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1. Introduction

The main result of this chapter is the following:

A regular map of Noetherian rings is a filtered colimit of smooth ones.

This theorem is due to Popescu, see [Pop90]. A readable exposition of Popescu’s
proof was given by Richard Swan, see [Swa98] who used notes by André and a
paper of Ogoma, see [Ogo94].

Our exposition follows Swan’s, but we first prove an intermediate result which lets
us work in a slightly simpler situation. Here is an overview. We first solve the
following “lifting problem”: A flat infinitesimal deformation of a filtered colimit of
smooth algebras is a filtered colimit of smooth algebras. This result essentially says
that it suffices to prove the main theorem for maps between reduced Noetherian
rings. Next we prove two very clever lemmas called the “lifting lemma” and the
“desingularization lemma”. We show that these lemmas combined reduce the main
theorem to proving a Noetherian, geometrically regular algebra A over a field & is a
filtered colimit of smooth k-algebras. Next, we discuss the necessary local tricks that
go into the Popescu-Ogoma-Swan-André proof. Finally, in the last three sections
we give the proof.

This is a chapter of the Stacks Project, version 74af77a7, compiled on Jun 27, 2023.
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We end this introduction with some pointers to references. Let A be a henselian
Noetherian local ring. We say A has the approximation propertyif for any f1,..., fm €
Alxy,...,z,] the system of equations f; =0, ..., f;, = 0 has a solution in the com-
pletion of A if and only if it has a solution in A. This definition is due to Artin.
Artin first proved the approximation property for analytic systems of equations,
see [Art68]. In [Art69] Artin proved the approximation property for local rings
essentially of finite type over an excellent discrete valuation ring. Artin conjec-
tured (page 26 of [Art69]) that every excellent henselian local ring should have the
approximation property.

At some point in time it became a conjecture that every regular homomorphism of
Noetherian rings is a filtered colimit of smooth algebras (see for example [Ray72],
[Pop81], [Art82], [ADS3]). We’re not sure who this conjectureﬂ is due to. The
relationship with the approximation property is that if A — A" is a colimit of
smooth algebras with A as above, then the approximation property holds (insert
future reference here). Moreover, the main theorem applies to the map A — A"
if A is an excellent local ring, as one of the conditions of an excellent local ring
is that the formal fibres are geometrically regular. Note that excellent local rings
were defined by Grothendieck and their definition appeared in print in 1965.

In [Art82] it was shown that R — R” is a filtered colimit of smooth algebras for
any local ring R essentially of finite type over a field. In [AR88] it was shown that
R — R" is a filtered colimit of smooth algebras for any local ring R essentially of
finite type over an excellent discrete valuation ring. Finally, the main theorem was
shown in [Pop85|, [Pop86], [Pop90], [Ogo94], and [Swa9§| as discussed above.

Conversely, using some of the results above, in [Rot90] it was shown that any
Noetherian local ring with the approximation property is excellent.

The paper [Spi99] provides an alternative approach to the main theorem, but it
seems hard to read (for example [Spi99, Lemma 5.2] appears to be an incorrectly
reformulated version of [EIk73, Lemma 3]). There is also a Bourbaki lecture about
this material, see [Tei95].

2. Singular ideals

07C4 Let R — A be a ring map. The singular ideal of A over R is the radical ideal in
A cutting out the singular locus of the morphism Spec(A4) — Spec(R). Here is a
formal definition.

07C5 |Definition 2.1. Let R — A be a ring map. The singular ideal of A over R,
denoted H 4/ is the unique radical ideal H,,r C A with
V(Ha/r) = {q € Spec(A) | R — A not smooth at q}
This makes sense because the set of primes where R — A is smooth is open, see

Algebra, Definition [I37.11] In order to find an explicit set of generators for the
singular ideal we first prove the following lemma.

07C6 |Lemma 2.2. Let R be a ring. Let A= R[z1,...,2,]/(f1,.. . fm). Letq C Abea
prime ideal. Assume R — A is smooth at q. Then there exists an a € A, a € q, an

IThe question/conjecture as formulated in [Art82], [AD83], and [Pop8i] is stronger and was
shown to be equivalent to the original version in [CP84].
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integer ¢, 0 < ¢ < min(n,m), subsets U C {1,...,n}, V. C {1,...,m} of cardinality
¢ such that
a = a' det(afj/axi)jev7ie[]
for some a’ € A and
afp € (fj,j S V) + (fl,. . .,fm)2
forallt e {1,...,m}.

Proof. Set I = (f1,..., fm) so that the naive cotangent complex of A over R
is homotopy equivalent to I/I? — @ Adx;, see Algebra, Lemma We will
use the formation of the naive cotangent complex commutes with localization, see
Algebra, Section especially Algebra, Lemma By Algebra, Definitions
[137.1|and [137.11|we see that (I/I%), — € A.dz; is a split injection for some a € A,
a & q. After renumbering z1,...,x, and fi,..., f,, we may assume that fi,..., f.
form a basis for the vector space I/I2 ®4 k(q) and that dzeqq,...,dz, map to a
basis of 04,z ®4 £(q). Hence after replacing a by aa’ for some o’ € A, o' & g
we may assume f1,..., f. form a basis for (I/I?), and that dz.i1,...,dz, map
to a basis of (24/r)q. In this situation a® for some large integer N satisfies the
conditions of the lemma (with U =V = {1,...,c}). O

We will use the notion of a strictly standard element in A over R. Our notion is
slightly weaker than the one in Swan’s paper [Swa98]. We also define an elementary
standard element to be one of the type we found in the lemma above. We compare
the different types of elements in Lemma [3.7]

Definition 2.3. Let R — A be a ring map of finite presentation. We say an
element a € A is elementary standard in A over R if there exists a presentation
A=Rlzy,...,z0]/(f1,--, fm) and 0 < ¢ < min(n, m) such that

(231) a = a' det(@f]—/axi)i,jzlw’c

for some a’ € A and

(232) CLfc+j S (fl,...,fc) +(f1,...,fm)2

for j=1,...,m—c. Wesay a € A is strictly standard in A over R if there exists
a presentation A = R[z1,...,2,]/(f1,---, fm) and 0 < ¢ < min(n, m) such that
(2.3.3) a= Zlc{l,...,n}, = ardet(0f;/0xi)j=1,. .c, ict

for some ay € A and

(2.3.4) aferj € (fiseoosfo) + (fryoeoy fm)?

forj=1,...,m—c.

The following lemma is useful to find implications of (2.3.3]).

Lemma 2.4. Let R be a ring. Let A = Rlxy,...,x,]/(f1,..., fm) and write
I={(f1,--.,fm). Leta € A. Then implies there exists an A-linear map
P ®i=1,---,n Adx; — A®€ such that the composition

A®c (1, fe) I/IQ J=df @;1 Adz; &A@C

is multiplication by a. Conversely, if such a 1) exists, then a® satisfies .
Proof. This is a special case of Algebra, Lemma [15.5 (]
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Lemma 2.5 (Elkik). Let R — A be a ring map of finite presentation. The singular
ideal H /R is the radical of the ideal generated by strictly standard elements in A
over R and also the radical of the ideal generated by elementary standard elements
in A over R.

