ;1 that occur, i.e., such that g, # 0.
Choose p* = x{* - - - x8 occurring of highest degree. Then apply

n

aal aan
D=
0x{ Oxy"
The value on p* is aq!---a,!. All other u occurring are killed by D, since some exponent

in p will be strictly less than the corresponding exponent a; in p*, and D is Tj-linear.
Thus, ai!---aylg,~ € I, and it follows that g, € I, a contradiction. [J

Corollary. Let S be finitely presented and R-flat. If R contains the rational numbers, S
is smooth over R iff Qg/gr is a locally free S-module. More generally, S is smooth over R
if and only if for every mazimal ideal Q of S lying over P in R, (Qs/r)q is free of rank
less than or equal to the dimension of the localized fiber Sq/PSq, in which case its rank
1s that dimension.
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Proof. We have already proved the necessity of these conditions. To see sufficiency, note
that it suffices to show that the localized fibers at maximal ideals are formally smooth.
Thus, we may assume that R is a field K. We may make a base change to the algebraic
closure of K without affecting the issue. Therefore, we may assume that Sg has residue
field K, and K is a coefficient field. The regularity of Sg and the freeness and rank of
) are unaffected by completion if we use 0 r/Kk in the complete case. The result is now
immediate from the preceding Proposition. [J

Remark. When S is finitely presented and flat over R, it is smooth if and only if for
every maximal ideal @ of S with contraction P to R, Sq/PSg is formally smooth over
K = Rp/PRp. Therefore, suppose that we restrict attention to the case where R = K is
a field. We may make a base change to the case where K is algebraically closed without
affecting smoothness. Suppose that K is a perfect field of positive characteristic. Then Sg
is formally smooth over K if and only if (Qg/x)q is Sq-free and Sq is reduced. However,
the proof needs one fact that we have not established: if a local ring of a finitely generated
K-algebra is reduced, then so is its completion.

We return to the subject of Henselization.

Proposition. If I is a proper ideal of a quasilocal ring R, then there is a canonical local
R-isomorphism (R/I)" = R"/IR" (since both are killed by I, this is equivalent to saying
that there is a canonical local (R/I)-isomorphism).

Proof. A homomorphic image of a Henselian ring is Henselian: given the problem of lifting
a factorization over the residue class field K, one can lift to R, and then take the image of
that lifting in the quotient. Thus, R"/IR" is Henselian, and so R/I — R®/IR" induces a
unique (R/I)-algebra map (R/I)* — R®/IR". Likewise, the map R — (R/I)" induces a
unique local R-algebra map R" — (R/I)", and, since it kills I, we get a unique local (R/I)-
algebra map R®/IR" — (R/I)". The composite map (R/I)" — (R/I)" is the identity on
elements of R/I and so is the identity. Consider the composite map o : R*/IR® — R"/IRP
and compose with the surjection R" — R®/IRM: the resulting map 8 : R® — RM/IR®
takes the image of r € R to its image in R"/IR", and since 8 extends uniquely to R", it
must be the quotient surjection. This means that a must be the identity map. [

Theorem. Let (R, P,K) be a Noetherian local ring. Then there are unique local maps
R — RY — R and these are injective. If S is any pointed étale extension of R this also
factors uniquely R — S — R — R and if we tensor with R/P™ these maps all become
1somorphisms:

R/P"R=S/P"S =~ R"/P"R" ~ R/P"R.

R may be canonically identified with a subring of R and is Noetherian. Moreover, the
induced maps R — S — R® — R are all isomorphisms, i.e.,

o~

R~ S=Rh=R

12
I
I

Proof. By Hensel’s lemma, R is Henselian, and this gives a unique local R-algebra fac-
torization R — R™ — R. Moreover, S is part of the direct limit system used to obtain
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RP. Once we kill P" we have that R/P" is complete, and therefore Henselian. S/P"S
is a pointed étale extension of R/P™ and therefore equal to it, while, R®/P"RY is the
Henselization of R/P™ and so  equal to R/P"™ as well. This shows that for each pointed
étale extension S of R, S — Ris an isomorphism. If v € R" mapped to 0 in R we can
choose u € S for some S and now we have a contradiction since S — R is an isomorphism.
Thus, R" injects into R.

Suppose that I C R" is not finitely generated. Then we can find a sequence of finitely
generated subideals {I;}; that is strictly ascending. The expansions to R must stabilize.
Suppose that s is so large that Itﬁ = Isﬁ for all t > s, and that fi, ..., f, € R" generate
I R. We claim that these elements generate I; for all ¢t > s. To see this choose g € I;.
Choose a pointed ¢tale extension S of R sufficiently large that it contains all of fy, ..., fh
and g. But after completion the isomorphisms S/P"S — R/P"R show that S =
and this implies that R is faithfully flat over S. Since g € (f1, ..., fh)R, we must have
g€ (fi, ..., fn)S C (f1, ..., fn)R" The final statement is clear from the isomorphisms
mod every P". [
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Lecture of February 17, 2017

If R is Noetherian local, one may take a representative of every isomorphism class of
pointed étale extensions inside R and the directed union of these is a canonical Henseliza-
tion of R. If (R, P, K) is any quasilocal ring, for each subalgebra B of R finitely generated
over the prime ring in R, we may form Bpnp, which has a local map Bpng — R. Then

R = limB Bme
H

and
Rh = limB (BPﬂB)h

gives a canonical Henselization of B.

The ring of germs of real-valued C*° functions or real analytic functions at a point of
R? or of germs of complex analytic functions at a point of C? is Henselian. The germs
of real analytic functions may be identified with the subring of R[[x1, ... ,x4]] consisting
of power series that converge on some neighborhood of the origin, and a similar comment
applies to complex analytic functions. The Henselian property follows because there is an
implicit function theorem that applies in each case. Shift coordinates so that the point is
at the origin. The map from the local ring to the residue class field consists of evaluation
of a representative of the germ at the origin. Given n polynomial equations in n unknowns
whose coefficients are germs, each germ may be represented by an actual function on
some open neighborhood of the origin. We may restrict to the intersection of these open
neighborhoods. We can now work with polynomials whose coefficients are functions. The
hypothesis on the Jacobian determinant enables one to apply an implicit function theorem
for the appropriate category to get functions that satisfy the equations.

One version of an implicit function theorem is this: let X, Y denote the n + d variables
X1, ..., X0, Y7, ..., Yy and let Fy, ..., F, be n R-valued C* functions defined on a
OF;
neighborhood of a point (z, ) € R™*9 that vanish at that point. Suppose that det( 3 X])
(note that the matrix is n x n) does not vanish at (x, y). Then there are unique Co
functions ¢1(Y), ... ,gn(Y) defined on a neighborhood U of y such that

zj=9i(y), 1<j<n, and Fj(g1(Y), ... ,gn(Y), Y1, ..., ¥q) =0

identically on U, 1 < 7 < m. Thus, the equations determine a unique solution for the X;
in terms of the Yj near the point (x,y). The condition in the hypothesis is very natural
if one thinks of the case where all the F}; are linear. The same statement holds if one
replaces the condition that functions in both the hypothesis and conclusion be C*> by the
condition that they be real analytic, and also if one works with C-valued functions on C™*¢
and replaces the C* condition by the condition that the functions in both the hypothesis
and conclusion be holomorphic.
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We next want to review some material concerning excellent rings. We shall not give
proofs, but we will not be making use of the theorems we do not prove. A Noetherian
ring is called catenary if whenever P C () are prime ideals all saturated chains of primes
from P to ) have the same length. This property obviously passes to quotient rings and
localizations. A Noetherian ring is called universally catenary if every finitely generated
algebra over it is catenary. It suffices that polynomial rings in finitely many variables
over it be catenary: other finitely generated algebras over it are quotients of these. The
Appendices to Nagata’s book on local rings contain examples of Noetherian rings that
are not catenary, and catenary rings that are not universally catenary. However, Cohen-
Macaulay rings are catenary. Since a polynomial ring over a Cohen-Macaulay ring is again
Cohen-Macaulay, we have that Cohen-Macaulay rings are universally catenary, and that
means that homomorphic images of Cohen-Macaulay rings are universally catenary.

A map of rings is said to be a P map, where P is a property of rings, if it is flat and all the
fibers have property P. Thus, a map is Cohen-Macaulay if it is flat with Cohen-Macaulay
fibers, and a map is geometrically regular if it is flat with geometrically regular fibers. With
this terminology, R — S is smooth if and only if it is finitely presented and geometrically
regular. However, some authors use the term “regular” to mean geometrically regular. In
this course we shall use the term geometrically regular, and avoid the term “regular.”

A Noetherian ring R is called a G-ring (“G” as in “Grothendieck”) if for every local
ring A of R, the map A — A is geometrically regular.

An excellent ring is a universally catenary Noetherian G-ring R such that in every
finitely generated R-algebra S, the regular locus {P € Spec (S) : Sp is regular} is Zariski
open. Excellent rings include the integers, fields, complete local rings, convergent power
series rings, and are closed under taking quotients, localization, and formation of finitely
generated algebras. All of the rings that come up in algebraic geometry, number theory,
and several complex variables are excellent. Excellent rings tend very strongly to share the
good behavior exhibited by rings that are finitely generated over a field. The normalization
of an excellent domain is a finite module over it, the completion of a reduced excellent local
ring is reduced, and the completion of a normal excellent local domain is normal. It is also
true that the Henselization of an excellent local ring is again excellent.

In the sequel we shall refer from time to time to excellent discrete valuation rings. We
always mean Noetherian rank one discrete valuation domains. We use the abbreviation
DVR. In this case one can give a simpler characterization of excellence, and we shall
take this characterization as our working definition of excellence for DVRs throughout the
remainder of these Lecture Notes.

We first define an algebra S over a field K to be separable if for every finite purely
inseparable algebraic extension L of K, the ring L& S is reduced. We shall say a bit more
about this shortly. Notice that if K has characteristic 0, then every reduced K-algebra is
separable. We shall say a DVR V with fraction field K is excellent if K @y Vis separable.
This is equivalent to the general definition of excellence given earlier in the special case
of a DVR. Notice that every DVR of equal characteristic 0 or of mixed characteristic is
excellent. There can be no problem unless the ring has positive characteristic p.
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We define a Noetherian ring (R, P, K) to be an approximation ring if every finite system
of polynomial equations in finitely many variables over R that has a solution in R has a
solution in R. The reason for the use of the term “approximation” is explained in part by
the following fact.

Proposition. Let R be an approzimation ring, let F;(Xq, ..., X,) =0,1<j<m bea
system of polynomial equations over R, and let (s1, ..., s,) be a solution of the equations
in R™. Then for every positive integer N there exists a solution (r1, ... ,r,) in R™ such

that for all i, r; = s; mod PNR. In other words, the solutions of the equations over R are
P-adically dense in the solutions over R.

Proof. Fix N and fix elements 7, € R such that 1} = s; mod PYR, 1 < i < n. Fix
generators ui, ... ,u, for P" in R. For each ¢ we can find elements y;; € R such that
Si — i — Z?Zl yiju; = 0. Now consider the equations F} =0, ..., F},, = 0 together with
the additional equations involving new variables Y;;, namely X; — 7} — Z?Zl Yiju; = 0.

These equations have a solution (s1, ..., s, ¥i;) in R. Hence, they have a solution in R,
and for this solution the values for the X, will satisfy the congruence condition. [

Thus, solutions over R can be “approximated” arbitrarily closely, in the P-adic topology,
by solutions over R.

Based on a wonderful result of Popescu, one can prove that every excellent Henselian
local ring is an approximation ring. The original proof of the result of Popescu has gaps.
Popescu’s theorem asserts that if S is a geometrically regular R-algebra, and one has
a finitely generated R-subalgebra Sy of S, then there is a smooth R-algebra T and a
factorization R — So — 1" — S. (It is not known that the map 7" — S can be taken to
be injective.) This means that S is a sort of limit of smooth algebras. A proof by Ogoma
filled some of the gaps in Popescu’s argument, while Swan eventually wrote an exposition
of the proof that definitively answered all questions about the earlier versions. The proof
is very long and difficult, and we shall not prove the full result here.

We will however, prove the following beautiful result of Mike Artin, which motivated
the later work.

Theorem (Artin approximation). Let R be a local ring of a finitely generated algebra
over a field or over an excellent DVR. Then R" is an approzimation ring. In particular,
every finite system of polynomial equations over R that has a solution in R has a solution
in a pointed étale extension of R.

This is a hard theorem: it will take us a while before we can prove it.

Artin also proved that the ring of convergent power series over C is an approximation
ring. This is an amazing statement: it says that if a system of polynomial equations with
convergent power series coefficients has a solution in the formal power series ring, then it
has a solution in the convergent power series ring.

Both of these results of Artin are special cases of the statement that every excellent
Henselian ring is an approximation ring.
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Lecture of February 20, 2017

We discuss separable algebras a bit further. Recall that a K-algebra R is separable if
for every finite purely inseparable extension L of K, L ®x R is reduced.

Lemma. Let K be a field and let R be a K-algebra. Let L denote an extension field of K.
(a) If K has characteristic 0, the R is separable if and only if it is reduced.
(b) If L&k R is reduced, then for every subfield Ly of L containing K, Lo®k R is reduced.
c) If R is separable over K then every K-subalgebra of R is separable over K.
(d) A direct limit of separable K -algebras is separable.

) R is separable over K if and only if all of its finitely generated K -subalgebras are
separable over K.
(f) If R is reduced and L is separable algebraic over K, then L ® k¢ R is reduced.
(g) If R is reduced and L is pure transcendental over K, then L @k R is reduced.

(
(e

Proof. Part (a) is immediate from the definition, since the only purely inseparable exten-
sion of K is K itself. Part (b) holds because Lo ® x R C L ®k R, since R is K-flat. For
the same reason, if Ry is a K-subalgebra of R we have that L ®x Ry C L ®x R, from
which (c) follows. Part (d) is a consequence of the fact that tensor product commutes with
direct limit, since a direct limit of reduced rings is reduced. Part (e) is immediate from
(¢) and (d). To prove (f), note that since L is a direct limit of finite separable algebraic
extensions, we may assume that L is finite separable algebraic over K. Since R is a direct
limit of finitely generated K-subalgebras, we may assume that R is reduced and finitely
generated over K. Then R embeds in its localization W~!R at the multiplicative system
of all nonzerodivisors, and because R is Noetherian and reduced, this is a finite product of
fields. Thus, it suffices to prove the result when L is finite separable algebraic over K and
R is a field. But then L is étale over K and so L @ R is étale over R, and, consequently,
a finite product of separable field extensions of R. Thus, it is reduced. Part (g) is clear
because the pure transcendental extension is a localization of a polynomial ring over R. [

Proposition. Let K be a field and let R be a K-algebra. The following conditions are
equivalent:

(1) R is separable over K.

(2) If L is the perfect closure of K, then L @k R is reduced.

(3) If L is the algebraic closure of K, then L @ R is reduced

(4) For every field extension L of K, L @k R is reduced.

(5) For some perfect field L containing K, L @ R is reduced.

Proof. (1) and (2) are equivalent because the perfect closure of K is a directed union of
finite purely inseparable extensions of K, and contains all of them. Clearly, (4) = (3) =
(5) = (2) (since the algebraic closure is perfect and since every perfect field containing
K contains a K-isomorphic copy of the perfect closure), and so it will suffice to prove
that (2) = (4). Since every field is contained in a larger field that contains the perfect
closure L of K, it suffices to show that L’ ® ¢ R is reduced when L’ is a field containing
L. L’ is the directed union of finitely generated extensions L, of L within L’. Therefore,
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we may assume that L’ is finitely generated over the perfect field L. But then L’ has
a separating transcendence basis over L, and may be reached by a pure transcendental
extension followed by a separable algebraic extension. The result now follows from parts
(f) and (g) of the Lemma. [

We also note:

Proposition. If L is an algebraic field extension of K, then L is separable as a K -algebra
if and only if it is a separable field extension of K.

Proof. 1f L' is any field extension of K, then L' ® x L is reduced by part (f) of the Lemma.
Now suppose that L is not a separable field extension of K. Then L contains an inseparable
element # whose minimal monic polynomial f = f(z) has multiple roots. Let K denote an
algebraic closure of K. Then K @k L O K ®x K[0] =2 K @k K(z]/(f) = K[z]/(f), and
since f is not square-free over K, the last ring has nilpotents. O

Let k be any perfect field of positive characteristic p, and let t1, ... ,t,, ... be countably
many indeterminates over K. Let Ky = K (¢! : i), and let K,, = Ko(t1, ... ,t,), so that
Ky C K; C --- is a strictly increasing sequence of fields. Let K denote the union. Let
V =U,~, Kn[[z]]. Every K,[[z]] is complete and, therefore, Henselian, and a direct limit
of Henselian rings is Henselian. Therefore, V' is Henselian. Every nonzero element of V' is
a unit times a power of x, since that is true in every V,,. It follows that V is a discrete
valuation ring in which z generates the maximal ideal. V/z® = K[[z]]/(2"), and it follows
that V may be identified with K[[z]]. But K[[z]]? = K?[[z?]] = Ko[[z?]] € Ko[[z]] C V,
so that V is purely inseparable over V', and this remains so when we localize at V' — {0}
(equivalently, at z). Note that, for example, u =Y | t,z" € V-V, Thus, V is a DVR
that is not excellent.

Also note that Artin approximation fails for V. The equation z? — u?” = 0 (note that

uP € V') has the unique solution z = u in the domain XA/, but it has no solution in V: the
only possibility is z = u, and u ¢ V.

It is also worth noting that approximation rings must be Henselian. Given an approx-
imation ring (R, P, K) and a factorization of a monic polynomial over R into relatively
prime factors in K[z], the problem of lifting the factorization may be translated into solv-
ing a system of equations for the coefficients. It will have a solution in E, since that ring
is complete, and therefore Henselian. Hence, it must have a solution in R as well.

Here is an alternative characterization of approximation rings:

Proposition. Let R be a local ring. Then R is an approximation ring if and only if it is
an R-algebra retract of every finitely generated R-subalgebra S of E, 1.e., if and only if for
every such S there is an R-algebra homomorphism p : S — R such that if 1 : R — S 1is the
inclusion map, potr = 1g.

Proof. Suppose that R is an approximation ring and let S = R[sq, ..., s,] be given. Map
a polynomial ring R[Xy, ..., X,] - R[s1,...,sy] as R-algebras by sending X; — s;,
1 <j<n,andlet Fy, ..., F,, generate the kernel. Then (si, ...,s,) is a solution for

the m equations F; = 0 in R. Therefore the equations have a solution (rq, ... ,r,) in R.
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The R-algebra map R[X;, ... ,X,] = R sending X; — r; kills the F; and so induces the
required retraction S = K[xy, ... ,z,|/(F1, ..., Fy) to R.

154

To prove the “if” part let F; = 0, 1 < j < m be a system of polynomial equations

over R with a solution (si, ... ,s,) in ﬁ, and let S = R[sy, ...,s,]. Choose an algebra
retraction p of S to R. Let r; = p(s;), 1 <i < n. Since the s; satisfy the equations F; = 0
and p is an R-algebra homomorphism, the r; also give a solution. [J

We next want to use Zariski’s Main Theorem and our theory of Henselization and
étale maps to compare a very geometric notion of intersection multiplicity that we shall
introduce with Serre’s definition using alternating sums of lengths of Tor.

The first step is to introduce the geometric notion. To this end, we consider two algebraic
varieties X, Y in A% = C". That is, X and Y are irreducible closed algebraic sets. We deal
only with closed points here. Suppose that u is an isolated point of intersection of X NY.
In the situation where dim (X)+dim (Y) = n (X and Y are said to be intersecting properly
at u, we want to introduce a positive integer that represents the intersection multiplicity
of X and Y at u.

Here is one example. Suppose that n = 2 with coordinates z, y in A% and that X =
V(y — 2?) while Y = V(y). The origin (0,0) is an isolated point of intersection of these
two varieties. However if we replace the line y = 0 with the line y = € for any small € # 0,
X =V(y—2?) and Y. = V(y — €) have two points of intersection: € # 0 has two distinct
square roots, and the points are (£+/€, €). It is therefore natural to define the intersection
multiplicity to be 2 in this case.

If X and Y are arbitrary varieties one can simplify the problem of understanding the
intersection by the process of “reduction to the diagonal.” Let A denote the diagonal
subvariety of A% x A% = AZ": A = {(v,v) : v € AZ}. This variety is a vector subspace
defined by n linear equations. Set-theoretically there is a bijection between X N'Y and
(X x Y) N A under which u corresponds to (u,u). This bijection is an isomorphism of
algebraic sets. Moreover, a great deal of experience has shown that one can replace the
problem of understanding the manner in which X meets Y by the problem of understanding
the manner in which X x Y meets A. For example, u is an isolated point of intersection
of X and Y iff (u,u) is an isolated point of intersection of X x Y and A. Moreover, X and
Y meet properly in Ag iff X x Y and A meet properly in A(zc": the dimension of X x Y is
dim (X) + dim (Y).

We shall therefore focus attention on the problem of defining intersection multiplicities
when one is intersecting a variety with a linear space. Note that if the linear space is
defined by independent linear equations Li, ..., Ly then one can imitate the example
with the parabola by counting points of intersection with V(L1 — €1,..., Ly — €4), where
the €; are small, varying complex numbers. Here, one hopes that the number of points of
intersection that are “near” the isolated point u will be constant for “almost all” choices of
(€1, ... ,€q) consisting of “sufficiently small” complex values. In the case of the parabola
we only had to exclude the value 0 for e. Our next task is to make all of this precise.



59

Lecture of February 22, 2017

Given a finitely generated C-algebra R, if the module differentials Qg ¢ is locally free
over R then R is regular (which is equivalent to being smooth over C). What if one assumes
instead that the R-module of derivations Derc(R, R) is locally free? Must R be regular?
Note that Derc(R, R) =2 Hompg(Qg/c, R). This has been conjectured to be true and is
known as the Zariski-Lipman conjecture.

It is known that if the module of derivations is locally free then R must be normal
(see [J. Lipman, Free derivation modules on algebraic varieties, Amer. J. Math. 87 (1965)
874-898]) and it is known that the conjecture is correct if R is a hypersurface (a regular
domain modulo one nonzero element) (see [G. Scheja and U. Storch,Uber differentielle
Abhéngigkeit bei idealen analytischer Algebren, Math. Z. 114 (1970) 101-112] and [,
Differentielle Eigenschaften des Lokaliserungen analytischer Algebren, Math. Ann. 197
(1972) 137-170]), or if R is graded [M. Hochster, The Zariski-Lipman conjecture in the
graded case, J. of Alg. 47 (1977) 411-424]. By a result of Flenner [H. Flenner, Extend-
ability of differential forms on nonisolated singularities, Invent. Math. 94 (1988) 317-326],
if the theorem is true in dimension two then it is true. It remains open in dimension two,
even if the ring is a complete intersection in a polynomial ring in four variables.

We return to the problem of defining the intersection multiplicity of a variety X and a
linear space Y in AZ. Let dim (X)) = d. We assume that the intersection is proper, so that
dim (Y) = n — d, and we make a change of coordinates so that the point of intersection
that we are studying is the origin, which we assume is an isolated point of intersection.
Then Y can be defined by the vanishing of d homogeneous linear equations L;, and we
write Y = V(Lq, ..., Lg). For each d-tuple of complex numbers € = (€1, ... ,€eq4) we let
Ye =V (Li—e€1, ... ,Ls—€q). By the Euclidean topology on AY we mean the usual metric
space topology, which is Hausdorff and locally compact. There is a Euclidean topology on
any closed algebraic set, inherited from a copy of A(JCV in which it is embedded. The topology
is independent of the embedding, since isomorphisms of closed algebraic sets are given, in
both directions, by polynomial maps in the coordinates, and these will be continuous in
the respective Euclidean topologies and therefore provide a homeomorphism.

We next switch points of view. The functions Lq, ..., L4, restricted to X, give d
elements of the coordinate ring C[X]. Let (R, P,C) be the local ring of C[X] at the point
we are interested in. The assertion that this point is an isolated point of the intersection
means precisely that Li, ..., Ly is a system of parameters in R: the contraction of P
to C[X] is a minimal prime of (L4, ... ,Ls)C[X], because the point in question is an
irreducible component of the intersection. Moreover, dim (R) = dim (C[X]) = d. Consider
the map I' : X — AZ given in coordinates by (L1, ..., Lg). This is the same as the map
of algebraic sets induced by the C-algebra inclusion C[Ly, ..., Lgq] € C[X]. Then X NY,

is precisely the same as I'"!(¢). The fact that we want can now be phrased as follows:

Theorem. Letl' : X — Ag: as described and let x be the point of X that we are studying,
so that I' maps x to the origin 0 in Afé. Then there are Euclidean neighborhoods B’ of x
and B of 0 in Adc and a proper Zariski closed subset Z of Adc such that for alle € B — Z,
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the cardinality of T=Y(e) N B’ is a constant u, and all points in T=1(e) N B’ approach z as €
approaches 0. Moreover p is the torsion-free rank of R as a module over C[[Ly, ..., Lq]].

It will take us a while to prove this result. Once we have this theorem, we can define
the intersection multiplicity of X and Y at x as the value of u. When Y is not necessarily
linear we replace X and Y by X x Y and A.

Let us define the distance between two monic polynomials of degree m as the supremum
of the absolute values of differences of corresponding coefficients. By the root set S(f) of a
monic polynomial f, we mean a sequence that gives the roots 64, ... , 6, of the polynomial,
each occurring a number of times equal to its multiplicity, but we consider these sequences
only up to equivalence: if 7 is a permutation of {1, ..., m} then we regard 61, ... ,0,, as
the same root set as 01y, ..., Or(m). If S(f) is represented by the sequence 61, ... ,0p,
and S(g) is represented by 01, ..., )., then we define the distance between the root sets
as

. /
28,2, 10 = frol

Thus, two root sets are close if and only if for some choice of orderings of their terms, the
corresponding terms are all close.

Lemma. Let f € Clz] be a monic polynomial of degree m > 1. Then for all € > 0 there
exists § > 0 such that if g is within distance 0 of f then S(g) is within distance € of S(f):
that is, the root set of f is a continuous function of the coefficients of f as f varies in the
set of monic polynomials of degree m. Yet another formulation is that if g; is a sequence
of monic polynomials of degree m that converges to f, then the root sets S(g:) converge to

S(f)-

Proof. This is obvious if m = 1. We assume that m > 1 and use induction. It will suffice
to prove the final statement. Choose a root 6 of f. Replace f by f(z + 6) and g; by
gt(z + 0). We still have that g¢(z +60) — f(z + 6), and all root sets have been translated
by —6, so that the distance from the root set of g;(z + ) to the root set of f(z + 0) is
the same as the distance from the root set of g; to the root set of f. Therefore, we may
assume without loss of generality that 0 is a root of f, i.e., that its constant term is 0. Let
¢t be the constant term of g;. By hypothesis ¢; — 0 and so |¢;| — 0. It follows as well that
lce|'/™ — 0. Since the product of the absolute values of the roots of g; is ||, we know
that g, has at least one root 6, with |6;] < |c;|*/™. Then 6, — 0, from which it follows
ht = gi(z 4+ 6;) — f. Each h; has 0 as a root, and so hy = zh] and f = zf*. But then
hf — f*, and S(h}) — S(f*) by the induction hypothesis. It follows that S(hs) — S(f).
Since the distance between the root sets of h; and g, is at most |0;| and |0;| — 0, it follows
that S(g:) — S(f) as well. O

We next want to use this result to prove that if we have a map of closed algebraic sets
G : X — W with x € X mapping to w € W and the map is étale near z, i.e., the map
C[W] — C[X] is étale near the maximal ideal @, of C[X] corresponding to x, then there are
Euclidean open neighborhoods U of x and V of w such that G maps U homeomorphically
onto V.
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Lecture of February 24, 2017

Before proceeding further, we note the following: if one uses a different set of d linearly
independent linear equations L], ..., L/, to define Y, the number ;1 obtained by counting

points in fibers does not change. Thus, u does not depend on the choice of the L;, only on
Y.

The reason is that the effect of the change is that one winds up studying Aol : X — AZ
instead of I', where A : A(‘é — Agj is an invertible linear transformation. Since A is a
homeomorphism in both the Zariski and Euclidean topologies, this has no effect on the
number of points close to z in fibers over points near O when one restricts the points
considered to the intersection of a Euclidean open neighborhood of 0 with a non-empty
Zariski open set.

We next prove:

Proposition. Let G : X — W be a map of closed algebraic sets of C and x € X be such
that G(x) = w € W. Suppose that G is étale near x, i.e., that the map C[W] — C[X] is
étale near the mazimal ideal Q of C[X] corresponding to x. Then there are Euclidean open
neighborhoods U of x and V' of w such that G maps U homeomorphically onto V.

Proof. Let R = C[W] and S = C[X]. Since S is étale near ), we may replace R and S
by localizations such that the map R — S is standard étale. Therefore, we may assume
without loss of generality that S = R[z|,/(f), where the image of f’ is invertible in S.
Think of W as a Zariski closed set in A%. Then X C Af:“ and

X ={(w,\) € W x AL : f(v,\) =0, g(v,\) #0}.

The map G now corresponds to the product projection on the first coordinate, suitably
restricted.

We write f,(z) for the polynomial f(z) with its coefficients (which are in R and therefore
functions on W) evaluated at the point v of W. The coefficients of f,(z) are continuous
functions on W. Let z correspond to (w, 0,,), where 6, is a root of f,, such that g,,(6,,) # 0.

We also know that at (w,,,), the derivative of f,, does not vanish, and so the roots of
the monic polynomial f,,(z) giving points where g does not vanish are simple: evaluation
at the point gives a map R[x],/(f) — C, and since f’ is invertible in R[x],/(f), it maps to
a nonzero element of C. Let ¢ be less than half the distance between any other root of f,
and 6,,. Then there is a Euclidean open neighborhood V' of w such that for all v € V, the
distance between the root set of f, and the root set of f,, is < ¢/4. For every v € V there
is a unique root of f, within ¢/4 of of 0,,: call this root O(v). Each root of f, is within
distance ¢/4 of a root of f,,, and so any root of f, other than O(v) is at distance at least
2¢ —c¢/4 —c¢/4 > ¢ from O(v).

Because the coefficients of f, vary continuously with v, so does the root set of f,, and
it follows that ©(v) is a continuous function of v. By decreasing V, if necessary, we may

assume that g(v,©(v)) # 0 for v € V. Then the map H defined by H(v) = (v, ©(v)), and
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the product projection on the first coordinate (which is G)) are mutually inverse continuous
functions. Let U = H(V'). It suffices to show that U is open in X, and for this it suffices
to show that U is open in G~'(V). But the ball of radius ¢/4 around a point (v, ©(v)) of
U is contained in U, for if (v', A) is in that ball, A is within ¢/4 of ©(v) and therefore with
c/4+ c/4 of O(w) = 0,,. Therefore, O(v') is within ¢/4 + ¢/4 + ¢/4 < ¢ of A, which forces
O(v') = A, and we are done, since (v/,0(v)) € U. O

The next step is to prove the following:

Theorem. Suppose thatT' : X — Afé and that x € X 1is isolated in its fiber over 0 € A(‘é.
Then there is a commutative diagram of closed algebraic sets:

X —% Al

Lo

X — Al
T

such that :‘k(‘é 18 smooth and irreducible, the vertical arrows are étale, and G is finite.
Moreover, there are points T € X and 0 € AL such that G(Z) =0, T — x, 0+ 0, and T
is the only point of X that maps to 0.

The statement that G is finite means that the corresponding map of rings is module-
finite. For the purpose of doing counting of points in fibers we will be able to replace
the map I' by the map G and the points  and 0 by z and 0. A key point is that
near these points, each point has a Euclidean neighborhood carried homeomorphically by
the appropriate map to a Euclidean open neighborhood of 0 or 0. Instead of passing to
Euclidean neighborhoods, we have passed to “étale neighborhoods.”

We postpone the proof for a bit. We first prove a purely ring-theoretic result that will
be helpful.

Theorem. Let A be a Noetherian ring, R a finitely generated A-algebra, let m be a mazx-
imal ideal of A and let n C R be a maximal ideal of R that is a minimal prime of mR.

Then RY is module-finite over Al | and is a localization of R ®4 AL, at one element.

Note that if A and R are finitely generated algebras over C and m, n are maximal ideals,
the residue class fields are both C.

Note that ]/%; is module-finite over Z;: it is easy to see that the extension of residue
class fields is finite algebraic, and mR,, is n-primary. This illustrates a frequently recurring
phenomenon: a result for completions often has an analogue for Henselizations.

The Theorem above is quite non-trivial: the proof uses Zariski’s Main Theorem.

Lecture of March 8, 2017

Proof of the Theorem. Note that since R is finitely generated as an A-algebra, R/n is
a field finitely generated as an algebra over the field A/m. By one form of Hilbert’s
Nullstellensatz, this implies that that L = R/n is a finite algebraic extension of K = A/m.
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Let T be the integral closure of C = A% in C ®4 R. We have an obvious map
CRsaR—-C/mCRrR/n=2K®kg L=L.

The kernel of the composite map is evidently a maximal ideal ) of C'®4 R lying over the
maximal ideal mC' of C' (mC' is the maximal ideal of C' because C' is the Henselization of
(A,mA,,)). The ideal @ is evidently maximal in its fiber over mC € Spec (C'), but it is
minimal as well, since

C®aR/(mC)*=2C/mC®4 R/MR=K ®4 R/mR> R/mR,

and n is minimal over mR. It follows that there exists ¢t € T'— @ such that T; = (C®4 R);.
Since C'® 4 R is finitely generated over C by a finite set of generators of R, we can choose
a power tV of t and a subalgebra Tj of T containing ¢ and module-finite over C such that
t multiplies the image of every generator of R into Ty. It follows that (Tp); = (C ®4 R);.

Now, (C' ®4 R)q is a local ring of (C' ®4 R); at a maximal ideal, and so it is also a
local ring of (Tp): at a maximal ideal. But T is module-finite over the Henselian local
ring C', and therefore it decomposes as a product of local rings: one of these must be
the same as (C ®4 R)q, Each of these local rings is module-finite over the Henselian ring
C via a local map, and, therefore, Henselian: we leave this an exercise. It follows that
(R®4 C)q is Henselian. It is the localization of (Tj); at an idempotent, and it is therefore
the localization of T at one element. But then it is also the localization of C'® 4 R at one
element.

We may now complete the proof by showing that (R ®4 C)¢ is the Henselization of
R. First note that since there is a local R-algebra map R — (R ®4 C)¢g and this ring is
Henselian, we have a unique local R-algebra map R: — (R®4 C)g. On the other hand,
C is a direct limit of pointed étale extensions C; of A. Each of these, when tensored with
R, is a localization of an étale extension of R. Let (); be the kernel of the composite map

CZ‘(X)AR—»K@KR/ngL.

Then (C ®4 R)q is the direct limit of the (C; ® 4 R)q,, each of which is pointed étale over
R. But this gives a unique local R-algebra map (C ®4 R)g — R, and it is injective. The
composition

R: — (C®a R)g — R:

is a local R-algebra map RE — R}, and so is evidently the identity, which forces the
injection (C' ®4 R)g — R! to be surjective as well. [

The next result is aimed at replacing the Henselizations A and RP by étale exten-
sions. We want to descend from the Henselizations to pointed étale extensions and then
“unlocalize” these, in a manner of speaking. For this result we impose some additional
hypotheses, namely that C' be a domain and that dim (A) = dim (R). C is a domain if A
is regular, and these hypotheses will hold in the geometric situation in which we want to
apply the result.
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Theorem. Let A, m, R, n be as in the preceding theorem. Let C = A and D = RD.
Assume that C' is a domain, which is true when A,, is regular, and that dim (4,,) =
dim (R,). Then C — D is m]ectwe and since D is module-finite, it has a torsion-free

rank > 0 over C'. Moreover, D= R has torsion-free rank p over C = A,

Let n € C ®4 R be such that (C ®4 R),, = D. Then there are étale extensions A of A
and R of R such that there is a commutative diagram

C —— D

S ) ——
& — o —

l

and such that:

(1) There is a unique maximal ideal m of;f lying over m in A; moreover, m = mA and
is the contraction of mC'.

(2) There is a unique mazimal ideal of R lying over m in A (equivalently, lying over m
in A). This mazimal ideal is also the unique mazximal ideal of R lying over n in R,
and it is the contraction of nD.

(3) There is an elementng € AQ AR such that gy maps ton in CO AR and R = (A/®AR)770

(4) Risa module-finite extension ofﬁ of torsion-free rank p.

Proof. We know that dim (C') = dim (4,,) and dim (D) = dim (R,,) = dim (A,,,), so that
dim (C') = dim (D). Since D is module-finite over C, it has the same dimension as the
image of C. Since C' is a domain, C — D cannot have a kernel, or the dimension of D will
be strictly smaller than the dimension of C. Thus, D has some torsion-free rank p > 0
over C, and there will be an exact sequence

0—-Ct—>D—->W—=0
where W is killed by a nonzero element of C'. Since completion is exact,
05C*—>D—-W -0

is exact, and it follows that the torsion-free rank of D over C is also L.

Next observe that C' is a directed union of pointed étale extensions of A,,. Here, the
maps are faithfully flat and, hence, injective. Each of these pointed étale extensions is a
direct limit of localizations of an étale extension at one element, and these are simply étale
extensions themselves. Thus, C' is a direct limit of étale extensions of A. Each may be
localized further at an element to kill the kernel of the map to C if there is any. Thus,
we may view C' as a directed union of étale extensions A of A. Each of these may be
viewed as a localization at one element of a standard étale extension of A, and so will
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be the localization at one element of a module-finite extension of A. In a pointed étale
extension of A,,, m generates the maximal ideal, which is contracted from mC'. It follows
that in a suitable localization of A: the expansion of m will be the contraction of mC. We
henceforth use A for an étale extension of A satisfying these conditions: we are free to
enlarge the choice of A further to satisfy some additional conditions.

Choose a finite set of elements v; of C' ® 4 R whose images generate (C ®4 R), as a
C-module. We may further assume, enlarging the set of generators if necessary, that the
images of vy, ... ,v, are linearly independent over C' and, and that we have a nonzero
element ¢ € C that kills (C ®4 R), modulo the C-span of the elements vy, ... ,v,.

Now choose A in the direct limit system of étale extensions of A so large that A contains
an element ¢ that maps to ¢, so large that A ® 4 R contains an element 7y that maps to 7,
and so large that (A ®4 R),, contains elements v; that map to the v;. Then

(A®a R)y,/ > A,
J
is killed when we apply C'®+ _, and it follows that if we replace A by a suitably larger

étale extension this quotient W111 be zero. Similarly, after replacing A by a suitably larger
étale extension, ¢ will multiply (A ®4 R);, into ), Av]

Localization of A at one element will again guarantee that mC' N A = mA is the only
maximal ideal of A lying over m. Consider the corresponding choice of R = (2{ ®4 R)y,-
The contraction of nD to R lies over m in A, since nD lies over m in A, and therefore
lies over mA in A. The maximal ideals of R lying over m in A correspond to the maximal
ideals of R/mR = ((Av/mzzlv) ®A R)no = (K ®a R)y, = (R/mR),,. On the other hand, D
has a unique maximal ideal, nD, lying over mA", and we conclude that ((A"/mA")®4 R)n

has only one maximal ideal, and this ring becomes (K ®4 R), = (R/mR),. Since 1y maps
to 7, they have the same image in R/mR. Therefore, (R/mR),, = (R/mR),, and there

is a unique maximal ideal of R lying over mA. Tt is the only maximal ideal lying over n,
since n lies over m. [

Lecture of March 8, 2017

The preceding Theorem now immediately implies the result stated in the Lecture Notes
of February 24:

Theorem. Suppose thatT : X — A% and that x € X 1is isolated in its fiber over 0 € A(‘é.
Then there is a commutative diagram of closed algebraic sets:

X —% 4 ad

Lo

X — Ad
Iy



66

such that A/% is smooth and irreducible, the vertical arrows are étale, and G is finite.
Moreover, there are points T € X and 0 € AL such that G(Z) =0, T+ z, 0+ 0, and
1s the only point of X that maps to 0.

We can now use this to justify our earlier statements about counting of points in fibers.
But we first need one more fact:

Proposition. Let g : Y — Z be a finite morphism of affine algebraic sets over C, and
suppose that y € Y is the only point lying over z € Z. Then there for every Fuclidean
netghborhood U of y in'Y there is a Fuclidean neighborhood V' of z in Z such that for all
pointsv €V, g~ 1(v) CU.

Proof. If not, we can choose a real number € > 0, a sequence of points {z; }; in Z converging
to z, and points {y;}; € Y such that for all i, g(y;) = 2z; while |y; —y| > €. Think of YV’
as embedded in AY and let Fy, ..., Fy be coordinate functions on Y. Since C[Y] is
module-finite over C[Z], each F; satisfies a monic polynomial equation over C[Z], say

d;—1

d.:
Fj] + Z TjﬂgF; = 0,
t=0

where the r;, € C[Z].

This implies that the coordinates of the y; are bounded. To see this for F;(y;), note
that it is in the root set of Fjdj + Z?ial r5.4(2i)Fj = 0: as z; — z, this root set converges
to the root set of F;ij + Zfialrj,t(z)Ff = 0. It follows that the sequence {y;}; has a
subsequence that converges, in the Euclidean topology, to a point y’ € Ag . Since Y is
closed in the Zariski topology in AY, it is closed in the Euclidean topology, and ¢y’ € Y.
Change notation, replacing the original sequence of y; by this subsequence and taking the

corresponding subsequence of the z;. Then y’ # y, but g(y') = z, by the continuity of g in
the Euclidean topology, a contradiction. [J

We are now ready to justify the statement we made earlier about counting points in
fibers. The torsion-free rank 1 of C[X] over C[A?] is the same as the degree of the extension
of function fields. By part (c) of the Lemma of the Lecture Notes of January 9, off a proper
Zariski closed subset Z’ of &d, all fibers have p distinct points. Since the map is finite, by
the preceding Proposition all points of any fiber over a point close to 0 are approaching x,
and off Z’ there are always u such points. Thus, for any small Euclidean neighborhood U
of Z there is a small Euclidean neighborhood V of 0 such that all fibers over points of V — Z’
are contained in U and have cardinality . But, since the vertical arrows are étale, by the
first Proposition of the Lecture Notes of February 24, sufficiently small neighborhoods of
7 and 0 respectively will be carried homeomorphically to Euclidean open neighborhoods
of x and 0, respectively. The image of Z’ will be constructible of dimension smaller than
d, and so its closure Z will be a proper closed subset of A%. This establishes our earlier
statements about counting points in fibers. Note that p will also be the torsion-free rank
of the Henselization of the local ring at = over the Henselization of the local ring at 0 (or
we may use T and 0: the Henselizations don’t change), and will also be the torsion-free
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rank of the completion of the local rings at x over the completion of the local ring at 0:
the latter is a regular local ring.

We next want to relate multiplicities thought of in this geometric way with Serre’s
definition using alternating sums of lengths of Tor.

Let A be the completion of the local ring at 0: Lq,...,L4 is a regular system of
parameters. Let L = Ly, ..., Ly. Let R be the completion of the local ring at . Let M
be any finitely generated A-module. We first observe that the torsion-free rank of M over
A may also be obtained as

d

X(L; M) = Z(—l)iﬁ(Hi(L; M))

where H;(L; M) indicates Koszul homology. To check that the rank of M is the same as
X(L; M), first note that both are additive on short exact sequences of finitely generated
modules. From this it follows that if

0— APt — ... 5 A 5 A% 5 M0

is a free resolution of M, then the rank of M is by — by +- - -+ (—1)?by times the rank of A,
which is 1, and it is also by — by + - - - + (—1)9bg times x(L; A). But this is also 1: because
Ly, ..., L4 is a regular sequence, the Koszul complex is a free resolution of A/(L) = C,
the residue class field. All higher Koszul homology is 0, and Hy(L; A) = C, from which
X(L; A) = 1 follows. Note also that the Koszul homology modules are the same as the

modules Tor?' (C, M), since the Koszul complex resolves C = A/(L).