Proof. Assume a is strictly standard in A over R. We claim that A, is smooth
over R, which proves that a € H,/r. Namely, let A = R[x1,...,2,]/(f1,..., fm)s
¢, and @’ € A be as in Definition Write I = (f1,..., fm) so that the naive
cotangent complex of A over R is given by I/I? — @ Adx;. Assumption (2.3.4
implies that (I/I?%), is generated by the classes of fi,..., f.. Assumption (2.3.3
implies that the differential (I/1?), — @ A,dx; has a left inverse, see Lemma [2.4)
Hence R — A, is smooth by definition and Algebra, Lemma

Let He, H; C A be the radical of the ideal generated by elementary, resp. strictly
standard elements of A over R. By definition and what we just proved we have
H, C H; C Hy . The inclusion H,/p C H, follows from Lemma @ O

Example 2.6. The set of points where a finitely presented ring map is smooth
needn’t be a quasi-compact open. For example, let R = k[z,y1,y2,¥s,---|/(xy;)
and A = R/(x). Then the smooth locus of R — A is |J D(y;) which is not quasi-
compact.

Lemmal 2.7. Let R — A be a ring map of finite presentation. Let R — R’ be a
ring map. If a € A is elementary, resp. strictly standard in A over R, then a ® 1
is elementary, resp. strictly standard in A ®@g R’ over R’.

Proof. If A= R[zy,...,2,])/(f1,-.., fm) is a presentation of A over R, then A®pg
R = Rllzy,...,2,]/(f1,-.., fi,) is a presentation of A®@p R over R'. Here f; is
the image of f; in R'[z1,...,z,]. Hence the result follows from the definitions. [

Lemmal 2.8. Let R — A — A be ring maps with A of finite presentation over R.
Assume that HayrA = A. Then there exists a factorization A — B — A with B
smooth over R.

Proof. Choose fi,...,fr € Ha/g and Ay,..., A\, € A such that )7 fi\; = 1 in A.
Set B = Alz1,...,z.)/(fiz1 + ...+ frz, — 1) and define B — A by mapping z; to
Ai. To check that B is smooth over R use that Ay, is smooth over R by definition
of Hy g and that By, is smooth over Ay,. Details omitted. g

3. Presentations of algebras

Some of the results in this section are due to Elkik. Note that the algebra C in the
following lemma is a symmetric algebra over A. Moreover, if R is Noetherian, then
C is of finite presentation over R.

Lemma 3.1. Let R be a ring and let A be a finitely presented R-algebra. There
exists finite type R-algebra map A — C which has a retraction with the following
two properties
(1) for each a € A such that R — A, is a local complete intersection (More on
Algebra, Deﬁm’tion the ring Cy is smooth over A, and has a presen-
tation Cy = R[y1,...,ym]/J such that J/J? is free over C,, and
(2) for each a € A such that A, is smooth over R the module Q¢ g is free
over Cj.


https://stacks.math.columbia.edu/tag/07CA
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Proof. Choose a presentation A = R[z1,...,z,]/I and write I = (f1,..., fn)-
Define the A-module K by the short exact sequence

0= K =AY 5 1/1* 0
where the jth basis vector e; in the middle is mapped to the class of f; on the
right. Set

C = Sym’ (I/1?).

The retraction is just the projection onto the degree 0 part of C. We have a
surjection R[x1,...,%n,Y1,--.,Ym] — C which maps y; to the class of f; in I/I°.
The kernel J of this map is generated by the elements fi,..., f,, and by elements
> hjy; with hj € R[z1,...,2z,] such that ) hje; defines an element of K. By
Algebra, Lemma applied to R — A — C and the presentations above and
More on Algebra, Lemma there is a short exact sequence

(3.1.1) I/IP@,C —J/J? - K®4C =0

of C-modules. Let h € R[z1,...,%,] be an element with image a € A. We will use
as presentations for the localized rings

Ag = Rlzo,21,...,2,)/I' and Cy = R[x0, %1, s Tu, Y1y -+ Ym)/ S
where I’ = (hxg — 1,1) and J' = (hzg — 1,J). Hence I'/(I")? = A, ® (I/1?), as
Agz-modules and J'/(J")? = C, @ (J/J?)4 as Cy-modules. Thus we obtain
(3.1.2) Co®I/I?24Cy = Co®(J)J*)g = K®4Cq =0
as the sequence of Algebra, Lemma corresponding to R — A, — C, and the

presentations above.

Next, assume that a € A is such that A, is a local complete intersection over R.
Then (I/1?), is finite projective over A,, see More on Algebra, Lemma Hence
we see K, @ (I/1?), = AP™ is free. In particular K, is finite projective too. By
More on Algebra, Lemma the sequence (3.1.2) is exact on the left. Hence

J)I)2ZC@I/T*®4Co® K ®4 Cq = CIMH

This proves (1). Finally, suppose that in addition A, is smooth over R. Then the
same presentation shows that {2c_ /g is the cokernel of the map

J ()2 — @i Codz; ® @j Cody;

The summand C, of J'/(J’)? in the decomposition above corresponds to hzg — 1
and hence maps isomorphically to the summand C,dzg. The summand /I 2240,
of J'/(J')? maps injectively to @i:l,...,n Cydz; with quotient Q4, /g ®4, Co. The
summand K ®4 C, maps injectively to @@ i>1 Cqdy; with quotient isomorphic to
I/I? ®4 C,. Thus the cokernel of the last displayed map is the module I/I? ®4
Co ®Q4,/r®a, Ca. Since (I/1?)q ® Qa, /g is free (from the definition of smooth
ring maps) we see that (2) holds. O

The following proposition was proved for smooth ring maps over henselian pairs by
Elkik in [EIk73]. For smooth ring maps it can be found in [Ara0l], where it is also
proven that ring maps between smooth algebras can be lifted.

Proposition| 3.2. Let R — Ry be a surjective ring map with kernel I.

(1) If Ry — Ag is a syntomic ring map, then there exists a syntomic ring map

R — A such that AJTA = Ay.


https://stacks.math.columbia.edu/tag/07M8
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(2) If Ry — Aoy is a smooth ring map, then there exists a smooth ring map
R — A such that AJTA = Ay.

Proof. Assume Ry — Ap syntomic, in particular a local complete intersection
(More on Algebra, Lemma [33.5). Choose a presentation Ay = Roz1, ..., z,]/Jo.
Set Cy = SymY (Jo/J2). Note that Jo/J2 is a finite projective Ag-module (Al-
gebra, Lemma . By Lemma the ring map Ay — Cj is smooth and
we can find a presentation Co = Ro[y1,-..,Ym]/Ko with Ko/KZ free over Cp.
By Algebra, Lemma we can assume Cy = Ro[y1,- -, Ym]/(f1,- -, f.) where
fi,---, f. maps to a basis of Ko/K2 over Cy. Choose fi,...,f. € R[y1,...,Yc
lifting f,..., f. and set

C=Rlyt,- s yml/(f1,-- s fe)

By construction Cy = C/IC. By Algebra, Lemma we can after replacing C'
by C, assume that C' is a relative global complete intersection over R. We conclude
that there exists a finite projective Ag-module Py such that Cy = Symf% (Py) is
isomorphic to C/IC for some syntomic R-algebra C.