Now suppose that we are considering varieties X = V(P) and Y = V(Q) with an
isolated point of intersection x. For convenience we translate coordinates so that x is the
origin. Our geometric method of getting at the intersection multiplicity is to work with
X x Y and A, the diagonal, instead. The completed local ring of X x Y at (x,x) is the
complete tensor product over C of the completed local rings A/PA and A/QA of X and
Y, respectively. Let fi, ..., fq be the images of the defining linear forms of the diagonal
in (A/PA)®c(A/QA). From the remarks above, y is

d
Y (CV(H(frs - fas (A/PABC(A/QA))).
i=0
Since fi, ..., fq is a regular sequence in B = A®cA, this is
d
> (=1)'e(Torf (A, (A/PA)SBc(A/QA))),

1=0

where the copy of A on the left in Tor is AQcA/(f1, ..., f1) = A.
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We can calculate this as follows. Take finite free resolutions of A/PA and A/QA over
A, and form a double complex by taking their complete tensor product over C. The total
complex of this double complex is a free resolution of (A/PA)®¢(A/QA) over B = ARcA
because complete tensor product over C is exact. When we apply A®p _ we get a complex
whose homology is Tor? (A, (A/PA)&c(A/QA)). But this complex is also obtained by
taking the total complex of the ordinary tensor product over A of the resolutions of A/PA
and A/QA over A. Thus,

Tor? (A, (A/PA)&c(A/QA)) = Tor, (A/PA, A/QA).

But then
d

p=> (~1)(Tor’y(A/PA,A/QA)).

i=0
and there is no need to use reduction to the diagonal in the definition.
One more wrinkle: because the point of intersection is isolated, P + @) is primary to the
maximal ideal that corresponds to that point. This means not only that the Tor modules
in this formula for p have finite length, but also that the formula for p is valid if we use the

local ring at z instead of the completed local ring A at x throughout the formula: these
finite length modules don’t change when we complete.

Lecture of March 10, 2017

We return to the study of approximation rings.

Proposition. If R is an approzimation ring and I is a proper ideal of R, then R/I is an
approzrimation Ting.

Proof. Let I = (r1, ... ,rs)R. Given a system of polynomial equations
Fj(Xl,...,Xn)ZO, 1§j§m

with coefficients in R/I, we may lift coefficients to obtain corresponding polynomials

F;(X1, ...,X,) over R. Introduce additional variables Y;; and consider the system

(%) Fj(Xy, ..., Xn) =Y riYi;=0
=1

1 < j < mover R. If the F} have a solution in the completion of R/I, which may be

identified with }A%/ IR, then the system (*) has a solution in R. Thus, (*) has a solution in
R, and its image in R/I gives the required solution of the F;(X;, ... ,X,) =0in R/I. O
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Proposition. If R — S is local, where R is an approximation ring and S is module-finite
over R, then S is an approximation ring.

Proof. The idea of the proof is to “push down” a given system of equations over S to a
system over R (in different variables) such that solving the original system over S (respec-

-~

tively, S) is equivalent to solving the new system over R (respectively, R).

Let 61, ... , 0, be elements of S that span S over R. Let (rij) be an N x h matrix whose
rows span the module of relations over R on the elements 61, ... , 6. For all i, j there are
elements b;;, € R such that

h
(#) 0:0; = bijubs.
k=1

Notice that 64, ... , 0, also span S over fﬁ, that the rows of the matrix (rij) still span the
relations over R (by the right exactness of tensor), and that the equations (#) hold for R
and S.

Any element of S (respectively, S ) can be written as an R-linear (respectively, as an
R-linear) combination of the elements 6y, ... ,0;,. Instead of seeking the elements of S
that satisfy the equations F; directly, we look for the coefficients needed to write them as
linear combinations of 61, ... , .

We therefore introduce nh new variables Yy, (these will take values in R or ﬁ) We

substitute 22:1 Yi0, for X; in each equation F; = 0. Using the equations (#) repeatedly,
we can rewrite

h h
Fj(ZYm@k, ce ZYkznak)
k=1 k=1

in the form
where every Gj; is a polynomial in the variables Y}; with coefficients in R. The condition
that this vanish after we substitute elements of R (or ﬁ) for the Yy, is that the value of

(Gj1, ..., Gjn)
be in the span of the rows of (rij). Let p1, ..., pn denote the rows of this matrix, and let

Zj; be mN new indeterminates. Solving the original system over S (or S ) is equivalent to
solving the system

N
(Gj1, -, Gjn) — sztpt =0
=1

over R (or }A%) This becomes a system of polynomial equations over R if we equate the
entries of the vectors on the left to 0 for every j.

A solution of the original system S gives a solution of the new system of R. Since R
is an approximation ring we get a solution of the new system over R, and this yields the
required solution of the original system over S. [

Our next objective is to prove the following:
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Lemma. Let R denote the localization at a prime ideal of a finitely generated algebra over
a field K or a DVR (V,tV). Then R" is a homomorphic image of a module-finite local
extension of AM, where A is a regular local ring that has the form A[z]o, where A is either a
field or else a DVR that is a localization of a finitely generated V -algebra, x = x4, ..
and Q) is generated by the maximal ideal of A and x.

* 7x7'7/7
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Lecture of March 13, 2017

Before proving the result stated at the end of the Lecture Notes from March 10, we
observe the following fact. (This result can also be deduced from the harder and deeper
Theorem stated at the end of the notes from February 24, but that argument uses Zariski’s
Main Theorem, which is not needed here.)

Proposition. Let T' be a module-finite extension of a quasilocal ring (R, P, K) and let Q
be a maximal ideal of T. Then T(g is a local ring of R ®r T, and the map R" — T" is
module-finite and local.

Proof. Because R" is Henselian and R" ® g T' is module-finite over R}, it decomposes. The
maximal ideals of this ring all contract to the maximal ideal P of R, and so correspond
bijectively to the maximal ideals of

(R/P)®p (R*®@rT) = K @ T = T/PT,

and, hence, to the maximal ideals of 7. Suppose that Q is the maximal ideal of R"* ®r T
corresponding to ). Then
TQ — (Rh QR T)Q

is a local map. Since R is Henselian, R® @ g T decomposes, and (R" ®p T)g is one of
the factors. Since direct product and direct sum of finitely many modules are the same,
(R" @k T)g is a direct summand of a module-finite extension of R, and is local. By the
first problem of Problem Set #3, it follows that (R" ®g T')g is Henselian. We therefore
have a local map

T = (R"®r T)o.

Since R" is a direct limit if pointed étale extensions of R, we have that (R" ®g T)g is
a direct limit of pointed étale extensions of T, which provides an injective local map
(R" @ T')g — T}). Since the composite

T — (R"®rT)o — T

is a local map that is the identity on Ty, it is the identity, and so (R" @ T)g — Tg is
surjective as well as injective. [J

We next prove the result stated at the end of the Lecture Notes from March 10, which
we state again here.

Lemma. Let R denote the localization at a prime ideal of a finitely generated algebra over
a field K or a DVR (V,tV). Then R® is a homomorphic image of a module-finite local
extension of AM, where A is a regular local ring that has the form A[z]g, where A is either a
field or else a DVR that is a localization of a finitely generated V -algebra, x = x4, ... ,x,,
and Q) is generated by the maximal ideal of A and x.
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Proof. Write R = T'p where T is a finitely generated K or V-algebra and P is prime. Since
T is a homomorphic image of a domain (even a polynomial ring) finitely generated over
K or V, we may assume that T is a domain. In the case of a DVR V, we might as well
assume that P contains ¢: otherwise, we can replace T" and V' by T} and V4, a field, and
we are in the case where the base is a field.

The residue class field of R may be assumed to be a finitely generated field over K (in
the DVR case, K = V/tV). Choose z1, ...,z in T such that the images of these elements
form a transcendence basis for R/PR over K. If K C T then K|z, ... ,2,] C T and the
elements z1, ..., 2z, are algebraically independent over K since this is true even mod P.
Since the nonzero elements are not in P, they all have inverses, and so

A=K(z,...,2n) CR.

Similarly, if T is finitely generated over V then z1, ..., z, are algebraically independent
over V, and every element of V|21, ..., z,] not in (¢) has an inverse in R. Let V' (21, ..., zn)
denote the localization of V[z1, ..., 23] at the prime ideal (¢). Then

A=V(z,...,zn) CR,

and A is a DVR with maximal ideal generated by (t). We may then replace K or V by A,
and think of T" as a finitely generated A-algebra.

In this way we may assume without loss of generality that R/P is a finite algebraic
extension of K (which is A/tA in the DVR case), so that P is a maximal ideal. We also
know that when A is a DVR, P contains t. We map a polynomial ring

T = A[Y:, ... ,Y,]

onto R. Let P be the maximal ideal that is the inverse image of P. Modulo f’, the image
of every Y; is algebraic over K, which is the image of A in the DVR case. For each j,
let F;(WW;) denote a monic polynomial in one variable W; such that the coefficients, other
than the leading coefficient, are in K or A, that lifts the polynomial over K satisfied by
Y;. Then z; = F;(Y;) € P. We now see that 1" is module-finite over A[z], because for
1 < j <n, Y] satisfies the monic polynomial F;(Y;)—xz,; = 0 (here, —z; becomes part of the
constant term of this polynomial). It follows that the x; are algebraically independent over
A. The contraction of P contains ¢ and all the xj, and so must be equal to @ = (¢, z)A[z].
Since T' is module-finite over Az], (T ﬁ)h is module-finite over A[z]g, by the preceding
Proposition. [
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Lecture of March 15, 2017

By the result proved last time, we need only prove that rings of the form V[Q]g are
approximation rings, where (V,tV') denotes either (K,0), where K is a field, or (V,tV)
where V' is an excellent DVR.

We need to show that given a solution of a finite system of polynomial equations over
such a ring with coefficients in A®, where A = V[z]g, if there is a solution in A, there is a
solution in A",

First, we want to get rid of coefficients in A": we want to use coefficients in A. The
idea is to use systems over A with a congruence condition instead.

Lemma. Let (A, m) be as above and suppose that for every system of polynomial equations
Fi(Yq,...,Yy) =0, 1 <j <s, with coefficients in A, if there is a solution (Y1, ..., Ya)
over g, then for every positive integer N there is a solution (yi, ... ,yl) over A" such that
yé. =y, mod meT, 1< j<d. Then A" is an approximation ring.

Proof. Suppose that we are given a system of equations F;(Y1, ... ,Yy) = 0 over A" with
a solution (¥1, ..., ¥q) over A. We must show that these equations have a solution in AP.
For each coefficient ¢, ; of F; in (we have that ¢, ; € A") we introduce a new variable Z,, ;.
Let G; = G;(Y, Z) be the polynomial obtained from F}; by replacing every coefficient c,,
by the corresponding variable. Thus, G; has coefficients each of which is 1 or 0.

Every ¢, ; is algebraic over A: for every choice of 1 and j, choose a nonzero polynomial
equation H,, ;(Z, ;) = 0 with coefficients in A that is satisfied by ¢, ;. For all p, j we
can choose N so large that if ¢ is any root of H, j(Z, ;) = 0 in A" with ¢ # ¢, then
c—cu; & mV AP and since there are only finitely many choices of u,j we can choose a
single value of N so large that this condition holds simultaneously for all y, j.

Now consider the family of equations G;(Y, Z) = 0 together with H, ;(Z,, ;) = 0. These
have the solution Y = (y1, ..., Ya), Zu,; = cu,; in A. It follows from our hypothesis that

these equations have a solution (y3, ... ,y;), ¢, ; in AP that is congruent to the first solution

1..; and ¢, ; are both roots of Hy, j(Z, ;) = 0 in

AP and that C:m’ — ¢y € mNAN AR = mN Ab, By our choice of N, we must have that
c;w- = ¢,,; for all p,7. But when these values are used for the Z, ;, the polynomials
G;(Y, Z) become the polynomials F;(Y) with which we started. Therefore (yi, ... ,y) is

a solution of the equations F;(Y) = 0 in A", as required. [

mod m¥ A. For all W, 7 , we have that c

We next observe that once we know the coefficients are in A = Ty, we may multiply

by an element of T'— @ to clear denominators. Since Ais regular it is a domain, and the
solutions of the equations in both A" and in A are unaffected. Hence:

Corollary. Let (A,m) and T = V{z1, ... ,z,] be as above and suppose that for every
system of polynomial equations F;(Y1, ... ,Yy) =0, 1 < j <'s, with coefficients in T, if
there is a solution (Y1, ..., Ya) over A, then for every positive integer N there is a solution
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(Y4, - ,yYy) over AN such that y; = y; mod mNA\, 1 <j<d. Then A is an approximation
ring. [

We next observe that we can state the result somewhat more conceptually this way:
given a finitely generated T-subalgebra S of A and a power of the maximal ideal m®,
there is a T-algebra map ¢ : S — A" such that for every element u € S, ¢(u) = u mod
mN A. Here, S is generated by solutions y; of a system of equations F;(Y') over T, and
the elements y; satisfy these equations. The images under the homomorphism also satisfy
the same equations. Note that the condition that ¢(u) = u mod m® Aforall u € S is
equivalent to the same condition imposed on a set of generators of S over T the set of
elements of S that satisfy this condition is a T-subalgebra of S, and so will be all of S if
it contains generators for S as a T-algebra. We henceforth shall usually write s1, ... ,sq4
for a set of generators of S over T instead of writing 41, ... , 4.

By phrasing the problem in terms of S we achieve certain freedoms: we can change the
generators of S and this changes the equations we need to solve. (We can even replace S by
a larger finitely generated T-subalgebra of A: a homomorphism from the larger subalgebra
may be restricted to the original subalgebra. We will not need to do this now, but will
later in the DVR case.) We can map T'[Y7, ..., Y] — S and consider the kernel, which is
a prime ideal P of T[Y7, ... ,Yy]. We can take the equations we need to solve to be any
set of generators of P. By making use of a congruence condition as well, we can do a little
bit more.

Let h denote the height of the ideal P. Then T[T}, ... ,Ty4|p is a regular local ring of
dimension h, and we can choose h generators Fy, ..., Fy, for PT[Y7, ... ,Yy]p such that
Fi, ..., F,eT[Y1,...,Yy. Then P/(Fy, ..., F}) becomes 0 when we localize at P, and
so there is an element G € T'— P such that GP C (Fy, ... ,F;) C P.

Since G(s1,...,84) # 0 in 121\, by increasing the value of N, if necessary, we may
guarantee that G(sq, ..., sq) ¢ m™¥A. Then it suffices to approximate the solution of
F;(Y) = 0 mod m®, that is, it suffices to find 41, ..., 3/, € A" such that y, = s; mod
mNVA, 1<i<dand Fi(yi, ..., yy) =0,1<j <h. We claim that it now follows that
F(yy, ...,y,) =0 for all ' € P. The reason is that we know that GF € (I, ..., Fy),
and so

G - Ya)F WL - ya) =0

in the domain A. But

Gy, ...y =G(sy, ..., sq) mod mN A,
and since G(s1, ... ,8q) ¢ mNg, it follows that G(y1, ..., y}) ¢ m”g, and, in particular,
G(yy, .-, y,) # 0. Therefore, F(y;, ..., y,) = 0.

OF;
We shall soon see that we can assume that some h x A minor of ( 5 Y]

) is not contained

(2

in P, and in the DVR case we shall show by enlarging S so that 21\/ S is torsion-free over
V' that we may even assume that the image of some minor in A is not divisible by t.
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We shall also need the following generalization of the implicit function theorem charac-
terization of Henselian local rings:

Lemma (Tougeron’s implicit function theorem). Let (R, m) be a Henselian quasilo-

cal ring and let Fy, ..., Fy € R[Y1, ... ,Yy]. Let A C'm be any ideal. Let
OF:
0=90(Y) = J
(YY) det(@Yi)

be an h X h minor of the Jacobian matriz obtained by choosing h of the variables (equiva-
lently, h rows of the Jacobian matriz).
Suppose that we can find elements yi, ..., y, € R such that for 1 < j < h,

Fj(y') =0 mod §(y")*2L.

Then there exist y1, ... ,yq € R such that for 1 < j < h,

F;(y) =0 and y =y’ mod d(y").

This statement looks a bit technical, but notice that if d = h, A = m, and (') is a
unit, this is precisely the implicit function theorem characterization of Henselian rings.

Lecture of March 17, 2017

We shall prove a generalized version of the theorem we stated last time, which is given
below, but before doing so we want to make a comment about a strengthening of the usual
implicit function theorem that requires no effort to prove.

Let (R,m) be a Henselian quasilocal ring and let 2 C m be a proper ideal of R.
Suppose that one has a system of n equations in n unknowns X, ... , X,, say F;(X) =0,
1 < j < n. Suppose that one has a solution of these equations, say 7y, ..., y,, in R/,
and also suppose that the image of the Jacobian determinant

det( 255

0X;
evaluated at (g, ..., ¥,) is an invertible element of R/2(. Then the equations have a
solution yi, ...,y in R, and for all j, y; is congruent to y;, mod 2. The point here
is that the solution mod 2 obviously gives a solution mod m, and so the usual implicit
function theorem characterization gives a unique solution (yi, ...,y,) in R lifting the

given solution. But the usual implicit function theorem also tells us that the solution in

R/2 is unique (given what it becomes mod m), and so the images of the y; in R/2( must
be the y;. U
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Theorem (Tougeron’s implicit function theorem). Let (R, m) be a Henselian quasi-
local ring and let Fy, ... Fp € R[Y1, ..., Yy]. Let A C m be any ideal. Let J = J(Y)
denote the the h x d matriz (8Fi/3Yj), which is the transpose of the Jacobian matrixz. Let
Vi, .., Yy € R. Let A(y') denote an ideal of R that annihilates the cokernel of the linear
map RS — RM with matriz J(y'), and suppose that

Fi(y') =0 mod A(y')*2L.
Then there are elements y1, ... ,yq € R such that

Fi(y)=0,1<j<h, and y =y mod A(y").

Proof. Let 61, ... ,d, generate A(y’). Let e; be a column of the size h identity matrix.
Then

dies = T ()}
(4)

for some pgi). The p;” give the columns of a d X h matrix M; such that

Every Fj(y') has the form Z” 0;0jc5, for suitable ayj, € A. We shall write a;; for
the vector (aj1, ..., Qjn).

We seek values for variables Z;; in 2 such that
i=1

where Z; is the vector (Z;1, ..., Z;q). We write F for (Fy, ..., Fp). By Taylor’s formula,
the equations become

FO/)+TW)Y 6:Zi+> 6:6;H;j(Z) =0
1 %]

where the H;;(Z) are vectors of polynomials in the variables Z all of whose terms are
degree two and higher.

Using that F'(y') = >_,; didjc;; we can write this as
j(y/) Z 5121 + Z (515] (HZJ(Z) + Ofij) =0
i ij
or, since ;1 = J(y') M,

Z 0T (Y ) Zi + Z <5iJ(y’) Z M;(Hij(Z) + aij)) =0

J
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or

Z 5“7(?/) (ZZ + Z Mj (HZJ(Z) + Oém')) =0
i J
This, it suffices to find Z; with entries in 2 such that

Zi + ZMj (H”(Z) + Oéij) = 0.
J

These are vector equations: there are hd equations in hd unknowns. Mod m, the Jacobian
matrix with respect to the Z;;, evaluated at Z;; = 0, is the identity, since the H;; have
only terms of degree 2 or more in the Z;;. Since Z;; = 0 is a solution mod 2, by the
remarks preceding the statement of the theorem we get a solution in R such that the z;;
are in 2. [

We next want to see that in the context of our continuing proof of the Artin approxima-
tion theorem, we may assume that one of the minors of the Jacobian matrix has nonzero
image in A. To see this, we make use of the theory of separable algebras.

Lecture of March 20, 2017

Proposition. Let B be a domain that is an algebra over a field K and let L denote the
fraction field of B. We assume that B has characteristic p > 0, since in characteristic
zero B is always separable over KC. The following conditions are equivalent:

(1) B is separable over K.

(2) L is separable over K.

Moreover, if B is finitely generated over KC the following conditions are also equivalent:

) KYMP @ L is reduced.

) L has a separating transcendence basis over K.

) For some element b € B — {0}, By is smooth over K.

) If B is presented as K[Y1, ... ,Y4la/(F1, ..., Fn), where the quotient has dimension
L

oY;

Proof. For any field extension K’ of K, K’ @x B C K' @k L, and the latter is a localization

of the former, so that the two rings are reduced or not alike. Thus, (1) < (2) is clear.

Moreover, (2) = (3) is immediate from the definition of separability.

(3
(4
(5
(6

d — h, then some h x h minor of ( ) has monzero image in B.

The proof that (3) = (4) is similar to the argument given earlier for the case where K

is perfect. Choose a transcendence basis u = uq, ... ,us S0 as to minimize the degree of
L over Lo = K(u)%P, where °P indicates separable closure in £. If v € L is not in Ly,
let G(u, ..., ,uq,V) € Klu, ... ,ug, V] be its minimal polynomial over K(uq, ... ,us),

with denominators efficiently cleared. This polynomial is irreducible. If some exponent
on one of the variables, say u;, is not divisible by p, we can use the u; for j # ¢ and v as
a transcendence basis u’. Then K(u’)%P contains u;, because G(u,v) gives a polynomial
that u, satisfies that is separable over IC(u'). This implies that £; = K(u')%P O L. But
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v e K(w)*P, and so [L: L1] < [L: Ly]. Thus, all exponents on all variables are divisible
by p (this must be true for V, since G is not separable in V). Since G is irreducible, not
all of its coeflicients are pth powers, or it will be a pth power itself. We can therefore
form H(V) € KY? @k K[uy, ... ,us, V] such that H? = G, and at least one coefficient
of H is in KY/? — K. Tt follows that H(v)? = G(v) = 0, and to complete the proof it
will suffice to check that H(v) itself is nonzero. Note that K(u)(v) = K(u)[V]/(G(V)),
and so KVP ®@x K(u)(v) = KVP(w)[V]/(G(V)), and this contains H(v) and is contained in
KY?P @y L. Tt therefore suffices to check that H (V) is not a multiple of G(V) in K7 (u)[V],
which is obvious since H(V)? = G(V).