Choose an integer n and a direct sum decomposition Aga” = Py ® Q. By More
on Algebra, Lemma we can find an étale ring map C' — C’ which induces an
isomorphism C'/IC — C’/IC" and a finite projective C’-module Q such that Q/IQ
is isomorphic to Qo ® 4, C/IC. Then D = Symg, (Q) is a smooth C’-algebra (see
More on Algebra, Lemma . Picture

T
R/I Ao C/IC —==C'/IC' —= D/ID

Observe that our choice of @) gives
D/ID = Symg¢,;c(Qo ®4, C/10)

= Sym}, (Qo) ®4, C/IC

= Sym3, (Qo) ®a, Symjy, (Fo)

= Sym} (Qo ® o)

= Sym, (A5")

= Aglx1, ..., Tp]
Choose fi1,..., fn € D which map to x1,...,2, in D/ID = Ag[z1,...,z,]. Set
A= D/(f1,..., fn). Note that Ag = A/TA. We claim that R — A is syntomic in

a neighbourhood of V(I 4). If the claim is true, then we can find a f € A mapping
to 1 € Ap such that Ay is syntomic over R and the proof of (1) is finished.

Proof of the claim. Observe that R — D is syntomic as a composition of the
syntomic ring map R — C, the étale ring map C — C’ and the smooth ring map
C' — D (Algebra, Lemmas [136.17] and [137.10). The question is local on Spec(D),
hence we may assume that D is a relative global complete intersection (Algebra,

Lemmall36.15). Say D = Rly1,---,Ym)/(g1,---,9s). Let fi,.... fl € Rly1,...,Ym]
be lifts of f1,..., fn. Then we can apply Algebra, Lemma [136.10] to get the claim.

Proof of (2). Since a smooth ring map is syntomic, we can find a syntomic ring
map R — A such that Ag = A/IA. By assumption the fibres of R — A are smooth




07CG

07CH

SMOOTHING RING MAPS 7

over primes in V(I) hence R — A is smooth in an open neighbourhood of V(I A)
(Algebra, Lemma [137.17). Thus we can replace A by a localization to obtain the
result we want. (]

We know that any syntomic ring map R — A is locally a relative global complete
intersection, see Algebra, Lemma([136.15] The next lemma says that a vector bundle
over Spec(A) is a relative global complete intersection.

Lemmal 3.3. Let R — A be a syntomic ring map. Then there exists a smooth
R-algebra map A — C with a retraction such that C is a global relative complete
intersection over R, i.e.,

C = Rlxy,...,xn)/(f1y-- s [e)

flat over R and all fibres of dimension n — c.

Proof. Apply Lemma to get A — C. By Algebra, Lemma we can write
C = R[z1,...,7,]/(f1,..., f.) with f; mapping to a basis of J/J?. The ring map
R — C is syntomic (hence flat) as it is a composition of a syntomic and a smooth
ring map. The dimension of the fibres is n — ¢ by Algebra, Lemma (the fibres
are local complete intersections, so the lemma applies). O

Lemmal 3.4. Let R — A be a smooth ring map. Then there exists a smooth
R-algebra map A — B with a retraction such that B is standard smooth over R,
i.e.,

B gR[ml""vxn]/(fla---zfc)

¢ 18 tnvertible in B.

and det(afj/azi)hj:L

Proof. Apply Lemmal[3.3]to get a smooth R-algebra map A — C with a retraction
such that C' = R[z1,...,24])/(f1,--., fc) is a relative global complete intersection
over R. As C is smooth over R we have a short exact sequence

0— @j:L...,c ij — ®i:1,...,n Cdxl — QC/R —0

Since §2¢ /R is a projective C-module this sequence is split. Choose a left inverse ¢
to the first map. Say t(dz;) = )" ¢;; f; so that ), %Cif = J;¢ (Kronecker delta).
Let

ey

B/:C[ylv"'vyc] :R[xla"'7xn7y1a"'7yc]/(fla"'7fc)

The R-algebra map C — B’ has a retraction given by mapping y; to zero. We
claim that the map

R[zl,...,zn] — B/7 Zi —r X5 —Zj CijY;

is étale at every point in the image of Spec(C') — Spec(B’). In Qp//g[.,.... -, We
have

OFf: oFf.
0=df; — Zl af dz; = ZM a—f_cwdyg =dy; mod (y1,--.,Ye) 2B/ /R[z1 .. 2]

Since 0 = dz; = da; modulo Y~ B'dy; + (y1,- - -, Ye)2B/R]z.....2,) We conclude that

QB Rzt )/ (Y153 Ye) B Rz ... 2] = O
As Qpi/Rz,,...z,) is a finite B’-module by Nakayama’s lemma there exists a g €
L+ (Y1, -5 9Ye) that (Qp//R[z,....2,))g = 0. This proves that R[zy,...,2,] — By is
unramified, see Algebra, Definition For any ring map R — k where k is a


https://stacks.math.columbia.edu/tag/07CG
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field we obtain an unramified ring map k[z1, . .., z,] = (Bj)®rk between smooth k-
algebras of dimension n. It follows that k[21, ..., 2,] — (By)®rk is flat by Algebra,
Lemmas and By the critére de platitude par fibre (Algebra, Lemma
we conclude that R[zy,...,z,] — By is flat. Finally, Algebra, Lemma
implies that R[z1,...,2,] — By is étale. Set B = B;. Note that C' — B is smooth
and has a retraction, so also A — B is smooth and has a retraction. Moreover,
Rlz1,...,2,] — B is étale. By Algebra, Lemma we can write

B=Rlz,...,zn,w1,...,w]/(91,--,9c)
with det(dg;/0w;) invertible in B. This proves the lemma. O

07CI Lemma 3.5. Let R — A be a ring map. If A is a filtered colimit of smooth
R-algebras, then A is a filtered colimit of standard smooth R-algebras.

Proof. Let A — A be an R-algebra map with A of finite presentation over R.
According to Algebra, Lemma we have to factor this map through a standard
smooth algebra, and we know we can factor it as A — B — A with B smooth
over R. Choose an R-algebra map B — C with a retraction C' — B such that
C is standard smooth over R, see Lemma [3:4] Then the desired factorization is

A—-B—C—B—A. O

07EY Lemma/3.6. Let R — A be a standard smooth ring map. Let E C A be a finite sub-
set of order |E| = n. Then there exists a presentation A = R[x1,. .., Tnym]/(f1,---, fe)
with ¢ > n, with det(0f;/0x;)i j=1,....c invertible in A, and such that E is the set
of congruence classes of x1,...,Ty.