If there is a separating transcendence basis, after replacing B by a suitable localization
at one element we may assume that the separating transcendence basis u is in B. We
may then choose a primitive element v for the finite separable algebraic field extension
K(u) € L, and we may similarly assume that this element is in B. After inverting one
more element, we may assume the extension is generated over a localization Klu], by v,
where v is a simple root of a monic polynomial f(V) over K(u) whose coefficients are
actually in Klu|,. Inverting the value of f’ makes this extension étale over a localization
at one element of a polynomial ring, and, therefore, smooth.

But (5) and (6) are equivalent by the Jacobian criterion for smoothness: if a minor is
nonzero we may invert it to achieve smoothness, while if the localization is smooth some
h x h minor is invertible and, therefore, nonzero.

Finally, smooth algebras are obviously separable, since they remain regular, and so
reduced, after any finite extension of the base field, so that (5) = (2). O

We now return to the problem of proving the Artin Approximation Theorem. Let §(z,Y)
be a nonvanishing minor of the Jacobian matrix, which we assume, by renumbering, comes
from the first i rows. If the base V' is a DVR we also assume for the moment that the
image of §(x,Y) in A is not divisible by ¢. We will need to justify this assertion later.

Let R = A" and A = m”" in the Tougeron implicit function theorem. It follows that in
order to complete the proof of the Artin Approximation Theorem it suffices to show that
given a finitely generated T-subalgebra S = T'[sy, ..., sq] of A and

Fi, ..., By €T, ... .Yy

generating PT[Y7, ... ,Yy]p, where P is the prime ideal of relations on the si, ... ,sq,
then for every positive integer N there exists y' =y}, ..., v, € A" such that

(x) ¢ =smodmMNA
and

(%) Fi(y') = 0 mod 62(z,y )m".

The Tougeron Implicit Function Theorem enables us to pass from the solution of the
equations mod §%(z, 3 )m™ to an “honest” solution. The next idea is this: we prefer to
worry about a solution mod 62(x,%’) and not about the factor m”, which can be handled
automatically by a trick.

The following Lemma permits this reduction:
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Lemma. Suppose that Vi]zq, ... ’xV]?t,w) s an approximation ring for v < n. Suppose
thazﬁ\we have elements g, Fy, ..., Fj aﬁd S1y -+ ,8q4 € A such that t does not divide g(x, s)
in A while g(x,s) divides F;(x,s) in A for 1 <j <h.

Then for every positive integer N there exists y, = yin, ... ,YaN € (AM? such that
Fj(z,y,) is divisible by g(z,y ) for all j and s =y, mod mNA.

By applying this with ¢ = §(x, Y)? for larger and larger values of N, we can get the

conclusions (*) and (**) we need to complete the proof of the Theorem. Of course, we still
need to prove the Lemma, and for that we shall need the Weierstrass preparation theorem.

Lecture of March 22, 2017

We retain our earlier notations: (V,tV,K) is either a DVR or field (in the latter
case, V.= K and t = 0), T = Vizy, ..., 2n], A = T(4,2y,... @n)s 515 -+-,54 € A, S =
T[s1, ... ,84] C 121\, P is the kernel of the map

¢:TY]=T[V,...,Y] »SCA

such that Y; — s; for all i, 1 <i <d, Fi, ..., F, € T[Y] are minimal generators of PTp,

OF;
d(x,Y) is an h x h minor of the Jacobian matrix (8}}7
i
Let R = A" and 2 = m" in the Tougeron Implicit Function Theorem. Then the Theorem
shows that in order to complete the proof of the Artin Approximation Theorem, it suffices

to prove that for every positive integer N there exists y' =4, ... , y,; € A" such that

) whose image in A is not in tA.

(x*) ¢ =smodmMNA

and
(x%)  F;(y') =0 mod 6*(x,y )ym".

The reason is that the Tougeron Implicit Function Theorem enables us to pass from the
solution of the equations F; = 0 mod §(x,y’)m™ to an “honest” solution of the equations
F; = 0. The next idea is this: we prefer to worry about a solution mod 6%(z,y’) and not
to worry about the factor m', which can be handled automatically by a trick.

The following Lemma permits this reduction:

Key Lemma. Suppose that V|xq, ... ,a:,,]?m) is an approrimation ring for v < n. Sup-
pose that we have elements g, Fy, ... ,Fy and sy, ... ,8q € A such that t does not divide
g(x,s) in A while g(x,s) divides Fj(z,s) in A for 1 < j < h.

Then for every positive integer N there exists Yy = YIN; --- YN € (AN such that
Fj(z,y,) is divisible by g(x,y,;) for all j and s =y, mod mNA.

We postpone the proof for a while. We first want to see why this Key Lemma enables
us to prove the theorem.
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Let i = mA and for u € A—{0} let ord (u) denote the largest integer b such that u € Mm?,
ie., u € mb— mbtl. Because the associated graded ring gr%A\ is a polynomial ring, and,
in particular, a domain, we have that ord (uv) = ord (u) + ord (v) for u, v € A — {0}. Note
that these remarks apply to any regular local ring, so that we have corresponding notions
of order in A and AP. The set of powers of the maximal to which an element of a regular
local ring belongs does not change when we pass from the local ring to its completion.
Thus, the order of an element is not affected by whether we think of it as being in A, A",
or A.

Let ord (g(z, s)) = Noy. Then for all N > Ny, 9(z,y,) = g(x, s) mod m™ A, from which
it follows that for all N > Ny, ord (g(:z;,gN)) = No. Since Fj(z, s) = 0 and y,, = s mod
m™ ﬁ, we have that for all j, and all N,

Fi(z,y,) € mNAN A" = mN A",

But then for all j and all N > 0,
F] (x7gN—|—N0) e g(aj?gN_'_NO)Ah ﬂ mN+NOAh g g(aj?gN)mNAh)
as required, for an element of order smaller than N cannot multiply an element of order
Ny into mN+tNogb O

We shall soon return to the proof of the Key Lemma. In that proof, we shall want to use
the Weierstrass Preparation Theorem to keep track of divisibility by g. It will be helpful
if g is a regular element in x,,. We can use the following result to arrange this.

Lemma. Let (V,tV,K) be a DVR or a field, so that we allow the possibility that t = 0

and V. = K. Letn be a positive integer, and let g € V[[z1, ... ,x,]], the formal power
series ring. Suppose that g ¢ (t). Then there exist positive integers by, ... ,b,—1 such that
the continuous V -automorphism mapping x; — x; + 2%, 1 <i<n—1, z, — x, takes g
to an element that is reqular in x,,, i.e., that is not in the ideal (t, T1, ... ,Tp_1).

Proof. In proving this result we may work mod (¢) without loss of generality. Therefore,
we assume that ¢ = 0, i.e., that V = K in the rest of the argument. Our hypothesis on g
becomes that ¢ is a nonzero element of K{[x1, ... ,x,]].

We use induction on n. If n =1 it is obvious from the fact that g £ 0 that it is regular

in 1. Note, that quite generally, the condition that we need on by, ... ,b,_1 is simply
that g(z%,..., xfl"’l,xn) # 0, for this is what the image of g under the automorphism
becomes mod (z1, ... ,Tp_1).

If n = 2 we seek b such that g(z%,22) # 0. This is equivalent to the condition that g
not be divisible by x; — 5. The elements z; — 24 for b = 1, 2, 3, ... are prime in the
UFD K]{[z1, z2]], and no two are associates. If g is divisible by all of the elements x; — 25
for 1 < b < B, then it is divisible by the product of those elements, and is therefore in

(w1,22)P. Since g # 0, it cannot be in (z1,22)? for all B.
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If n > 3, we may write g = ZJO; v;wd where all of the v; € K[[z1, ... ,7,-1]] and
v; # 0. By the induction hypothesis we may choose b1, ... ,b,_s such that
b by —2
iz oy, oo, T, 1) # 0.
Then g(:zczl_l, ceey :1:%1:12, Tn_1,%n) is a nonzero formal power series in two variables, and

by the case n = 2 we can substitute x, 1 = 22 for some positive integer b and get a
nonzero result. [

Notice that an automorphism of V[[z1, ... ,zn]] = A of the form described in the
preceding result, as well as its inverse, stabilize A, and hence also induce mutually inverse
automorphisms of A®. We henceforth assume that g = g(x, s) is regular in x,,, and we let
a = «o(z,) denote its unique monic associate, so that

—1
a(xy,) =l +ug_1xdl™ " 4+ Fup

where the u; are nonunits of C' = V[[z1, ... ,zn_1]].

We want to convert our divisibility problem into an equational problem over
_ h
D = V[xl, 7xn—1](t,$1, JLp—1)?

which we know from the induction hypothesis is an approximation ring.

Towards this end, we introduce dg new variables Z; , and substitute

q—1

2 : v
Zi = Zi,ul'n

v=0

for the Y; in the Fj(x,Y) and in g(z,Y’) to obtain Fj(x,Z) and g(x,Z). We also in-
troduce new indeterminates Uy, ..., U,—1 and a variable polynomial H in z,, with these
coefficients, so that

qg—1

H(zn) = H(U, ) =l + Y Uzl
j=0
Let
T = V[.I’l, s 3 Tn—1, Zi,l/a Ul/]

Working in the polynomial ring 7 [z,] we can formally divide g(z, Z) and Fj;(x, Z) by

H(z,) to obtain
q—1

(*) g(.r, Z) = H(xn)QO + Z WO,V$7VL

v=0

q—1
() Fj(z, Z2) = H(za)Q; + Y _ W,z
v=0
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where the Q; € T[z,] and the W, ,, € T do not involve the variable z,, for all j > 0.

By the Weierstrass Preparation Theorem we can divide every s; by a(z,), the unique
monic associate of g = g(z, s), to obtain:

q—1

(#) S = a(ajn)ei + Z Zi,l/x;/p

v=0

where 6; € A and the zi., € C. We define
qg—1
Z; = Z Zi v Ty
vr=0

Lecture of March 24, 2017

Since s; = z; mod «a(zy,), it follows that g(z, z) = g(z, s) mod a(z,) and that Fj(z, s) =
Fj(x, z) mod a(x,) for all j. Since a(x,) and g(x, s) are associates, we have that a(xzy,)
divides g(z, z). Since the hypothesis of the Key Lemma tells us that g(z, s) divides every
Fj(x, s), we have that a(x,,) divides every Fj(z, z).

Recall that
a(r,) = 28+ ug_12d7 4+ .

We can now substitute the z; , for the Z; , and the u, for the U, in (x) and (xx) above.
The equations that result show that the elements

are the remainders in the Weierstrass Preparation Theorem when g(x, z) and the Fj(x, 2)
are divided by a(z,): note that the variable x,, does not occur in W ,. But the results of
the preceding paragraph show that these remainders are 0. It follows that

Wiu(z, z,u) =0, 0<j<h, 0<v<g-—-1
Put differently, the system of (h + 1)¢ polynomial equations

Wiv(x, Z,U)=0, 0<j<h, 0<vr<g-1

in the variables Z, U, which has coefficients in

V[l’l, . 73771—1] g D= V[l’l, . 73371—1]}(115,301,...,93”,1)7

has the solution Z = 2z, U = u in D=C.
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The induction hypothesis then guarantees that for every positive integer N there is a
solution of these equations Z = 2z, U = uy in D which is congruent to z, v modulo
(t, z1, ... ,a:n_l)N C. We shall now use this solution to construct the elements y N needed
to prove the Key Lemma.

For all ¢ choose any 0; n € AP such that 0; v = 0; mod mN A, Let
Uy = UQ,Ny - -+ , Ug—1,N
and let the individual values of the z, be denoted z; , . Define
an(zn) = H(uy, &n) = 28 + ug_1 vzl + -+ uo,n,

while letting
qg—1
_ 1%
Zi,N = E Zi, v, Ny,
v=0

and
yin = an(zn)bin + 2ziN-

Modulo m™ A we know that u ~ = u, and it follows that modulo m® A we also have
that an(z,) = a(x,), that z; y = z; and that y; y = s;. To complete the proof of the
Key Lemma, it will suffice to show that g(xz,y, ) divides Fj(z,y, ) for all j.

Since the z; , v and the uy satisfy the equations
W,(z, Z,U)=0, 0<j<h, 0<v<qg—1

when we substitute in (x) and (**) we find that ay(z,) divides g(z, z5) and that it also
divides every Fj(z, zy). From the way we defined y; y we also have that z; v = yi N
modulo ay(z,). It follows as well that an(z,) divides g(z, y, ) and every Fj(z, y, ).
We can complete the argument by showing that ax(x,) is the unique monic associate of
g(z, yn) for all sufficiently large N.

The point is that if N is large then the fact that
9(z, y,) = g(x, s) mod mN A

implies that g(z,y, ) is regular of order ¢ in z,, and so it has an associate o/(x,) that is
monic of degree ¢ as a polynomial in z,, and has all coefficients on lower powers of x,, in
the maximal ideal of C. Since ay () divides o/ (z,) in A, since they are both monic of
the same degree as polynomials in x,, and since they both have lower degree coefficients
in the maximal ideal of C, they must be equal. [

This completes not only the proof of the Key Lemma, but finishes the proof of the Artin
Approximation Theorem when V' = K is a field. When the base ring is a DVR, however,
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we have more work to do. In particular, we need to justify the assumption that we can
reduce to the case where §(z, s) is not in tA.

In order to make this reduction we need to study an idea of Néron which Artin refers to
as “Néron’s p-desingularization.” (In Artin’s paper, p is the generator of the maximal ideal
of the DVR, which we are calling ¢ here.) However, we will simply use the term Néron
desingularization.

Lecture of March 27, 2017

We now focus on the situation where the base is a discrete valuation ring (V, tV, K),
so that we are no longer allowing the possibility that ¢ = 0.

Recall that T'= V[xy, ... ,x,], a polynomial ring, and that A = T{; ), where z denotes

Z1, ... ,%,. Recall also that S = T[s1, ... ,s4] C Aisa finitely generated T-subalgebra of
A. Consider the T-algebra map T[Yy, ... ,Yy - S C A such that yi — 8;, 1 <i<d. Let
P Dbe the kernel of this map, and let A be the height of P, as before. However, we shall
now keep track of full set of generators of P, Fy, ..., Fi. (Previously, we were working
with Fy, ..., Fj such that PT[Y7, ..., Yy]p is generated by Fy, ..., Fy.)

Note that ¢ is a prime element of A: in fact, A/tA = K[[z1, ..., 2,]]. Let A = Ag

where Q@ = tA, a DVR with maximal ideal tA. We let Q' = A ®g Qg/7.
OF;

Let J denote the image of the Jacobian matrix ((‘9—YJ) mod P, which we view as a d X k
matrix over S. Note that the cokernel of 7 is 2 S/T- VZVe shall write J' for J viewed as a
matrix or linear transformation over A. Thus, the cokernel of J’ may be identified with
the module A ®g5 Qg/7.

Note that for any finitely presented module M over any ring R, we can define Fitting
invariants: the i th Fitting invariant of M is the ideal I4_;(J) where J is the d x k matrix
of the map of free modules in a presentation R¥ — R? — M — 0.

Fitting’s Lemma. The ith Fitting invariant as defined in the preceding paragraph is
independent of the choice of finite presentation of M.

Proof. To prove this, we first check that given a map R? — M it is independent of the
choice of finitely many column vectors spanning the kernel. Given two choices, we may
compare each with the union. This, it suffices to see that the ideal does not change when
one set of relations is included in the other, i.e., when some set of columns of the matrix,
without loss of generality these may be taken to be the last s, are linear combinations of
the preceding r columns. By subtracting linear combinations of the first » columns from
the last s (we know this does not change the ideals of minors) we may assume that the
last s columns are all 0, and the result is now clear.

It remains to check independence of the map R — M, i.e., of the choice of generators
for M. Again, we may compare each of two different sets of generators with their union,
and so we reduce to the case where one set of generators is included in the other and then
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to the case where there is one additional generator. We may assume that included among
the relations is a relation expressing the additional generator, which we number last, as a
linear combination of the others. This means that we may assume that the matrix with the
additional generators present has a 1 in the last row, which we also assume, by permuting
the columns, is in the last column. We can now perform elementary column operations,
subtracting multiples of the last column from the others, until the last row consists of
all zeros except for its final entry, so that the (d + 1) x (k 4+ 1) matrix J; that we are
considering has the block form J; = g 1C , where J is d x k, 0 denotes a row of zeros
of length k, C is a d x 1 column, and 1 is the 1 x 1 identity matrix. Then J gives a
matrix for the presentation using the first d generators. It is now straightforward to see

that Id—}—l—i(v]l) = Id—z(t]) O

We note that in the Lemma below, the ideal generated by the A x h minors of 7 is the
d — hth Fitting invariant of the module A®q. The number d — h does not depend on the
presentation: it is the same as the dimension of frac (T') @ S, which has the presentation
frac (T)[Y1, ..., Yal/(F1, ..., F%).

Lemma. J has rank h. There is an h X h minor of J that is not divisible by t in A
(equivalently, in A) iff Q' is torsion-free over A. More generally, the minimum order of a
size h minor with respect to t is the length over A of the torsion submodule of Q).

Proof. Let F be the fraction field of 7', which is also the fraction field of A. Then F —
FRa A=F QT A is separable, and, hence, F — F ®7 S is separable. Note that [J is
also the Jacobian matrix for this extension, and that F @7 S has dimension d — h. If we
localize at one nonzero element to make this algebra smooth over F its dimension does
not change, and then the determinantal rank of the Jacobian matrix must be h and, after
localization, the size h minors must generate the unit ideal. Since S is a domain, we see
that the rank is of J is exactly h.

The remaining statements follow from a general fact about matrices over a DVR, given
in the next result.

Lemma. Let M be any finitely generated module over a discrete valuation ring (A,tA),
and let J be the matrix of the map of free modules in a finite presentation of M. Suppose
that J has rank h. Then the length of the torsion submodule of M is the same as the
minimum order of an h x h minor of M, which is the same as the order of a generator of
In(M).

Proof. The statements are unaffected by performing elementary row and column operations

on M. This means that we may assume that J has the block form ({)O 8) where

My is a diagonal matrix with diagonal entries t®', t*2, ...  t*». The only nonvanishing
h x h minor is t® T T% and ay + --- + ay, is also the length of the torsion submodule

Aty @ - @ A/(tor). O

We want to note the following. Suppose that we have found a size h minor of J that
is not zero. By, renumbering, we may assume that this minor occurs in the upper left
hand corner of 7, so that it involves the partial derivatives of F}, ..., F} with respect
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to Y1, ...,Ys. We claim that it is then automatic that (Fy, ..., Fp)T[Y1, ... ,Y4]p =
PT[Yy, ... ,Y]p. Since T'— 0 does not meet P, we are free to replace T' by its fraction
field F in considering this, i.e., we need only show that

(F1, ... \Fy)FIYa, ... . Ydp = PFIY, ..., Yyp.

Let C = F[Y1, ..., Yqlp/(F1, ..., F}). Since there is a maximal minor of the Jacobian
matrix that is invertible, ¢,z = 0, and so it is an C' is unramified and essentially finitely
presented over F. Hence, it is a finite product of finite separable extensions of F. But it
is also local. Therefore C'is a field. Since C' maps onto F[Y1, ..., Yy]p/PF[Y1, ..., Yd]p,
they are equal, and we must have

(Fi, ..., F)TMY, ..., Y4p =PIV, ... ,Y4p,

as claimed. [

We denote by £s the length of torsion-submodule of A®€g,7, which is also the minimum
order with respect to ¢ of any size h minor of J’.

Theorem. Let Q = tANS = tho N S, and let " = Slq/t : q € Q]. Then lg < {lg, and
the inequality is strict unless £g = 0.

We put off the proof of this result momentarily. Notice that one we know this we may
iterate the process of replacing S by S’ at most /g times until we reach a finitely genrated
T-subalgebra S* of A that contains S but such that lg« = 0. For this algebra, there will
be a size h minor that will not be divisible by ¢. This enables us to carry through the
inductive step in the proof the Artin Approximation Theorem.

However, before we give the proof of this Theorem, we want to observe that the same
result also enables us to give a proof for the base case for the induction when V' is a DVR
and not a field!

To see this, note that in the base case n = 0: there are no variables ;. T'= A =V, and
A=V. We may assume that we have S = Vs, ..., s4] such that £g = 0, and we want to
map S to V! so that the residue class of every element of S is preserved mod (V). Some
size h minor of 7 is an element of S not divisible by ¢, that is, it has an inverse in V. We
may adjoin this inverse to S: constructing the algebra map we need only gets harder. But
now we have that S is smooth over V', by the Jacobian criterion for smoothness. Let @
be the ideal tV N S. By the structure theorem for smooth morphism, locally S is an étale
extension of a polynomial ring, and so Sg is a pointed étale extension of a localization
of a polynomial subring, Vui, ... ,u,]g/. The inclusion S C V gives us a map of this
localization in V and the u] have images in V. For every j, pick an element of v; € V1
such that u; = v; mod (tV). Now map Vui, ... ,u,] — V" sending u; ~ v; for all j.
This extends to a map V]u, ... ,u.]or — V. Since V! is Henselian, this map extends to
the pointed étale extension Sg, and we have the required map S — Sg — vh, O

This means that after we prove the Theorem stated above, we will have completed the
proof of the Artin Approximation Theorem in all cases.
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Lecture of March 29, 2017

Before proving the Theorem stated in the previous lecture, we introduce some ideas
that will simplify the problem. We replace T by its localization at ¢T, which we call Ag.
Then (Ag,tAg, Lo) is a DVR, and we have a local map Ag — A: we use L for the residue
class field of A. We replace S by Ag @ S, which is a localization of S and a subring of A.
Note that this ring is Ag[s1, ... , Sq] and has the presentation

Ao[Y1, ... Ya/(FL, ... F).

The image of Jacobian matrix 7 is literally the same, although we now think of the entries
as being in Ag ®7 S, the “new” S, which we temporarily denote as S°. Again, we may
use J’ for the same matrix over A. We write F and G for the fraction fields of Ay and A
respectively.

The theory of excellent rings implies that the field extensions F — G and Ly — L are
separable. For the new S° we again have an operation of enlargement: if Q = tA N .S°
we may adjoin all the elements g/t for ¢ € @ to S°: we need only do this for generators
of @, and so this is still finitely generated over Ag. In fact, one has (S’)° = (S°)’, since
S° =W=LS with W =T —tT, and t divides s/w in A iff ¢ divides s € S. Thus, tANS° is
the expansion of tANS. In fact, it will be convenient in the remainder of the argument to
generalize substantially further: for example, we may relax the condition that S be finitely
generated over Ag by allowing arbitrary localizations at multiplicative systems disjoint
from @, especially at S — @ itself. We shall also relax the condition that the map S — A
be injective.

Néron Desingularization

We therefore start over in a new, abstract situation which captures what we need from
the original situation. Let (Ao, tAg, Lo) — (A, tA, L) be a local injection of discrete valu-
ation rings such that induced map of fraction fields F — G is separable, and Ly — L is
separable. Let S be a localization of a finitely generated Ag-algebra, torsion-free over Ag,
and suppose that we have a map ¢ : S — A, but now, instead of assuming that S — A
is injective, we assume that the kernel is a minimal prime q of S such that S is a field.
Then Sy is a subfield of G finitely generated over F.

We define g = A ® Qg/5,. We let £5 denote the length of the torsion-submodule of

's. If we represent S as W~tAg[Y1, ..., Yy]/P and choose generators Fi, ... , Fj for P in
OF;
Ao[Y1, ..., Yy], then if 7’ denotes the image of the Jacobian matrix (a—Yj) in A, we have

that the rank of 7’ is the same as the height of the minimal prime of P which is the inverse
image of q in W=1Aq[Y1, ... ,Yy]. We denote this height by h and we let £g be the length
of torsion submodule of Q. This length is the same as the minimum order with respect
to t of any size h minor of 7', where the minor is viewed as an element of A. By enlarging
W we can get P itself to be prime, and we can do this while only localizing at elements
not divisible by ¢t. As earlier, we may let () be the contraction of tA to S and we may let
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S’ = Slq/t : q € Q] C S, which is finitely generated over S. This algebra is called Néron’s
blowing-up of S. The constructions of both S’ and £g from S commute with localization at
a multiplicative system disjoint from Q. Note that we still have a map S’ — A: its value
on g/t for ¢ € Q is ¢(q)/t, which is an element of A because, by definition of @, ¢(q) € tA.

We can now state and, eventually, prove a result more general than the Theorem stated
last time. Before proving this, we note that if the field L’ is separable over the field L
and uq, ... ,uq is a set of field generators, then a separating transcendence basis may be
chosen from the elements uq, ... ,uq. To see this, consider the proof of (3) = (4) in the
first Proposition in the Lecture Notes from March 20. Choose a transcendence basis from
ULy« v U, SAY UL, - .. ,Ug, SO as to minimize [L' : L(uy, ... ,us)%P]. If

L' # L(uy, ... ,us)*P,

choose an element
veEL —Lluy, ..., us)*P

from among the elements us41, ..., ug. The rest of the argument producing a contradic-
tion is the same.

Theorem. With notation as above, so that Lo — L and F — G are both separable,
lgr < lg, with equality if and only if s = 0.

Proof. We replace S by Sg. Henceforth we may assume that (5, Q) is local, and that it
is a localization of Ag[sy, ..., s4]. Note that we have a presentation of S of the form

S=WtAo[Y1, ..., Yal/(Fy, .., Fy).

We know that at least one size h minor of 7' has minimum order £5. We are free to make
local étale extensions Af of Ag and A* of A to enlarge their residue class fields (we shall
say more about this below). This is done in such a way that we still have a map A§ — A*.
S is replaced by A§ ®a, S. The details of how to do this will be given in the next lecture.

After enlarging the residue class fields, if necessary, we can make an invertible linear
change of variables among Y7, ... ,Y; over Ag so that every h rows of the new 7’ will have
a size h minor of order £g. Assuming this for the moment, we renumber the Y} so that the
images of Y7, ..., Y, are a separating transcendence basis for S/Q over Lg: the images of
Y; are field generators, and so we can do this by the remarks prior to the statement of the
Theorem. We now replace Ay by

A1 = Ao[sl, 757'](t)~

We need to understand what happens to /g and g when we do this. We shall show that
we can keep £g the same while g can only increase. Again, the details will be given in the
next lecture. Next, we adjust the rings Ay and A again so that Ay contains representatives
of all elements of S/@Q, which is a now a finite separable algebraic extension of Ly. Once
again, the details will be given in the next lecture.
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Lecture of March 31, 2017

We next consider certain changes that we can make without affecting the problem.

We can arrange for a finite separable extension of the residue class field of Ag: at the
same time, we enlarge A. Any such separable extension is generated by a single primitive
element #. We may choose a monic minimal polynomial for 6 over Lg: it will be a separable
polynomial, and we then lift it to a monic polynomial, f(z), of the same degree over Ag.
Then A§ = Ao[z]/(f(z)) is a module-finite étale extension of Ag. Mod (t) we get the
desired extension of Ly. Because killing (¢) produces a field, A§ is still a local ring and, in
fact, a DVR with maximal ideal ¢tAj. However, this ring no longer maps to A. Consider
Af ®a, A, which is module-finite and étale over A: if we kill (¢), we get L[z]/(f), an étale
extension of L which is necessarily a product of finite separable extensions of L. Thus, by
localizing A§ ®a, A at a minimal prime Q of ¢, we obtain a DVR, A*, to which A§ maps,
and its maximal ideal is still generated by ¢. Moreover, S* = Aj ®x, S maps to it as well,
and we replace Ag, S, A and S — A by these. Note that J’ does not change, although
its entries are now considered in A*, and the orders of its minors with respect to ¢ don’t
change.

We also need to see that this process commutes with Néron’s blowing-up. We are
assuming that S = Sg, so that S/Q is a field. Note that we might as well replace S* by
S&«, where Q" is the contraction of tA* to S*. The key point is that the expansion of
Q to Sg. 18 Q7S5 Thus, if g1, ..., gy generate ), their images generate Q*S()., and
so Néron’s blowing-up of the latter is generated over it by the images of ¢1/¢t, ..., qi/t.
To see this, it suffices to see that S¢)./QSf). is a field. But this ring is (S*/QS*)g+, and
S*/QS* = A§ ®a, S/Q, where S/Q is a field. This is an étale extension of S/Q, and so
it is a finite product F; x --- x F; of finite separable algebraic field extensions of S/Q.
Since (5*/QS*)g~ is a local ring which is a localization of S*/QS* = Fy x --- x Fj, it is
isomorphic to some J;, and therefore is a field. It follows that (55.)" = (Aj ®a, S')@«- It
then follows that the image of the Jacobian matrix for Néron’s blowing-up after we enlarge
the residue class field is the same as before, although it is now being considered in A*. The
smallest order of a minor with respect to ¢ does not change, however, since t!A* N A = t'A
for all 7.

An invertible linear change of the variables Y7, ... , Y, over Ag produces a corresponding
change in the Jacobian matrix. Suppose that for 1 < i < d, we have that Y; = ZZ:1 apiY),
where (ozkz-) is an invertible matrix with entries in Ag. Then

d
dYi =)  andYy,

k=1

and so
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Thus, the new Jacobian matrix is (aki) J. We therefore see that an invertible linear change
of variables over A enables us to perform corresponding row operations on 7 and, hence,

on J'.

To see that we may assume that any h rows of J’ have a size h minor of order /g, it
suffices to prove the following:

Lemma. Let (Ag,tAg,Lo) € (A, tA, L) be a local inclusion of discrete valuation rings.
Suppose that the residue class field of Lo is infinite. Let J be a d x k matriz over A of rank
h such that the smallest order with respect to t of any size h minor is £. Then one can
perform elementary row operations on the matrixz over Ay such that any h distinct rows of
the matrixz have a size h minor of order L.

Proof. Note that column operations over A do not affect the order of the generator of
the ideal of h size minors of a given set of h rows. Therefore, we may perform column
operations over A and row operations over Ay without affecting the issue. First permute
rows and columns so that an element of least order is in the upper right hand corner of J.
By multiplying the first column by a unit we may assume that the entry in the upper left
corner is t**. By performing elementary column operations over A we may assume that
the other entries of the first row are 0. We now iterate this procedure, working with the
submatrix obtained by deleting the first row and leftmost column. After A iterations we
reach a matrix such that the h x h submatrix in the upper left corner is lower triangular
with t%1) ... | t** on the diagonal, the entries to the right of these in the first h rows are 0,
and each of the entries in the jth column below ¢% is divisible by t%, 1 < j < h. It also
follows that the entries in columns beyond the hth column and below the Ath row must
all be zero, or the rank will be larger than h.

We want to perform elementary row operations over Ag to get every h x h minor of the
first h columns to have order a; + - -- + aj with respect to t. We factor t% from the jth
column for 1 < j < h. We may drop all but the first A columns, since the other columns
are 0. We thus obtain a matrix with A columns such that the submatrix formed from the
first h rows is lower triangular, with 1 in each spot on the main diagonal. It will suffice to
perform elementary row operations over Ay so that all size h minors are units.

For this purpose we may work mod tAg. Thus, we may view the given matrix as having
entries in L = A/tA, and we need only select, for each of the last d — h rows, an Lg-linear
combination over Ag of the first h rows to add to it, so as to produce a matrix in which
any h rows are independent. This is clearly possible if Ly is infinite. [

We may now pass to a situation in which any h rows of 7’ have an h x h minor of order
ls. If Lg is infinite we can do this as in the the Lemma above. If L is finite we can make
an étale extension of Ay to enlarge the residue class field enough so that we can make the
required linear change of variables.

Then, after renumbering variables, we may assume that the images of Y7, ... Y, are
a separating transcendence basis for S/Q. We now replace Ay by Aj, the localization of
Ao[Yr, ..., Y ] at tAo[Y3, ..., Y;]. S remains the same: the elements we inverted to form
Ay are already invertible in S = Sg. Note that {g does not change: the new Jacobian is
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computed using only the Y for j > 7, and so it is clear that {5 cannot decrease. Moreover,
it does not increase, because we have placed the coordinates in general position, and so we
can find an A x h minor of some remaining h rows of order £g. S’ does not change, but the
relevant Jacobian matrix is a truncation of the one we used to compute £g: before, and so
lg, can not decrease when replace Ag by Aj.

In this way, we may assume that S/Q@ is a finite separable extension of Lj. But then an
étale change of rings for Ay enables us to reduce to the case where all residues in S/Q are
represented in Lg. This means that by subtracting scalars in Ag we may assume without
loss of generality that all of s1,...,sq € Q. This means that the contraction of @) to
A()Dfla s 7Yd] is (t7Y17 ce 7Yd)'

The main calculation in the proof of the Theorem. We can now complete the proof that
iterating Néron’s blowing-up eventually produces an algebra S such that /g = 0. We need
only show that {g/ < g with strict inequality if £g > 0.

Note that the generators of S” are the elements s;/t. Let Z; be variables mapping to
these. We do not have to find all the relations on the Z;: we only need sufficiently many
to be able to see that some size h minor of the new Jacobian matrix has the same order
as before, and that there exists a minor of smaller order if /g > 0.

Let
d

Fj = bj + Zaini + HJ<Y)
i=1
where H; has only terms of degree 2 and higher. Note that all coefficients are in Ag. Since
F;(s1, ... ,sq4) =0, we may substitute Y; = tZ; to get a polynomial in the Z; which gives
a relation on the s;/t: it has the form

d
bj —|—tZ(IUZZ + tQH;(Z),

=1

where the coefficients are in Ag. Here b; € Ag NtA = tAg, and so we may write b; = tc;,
with ¢; € Ag. We get a relation

d
Gj =Cy + ZaijZi -+ tHJ*(Z)
i=1

Note that G;(Z) = F;(tZ)/t, whence

0G;(z) , OF
oz, — Yoy,

(12))t

where the final factor ¢ arises from the chain rule. Substituting Z; = s;/t, we see that the

oG ;
image of the Jacobian matrix <8ZJ‘) in A is J'. This proves that fg < /g.
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Finally, suppose that £g > 0. This means that mod tA, all size h minors of 7’ vanish,
so that the rank of this matrix mod tA is at most h — 1. Mod ¢, the matrix is the same as
the image of (aij) mod t. We may assume, after renumbering, that £g is achieved in the
minor obtained by using the first & columns and the first h rows of J'.

Now , mod tANAg = tAg, the the first A columns of 7’ are linearly dependent over L,
and hence so are the first h columns of (aij). By renumbering, we may assume without loss
of generality that the first column is an Lg-linear combination of the columns numbered
2 through h. Lift the elements of Ly needed to elements A3, ..., A\ € Ag, and consider
G1 — MGy — -+ — AGp. The coefficients on quadratic and higher terms are divisible
by t. By our choice of the \,, the coefficients on the Z; are divisible by t. The scalar is
then forced to be divisible by t. Thus, G; — AsGy — -+ — A\yGp may divided by ¢ to
get a new relation, which we call Gy. Consider the Jacobian matrix of Gg, Ga,..., Gy
with respect to the variables Z1, ..., Z;, and compare this with the Jacobian matrix of
G4, ... ,Gy with respect to the variables 77, ..., Z;. The first column has been altered
first by subtracting off a sum of multiples of the other columns, which does not affect the
minor, and then by factoring out ¢ from the first column, while the other columns are the
same as when we used for Gy, ... ,G),. The new minor clearly has order ¢(S) — 1 with
respect to t. [

This completes not only the proof of the Theorem asserted in the previous lecture, but
also the proof of all cases of the Artin Approximation Theorem.

We now want to use Artin Approximation to prove the following:

Theorem. Consider a family of finite systems of polynomial equations over Z such that
each system in the family involves variables x1, ... ,xq and other variables Y; 1,... ,Y;p,
where both h; and the variables are allowed to depend on which system in the family one
is considering. Suppose that none of these systems has either

(a) a solution in a finitely generated algebra over a finite field such that the values of the
x; generated an ideal of height d, nor

(b) a solution in a finitely generated algebra over a DVR of mized characteristic p > 0
such that the ideal generated by the values of the x; has height d.

Then no system in the family has a solution in a Noetherian ring in such a way that the
values of the x; generate an ideal of height d. Moreover, (a) alone guarantees that there is
no solution in a Noetherian ring containing a field such the values of the x; generate an

ideal of height d.
Lecture of April 3, 2017
We begin our attack on the proof of the Theorem stated at the end of the Lecture Notes
from March 31 by making several reductions in the problem. First note that it suffices to

consider just one system of equations. We denote the equations

Fj(Xl, ,Xd,Yl, ,Yh): s 1§]§TL
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Second, we note that if there is a solution z = z1, ... , x4, ¥y = v1, ... ,ynr in a Noetherian
ring R such that (z1, ... ,z4)R has height d, then we may localize R at a minimal prime
of (z1, ... ,x4q)R of height d. Thus, we get a solution of the system satisfying the height
constraint if and only if we get a solution in a local ring of dimension d such that z1, ... , x4
is a system of parameters. We may evidently replace this local ring by its completion.
Hence there is a solution satisfying the height constraint if and only if there is a solution
in a complete local ring (R, m) such that x1, ... ,z4 is a system of parameters.

This solution is preserved if we kill a minimal prime of R such that the quotient still
has dimension d. Thus, we may assume that (R, m) is a complete local domain. By the
structure theory of complete local rings, we then have that R is module-finite over A, where
A is a formal power series ring either over a field K or over a complete DVR (V, pV) of
mixed characteristic p. Specifically, we write A = K[[u1, ... ,uq]] or A = V([ua, ..., ud],
and in the second case we let u; = p. In either case, uq, ... ,uq is a regular system of
parameters for A.

Since R is module-finite over A, it has a set of generators 8, = 1, 5, ... , 6. These are
not free generators: let M = (aij) denote an s x t matrix over A whose t columns span
the module of relations on 61, ... ,0, over A.

We next want to describe a finite system of polynomial equations in variables corre-
sponding to the a;; and other scalars from A. The equations have coefficients in Z, and
solving them in a ring A; enables one to construct a ring S module-finite over A; with a
set of generators 6] =1, 05, ... ,0..

First note that for all ¢, j we can choose a;j, € A such that
() 0:0; = aijib.
k=1

We need the a;; and the a; 1, to satisfy certain equational conditions in order to guarantee
that one gets a commutative associative ring with 6; as identity. We impose:

(1) ayjk = djk

where ¢ is the Kronecker ¢ function which is 1 when j = k and 0 otherwise. This guarantees
the multiplication by 6, is the identity function.

To guarantee that multiplication will be commutative we impose
(2) Qijk = Qjik

for all 4, j, k.

We want to write down equations that will guarantee that multiplication is associative.
To do this, for all ¢, j, £ write down the formula for 8,0, as a linear combination of 0, ... , 0
using (), and then multiply on the right by 6 and simplify each quadratic term by another
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application of (x). This yields a formula for (6;6;)6; as a linear combination of 6y, ... , 65 in
which every coefficient is a polynomial in the a;;;. Similarly, use (x) to write down a;a; as
a linear combination of 6y, ... ,6s and then multiply by 6; and use (x) repeatedly again to
give a formula for 6;(6,60},) in which every coefficient is a polynomial with integer coefficients

in the a;j;. Subtract the two linear combinations to obtain B%”k)Ql 4+ Bg”k)ﬁs where
each Bffj k) is a polynomial in the a;;; with coefficients in Z. Write the coefficients as an
s X 1 column vector. Then this column vector gives a relation on 64, ... ,0,, and so is
a linear combination of the columns of (aij). Thus, if B(W*) denotes the column vector
whose entries are Bgij k), .. Bg” k)
of scalars from A such that

.y then for all 4, j, k we can choose a t x 1 vector U(#7*)

(3) BUIk) — muak),
where M is the s x ¢ matrix (aij) whose columns span the relations on 61, ... 6.

We also need to write down equations that guarantee that multiplication is well-defined.
The relation Y ;_, a;;0; = 0 coming from the j the column of the matrix M = (aij), when
multiplied by 6, produces a sum > _._, a;;0,0) that can be rewritten, using (*), as a linear
combination of the 6; with coefficients that are polynomials in the a;; and a;;;, with integer
coefficients. Since this is 0, for each choice of j and k the column vector CU¥) of coefficients
of the 6; can be written in the form MW U*  where WUk is a t x 1 column vector with
entries in A, i.e.,

(4) CUk) — MUk,

Note that the ring structure of R is completely determined by the choice of the ring A
and the scalars M = (aij), a;ijk, and the entries of the U (17k) and WUK) . Moreover, given
any ring A; and corresponding subscripted elements of A; satisfying the equations (1),
(2), (3), and (4), say bsj, bijk, Ufjk, and Wl(jk) (the latter two are vectors over Ap), one
gets a unique commutative, associative, ring S generated as an A;-module by elements

1y ..., 0. such that 6] is the identity, the columns of the matrix (bij) span the relations
on 07, ..., 0., and such that for all i and j

() 010, = bijuty,
k=1

S is defined as the cokernel of the matrix (b;;) over A; with 67, ..., 0. as the image
of the standard basis. The equations (*’) are used to define the ring multiplication. The
equations (1) guarantee that multiplication by 6; will be the identity map, the equations
(2) guarantee that multiplication is commutative, the equations (3) guarantee that multi-
plication is associative, and the equations (4) guarantee that multiplication is well-defined.

We denote this ring as R(A1; b, bijk, Ul(ijk), 1(jk))~

We use this idea to descend a solution of the equations

Fj(Xl, ,Xd,Yl, ,Yh>:0, 1§j§n



95

over R, which is a module-finite extension of A, to a solution in a ring S with is a module-
finite extension of the Henselian ring A;, where A; is the Henselization of the localization
at (u1, ... ,uq) of the ring Kluy, ... ,uq] (respectively, V]ua, ..., ug]), so that A = A
However we need three sets of additional equations.

In the original choice of R, we can write each x,, and each y, as a linear combination of
the 0; with coefficients in A. These coefficients v will all become unknowns, to be solved
for in A;. Each polynomial F(x,y) can be expressed, using (*) repeatedly, as a linear
combination of the the 6; each of whose coefficients is a polynomial in the a;;; and the
elements . This means that the column vector of coefficients of the 6; can be written
as the product of M with a column vector over A, whose entries will be a new set of
unknowns. We refer to the equations obtained in this way as (5).

In R, the elements x1, ... ,z4 are a system of parameters. This means that there is a
fixed integer NN such that every u]VV is an R-linear combination of =1, ... ,z4. Each z, is
already expressed as an A-linear combination of the #;. We can also write each coefficient
of each x, as an A-linear combination of the ;: this introduces new elements that initially
vary in A. The equations (*) can be used to rewrite u.Y §; minus the R-linear combination
of the z, as a linear combination of the 6#;, ... ,6,. The coefficients are polynomials in
elements that may be thought of a varying in A. As in previous examples we set the
column vector of coefficients equal to M multiplied by a column vector whose entries are
in A, but which should be thought of as new variables. We refer to the equations one gets
as (6).