Proof. Choose a presentation A = R[y1,...,Ym)/(g1,...,94) such that the im-
age of det(0g¢;/0y;)i j=1,....a is invertible in A. Choose an enumerations £ =
{a1,...,a,} and choose h; € R[y1,...,Ym| whose image in A is a;. Consider the
presentation

A:R[Ila'"axnvyla"'aym,]/(xl *hly"'azn*hn;gla""gd)
and set c =n +d. [l

07EZ Lemma 3.7. Let R — A be a ring map of finite presentation. Let a € A. Consider
the following conditions on a:

(1) Ag is smooth over R,
2) Aq is smooth over R and Qyu, /g is stably free,
) Aq is smooth over R and Q4 /g is free,
) Ag is standard smooth over R,
) a is strictly standard in A over R,
(6) a is elementary standard in A over R.

(

(3
(4
(5

Then we have

(@) (4)= (3)= (2)= (1),
(b) (6) = (5),
) (6) = (4),
(d) (5) = (2),
) (2) = the elements a®, e > eq are strictly standard in A over R,
£) (4) = the elements a®, e > eg are elementary standard in A over R.

(c
d
(e
(
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Proof. Part (a) is clear from the definitions and Algebra, Lemma [137.7, Part (b)
is clear from Definition 23]

Proof of (¢). Choose a presentation A = R[z1,...,2,]/(f1,..., fm) such that (2.3.1)
and (2.3.2) hold. Choose h € R[xy,...,2,] mapping to a. Then

Aa = R[l‘o,l‘l,...,xn]/(l‘oh— 1,f1,...,fm).

Write J = (zoh — 1, f1,..., fm). By (2.3.2) we see that the A,-module J/J? is
generated by xoh—1, f1,..., f. over A,. Hence, as in the proof of Algebra, Lemma
136.6] we can choose a g € 1 + J such that

Aa = R[wa-wmnyanrl]/(-TOh_ 17f17'~~afm7gxn+1 - 1)

At this point (2.3.1) implies that R — A, is standard smooth (use the coordinates
X0, X1, -« -, Te, Tpy1 to take derivatives).

Proof of (d). Choose a presentation A = R[z1,...,z,]/(f1,--., fm) such that
and hold. Write I = (f1,...,fm). We already know that A,
is smooth over R, see Lemma By Lemma we see that (I/I?), is free
on fi,..., f. and maps isomorphically to a direct summand of @ A,dz;. Since
Qa,/r = (R4/Rr)a is the cokernel of the map (I/1?), — @ A,dx; we conclude that
it is stably free.

Proof of (e). Choose a presentation A = R[z1,...,x,]/] with I finitely generated.
By assumption we have a short exact sequence
0= (I/1%)q — @1:1,..‘,” Agdz; — Qa, g — 0

which is split exact. Hence we see that (I/1%), & Qa, /g is a free Ag-module.
Since Q 4,/ is stably free we see that (1/1 2), is stably free as well. Thus replac-
ing the presentation chosen above by A = R[x1,...,Zn, Tnil,- .-, Tntr)/J with
J = (I,%n41, -, Tns,) for some r we get that (J/J?), is (finite) free. Choose
fi,---, fo € J which map to a basis of (J/J?),. Extend this to a list of genera-
tors fi1,..., fm € J. Consider the presentation A = R[x1,...,Tntr]/(f1,- s fim)-
Then holds for a® for all sufficiently large e by construction. Moreover,
since (J/J?), — @Di—1. n4rAcdz; is a split injection we can find an Ag-linear

left inverse. Writing this left inverse in terms of the basis fi,..., f. and clearing
denominators we find a linear map g : A9"T" — A%¢ such that
@c (frofe) o frdf Yo yéc
A J/J @izl,...,n+r Adz; 25 A

is multiplication by a® for some ey > 1. By Lemma [2.4] we see (2.3.3)) holds for all
a®® and hence for a® for all e with e > ceg.

Proof of (f). Choose a presentation A, = R[z1,...,2,]/(f1,...,fc) such that
det(9f;/0x;)i j=1,..,c is invertible in A,. We may assume that for some m < n
the classes of the elements 1, ...,x,, correspond a;/1 where ay,...,a,, € A are
generators of A over R, see Lemma After replacing x; by a™Vz; form <i <n
we may assume the class of z; is a;/1 € A, for some a; € A. Consider the ring map

U: Rlxy,...,zpn] — A, x; — a;.

This is a surjective ring map. By replacing f; by a®¥ f; we may assume that f; €
R[z1,...,z,] and that U(f;) = 0 (since after all f;(ai/1,...,a,/1) = 0 in A,).
Let J = Ker(¥). Then A = R[z1,...,z,]/J is a presentation and f1,...,f. € J
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are elements such that (J/J?), is freely generated by fi,...,f. and such that
det(0f;/0x;)i j=1,.. . maps to an invertible element of A,. It follows that (2.3.1)
and ([2.3.2) hold for a® and all large enough e as desired. O

4. Intermezzo: Néron desingularization

We interrupt the attack on the general case of Popescu’s theorem to an easier but
already very interesting case, namely, when R — A is a homomorphism of discrete
valuation rings. This is discussed in [Art69 Section 4].

Situation|/4.1. Here R C A is an extension of discrete valuation rings with ramifi-
cation index 1 (More on Algebra, Definition|111.1)). We assume given a factorization

R—ASA
with R — A flat and of finite type. Let q = Ker(p) and p = ¢~ 1(my).

In Situation [l let @ € R be a uniformizer. Recall that flatness of A over R
signifies that 7 is a nonzerodivisor on A (More on Algebra, Lemma . By our
assumption on R C A we see that m maps to a uniformizer of A. Since m € p we
can consider Néron’s affine blowup algebra (see Algebra, Section

oA =A2] — A
which comes endowed with an induced map to A sending a/7"™, a € p™ to 7~ "¢(a)
in A. We will denote q' C p’ C A’ the corresponding prime ideals of A’. Observe
that the isomorphism class of A’ does not depend on our choice of uniformizer.

Repeating the construction we obtain a sequence

A—-A A" ... 5 A

Lemma 4.2. In Situatz'on Néron’s blowup is functorial in the following sense
(1) ifa € A, a &p, then Néron’s blowup of A, is Al,, and

a’

(2) if B — A is a surjection of flat finite type R-algebras with kernel I, then
A’ is the quotient of B'/IB’ by its w-power torsion.