Finally, we need equations which keep track of the condition that the map A — R is
injective. If we tensor with the fraction field F of A, we get an injection F — F ®4 R.
Hence we have a F-linear map F ®4 R — F that is nonzero. This gives a composite
A-linear map R — F ® 4 R — F that is not zero. We can choose a common denominator
in A —{0} for the values of this nonzero A-linear map R — F on the 6; and multiply by it
to obtain an A-linear map ¢ : R — A that is not zero. Let ay, ... ,as be the values on the
f;. The condition that there exist an A-linear map with these values is that the matrix
product

(7) (a1 ... as)M =0.
Suppose that a; # 0. Then we can choose Q such that a; ¢ m©.

We now think of every subscripted element from A as a variable. However, in the
equations (6) the elements u)Y are treated as fixed elements of A;. The resulting system
of polynomial equations over A; has a solution in A, and it therefore has a solution in A;
congruent to the original solution mod m®, by the Artin Approximation Theorem.

The solution in A; gives rise to a ring S that is module-finite over A;, generated as an
Aj-module by 67 =1, ... ,¢/,. The equations (1), (2), (3), and (4) guarantee that one has
a well-defined commutative associative multiplication on A; such that multiplication by 6]
is the identity map. The equations (5) guarantee that we have a solution for the equations

Fj(Xl, ,Xd,Yl, ,Yh): s 1§j§n,
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and the equations (6) guarantee that (z1, ... ,z4)S is primary to the maximal ideal of S.
From the equations (7) we get a nonzero A;-linear map S — A; whose values on the 6,
are the values corresponding to the variables introduced to replace the a;. This map is not
zero because the value on 6; is congruent to the original value mod m®.

Finally, we may descend further, from A; to a suitable étale extension of K[uy, ..., u4]
or Viug, ..., ug]. After localizing at one element, if necessary, we will still have that the
radical of (z1, ... ,x4)S is maximal of height d. This completes the proof of the theorem

in case we are working over a DVR.

In the case of a field K, we want to show that we can replace the field K by a finite
field, even if K has characteristic 0 initially.

Henceforth, we assume that we have a solution in a finitely generated K-algebra, where
K is a field that may be of positive characteristic or characteristic 0, and where the values
1, ... ,xq for Xy, ..., X4 generate an ideal whose radical is a maximal ideal of height d.
We may write this K-algebra in the form

R=K[X1,...,Xa, Y1, ..., Ve, Z1, ..., Z)/(Fj(X,Y),Gi(X,Y, Z))

where the Xy and Y}, map to the solution in the quotient ring. We may choose a finitely
generated Z-subalgebra B of K that contains all the coefficients of the polynomials gener-
ating the ideal we are killing, and then we may define

Rp=B[X1,....,Xa, Vi, ..., Vi, Z1, ..., Z)/(F;(X,Y),Gr(X,Y, Z)).
If K has characteristic p > 0, then B is a finitely generated (Z/pZ)-algebra.
We make the convention that if C' is a B-algebra then
Ro=C®pRp=C[Xy, ..., X0, Vi, ..., Yo, Z1, ..., Z)/(F;(X,Y), Gi(X, Y, Z)).

To complete the proof of the theorem, we shall prove two facts: the first is that for every
maximal ideal u of B, B/u is a finite field. The second is that for the maximal ideals p in
some nonempty open subset of MaxSpec (B), (21, ... ,z4)Rp/, has height d.

Lecture of April 5, 2017

Lemma. Let R be an algebra finitely generated over its prime ring. Then the quotient of
R by any maximal ideal is a finite field.

Proof. The quotient S will be a field finitely generated as an algebra over its prime ring 7Z
or Z/pZ. 1If the prime ring is Z then, by Noether normalization for domains, after localizing
at one nonzero element of Z , S is a module-finite extension of a polynomial extension by
finitely many variables of Z,, a # 0. If the prime ring is Z/pZ, S is a module-finite
extension of a polynomial extension of Z/pZ. Since S is a field, it has dimension 0, which
is impossible if the prime ring is Z, since module-finite extensions preserve dimension, and
adjoining indeterminates increases dimension by the number of indeterminates adjoined.
In the second case one sees that there are no indeterminates, and S is module-finite over
7. /pZ, which means that it is a finite field. O
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Lemma (Generic Freeness). Let M be a finitely generated module over R, where R is a
finitely generated algebra over the Noetherian domain A. Then there is a nonzero element
a € A such that M, is A,-free.

Proof. M has a prime cyclic filtration by modules of the form R/P, and it suffices to
show this for R/P, which can replace R. So it suffices to do the case M = R and R is
a domain. We use induction on dim (F ®4 R), where F is the fraction field of A. By

Noether normalization R is module-finite over a A,[X7, ..., X,], and so it suffices to
consider a prime cyclic filtration of R, over A,[X1, ..., X,]. Those factors that are equal
to Aq[Xy, ..., X,] are free, those that have A,-torsion become zero after localization at

one more element of A — {0}, while the other factors can be made free by localizing at one
more element of A — {0} by the induction hypothesis. O

In the situation we were considering last time, we now know that every B/u, for p
maximal in B, is a finite field. We want to preserve the condition that the z1, ..., x4
generate an ideal whose radical is a maximal ideal of height d, and this is equivalent to
saying that the radical is maximal of height > d. Note that the height is correct when
we pass to the fraction field £ of B, since after that we are making a base change from
one field to another, and the height will be preserved by the following much more general
result:

Proposition. Let S be a Noetherian ring faithfully flat over R and let I be an ideal of
R. Then the height of IS is the same as the height of I. In particular, if R is a finitely
generated L-algebra and K is a field containing L, then for every ideal I of R, the height
of I is the same as the height of its expansion to K @, R.

Proof. The height of IS is the same as the minimum of the heights of minimal primes @ of
S containing I.S. If we replace S by Sq for such a prime () and R by its localization at the
contraction of ), then Rp — Sq is faithfully flat. IS¢ is primary to QSg, and it follows
that PRp is nilpotent modulo IRp. Then the height of @ is dim (Sg) > dim (Rp) which
is at least the height of I. Now choose P prime in R so that it is a minimal prime of [
and the height of I is dim (Rp). Choose @) to be a minimal prime of PS. Then Rp — Sg
is faithfully flat with closed fiber of dimension 0, and so we have that the height of 1.5 is
bounded by dim (Sg) = dim (Rp) (see part (d) of the first Lemma of the Lecture Notes of
February 3) which is the height of I. The second statement follows from the first because
K is faithfully flat over £ and so K ®, R is faithfully flat over R. [

We are free to replace B by its localization at one nonzero element several (but finitely
many) times: we shall retain the notation B as we do this.

Moreover, we are free to localize at one (equivalently, finitely many) nonzero elements of
B: this is equivalent to looking at a dense open subset of MaxSpec (B). In Ry = L&p Rp
we can chooae a minimal prime contained in the radical of (x1, ... ,z4) so as to preserve
the height when this prime is killed. We may kill the contraction of this prime to Rpg,
and so assume that Rp and R, are domains. After localization at one element of B — {0}
we may assume that Rp is module-finite over a polynomial Blus, ... ,u4], and embeds
in a finitely generated free module Gg over Bluy, ... ,uq]. After localizing at one more
element of B — {0} we may assume that Gg/Rp is free over B, by the Lemma on generic
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freeness. Thus, for any p, R/, is module-finite over (B/u)[uy, ... ,uq4] and embeddable in
a torsion-free module over it: thw sequence 0 - Rp — Gp — Gp/Rp — 0 remains exacts
when we apply _ ®p B/u because Gp/Rp is B-free and so Tor? (Gp/Rp, B/u) = 0.
This implies that it has pure dimension d, and so every maximal ideal has height d. Now
LR Rp/(x1, ... ,xq) is local and Artinian, with a nilpotent maximal ideal. The residue
field is module-finite over L. Therefore, after suitable localization, we may assume that
Rp/(x1, ... ,xq) has a nilpotent prime such that the quotient is a domain module-finite
over B. Now it is clear that all maximal ideals of Rp/, have height d, and that the quotient
of this ring by (x1, ... ,zq) is 0-dimensional, which forces (x1, ... ,x4) to have height d,
since all of its minimal primes must be maximal ideals.

If there are several minimal primes among these maximal ideals, we can get back to the
case where there is just one by localizing at one element. []

We want to apply our method of reduction to characteristic p to prove that every local
ring containing a field has a big Cohen-Macaulay module. A module M over a local ring
(R, m, K) is called a big Cohen-Macaulay module for R if every system of parameters for
R is a regular sequence on M and mM # M.

Theorem. FEvery local ring that contains a field has a big Cohen-Macaulay module.

We shall prove this by showing that the existence of a big Cohen-Macaulay module is an
equational problem, and then it will suffice to solve the problem in positive characteristic.
Stronger results are known: e.g., it is known that there are big Cohen-Macaulay algebras
for local rings that contain a field and in mixed characteristic in dimension at most three.
The proofs of these stronger results are extremely difficult.

The result of the Theorem above is very useful, and will illustrate the method of re-
duction to characteristic p. For rings of equal characteristic zero, no proof of the result is
known without reduction to characteristic p > 0.

Lecture of April 7, 2017

In order to construct big Cohen-Macaulay modules over a local ring (R, m, K), we want
to discuss the notion of a modification of a module M with respect to a set of relations
in M with respect to sequences xi, ... ,xrs+1 that are part of a system of parameters
for the local ring. The careful study of this idea will enable us to see that the existence
of big Cohen-Macaulay modules is equivalent to the statement that a certain family of
polynomial equations with a dimensional constraint has no solution.

Suppose that dim (R) = d. Fix a non-empty family F of sequences of length d such that
the elements of each sequence form a system of parameters for R. An important special
case is when F has just one element. Another is when F consists of all such sequences.

We shall modify our terminology a bit and say that an R-module M is a big Cohen-
Macaulay module with respect to F if every sequence in F is a regular sequence on M.
(Thus, our original use of the term big Cohen-Macaulay module corresponds to the case
where F consists of all sequences of parameters.) By our definition of regular sequence, for
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Z1, ... ,x, to be a regular sequence on M, we must have that (z1, ... ,z,)M # M. For
any ideal generated I generated by a system of parameters (or any m-primary ideal I), the
condition that IM # M is equivalent to the condition that mM # M. For if mM = M,
we have that m?M = m(mM) = mM = M, and, by induction, that m!M = M for all
t. Since m! C I for some t, we have that IM = M. On the other hand, if IM = M it is
clear that mM = M.

By a type k-relation on a module M with respect to F we mean a sequence of elements
(u1, ... ,ug,u) in M together with a sequence 1, ... ,zr41 that is an initial segment of
an element of F such that i

Te4+1U = Z TiU;
i=1

(the case k = 0 is allowed, and then the right hand side is 0).

Given a set of relations S with respect to F (the types are allowed to vary), by the
modification of M with respect to S we mean the map M — M’ constructed as follows.
For each element o € S of type k = k,, let G, be a free R-module of rank k with free
basis b7, ..., b7, and let

M =(M®a® @GU)/SpanR{pg co0e S}

c€S

where, if o corresponds to

k
$k+1u: E Tilg,
i=1
then

k
Po = U — E x;bj .
i=1

The map M — M’ is the composition of the obvious injection of M into the direct sum in
the numerator composed with the quotient surjection.

If the set S has just one element, we shall say that M’ is a single modification of M.

Given a modification of M with respect to a set of relations, call it M’, one can then form
a modification of M’, call it M”, with respect to some set of relations on M”. Continuing
in this way, one may consider sequences of modifications

MM 5> M —...— M.

We start with R itself, and form a sequence in which, at each stage, we modify the given
module with respect to the set of all relations on M with respect o F. In this way we get
a sequence of modifications

R=My— My — My —---.

Each relation with respect to F on M; becomes trivial in M;;;. Let My, be the direct
limit of the M;. The image of 1 € R in M; plays a special role here: call it 1;. In particular,
the image of 1 in M, is denote 1.
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Lemma. Let (R, m, K) of dimension d be given, let F be non-empty family of sequences
of length d whose elements are systems of parameters, as above, let x1, ... ,xq be one
element of F and let

R=My—-M = - =M, — -

by the sequence of modifications with respect to F described in the preceding paragraph. Let
My, be the direct limit of the M,, and let 1,. be the image of 1 € R in M,, 0 < r < oo.
Then the following conditions are equivalent:

(1) R has a big Cohen-Macaulay module with respect to F.

(2) My is a big Cohen-Macaulay module over R with respect to F.

(3) 1o & (21, ... ,2q) Ms.

(4) 1, ¢ (x1, ... ,zq)M, for all positive integers r.

(5) For every sequence My = R, ..., M, such that each M;y1 is a modification of M;
with respect to some set of relations on M; over F, the image of 1 € R in M, is not
m (331, ,$d)MT.

Moreover, if M is any R-module with a map ¢ to a big Cohen-Macaulay module B with
respect to F, and M’ is any modification of M with respect to a set of relations on M over
F, then the map M — B factors through a map M’ — B, so that one has M — M’ — B.

Proof. 1t is clear that (5) = (4), while the equivalence of (3) and (4) follows from the fact
that Mo, is the direct limit of the M,. If (3) holds, we claim that (2) holds. Evidently,
with I = (x1, ... ,x4)R we have IM # M, and therefore, by the discussion at the end of
the third paragraph of the first page, we have that mM % M. But given a relation on
1y .. ,Tk+1 0 My, where 1, ... ,2k4+1 is an initial segment of some sequence in F, it
must come from such a relation on some M, that maps to it. This relation becomes trivial
in M, 1, and therefore in M, as well. Of course, (2) = (1) is clear.

It remains only to prove that (1) = (5). It will suffice to show that given a big Cohen-
Macaulay module B and an element w € B—mDB, we can map M, — B in such a way that
the image w, of 1 € R in M, maps to w. We cannot then have w, € (x1, ... ,xq)M,, for we
may apply the map M, — B then gives that w € (z1, ... ,z4)B C mB, a contradiction.

We show that there is a map M, — B by defining it successively on the sequence of
modules R = My, My, ..., M,, .... In the case of R, we simply take the map that sends
1 € R to w € B. We use induction. Suppose that we have defined ¢; : M; — B such that
¢i(w;) = w, where w; is the image of 1 in M;. We want to define ¢; 1 : M;1; — B such
that the diagram

B —-+ B

¢iT T¢’i+1

M, —— Mi—l—l

commutes. That is, we want to establish the final statement of the Lemma with M = M;,,
¢ = ¢; and M' = M, 1, and so we can complete the proof by proving the final statement
of the Lemma.
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We proceed by defining the new map ¢’ on each direct summand of M &€& G, so as to
kill all the relations p,. We define it to be ¢ on M. We need to specify values for ¢’ on the
free generators of every GG, in such a way that all the p, vanish. Given o corresponding
to xpr1u = Z?Zl x;u; with the u; and w in M, we apply ¢ to get

k
Trp10(u) = > mid(u;).
j=1

Since B is a big Cohen-Macaulay module with respect to F, it follows that ¢(u) €
(z1, ... ,x,)B which yields ¢(u) = Z§:1 x;v; for suitable elements vy, ... ,v, € B. We
define the values of ¢’ on b7, ..., by to be vy, ..., vk, respectively. This clearly does what
we need. [J

Remark. In conditions (3), (4), and (5) we could use mM instead of (z1, ... ,xq4)M. The
given formulation is convenient when we formulate an equational version of the criterion.

Note that if f: M — N is any R-linear map, each type k relation on M with respect
to F maps to a type k-relation on N with respect to F: the point is simply that if

k
Lh41U = E Ty
i=1

then i
o f(w) =) wif(u).
i=1

In particular, if one has a sequence of modifications of M, each type k relation on M maps
to such a relation on the further terms in the sequence.

Our next objective is to show that the obstruction to the existence of big Cohen-
Macaulay modules with respect to F can be phrased in terms of (all) finite sequences
of single modifications of M. We make use of characterization (4). Suppose that 1, €
(1, ... ,xq)M,. Only finitely many elements of M, are needed as coefficients here. The
same relation will hold if we modify M,_; with respect to only finitely many of the re-
lations used in the construction of M,.. All of these modifications can be described using
only finitely many elements of M,._;. All the elements and relations needed will be in a
modification of M, _5 with respect to finitely many relations. We can continue working
backward in this way. We therefore get the following:

Theorem. Let (R, m, K) be local of dimension d, let F be a non-empty family of se-
quences of length d whose elements are systems of parameters for R, and let 1, ... ,xq be
one element of F. The following conditions are equivalent:

(1) R has a big Cohen-Macaulay module with respect to F.
(2) For every finite sequence of modifications of R, say

R=My— M — - — M,,
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each with respect to a finite set of relations over F, the image w, of 1 € R in M, is
not in (x1, ... ,xq)M,.

(3) For every finite sequence of single modifications of R, say
R=My— M, —---— M,,

each with respect to a single relation over F, the image w, of 1 € R in M, is not in
(.C(Jl, NN ,:I?d)Mr.

Proof. The argument prior to the statement of the Theorem shows that if (2) holds then
condition (4) of the Lemma holds, and so (2) = (1). However, a modification of a module M
with respect to finitely many relations o1, ... , 0} can be achieved by making, successively,
h single modifications: one modifies M with respect to o7 to get M;, and then modifies
M; with respect to the image of oo, and so forth. At the inductive step, one modifies M;
with respect to the image of 0,41, if ¢ < h. Then M} is the same as the modification
of M with respect to o1, ... ,0n. Thus, (3) = (2). Finally, (1) = (3) follows from the
implication (1) = (5) in the preceding Lemma. [

We next want to show that the problem of the existence of big Cohen-Macaulay modules
can be viewed equationally. For simplicity, we first state the next result when there is only
one system of parameters being used, and then indicated the modification needed when
there may be many.

Theorem. Suppose that (R,m, K) is a d-dimensional local ring with system of param-
eters x1, ... ,xq. Let ki, ... k. be a sequence of integers with values between 0 and
d — 1. Then there is a system of polynomial equations with coefficients in Z and vari-
ables X1, ..., X4, Y1, ..., Yy such that the system has a solution in R with x1, ... ,xq as
the values of X1, ..., X4 if and only if R has a sequence of single modifications

R=My— My —---— M,
of types ki, ..., k. with respect to x1, ... ,xq such that the image w, of 1 is in the sub-
module (z1, ... ,xq)M,.

Before discussing the proof of this result in the general case, we want to discuss the case
where r = 1. We write k& = k1. The modification comes from a relation

k

YTp4+1 = E YTk
Jj=1

over R. The modification may be described as (R @ R¥)/Rp where

p= (y7 L1 .-, _xk)

We are then concerned with whether, in this modified module M7, we have that the image
of (1,0, ...,0)isin (z1, ... ,xq4)M;. This leads to the additional equations coming from
the vector equation

(1; 0,..., 0) = (y11$1 + -+ y1d®a, o S Yk+1,1T1 + 0+ yk+1,d90d) + y'p
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This will give k + 1 equations over Z in variables Y, Y7, ... Y%, Y, ,, Y  and Xy, ... , Xy,
where each lower case letter has been replaced by a correspondingly subscripted or super-
scripted upper case letter that is to be viewed as a variable.

In the general case, we give explicit presentations of each of My, - -, M,. These are
constructed recursively. M; will be a quotient of R ® R¥* @ RF = Rtki+ki by the span
over R of 7 vectors, p1, ..., p;. The p; will be thought of as having entries some unkonwn,

and others satisfying certain equations over Z coming from relations on previous modules
in the sequence. To get the presentation of M1, one starts with a relation on M;. This
is given by using unknown coefficients: the relation is thought of as being given by vectors
in the numerator, which is free, and one adds into the equation a linear combination of the
vectors pi, ..., p; with unknown coefficients. One adds a copy of R¥i+! in the numerator,
and identifies R'** 1+ Fi with its image in R'**1+*i+ki+1 (spanned by an initial segment
of the standard basis). The vectors p1, ..., p; one killed to get M; may be identified with
their images (one enters zeros in the last k;;1 spots). In addition, to get the presentation
of M, one kills one additional vector, p;;1, derived from a new relation holding in M;,
whose entries are unknowns satsifying certain equations.

Eventually one constructs the presentation of M,., and then one can express the condi-

tion that the image of 1 € Risin (z1, ... ,x4)M, by one additional vector equation, setting
(1,0, ..., 0) equal to the sum of a vector whose entries are unknown linear combinations
of x1, ... ,z4 and a linear combination of the py, ... , p, with unknown coefficients. [J

Lecture of April 10, 2017

We next want to describe how the equational set-up changes if there is a family of
systems of parameters and one has a modification with respect to a system that may
be different at every stage. It is convenient to view one of the systems, z1, ... ,x4 as
special. This one is used when one writes down an equation corresponding to the fact
that the image of 1 € R is in (z1, ... ,x4)M,. In dealing with a finite sequence of single
modifications, only finitely systems will occur. One can introduce variables that represent
the elements in the finitely many systems of parameters. The equations connected with
the modification process change only in obvious ways: in dealing with a modification with
respect to a certain system of parameters or a relation on a certain system of parameters;
one uses those parameters as coefficients (or variables corresponding to them in the system
of equations). One introduces extra equations that keep track of the fact that each of the
additional sequences has the same radical as z1, ... ,xq. If 2, ..., 2/, is one such sequence,
it suffices to use the equations

d
N __ oo
Ty = E Zij%;
i=1

(which will hold for some positive integer IV and suitable elements z;; € R) and similar
ones reversing the roles of the x; and the z: these equations guarantee that (z1, ... ,x4)
and (z1, ..., 2/;) have the same radical, so that x/, ..., 2/, is also a system of parameters.
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The problem of the existence of big Cohen-Macaulay modules has now been shown
to be equational with dimension constraint in a sense that reduces the problem in equal
characteristic to the case of local ring in characteristic p > 0. But we may then pass to
the case of a complete local domain, and it will suffice to prove that case.