Proof. Both (1) and (2) are special cases of Algebra, Lemma In fact, when-
ever we have A1 — Ay — A such that p; Ay = po, we have that A} is the quotient
of A} ®4, As by its m-power torsion. O

Lemmal|4.3. In Sz'tuation assume that R — A is smooth at p and that R/mR C
A/mA is a separable field extension. Then R — A’ is smooth at p’ and there is a
short exact sequence

0 — QA/R ®A A;J/ — QA’/R,}J' — (A//WA/)?/C — O
where ¢ = dim((A/7A),).
Proof. By Lemma [£.2] we may replace A by a localization at an element not in p;
we will use this without further mention. Write x = R/mR. Since smoothness is

stable under base change (Algebra, Lemma [137.4) we see that A/7A is smooth over
x at p. Hence (A/mA), is a regular local ring (Algebra, Lemma [140.3). Choose

g1,---,9c € p which map to a regular system of parameters in (A/7A),. Then we
see that p = (m,¢91,-..,9.) after possibly replacing A by a localization. Note that
7,91, -, g is a regular sequence in A, (first 7 is a nonzerodivisor and then Algebra,

Lemma [106.3| for the rest of the sequence). After replacing A by a localization we
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may assume that 7, g1, ..., g. is a regular sequence in A (Algebra, Lemma [68.6]). It
follows that

A=Ay, -yl /(T = g1s e TYe — ge) = Ay el /]

by More on Algebra, Lemma In the following we will use the definition of
smoothness using the naive cotangent complex (Algebra, Definition and the
criterion of Algebra, Lemma without further mention. The exact sequence
of Algebra, Lemma for R — Alyi,...,y.] = A’ looks like this

0 — Hi(NLajg) = I/T> = Qa/p ®a A’@@i:L'MCA’dyi — Qg — 0

where the class of 7y; — g; in I/I? is mapped to —dg; + wdy; in the next term. Here
we have used Algebra, Lemma to compute NL 4/ /4y, ,....y.] and we have used
that R — Aly1,...,y.] is smooth, so Hi(NLap, .. y.1/r) = 0 and Qapy, . . 1/r 18
a finite projective (a fortiori flat) Afyi,...,yc]-module which is in fact the direct
sum of Qa/p ®4 Aly1,...,y.] and a free module with basis dy;. To finish the
proof it suffices to show that dgy,...,dg. forms part of a basis for the finite free
module Q4 /g ,. Namely, this will show (I/1?), is free on Ty; — gi, the localization
at p of the middle map in the sequence is injective, so H1(NLa//p), = 0, and
that the cokernel Q4//p , is finite free. To do this it suffices to show that the
images of dg; are x(p)-linearly independent in Q4/gr /7T = Qa/ra)/r,p (equality
by Algebra, Lemma [I131.12)). Since x C k(p) C A/mA we see that r(p) is separable
over k (Algebra, Deﬁnition. The desired linear independence now follows from

Algebra, Lemma [140.4 O

Lemmal 4.4. In Situation assume that R — A is smooth at q and that we
have a surjection of R-algebras B — A with kernel I. Assume R — B smooth at
pp = (B — A)~p. If the cokernel of

I/IQ®AA—)QB/R®BA
is a free A-module, then R — A is smooth at p.

Proof. The cokernel of the map I/1? — Qp/r@p Ais Qy/R, see Algebra, Lemma
Let d = dimg(A/R) be the relative dimension of R — A at q, i.e., the
dimension of Spec(A[1/7]) at q. See Algebra, Deﬁnition Then Qy /g q is free
over A, of rank d (Algebra, Lemma . Thus if the hypothesis of the lemma
holds, then Q 4,z ®4 A is free of rank d. It follows that 4/ ® 4 k(p) has dimension
d (as it is true upon tensoring with A/mA). Since R — A is flat and since p is a
specialization of q, we see that dim,(A/R) > d by Algebra, Lemma [125.6, Then it
follows that R — A is smooth at p by Algebra, Lemmas [[37.17] and [140.3} O

Lemmal4.5. In Situatz’on assume that R — A is smooth at q and that R/mR C
A/ is a separable extension of fields. Then after a finite number of affine Néron
blowups the algebra A becomes smooth over R at p.

Proof. We choose an R-algebra B and a surjection B — A. Set pp = (B —
A)~7Y(p) and denote r the relative dimension of R — B at pg. We choose B such
that R — B is smooth at pp. For example we can take B to be a polynomial
algebra in r variables over R. Consider the complex

I/I2 ®AA—>QB/R®BA
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of Lemma[4.4] By the structure of finite modules over A (More on Algebra, Lemma
124.9)) we see that the cokernel looks like

dd €q
AP, | AmA

for some d > 0, n > 0, and e; > 1. Observe that d is the relative dimension of A/R
at q (Algebra, Lemma [140.3)). If the defect e = Zi:l,‘..,n e; is zero, then we are
done by Lemma [4:4]

Next, we consider what happens when we perform the Néron blowup. Recall that
A’ is the quotient of B’/IB’ by its m-power torsion (Lemma and that R — B’
is smooth at pp (Lemma[4.3)). Thus after blowup we have exactly the same setup.
Picture

0 r B’ Al 0
0 1 B A 0

Since I C pp, we see that I — I’ factors through 7wI’. Looking at the induced map
of complexes we get

I'/J(I')? @ar A ——=Qpijp @pr A == M'

Then M C M’ are finite free A-modules with quotient M'/M annihilated by 7, see
Lemma Let N C M and N’ C M’ be the images of the horizontal maps and
denote Q@ = M/N and Q' = M’/N’. We obtain a commutative diagram

O Z\T[/ Z\f/ Q/ 0
0 N M Q 0

Then N C N’ are free A-modules of rank r — d. Since I maps into w1’ we see that
N C N

Let K = A be the fraction field of A. We have a commutative diagram

0——=N —— N NnM Qo 0
0——N——>NgnNM Qtor 0

whose rows are short exact sequences. This shows that the change in defect is given
by

e — ¢’ = length(Qtor) — length(Qy,,.) = length(N'/N) — length(Ny N M'/Ng N M)
Since M’/M is annihilated by =, so is Nj; N M'/Ng N M, and its length is at most
dimg (Ng). Since N C 7N’ we get length(N'/N) > dimg(Ng), with equality if
and only if N =7 N’.
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To finish the proof we have to show that N is strictly smaller than 7N’ when A is
not smooth at p; this is the key computation one has to do in Néron’s argument.
To do this, we consider the exact sequence

I/ ®p k(pp) = Qp/r @5 k(PB) = Qa/p @4 K(p) = 0

(follows from Algebra, Lemma|131.9). Since R — A is not smooth at p we see that
the dimension s of Q4,p ®4 K(p) is bigger than d. On the other hand the first
arrow factors through the injective map

po/P2Bp — Qp/r @B K(PB)

of Algebra, Lemma note that x(p) is separable over k by our assumption on
R/mR C A/wA. Hence we conclude that we can find generators gi,...,¢: € I such
that g; € p? for j > r — s. Then the images of g; in A" are in 721’ for j > r — s.
Since r—s < r—d we find that at least one of the minimal generators of N becomes
divisible by 72 in N’. Thus we see that e decreases by at least 1 and we win. O

If R — A is an extension of discrete valuation rings, then R — A is regular if and
only if (a) the ramification index is 1, (b) the extension of fraction fields is separable,
and (¢) R/mpr C A/my is separable. Thus the following result is a special case of
general Néron desingularization in Theorem [T2.1]

Lemma|4.6. Let R C A be an extension of discrete valuation rings which has ram-
ification index 1 and induces a separable extension of residue fields and of fraction
fields. Then A is a filtered colimit of smooth R-algebras.

Proof. By Algebra, Lemma it suffices to show that any R —+ A — A as in
Situation [4.1] can be factored as A — B — A with B a smooth R-algebra. After
replacing A by its image in A we may assume that A is a domain whose fraction
field K is a subfield of the fraction field of A. In particular, A is separable over
the fraction field of R by our assumptions. Then R — A is smooth at ¢ = (0) by
Algebra, Lemma After a finite number of Néron blowups, we may assume
R — A is smooth at p, see Lemma[4.5] Then, after replacing A by a localization at
an element a € A, a ¢ p it becomes smooth over R and the lemma is proved. [

5. The lifting problem

The goal in this section is to prove (Proposition that the collection of algebras
which are filtered colimits of smooth algebras is closed under infinitesimal flat de-
formations. The proof is elementary and only uses the results on presentations of
smooth algebras from Section [3]

Lemma 5.1. Let R — A be a ring map. Let I C R be an ideal. Assume that
(1) I =0, and
(2) A/IA is a filtered colimit of smooth R/I-algebras.

Let ¢ : A — A be an R-algebra map with A of finite presentation over R. Then
there exists a factorization
A— B/J— A

where B is a smooth R-algebra and J C IB is a finitely generated ideal.

Proof. Choose a factorization

AJIA — B — AJIA
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with B standard smooth over R/I; this is possible by assumption and Lemma
Write

B=A/IAlt1,...,t]/(g1,---,30s)
and say B — A/IA maps t; to the class of \; modulo IA. Choose g1,...,9s €
Alty, ... t,] lifting g1,...,gs. Write ©(gi)(A1,...,Ar) = > €, for some €;; € T
and p;; € A. Define

Al = Alty, ..t 05,41/ (95 — Z €ij0i5)
and consider the map
A/ — A, a — cp(a), t; — >\i7 (52']' — Hij
We have -
This is a standard smooth algebra over R/I as ]? is standard smooth. Choose a
presentation A'/TA" = R/I[x1,...,2,])/(f1,..., fc) with det(iafj/ﬁaii)i’jzlw’c in-
vertible in A’/TA’. Choose lifts fi,..., fo € R[x1,..., 2] of f1,..., fe. Then

B =Rlz1,...,Tn, Tny1)/(f1,- .., fo, Znp1 det(0f;/0x;)i j=1,....c — 1)
is smooth over R. Since smooth ring maps are formally smooth (Algebra, Proposi-
tion|138.13)) there exists an R-algebra map B — A’ which is an isomorphism modulo
I. Then B — A’ is surjective by Nakayama’s lemma (Algebra, Lemma [20.1]). Thus
A’ = B/J with J C IB finitely generated (see Algebra, Lemma . O

Lemma 5.2. Let R — A be a ring map. Let I C R be an ideal. Assume that

(1) I? =0,

(2) A/IA is a filtered colimit of smooth R/I-algebras, and

(3) R— A is flat.
Let ¢ : B — A be an R-algebra map with B smooth over R. Let J C IB be a
finitely generated ideal such that p(J) = 0. Then there exists R-algebra maps

B4 B LA
such that B’ is smooth over R, such that a(J) = 0 and such that Boa = ¢ mod TA.

Proof. If we can prove the lemma in case J = (h), then we can prove the lemma
by induction on the number of generators of J. Namely, suppose that J can be
generated by n elements hq,...,h, and the lemma holds for all cases where J is
generated by n—1 elements. Then we apply the case n = 1 to produce B — B’ — A
where the first map kills of h,,. Then we let J’ be the ideal of B’ generated by the
images of hi,...,h,_1 and we apply the case for n — 1 to produce B’ — B"” — A.
It is easy to verify that B — B” — A does the job.

Assume J = (h) and write h = > ¢;b; for some ¢; € I and b; € B. Note that
0 = ¢o(h) = > ep(b;). As A is flat over R, the equational criterion for flatness
(Algebra, Lemma implies that we can find A\; € A, j=1,...,mand a;; € R
such that p(b;) = Zj a;j\; and ), €a;; = 0. Set

C = B[]}l, ‘e ,Jim]/(bi - Zaijxj)
with C' — A given by ¢ and z; — A;. Choose a factorization
C—B/J —A
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as in Lemma Since B is smooth over R we can lift the map B — C — B’/J’
to a map ¢ : B — B’. We claim that ¢ (h) = 0. Namely, the fact that ¢ agrees
with B — C — B’/J’ mod I implies that

P(b;) = Z a;;&; + 0;

for some &; € B’ and 6; € IB’. Hence we see that

¥(h) = 1/’(2 €ib;) = Zﬁiaijfj + Z €0; =0
because of the relations above and the fact that 1% = 0. O

Proposition| 5.3. Let R — A be a ring map. Let I C R be an ideal. Assume that
(1) I is nilpotent,
(2) A/IA is a filtered colimit of smooth R/I-algebras, and
(3) R— A is flat.

Then A is a filtered colimit of smooth R-algebras.

Proof. Since I™ = 0 for some n, it follows by induction on n that it suffices to
consider the case where I? = 0. Let ¢ : A — A be an R-algebra map with A of
finite presentation over R. We have to find a factorization A — B — A with B
smooth over R, see Algebra, Lemma By Lemma [5.1] we may assume that
A = B/J with B smooth over R and J C IB a finitely generated ideal. By Lemma
m we can find a (possibly noncommutative) diagram

X %
A
of R-algebras which commutes modulo I and such that a(J) = 0. The map

D:B— I\ b+— () — B(ab))

is a derivation over R hence we can write it as D = { odp/r for some B-linear
map & : Qg — IA. Since {dp,p is a finite projective B-module we can write
§ =21 €= for some ¢ € I and B-linear maps Z; : Qg/r — A. (Details
omitted. Hint: write Qp /g as a direct sum of a finite free module to reduce to the
finite free case.) We define

" _ * /
B" = Symp (®i:1,...,n Qp/p®p.a B )
and we define 5’ : B” — A by 8 on B’ and by

B B’

B/|ith summand Qp/r®pB,o B’ — Ei ® 6
and o : B — B"” by
o (b)=ad) @) edpprb)@1e06. ..

At this point the diagram
Bl/

N
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does commute. Moreover, it is direct from the definitions that o/(J) = 0 as I? = 0.
Hence the desired factorization. ]

6. The lifting lemma

Here is a fiendishly clever lemma.

Lemmal 6.1. Let R be a Noetherian ring. Let A be an R-algebra. Let m € R and
assume that Anng(w) = Anng(n?) and Annp(7) = Annp(72). Suppose we have
R-algebra maps R/m?>R — C — A/7%A with C of finite presentation. Then there
exists an R-algebra homomorphism D — A and a commutative diagram

R/m*R E‘ A/m?A
R/TR—— D/nD ——= A/mA

with the following properties
(a) D is of finite presentation,
(b) R — D is smooth at any prime q with © & q,
(¢) R — D is smooth at any prime q with 7 € q lying over a prime of C' where
R/mR — C is smooth, and
(d) C/wC — D/nD is smooth at any prime lying over a prime of C where
R/7?R — C is smooth.