We next observe the following fact:

Theorem. Let R be a complete local domain of positive characteristic p and let x4, ... ,xq
be a system of parameters. Then there exists a nonzero element ¢ € R such that for all k,
0 <k<d, and for all ¢ = p°, e € N,

(x) c((f, ..., 2})R:gal, ) C (24, ..., z})R.

Hence, for any finite set of systems of parameters there exists a nonzero element ¢ that
has this property for all of these sets.

Moreover, if R is module-finite over a regular local ring A we can choose ¢ € A — {0}
so that it has this property for every system of parameters in A.

Proof. Given one system of parameters x1, ... ,z4 we can choose a coefficient field K for
R and let A = K[[z1, ... ,z4]]. Since systems of parameters for A are closed under the
operation of replacing every element by a power of that element, the statement for one
system of parameters follows from the statement about A. But if one has several systems of
parameters and elements c1, ... ,cg, where for all of the systems of parameters one of the
¢; satisfies the condition (x) for that system, then ¢ = ¢; - -- ¢ satisfies the condition (x)
for all of them. It therefore suffices to prove the final statement for systems of parameters

in A.

Let h denote the torsion-free rank of R as an A-module and let uy, ... ,u; be a maximal
set of elements in R linearly independent over A. Let G be the A-span of these elements.
Then G = A®" and R/G is A-torsion. Thus, we may choose ¢ € A — {0} such that c kills
R/G, i.e., such that ¢cR C G.

Let y1, ... ,yq be any system of parameters for A and suppose that

k
Y417 = Zym-
i=1
Multiply by ¢ to obtain
k
Yrt1(cr) = Zyi(cm)-
i=1

All of the elements cr, cr; € G. Since A is regular, it is Cohen-Macaulay, and y1, ... ,yq
is a regular sequence on A and, therefore, on G =2 A®" as well. It follows that

cr € (Y1, -+ u)G C (Y1, - ye)R O

We next note the following: let (R, m) — (S, n) be a local homomorphism of local rings
of the same dimension such that mS is primary to n. This implies that the image of every
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system of parameters for R is a system of parameters for S. Suppose that z1, ... , x4 has
image y1, ... ,yq in S. Let M — M’ be a single modification of M with respect to a
relation

k
xk+1u: E Tilg,
=1

where the u; € M. Then S ®@r M — S ®r M’ is likewise a single modification of S @ g M
with respect to the relation

k
yer (1) =Y pi(l©u).
i=1

The verification is quite straightforward:
S@r (M ®RY) = (S®r M)® S,

and the image of (u, —x1, ..., —z) is (1 ® u, —y1, ..., —yr). Thus, a sequence of single
modifications
R=My— M, —---— M,

becomes another sequence of single modifications
S=S®r My —> SRR M — -+ — SRr M,.

Moreover, if the image of 1 € R = My in M, is in (z1, ... ,x4)M,, then the image of
1eS=5S®r Myin S®r M, isin (y1, ... ,ya)(S ®r M,).

In particular, we can apply base change when S = R and the map is a power of the
Frobenius endomorphism, sending r — r4 for all r € R: here g = p°¢ for some e € N.

We are now ready to prove:

Theorem. Fvery local ring containing a field has a big Cohen-Macaulay module (with
respect to all systems of parameters).

Proof. As already noted, the problem is equational with dimension constraint and so re-
duces to the case of a complete local domain (R, m, K) of characteristic p > 0. Suppose
that there is a series of single modifications with respect to various systems of parameters

R=My— M, —---— M,

such that the image of 1 € My in M, is in (z1, ... ,x4)M,, where x1, ... , x4 is a system
of parameters. We shall obtain a contradiction. Choose ¢ € R — {0} such that condition
(x) of the preceding Theorem holds for all of the finitely many systems of parameters that
occur in the displayed sequence of modifications. Then for every ¢ = p® we may apply
base change using the eth power of the Frobenius endomorphism, and so obtain a new
sequence of modifications

R=M - M9 = ... 5 M
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such that the image of 1 € Mj in Mﬁe) isin (zf, ..., xZ)Mﬁe). Each modification is with
respect to a system of parameters consisting of ¢th powers of the elements in one of the
original systems of parameters. We claim that there is is a commutative diagram:

R ;) R ¢ ¢ R ;> R ¢ ¢ N R
idRT ¢>1T ¢1T ¢i+1T ¢TT
R=M" — M y o M —— M) y oo y ML)

where we shall show recursively that the vertical arrows can be constructed so that the
diagram commutes. The leftmost arrow is simply the identity map on R.

Suppose that we have constructed the ¢;, 7 < 7, so that the leftmost ¢ squares commute,

and suppose that ¢ < r. Let M = Mi(e), and write ¢ = ¢;. We write M’ = Mi(j)l. Then
M’ has the form
(M & (Rby @ --- @ Rby))/Ru

where the b; give a free basis, where
v=u—1yb — - — ypbr

where y1, ... ,yq is a system of parameters consisting of ¢ th powers of one of the finitely
many systems specified earlier, and where there is a relation

k
Y+1U = Z Yilg
i=1

for elements u, uq, ... ,ur € M. Then

k
ykr16(u) =Y yid(u;) € R,
=1

and we therefore have that

k
cp(u) = yiri € R,
i=1

because of the special choice of ¢ satisfying (%) for each of the finitely many systems of
parameters that occur. But this means that we can define the next map on the numerator
module M @ (Rb; & --- @ Rby) by letting it agree with ¢¢ on M and by mapping each b;
to r;: our choice of the r; is such that v is killed.

Once we have this commutative diagram we can compute the image of 1 € My in
the rightmost copy of R in the upper row by following two different paths: if we apply
the leftmost vertical arrow and then all of the horizontal arrows in the top row, we get
1-c¢" =¢". If we apply the horizontal arrows in the bottom row and then ¢,, we get the
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image in R of an element in (z7, ..., x%)M,ge), which will be in (21, ..., 21)R. This shows
that for all ¢,
e (zf, ...,z )R Cm?,

and so ¢” € ,m? =0, a contradiction. U

We shall now use this theorem to prove two theorems that do not refer to any non-
Noetherian objects.

The next result was proved in characteristic p and in certain characteristic 0 cases by
Peskine and Szpiro [C. Peskine and L. Szpiro, Dimension projective finie et cohomologie
locale, Publ. Math. I.H.E.S. (Paris) 42 (1973) pp. 323-395] (for the intersection theorem)
and | , Syzygies et multiplicités, C. R. Acad. Sci. Paris Sér. A 278 (1974) pp. 1421—
1424] (for the new intersection theorem) and by Paul Roberts [P. Roberts, Two applications
of dualizing complexes over local rings, Ann. Sci. Ec. Norm. Sup. 9 (1976) pp. 103—
106]. The equicharacteristic case in general was obtained in [M. Hochster, Topics in the
Homological Theory of Modules over Commutative Rings, CBMS Regional Conference
Series No. 24, AMS, Providence, RI, 1975]; see also | , Canonical elements in local
cohomology modules and the direct summand conjecture, J. of Algebra 84 (1983) pp.
503-553].

Theorem (new intersection theorem). Let R be a local ring that contains a field. Let
0— G, — - — Gy — 0 be a finite complex of finitely generated free modules such that
Hy(Gy) # 0 and all the homology modules have finite length. Then dim (R) < n.

Theorem. Let R be a regular ring that contains a field. Then R is a direct summand of
every module-finite extension algebra.

The second result is easy in characteristic 0 by other means, where it holds for normal
rings. The characteristic p result was not established until the early 1973, however. The
first argument is in [M. Hochster, Contracted ideals from integral extensions of regular
rings, Nagoya Math. J. 51 (1973) pp. 25-43]. The mixed characteristic case of this problem
remains an open question in dimension > 4.

Lecture of April 12, 2017

The new intersection theorem is known even for rings of mixed characteristic, but the
proof in the mixed characteristic case, which is due to Paul Roberts, is quite difficult. Cf.
[P. Roberts, Le théoréeme d’intersection, C. R. Acad. Sc. Paris Sér. 1 304 (1987) pp. 177—
180], [ , Intersection theorems, in Commutative Algebra, Math. Sci. Research Inst.
Publ. 15, Springer-Verlag, New York-Berlin-Heidelberg (1989) pp. 417-436], and | ,
Multiplicities and Chern classes in local algebra, Cambridge Tracts in Mathematics 133,
Cambridge University Press, Cambridge, England, 1998]. Here we give the argument in
equal characteristic. It is valid for any local ring that has a big Cohen-Macaulay module.

Proof of the new intersection theorem. Let

0—=-Gp— =G —=Gy—0
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be the given free complex. Recall that Hy(G,.) # 0 and choose a minimal generator u of
Hy(G,.). Of course, u is killed by some power of the maximal ideal m of R. (In fact, the
proof does not use that Hy(G,) has finite length: only that it is nonzero and has a minimal
generator u that is killed by a power of m.) Some element of Gy maps onto u, and it must
be a minimal generator of Gy. Thus, we may write Go = Re; @ G|, where both summands
are R-free. We can choose an integer Ny so large that m~ou = 0 and m™° H;(G,) = 0 for
1 > 1. Let Z; and B; denote the modules of cycles and boundaries respectively in G;, so
that H;(Ge) = Z;/B;. Then m™oe; € By and m™0Z; C B; for i > 1.

For each ¢ > 1, we may use the Artin-Rees Lemma to choose N so large that
mNGi N Zz Q mNOZi.

Since we need only be concerned with ¢ < n, we may choose N > Ny so that for all i,
1<i<n mVNG;NnZ; CcmMNZ; C B,

Next, we choose a system of parameters z = 1, ... ,xq for R inside m". We can do
this by first choosing any system of parameters and then replacing every element by its
N th power. Recall that what we want to prove is that d < n. Assume, to the contrary,
that d > n. We shall obtain a contradiction. Let Kq(z; R) denote the Koszul complex on
1, ...,xq. First note that we have a commutative diagram

Gy —— Hy(G.) — 0

T [

R —— R/(z)—0

where the vertical arrow on the left takes 1 € R to e; € Gy and the vertical arrow on
the right maps 1 € R/(z) to u (the second map exists since u is killed by m”~° and
(z) CmY Cm™),

Think of the copy of R on the left in the bottom row as KCy(z; R). We shall show by
induction that this diagram extends to a map from the Koszul complex K(z; R) to Gl:

0 Gn Go » Hy(Gy) —— 0
| | | I
Ka(z; R) > Knlz; R) > R R/(z) —— 0

Assume that the vertical maps have been constructed, starting on the right, up to and
including ¢ : K;(z; R) — G; so that the diagram commutes. Thus, we have:

?T @T wﬁ

— Kij1(z; R) —— Ki(z; R) —— Ki—i(z; R) ——



109

We want to define the map ¢; 1 so that the square on the left will commute. Consider
a free generator f of IC;11(z; R). The matrices of the maps in the Koszul complex have
entries each of which is 0 or £z; for some j: thus all entries are in (z1, ... ,z4) C m®.
Hence, the image of f in KC;(z; R) is actually in (z1, ... ,24)K;(z; R), and so the image of
fin G; is in m™VG;. Tt is also in Z;, that is, the image of f in G;_; is 0, because we view
the map C;y1(z; R) — G;—1 as factoring

]Ci—s-l(z; R) — K:Z(Q, R) — ICi_l(g; R) — Gi—l

and the composition of the two maps on the left is 0. Thus, the image of f in G; is in
m™NG; N Z; C By, by our choice of N, and so we can choose f’ € G411 such that f’ maps to
the image of f in GG;. We define the value of ¢; 1 on f to be f’. We repeat this argument
for every element in a free basis for K(z; R), and so define ¢; 1.

We now have the desired map of complexes. Now suppose that B is a big Cohen-
Macaulay module for R (all we need is that x1, ...,z is a regular sequence on B and that
some element v € B — (x4, ... ,x4)B). The image of v in B/(x1, ... ,x4)B spans a cyclic
module of finite length: we replace v by a multiple, which we still denote by v, which is in
the socle. That is, without loss of generality, we may assume that v ¢ (z1, ... ,z4)B but
mv C (21, ... ,xq)B.

Next note that because u is a minimal generator of H = Hy(G,), it has nonzero image in
the K-vector space H/mH. Hence, there is a map of H/mH onto Kv C B/(x1, ... ,zq)B
that sends the image of u to v, and so there is amap H — B/(z1, ... ,x4) that sends u — v.
This will lift to a map of Gog = Re; @ G, to B sending e; to v. We now extend this map
to a map of complexes G4 — Ko(x; B), which we can do because G, is free and K(z; B)
is acyclic. We can then compose with the map of complexes Kqo(z; R) — G, already
constructed to get a map of complexes ICo(z; R) — Ko(z; B) that sends 1 € R = Ky(z; R)
to v € B = Ko(z; B). Note, however, that because of the assumption that d > n, the last
map factors through G4 = 0, and so is the zero map.

We can give another map of complexes ICo(z; R) — Ko(z; B) that sends 1 € R =
Ko(z; R) to v € B = Ko(z; B) as follows: take the map R — B that sends 1 to v and
tensor over R with the complex ICq(z; R) to get a map of complexes. But now the last
map sends 1 € R = Ky(z; R) to v € B = Ky4(x; B), and we are close to the desired
contradiction. Because the Koszul complex of R is free and the Koszul complex of B
is acyclic, these two maps of complexes are homotopic. Therefore, the difference of the
two maps Ky4(z; R) — Kg(z; B) is the composition of a map h : Kq_1(z; R) — Ka(z; B)
with the map § : Ky(z; R) — Kgq—1(z; R) from the complex, where h is one of the maps
giving the homotopy. (There is another relevant map involved in the homotopy, from
Ka(z; R) = Kat1(z; B), but it is the zero map, since Kq441(z;, B) = 0.) Since the image
of § is contained in (x1, ... ,x4)Kq-1(z; R), the image of hod is contained in (x1, ... ,zq)B,
which shows that v € (z1, ... ,24)B, a contradiction. [

From this one can easily deduce the original intersection theorem of Peskine-Szpiro,
which was proved in their joint thesis. (From Roberts’s work this is known without the
equicharacteristic restriction.)
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Theorem (Peskine-Szpiro intersection theorem). Let R be an equicharacteristic lo-
cal ring and let M # 0, N # 0 be finitely generated R-modules such that pdgM 1is finite
and M @r N has finite length. Then dim (N) < pdz M.

This follows at once from the new intersection theorem: let I = AnngN. Then R/I
has the same dimension as N, and the length of M ®g (R/I) is finite, since the length of
M ®pg N is finite if and only if the sum of their annihilators is primary to the maximal ideal.
Therefore we may replace N by R/I. Take a minimal free resolution of M, which has length
n = pdrM, and tensor with S = R/I. One gets a free complex G4 over S which has finite
length homology: the homology is Tor®(M, N) which is killed by Anng (M) 4+ Anng(N).
Thus, the new intersection theorem may be applied over S to conclude that dim (R/I) < n.

Peskine and Szpiro show that the intersection theorem implies M. Auslander’s zerodi-
visor conjecture: that conjecture asserts that if R is local, and M # 0 is finitely generated
and has finite projective dimension, then any zerodivisor in the ring R is a zerodivisor on
M. Tt follows that a regular sequence on M must be a regular sequence in R.

They also proved that the intersection theorem implies an affirmative answer to a ques-
tion of Bass (eventually known as Bass’s conjecture): if a local ring possesses a nonzero
module of finite injective dimension then the ring must be Cohen-Macaulay. (The converse
was known: a Cohen-Macaulay local ring does possess a finitely generated module of finite
injective dimension.)

It is worth noting that the new intersection theorem implies the Krull height theorem
in a very simple way. Let I be an n generator ideal of a Noetherian ring R. We want to see
that every minimal prime of I has height at most n. We may localize the minimal prime in
question. The result therefore asserts that if x4, ..., x, generates an ideal primary to the
maximal ideal m of the local ring (R, m), then dim (R) < n. This follows from considering
the Koszul complex K(x1, ... ,x,; R): it has finite length homology, since the homology
is killed by the m-primary ideal (x1, ... ,z,)R, and so dim (R) < n, as required.

We remarked during the course of the proof the new intersection theorem that the
argument shows more. The difference may seem rather technical, but it turns out to be
important. The stronger result is:

Theorem (improved new intersection theorem). Let R be a local ring that contains
a field. Let 0 — G, — --- — Gg — 0 be a finite complex of finitely generated free modules
such that Hy(Go) # 0 and has a minimal generator that is killed by a power of the mazximal
ideal, and such that all the higher homology modules have finite length. Then dim (R) < n.

This result is not known in mixed characteristic. It can be used to prove the Evans-
Griffith Syzygy Theorem, which asserts that a k£ th module of syzygies of a finitely generated
module over a regular local ring, if it is not free, must have rank at least k. The Evans-
Griffith Syzygy theorem remains open in mixed characteristic. Cf. [M. Hochster, Canonical
elements in local cohomology modules and the direct summand conjecture, J. of Algebra
84 (1983) pp. 503-553] for the argument deducing the syzygy theorem from the improved
new intersection theorem, and [E. G. Evans and P. Griffith, Syzygies, London Math. Soc.
Lecture Note Series 106, Cambridge Univ. Press, Cambridge, England, 1985] for further
background and variant results.
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We next want to turn our attention to the question, is every regular local ring a direct
summand of every module-finite extension ring?

We begin by noting several reductions that are possible in considering this problem.
First, R — S splits if and only the map

HOHIR(S, R) — HOHIR(R, R)

is onto. (The map g € Hompg(S, R) that maps to 1g is the splitting of R < S.) Since
localization commutes with Hom for finitely generated modules over a Noetherian ring, we
may reduce to the case where R is local. Likewise, we may reduce to the complete case,
since the completion of R is faithfully flat over R and flat base change commutes with
Hom for finitely generated modules over a Noetherian ring.

Thus, we may assume that the regular ring is local or even complete local. Next, we
may assume that S is a domain. For we may kill a minimal prime ideal P of S disjoint from
R — {0}, so that we have R — S — S/P and we still have R < S/P. The composition of
a splitting g : S/P — R with the map S — S/P will split R < S.

We shall next use the existence of big Cohen-Macaulay modules to prove that regular
rings are direct summands of their module-finite extensions in equal characteristic. But
we first want to note that this proof is mainly of interest in characteristic p > 0. In equal
characteristic 0, even normal rings are direct summands of their module-finite extensions,
by a very simple argument: if R is a normal domain containing the rational numbers,
S is a module-finite extension domain, and the fraction fields of R and S are K and L,

1
respectively, then if d = [£ : K], the map ETrace /K, field trace from £ to K, is an R-linear

retraction from S to R. (The trace of A € L is the trace of multiplication by A as a K-linear
transformation on the d-dimensional K-vector space £. Thus, the trace of 1 is d.) The
map is a priori defined from £ — K and is K-linear. We need to check that if s € S then
the trace of s is in R, not just in K.

One argument is as follows: let f be the minimal polynomial of s over K. Since R is nor-
mal, the coeflicients are in R. Let Ly = K[s]. Then Traces/x(s) = [£ : Lo]Traces, ik (s),
and the latter is the sum of the roots of f. Since the roots of f are all integral over R,
Tracer, /xc(s) is integral over R as well as being in I, and so is in R. [

An alternative argument in the Noetherian case uses that a normal ring R is an inter-
section of discrete valuation rings V' C K: one may let V run through the localizations of
R at its height one primes. One needs to see that Trace,,x(s) is in each such V. Note
that V C K C £ and S C £, and so we may form the ring W = V[S] C L generated over
V' by the elements of S. In fact, a finite set of generators for S as an R-module will also
be a finite set of generators for W as a V-module. We may work with V' and W instead
of R and S. But now W is free over V, since W is finitely generated and torsion-free over
V and V is a principal ideal domain, and so the field trace of multiplication by s may
be calculated using a free basis for W over V' as the basis for £ over K. The entries of
the matrix of multiplication by s will all be in V', and so the field trace of s is in V, as
required. [
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Lecture of April 14, 2017

Let (R, m, K) be a regular local ring of dimension d and let x1, ... , x4 be a regular
system of parameters, so that (z1, ... ,z4) = m. We want to give a very down-to-earth
criterion for when the regular ring R splits from a module-finite extension S. Before doing
so, we establish some properties of regular sequences on a module.

Proposition. Let R be a ring, let M be an R-module, and let x1, ... ,xq be a sequence
of elements of R. Suppose that x1, ... ,xq is a reqular sequence on M.
(a) For all positive integers ai, ... ,aq, 7', ..., x3* is a reqular sequence on M, and if

ijl x?juj =0, where the u; € M, then for all j, 1 < j <d,

uj € (277, ...,x?i‘f,x?ﬂl, o, xgt)M.
(b) Let ay, ... ,aq be nonnegative integers and let by, ... by be positive integers such that

bj >a;, 1 <j<d. Then

a

(x?17 Y mgd)M :M xill e xdd = (xlil_alg ceey wzd_ad)M.
(¢) For every integer t > 1, the map
M/ wlT M = M@, 2l M

induced by multiplication by x1 - -+ xq 1S injective.

(d) Lety =x1 --- x4. For every positive integer t,
(213'1, SRR le)M ‘M (xlv s ,.Z’d) = (xiv SRR 'beyt_l)M'

(e) The relations on x1, ... ,xq in Ry = R/I, where I = (¢, ... .2}, are spanned by the

Koszul relations xje; — x;e; and the relations xf_lei, where ey, ... ,eq is the standard
free basis for RY.

(f) Let J = (xlil, ,xzd) for positive integers by, ... ,bgq, suppose that 1 < h < d, and
let aq, ... ,apn be nonnegative integers such that a; < b;, 1 <1 < h. Then

V(@) +7) = @it i)+

In particular, if h < d, by+1 = t—1 while the other b; are allt, so that J = (m’,ﬁ;ll)-l-ft,
and a1 = --- =ap =1t — 1, we obtain that for 1 < h < d,

(@ + @)+ L) =@ a7 )+ (@2 + L.
1

h
1=
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(g) With the same hypothesis and notation as in part (e), every Ry-linear homomorphism
of (x1, ... ,xq)Ry into Ry is induced by multiplication by some r € Ry. That is, if
we start with the inclusion (x1, ... ,xq)Ry — Ry then the map induced by applying
Hompg, (_, R:) is surjective. This is equivalent to the assertion that

Ext}gt (R/(z1, ... ,za), Re) = 0.