Proof. We choose a presentation

C:R[Il,...,xn]/(fl,...,fm)

We also denote I = (fi,..., fm) and I the image of I in R/7>R[zy,...,x,]. Since
R is Noetherian, so is C. Hence the smooth locus of R/m?R — C is quasi-compact,
see Topology, Lemma Applying Lemma we may choose a finite list of
elements aq,...,a, € R[x1,...,x,] such that

(1) the union of the open subspaces Spec(C,,) C Spec(C) cover the smooth
locus of R/m?R — C, and
(2) for each k =1,...,r there exists a finite subset Ej C {1,...,m} such that
(I/1?),, is freely generated by the classes of f;, j € Ej.
Set Iy = (f;,7 € Ex) C I and denote I}, the image of I}, in R/m*R[x1,...,z,]. By
(2) and Nakayama’s lemma we see that (I/I})s, is annihilated by 1+ b} for some
bj, € I,,. Suppose b}, is the image of by /(ax) for some by € I and some integer N.
After replacing ay by axbr we get
(3) (Ik)ak = (I)ak'
Thus, after possibly replacing ax by a high power, we may write
(4) axfe =2 cp, Mool +m g0
for any £ € {1,...,m} and some hz,z,gi,g € Rlz1,...,z,]. I £ € Ej we choose
hi,e = ady,; (Kronecker delta) and gy ¢ = 0. Set

D =R[z1,...,2xn, 21, ., 2Zm]/(f; — 725, Dr0)-
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Here j € {1,...,m}, ke {l,...,r}, L€ {l,...,m}, and

_ J
Pk = arze — ZjeEk Py 02 — TGke-
Note that for ¢ € Ej we have pi ¢, = 0 by our choices above.

The map R — D is the given one. Say C' — A/m?A maps x; to the class of \;
modulo 72. For an element f € R[zy,...,z,] we denote f(\) € A the result of
substituting \; for z;. Then we know that f;(\) = 72u; for some u; € A. Define
D — A by the rules x; — A; and z; — wp;. This is well defined because

Ph,e > ap(N)Tpe — ZjeEk

= (ak()\)ue - Z]’eEk hy, (N — gk,f(/\)>

Substituting x; = A; in (4) above we see that the expression inside the brackets
is annihilated by 72, hence it is annihilated by 7 as we have assumed Anny(7) =
Anny (72). The map C' — D/7D is determined by z; — x; (clearly well defined).
Thus we are done if we can prove (b), (c), and (d).

hl, o\ — mgr.e(N)

Using (4) we obtain the following key equality
TPk,e = TakZE — ZjeEk whi, 12 — T gk
= —a(fo —mz0) + apfo + ZjeEk hi,z(fj —mz;) — Z
= —ak(fe — mz¢) + ZjeEk hj, o(f; — 72;)

The end result is an element of the ideal generated by f; — mz;. In particular, we
see that D[1/] is isomorphic to R[1/7][x1,...,%n, 21, ., 2m]/(f; — 7z;) which is
isomorphic to R[1/7][z1,...,z,] hence smooth over R. This proves (b).

hj '—71'2 L./
R, k,efj Ik,

For fixed k € {1,...,7} consider the ring
Dy =Rz1,...,&n, 21, 2m]/(fj =72, € Ex, i)

The number of equations is m = |Ey| + (m — |Ex|) as pg¢ is zero if £ € Ej. Also,
note that

(Dk/ﬂ-Dk>ak = R/TFR[‘TM cee 7xn>1/akvzl7 . -azm]/(fj,j € Elmpk,@)
= (C’/wé)ak[zl,...7zm]/(akzz—Z
= (C/nC)arl2),J € By

hi 2
jer, kit 5)

In particular (Dy,/7Dy)q, is smooth over (C'/7C),,. By our choice of aj we have
that (C/mC),, is smooth over R/m R of relative dimension n — |Ey|, see (2). Hence
for a prime q; C Dy, containing 7 and lying over Spec(C,, ) the fibre ring of R — Dy,
is smooth at qj of dimension n. Thus R — Dy, is syntomic at g by our count of the
number of equations above, see Algebra, Lemma, Hence R — Dy, is smooth

at qi, see Algebra, Lemma

To finish the proof, let ¢ C D be a prime containing 7 lying over a prime where
R/m?R — C is smooth. Then aj ¢ q for some k by (1). We will show that the
surjection Dy — D induces an isomorphism on local rings at q. Since we know that
the ring maps C/nC — Dy /mwDy, and R — Dy are smooth at the corresponding
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prime qj by the preceding paragraph this will prove (c¢) and (d) and thus finish the
proof.

First, note that for any ¢ the equation mpy ¢ = —ax(fe—m20)+ 3 cp, hi,e(fj —Tzj)
proved above shows that f,—7z, maps to zero in (Dy,),, and in particular in (Dy,)q, -
The relations (4) imply that axfr = Y hi:,ffj in I/12. Since (Iy/I}),, is free
on f;, j € B} we see that

JEE

J J J
ap by, , — E hy, hy .
k' e JEBy k0" 5

is zero in C_‘ak for every k, k', and j € Ey. Hence we can find a large integer N

such that
N J J' 3
a ap hy, , — E he, hl .
k < k' k0 J'E€E, k' 0"k, 5!

is in I, + m2R[z1,...,7,]. Computing modulo 7 we have
j/
AEPr’ 0 — Qi Phg + E Wer 4Pk, 57
» . » S
= —ar Yy Wz Faw Yy bzt ) W ganzy =Y iz
, S
_ J i i ‘
=2 (a’“’hu -2 hkmzhk,j’) “
with Einstein summation convention. Combining with the above we see ag Hpk/,g

is contained in the ideal generated by I and « in R[z1,..., %y, 21, ..., 2m]. Thus
Pis,e maps into w(Dy)g,. On the other hand, the equation

ke = —aw (fo—m2) + Y bl (fir —720)
J'E€EE ’

shows that mpy ¢ is zero in (Dg),,. Since we have assumed that Anng(m) =
Annp(7?) and since (Dy)q, is smooth hence flat over R we see that Ann(p,), ()

Annp,),. (m2). We conclude that pis ¢ maps to zero as well, hence Dy = (Dj)q,
and we win. 0

7. The desingularization lemma
Here is another fiendishly clever lemma.

Lemmal 7.1. Let R be a Noetherian ring. Let A be an R-algebra. Let m € R and
assume that Anny(m) = Annp(7?). Let A — A be an R-algebra map with A of
finite presentation. Assume

(1) the image of 7 is strictly standard in A over R, and
(2) there erists a section p : A/n*A — R/m*R which is compatible with the
map to A/T*A.

Then we can find R-algebra maps A — B — A with B of finite presentation such
that aB C Hp g where a = Anng(Anng(n?)/Anng(w)).