Proof. The first statement in part (a) is the Extra Credit problem in Problem Set #3 from
Math 615, and, given the first statement, the second statement is immediately reduced to
the case where all the a; = 1. We use induction on d. If d = 1 and uyz; = 0, then u; = 0.
Suppose that

T1Ul + -+ Tquqg =0.

If j = d the result is immediate from the definition of a regular sequence. If not, we write
Ud = T1V1 + -+ Td—1Vd—1,
and the original relation becomes
x1(uy + xqv1) + -+ xg_1(ug_1 + x4v4-1) = 0.

The result now follows from the induction hypothesis.

We prove part (b) using induction on the number of elements among aq, ... ,aq that
are not zero. If all of the elements are zero the statement is obvious. Now suppose that
a; > 0. Suppose that

d
it it = g l’fuz
i=1
with w, uy, ... ,uqg € M. Let x = Hk#xzk. Then
x? (1’u—:¢cJ Y E i
7]

From the second statement in part (a), we see that

—a;
mu—mg Tu E a: ‘4,

i#]

for suitable v; € M, i.e.,

— pbi—aj b;
TU =T uj + E T, ;.

i#j
This is the same type of equality that we started with, except that the exponent on z; on
the right has been reduced to b; — a;, and one more exponent occurring in x on the left,
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namely, the exponent on x;, is now zero. The desired result is now immediate from the
induction hypothesis.

Part (c) is a special case of part (b): the case where all the b; are t and all the a; are 1.

To prove (d), let J = (zf, ..., 2%), let I, = (za—n+1, .-+, xa), 0 < h < d, where
Iy is interpreted to be (0). Let yp, = zg—pt1 -+ x4, 0 < h < d, where yq is interpreted
to be 1 and y; = y. We shall prove by induction on h that JM :pr I, = (J, yi ') M.
The case j = 0 is clear: the left hand side is JM :3; 0 = M, and the right hand side
is (J, R)M = M. For the inductive step, suppose that we know the result for a certain
h < d and that Ip4iu € JM. Then Ipu C JM, and so we can write v in the form
v+ yz_lw, where v € JM and w € M. To complete the argument is suffices to show that
yy tw €yl M+ JM. But

za—n(v+y, tw) € JM,

and since v € JM we have that
t—1
Td—nY, W E JM.

By part (b),
t t t—1 M
WE (T, oy Tgop_1> Ty s Td—ht1s -- -, Td)M,

Since the first d — h — 1 generators are already in J, the product of yz_l with xfl__lh is yf;ll,
and the product of y,tl_1 with each of the remaining generators is in J, the result is proved.

For part (e), note that a relation on 1, ... , 24 mod (2%, ..., 2R is expressed by an

equation of the form
t
>4y =) b
J J
where the a;, b; € R, and this can be rewritten as

Z(CLJ‘ - bjl';_l)&?j = O,

J

where in sums indexed by j, j runs from 1 to d. This shows that . (a; — bj.rz-*l)ej is a

linear combination of Koszul relations on z1, ..., x4 even over R, and subtracting from

the original relation on the z; evidently produces a relation which is a linear combination
t—1

of the relations T ey

For part (f) we use induction on h. If h = 1 the result is tautological. At the inductive
step what we need to show is that ((x) 4+ J) N ((v) +J) = (uv) + J where pp = a{* - - - af"
and v = xzifll We need only show C, since the opposite inclusion is obvious. For an
element u of the intersection we have u = pv + j = vw + j' where j,j° € J and then

po € (v) + J and so v € ((v) + J) : Ru. From part (b), this is

b1—a br—ap ap41
(xll 17,..,§Ch ,$h+1>+J.



115

But p times any of the first h generators is in J, and so pv € (uv)+ J, and the same holds
for u = pv + 3.

For part (g) suppose that r1, ... ,r4 are elements of R such that there is a homomor-
phism (z1, ... ,z4)R: — R; whose values on the images of x1, ... , x4 are represented by
the images of r1, ... ,r4. Then for all 7 and 7,

t t
riT; — 1T € (T], ..., Ty),

and for all 7,

From part (b), it follows that

t t t t
ri € (xla s g1y Ly Ljqqs ooy .I‘d),

and since we are free to alter each r; by subtracting an element of I;, we may assume
without loss of generality that r; = s;x; for all j. We then find that s;jz;z; — s;z2; =
(sj — s;)xixj € I for all 4, j, and so, again by part (b),

sj —8; € (xf_l,:v;_l) + (zh sk #4, 7).
We shall show by induction on h, 1 < h < d, that sq, ... ,s;, can be replaced by a single
element s € S such that, mod Iy, sz; = s;x;, 1 < < h. Thisis clear if h = 1. Now suppose
that we have proved the result for 1 < h < d. Then we may assume that s; = -+ = s; = s.
Then spy1 — s € (xffl,a:’;;ll) + (af : k#i,h+ 1) for 1 <4 < h, and we may intersect all
of these ideals. The intersection is ((zq -+ zp)'™!) + (x%;ll) + I; by part (f). Thus, we
may write

~1 t—1
Sha1— 8= (21 - xp) T+ 2 w2

where z € I;, and so we may let

/ t—1 t—1
8 =8pr1 — T qw—z=8+ (w1 - k)" 0.

We now see that we can use s’ instead of s or sj41, since s'z; = sz; mod I; for i < h (we
have that xﬁ‘l divides s’ — s), and s'xp 11 = Sp412p41 mod I; (we have that, mod I, x’;;rll
divides sp+1 — s). This completes the inductive step. The homomorphism coincides with

multiplication by s, where s is the element that is obtained in the case where h =d. [

We give an alternative proof of part (g) of the preceding Proposition due to Yongwei
Yao. This result is more general, but uses machinery other than elementary properties of
regular sequences. The result of part (g) follows from the last statement in part (b) of
the Proposition below in the case where y; = xﬁ-, 1<j<d M=R/(z1,...,24)R and
N = R.
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Proposition. Let R be a ring, and let M and N be R-modules.

(a) Let y € R be such that yM = 0 and y is a nonzerodivisor on both R and N. Then
Exty (M, N/yN) = Exti' (M, N) for all i > 0.

(b) Lety =1, ... ,yq € R be a reqular sequence on R and N such that (y1, ... ,ya)M =
0. Then Extlé/(y) (M, N/(Q)N) = Ext?d(M, N). In particular, if pdgM < d, then

for all j >0, Ext%/(g) (M, N/(y)N) = 0.

Proof. The first statement in part (b) is immediate from part (a) by induction on d, and
the second statement in part (b) is immediate from the first statement. It remains only to
prove part (a).

We give a separate proof when ¢ = 0, although the result in this case can also be deduced

along the same lines as in the argument below for the case ¢ > 0.

If i = 0, note that applying Hompg (M, _ ) to the short exact sequence

0—-NLN— NyN—0

yields a long exact sequence part of whose beginning is
Homp (M, N) — Homp(M, N/yN) 2 ExthL (M, N) % ExtL(M, N) — --- .

Note that Hompg(M, N) = 0, that Homg(M, N/yN) = Hompg,,z(M, N/yN), and that
multiplication by y is the zero map on Exty(M, N), so that ¢ induces an isomorphism
Hompg (M, N/yN) = Ext (M, N) as required. Henceforth we assume that i > 1.

Let 0 = N - E° - E' — ... — E™ — ... be an injective resolution of N, and
let E* be the complex 0 — E° — E' — ... - E™ — ... . The cohomology of the
complex Hompg(R/yR, E®) is Ext}(R/yR, N), which we may compute from the projective
resolution 0 - R % R — 0 of R/yR: thus, Hom(R/yR, N) = 0 and Exth(R/yR, N) =
N/yN, while Exth(R/yR, N) = 0 for i > 2. Let E; denote

Hompg(R/yR, E;) = Anng,y,

Note that if E is injective over R, then E = Homg(R/yR, E) is an injective module over
R/yR: in fact, the functor Q — Homp,,r(Q, E) on (R/yR)-modules is isomorphic with
the functor Q — Hompg(Q, E) on (R/yR)-modules, since the image of a map Q — E must
consist entirely of elements killed by y and so must be contained in E.

Since HO(E") = 0, E injects into E' as asubmodule of the module of cocycles Z1 C E
the image of E” is the module of coboundaries B!. Since E) is injective over R/yR, it splits
from E', and so E ' = E /B! is injective. Now, Z!/B! = Z1/E' = Ext%(R/yR, N) =
N/yN, and is the kernel of the map from E'" = E’. This yields an exact sequence

0 — N/yN — EY 5 E S E - whichis an injective resolution of N/yN over R/yR,
with the numbering shifted by one from the usual numbering.
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If we apply Hompg/yr(M, _) to
0=E' 5B SE -

and take cohomology, we get the modules Ext% /, r(M, N/yN), with the term of the com-

plex indexed by ¢+ 1 corresponding to Extlé Iy r(M, N/yN). We get the same cohomology
at the spots indexed by 2, 3, ... by applying Homg (M, _ ) to

0—-E" s FE' - E* S E%... —.
Again, because M is killed by y, a map of M to E; is the same as a map of M to E;.
This cohomology will be Ext " (M, N) as claimed, i > 1. When i = 1, one needs to

make the observation as well that the image of Homp (M, E,) — Hompg(M, E,) is the
same as the image of Homgr (M, E;") — Hompg(M, Es), since Eq is in Ker (El — E2) and
0B S F — E,’ — 0 is split exact. O

Lecture of April 17, 2017

Theorem. Let let (R, m, K) be a reqular ring and let x1, ... ,xq be a reqular system of

parameters. Let Iy = (¢, ... ,2%)R and let Ry = R/I;. Lety =11 -+ q.

(a) The ring R; has a one-dimensional socle represented by the element y'=1.
every ideal of R strictly larger than I; contains y'~*.

(b) The ring Ry is injective as an R;-module.

(¢) The map of R-modules Ry — Ryy1 induced by multiplication by y mapping R — R is
injective, and the direct limit £ = h_r)nt R;, where every map is induced by multiplica-

Hence,

tion by y, is an injective R-module.
(d) If R is complete and E is as in part (c), the map R — Hompg(F, E) is an isomorphism.

Proof. Since R is regular, it is Cohen-Macaulay, and every system of parameters is a regular
sequence.

For (a), since m = (x1, ... ,xq), the result follows from the fact that
It ‘R (xla s 7xd) = It + yt_lRa

which is immediate from part (d) of the first Proposition above.

To prove (b), first note that by part (2) of the third Proposition on the fifth page of the
Lecture Notes of March 22 from Math 615, to establish that R; is injective it suffices to
show that Ext}zt(Rt /2, R;) = 0 for every ideal 2 of R;. Now if M has a finite filtration
with factors M; such that Ext, (M, N) = 0 for all j, then Ext}, (M, N) = 0 (if there are
just two factors this follows from the long exact sequence for Ext; the general case follows
by induction on the number of factors). Since R; is Artinian, R;/2 has a finite filtration
in which all the factors are copies of K. It follows that R; is injective if Ext}%t (K, R;) =0.
But this is part (g) of the first Proposition.
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The first statement in part (c) follows from part (d) of the Proposition on the first
page. To see that E is injective, note that by the Proposition on the second page of
the Lecture Notes of March 19 from Math 615, it suffices to show that every map of an
ideal I of R to E extends to R. Since [ is finitely generated, the map I — FE factors
I - R; — F for all sufficiently large t. The map I — R; kills I;I. For s >0, ;NI C I,1
by the Artin-Rees lemma, since I is contained in arbitrarily high powers of m for s > 0.
Thus, we have an induced map I/(IsNI) — I/I,] — Ry — R, for s > 0. Here,
I/(I;NI)=(I+1)/1s C R/I,. Since R, is injective as an Rs-module, this map extends
to a map R/Is — Rs — E, giving a map R - R/I; — Ry — E. This map extends the
original map I — E; C E.

It remains to prove part (d). First note that Anngl; is the copy of R; in the direct limit
system. It contains the copy of R;, obviously. The fact that it agrees with R, is equivalent
to the assertion that for all s > ¢, the annihilator of I; in R/I is spanned by the image of
y5~" (since this element spans the image of R; in R, in the direct limit system), i.e., that

(5, ..., 23) R (mﬁ, ,x&) = (zf, ... ,x§)+ys_t.

But
(@ o) i @ 2 = (Y@ 3e) ir at = (@57 + 1),
J J
by part (b) of the first Proposition. The result we need now follows from part (f) of the
first Proposition.

Thus, every endomorphism of E stabilizes the image of R; for all t. Any endomorphism
of R; is evidently given by multiplication by a unique element of R;, and so Hompg(E, F)
may be identified with lim; Ry &2 R = R, as required. [
«—

Theorem. Let (R, m, K) be a regular local ring and let x1, ... ,xq be a reqular system
of parameters in R. Let I; = (2%, ..., 24)R. Let M be a finitely generated R-module,
and R — M an injection such that 1 — u € M. Then R — M splits if and only if
LM N Ru = Lu for every positive integer t.

In particular if R C S = M 1is an R-algebra, R — S splits if and only if SN R = I,
for every positive integer t. Hence, R — S splits if and only if xi_l - -:CZ_I ¢ 1,S for all
t.

Proof. Let ¢ : M — R be a splitting and let I be any ideal of R. Suppose that ru € I M.
Applying ¢, we get that r¢(u) € TR = I, so that IM N Ru = Tu for every ideal I of R.
This shows that the stated condition is necessary for splitting.

R — M splits if and only if the induced map Homg(M, R) — Hompg(R, R) is onto, and
this is unaffected by completion, since Hom commutes with flat base change for Noetherian
modules over a Noetherian ring and Ris faithfully flat over R. Thus, we may assume that
R is complete without loss of generality. Note also that R/[; = E/ IR for all t, and that
M/I,M = M/I,M for all t.
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Since R/I; — M/I;M = (R/I;) ®r M is injective for all ¢, we may take a direct limit
and obtain that £ — E®r M = M ®g F is injective, where E is constructed as in part (c)
of the preceding Theorem and is injective over R. Applying Hompg(_, E) we find that the
map Homgr(M ®g E, E) — Homg(E, F) is surjective, and by the adjointness of tensor
and Hom, the left hand module may be identified with Hompg (M , Homp(E, E)) By part
(d) of the preceding Theorem, R — Hompg(F, E) is an isomorphism, and so we have that
the map Hompg(M, R) — Hompg(R, R) is surjective, as required.

The very last statement follows because :U’i_l x -xfj_l generates the socle in R/I;, and

so every ideal of R strictly larger than I; contains x’i_l x -xﬁl_l. Thus, if I;SN R is strictly
larger than I, it must contain x’i_l x ~:cg_1: see part (a) of the preceding Theorem. [
Conjecture (monomial conjecture). Let x1, ... ,x4 be be elements of a Noetherian
ring R that generate an ideal of height d. Then for every positive integer t,

R - N UA Y -

If one has a counterexample, one can always localize at a minimal prime of (z1, ... ,z4)R
of height d, and so obtain a counterexample in a local ring of dimension d in which
1, ... ,xq is a system of parameters. Omne can then complete, and so get a counter-
example in a complete local ring. One can also kill a minimal prime so as to get a new
counter-example in a complete local domain for which z1, ..., x4 is a system of param-
eters. We shall not completely prove the following result: for one of the implications in
mixed characteristic we give a reference.

Theorem. For local domains of a given characteristic (where this may refer to mized
characteristic p) and a given dimension d, the direct summand conjecture for regular local
rings of that dimension and characteristic is equivalent to the monomial conjecture for
systems of parameters of local rings of that dimension and characteristic.

Proof. Assume the monomial conjecture in that dimension and characteristic. It suffices to
prove the direct summand conjecture for complete regular local rings R of that dimension
and characteristic and module-finite extension domains S of R. Let x1, ... , x4 be a regular
system of parameters for R. Then it is also a system of parameters for S. The monomial
conjecture applied to x1, ... ,z4 and S shows that R is a direct summand of .S, by the last
statement of the preceding Theorem.

Now let S be a complete equicharacteristic domain and x4, ... , x4 a system of param-
eters for S. Let K be a coefficient field for S. Let R = K|[[z1, ... ,z4]] € S: R is regular
and S is module-finite over R. The direct summand conjecture for R shows that R to .S
splits, and the fact that

R - G S A )

now follows from the final statement of the preceding Theorem.

For the mixed characteristic case of this result we refer the reader to [M. Hochster,
The direct summand conjecture and canonical elements in local cohomology modules, J.

of Algebra 84 (1983), 503-553]. O
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We have already established the existence of big Cohen-Macaulay modules in equal
characteristic. This immediately yields the monomial conjecture and, hence, the direct
summand conjecture.

Theorem. The monomial conjecture holds for every local ring that has a big Cohen-
Macaulay module. In fact, the monomial conjecture holds for every sequence of elements
1, ... ,xq that is a reqular sequence on some module M.

Hence the monomial conjecture holds for Noetherian rings that contain a field, and a
reqular ring that contains a field is a direct summand of every module-finite extension
algebra.

Proof. First note that if x1, ... , x4 is a regular sequence on M, then

(2, )M o2 T = (2, g M

(by part (b) of the first Proposition), and (z1, ... ,x4)M # M by the definition of a regular
sequence. Thus,

(w1 " g DM ¢ (af, .. wg) M,

and therefore

o7l g (o L )R
This proves the statement in the second sentence of the Theorem, and the statement
in the first sentence is then immediate. The monomial conjecture for equicharacteristic
rings follows because it reduces to the local case, and we have shown the existence of big
Cohen-Macaulay modules in the local case for equicharacteristic rings. The final result is
immediate from the preceding Theorem. [

We conclude with some discussion of the notion of the superheight of an ideal I of a
Noetherian ring R. If I is a proper ideal of R, we define the superheight of I as the
supremum of heights of ideals IS, where R — S is a map of Noetherian rings such that
IS is a proper ideal of S. (By convention, the height of the unit ideal is +00.) We want
to make several observations about this notion.

First, the Krull height theorem is the same as the statement the the superheight of
A = (Xq,...,Xy) in the polynomial ring Z[ X7, ..., Xy] is d, since the expansions 2 to
various choices of S are the same as the ideals with at most d generators in the various
Noetherian rings S. It follows that the superheight of any ideal is at most the number of
generators of that ideal. Since two ideals with the same radical have the same height, they
also have the same superheight, and the superheight of I is bounded by the least number
of generators of an ideal J such that J and I have the same radical.

If R — S is such that the height of 1.5 is the superheight of I, this remains true when
we local 1.5 at a suitable minimal prime of 1.5, complete, and kill a suitable minimal prime.
Thus, in the definition of superheight, it suffices to allow S to run through complete local
domains to which R maps such that 1.5 is primary to the maximal ideal of S.
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Consider the following example: let K be a field, let X5, ..., X,, and Y7, ... .Y, be in-
determinates over K, let T'= K[Xy, ..., X,, Y1, ... ,Y,], and let P be the ideal generated
by the size 2 minors of the matrix

X, - X,
Yy, - Y, )"

Let R = T/P. It is known that R is a domain of dimension n + 1. (See 3. in Problem
Set #4, Math 614, Fall 2003, and its solution, where it is shown that the corresponding
algebraic set is irreducible: this at least shows that the radical of the ideal is prime. The
open set where the first row is not 0 is dense. One sees that the dimension is n+ 1 because
the matrix determines and is determined by the nonzero first row and the scalar whose
product with the first row gives the second row. For a complete treatment of varieties of
this type, see [M. Hochster and J. A. Eagon, Cohen-Macaulay rings, invariant theory, and
the generic perfection of determinantal loci, Amer. J. Math. 93 (1971), 1020-1058].) Let
I=(Xy,...,X,)R. Then R/I = K[Y1, ... ,Y,] has dimension n, and so I is a height one
prime ideal of R. Let J = (Y7, ... ,Y,,)R. Then S = R/J = K[X1, ..., X,], a polynomial
ring in n variables over K. The expansion of I to S has height n. Thus, even though I
has height one, its superheight is n.

The problem of determining the superheight of an ideal is extremely difficult. Let A
denote either a field or the integers Z. Let

Rd,t :A[Xla 7Xda Y17 7Yd]/Ft,da

where .
t—1 t—1 t
Frg=X{"" X' =Y v;xl.
j=1
Let I = (X1, ...,X4q)R. Then the monomial conjecture is precisely equivalent to the

statement that, when A = Z, the superheight of I is d — 1. It is easy to see that it must
be d — 1 or d. But the question of which it is remains open if A = Z and d > 4. The direct
summand conjecture is known to hold for rings containing a field, and so the superheight
is d—1 if A is a field, but this is not obvious. The direct summand conjecture and even the
existence of big Cohen-Macaulay algebras are known in mixed characteristic in dimension
at most three (see [R. Heitmann, The direct summand conjecture in dimension three,
Annals of Math. (2) 156 (2002) 695-712] and [M. Hochster, Big Cohen-Macaulay algebras
in dimension three via Heitmann’s theorem, J. Algebra 254 (2002) 395-408]. Thus the
superheight is known to be d — 1 when A = 7Z if d < 3.

The following result, which we will prove in seminar next semester, is essentially due to
Serre:

Theorem. If P is a prime ideal of a regular ring, the superheight of P is equal to the
height of P.

One can reduce to the case where R is regular local. Then, when S has the form R/Q,
one needs to see that the height of P(R/Q) is at most the height of P. This is Serre’s
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result, in [J.-P. Serre, Algébre Locale @ Multiplicités, Lecture Notes in Math. 11, Springer-
Verlag, Berlin e Heidelberg e New York, 1965]. The general case can be reduced to this

one.

Note that this Theorem is a vast generalization of the Krull height theorem, which is
the case where R = Z[X1, ... , X4 and P = (X1, ..., Xq).