Proof. Choose a presentation

A= R[l'lv"'axn}/(flv"'afm)
and 0 < ¢ < min(n,m) such that (2.3.3]) holds for = and such that

(711) 7ch+je(f17~~-afc)+(fla"'7fm)2
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forj=1,...,m—c. Say p maps x; to the class of r; € R. Then we can replace x; by
x; — ;. Hence we may assume p(z;) = 0 in R/7*R. This implies that f;(0) € 7R
and that A — A maps z; to 7%)\; for some \; € A. Write

fj = fj(o) + Zi:l,“.,

This implies that the constant term of df;/0x; is 7;;. Apply p to (2.3.3) for 7 and
we see that

T5iT; + h.o.t.
n

4
ﬂ:E rrdet(r;;)i= . ise7 mod ™R
1c{1,m}, = ! (ji)j=1....c. ie1

for some r; € R. Thus we have

umw = E rrdet(ri;) = ;
1C{1,...;n}, |T|=c I ( ]7.)] 1,...,c, i€l

for some u € 1+ 7w3R. By Algebra, Lemma this implies there exists a n x ¢
matrix (s;;) such that

umdjp, = Zi_l | TiiSik forall j,k=1,...,c

(Kronecker delta). We introduce auxiliary variables vy, ...,v., w1, ..., w, and we
set

_ 22 : 3
hi =T — T i=1.c Sij’l)j — T w;

In the following we will use that

Rlz1, . Tpy U1y ey Ve Wy ey W]/ (B, oo hy) = R[Ug, oo, U, Wy . oy W]
without further mention. In R[xi,...,Zn,v1,...,0c, w1, .., wy]/(h1,..., h,) we
have

fj :fj(xl —hl,...,l'n—hn)

2 ¢ n 3 n d
=T g (g ’I”“S‘)U + 7 g ri;W; mod T
kel =1 jioik k im1 JiWq

3 3 " 4
=7v; + 7 E ] lrjiwimodw
i=

for 1 < j < ¢. Hence we can choose elements g; € R[v1,...,0cW1,..., W)
such that g; = v; + > 7;;w; mod 7w and such that f; = 7r3gj in the R-algebra
Rlx1,. . Zp, V1, ey Ve Wy .oy wy]/ (B, .o hy). We set

B:R[ZL‘l,...,LEn,Ul,...,Uc,wl,...,U}n]/(fl,...,fm,hl,...,hn,gh...,gc).

The map A — B is clear. We define B — A by mapping x; — 7%\, v; — 0, and
w; — wA;. Then it is clear that the elements f; and h; are mapped to zero in A.
Moreover, it is clear that g; is mapped to an element ¢ of wA such that w3t = 0
(as f; = m2g; modulo the ideal generated by the h’s). Hence our assumption that
Anny (1) = Anny(7?) implies that ¢ = 0. Thus we are done if we can prove the
statement about smoothness.

Note that B; & A,[v1,...,v:] because the equations g; = 0 are implied by f; = 0.
Hence Bj is smooth over R as A, is smooth over R by the assumption that 7 is
strictly standard in A over R, see Lemma [2.5]

Set B’ = R[v1, ..., Ve, W1, ..., Wn]/(915---,9c). As g; =v; + > rj;w; mod m we see
that B'/nB’ = R/mR[wy,...,wy]. Hence R — B’ is smooth of relative dimension
n at every point of V(m) by Algebra, Lemmas [136.10| and [137.17| (the first lemma
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shows it is syntomic at those primes, in particular flat, whereupon the second lemma
shows it is smooth).

Let g C B be a prime with 7 € q and for some r € a, 7 € q. Denote ¢’ = B'Ng. We
claim the surjection B’ — B induces an isomorphism of local rings (B')q — By.
This will conclude the proof of the lemma. Note that By is the quotient of (B’)y
by the ideal generated by f.ij, j = 1,...,m —c. We observe two things: first
the image of f.+; in (B')q is divisible by 72 and second the image of 7 f.;; in
(B')q can be written as - b, j, fetjy fetsn Dy (7.1.D). Thus we see that the image
of each 7 f.;; is contained in the ideal generated by the elements 7% f., . Hence
Tfetrj = 0in (B')q as this is a Noetherian local ring, see Algebra, Lemma [51.4] As
R — (B')y is flat we see that
(AHHR(W2)/AHHR(7T)) QR (B’)q/ = Ann(B/)q, (WQ)/AHH(B/)q/(W)

Because r € a is invertible in (B’)4 we see that this module is zero. Hence we see
that the image of f.y; is zero in (B’)y as desired. O

Lemmal 7.2. Let R be a Noetherian ring. Let A be an R-algebra. Let m € R
and assume that Anng(m) = Anngr(7?) and Anny(m) = Annp(72). Let A — A and
D — A be R-algebra maps with A and D of finite presentation. Assume

(1) 7 is strictly standard in A over R, and
(2) there exists an R-algebra map A/m*A — D/m*D compatible with the maps
to A/m*A.
Then we can find an R-algebra map B — A with B of finite presentation and
R-algebra maps A — B and D — B compatible with the maps to A such that
HD/RB C HB/D and HD/RB C HB/R'

Proof. We apply Lemma [7.1] to
D— A®rD — A

and the image of 7 in D. By Lemma we see that m is strictly standard in
A®p D over D. As our section p : (A ®g D)/n*(A ®r D) — D/m*D we take
the map induced by the map in (2). Thus Lemma applies and we obtain a
factorization A ® g D — B — A with B of finite presentation and aB C Hpg/p
where

a = Annp(Annp(7?)/Annp(r)).

For any prime q of D such that Dy is flat over R we have Annp_(7?)/Annp, (7) =0
because annihilators of elements commutes with flat base change and we assumed
Anng(m) = Anng(7?). Because D is Noetherian we see that Annp(72)/Annp ()
is a finite D-module, hence formation of its annihilator commutes with localization.
Thus we see that a ¢ q. Hence we see that D — B is smooth at any prime of B
lying over g. Since any prime of D where R — D is smooth is one where D, is flat
over R we conclude that Hp,rB C Hp,p. The final inclusion Hp,rB C Hp/p
follows because compositions of smooth ring maps are smooth (Algebra, Lemma

137.14). O

Lemmal 7.3. Let R be a Noetherian ring. Let A be an R-algebra. Let m € R and
assume that Annp(m) = Anng(n?) and Anny(r) = Annp(72). Let A — A be an
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R-algebra map with A of finite presentation and assume 7 is strictly standard in A
over R. Let

A/mPA — C — A/mPA
be a factorization with C of finite presentation. Then we can find a factorization
A — B — A with B of finite presentation such that R, — By is smooth and such

that
Heéyrnsr) A/mEA C \/m mod 73A.

Proof. Apply Lemma to get R — D — A with a factorization C/71C —
D/m*D — A/7*A such that R — D is smooth at any prime not containing = and
at any prime lying over a prime of C'/7*C where R/7®R — C is smooth. By Lemma
we can find a finitely presented R-algebra B and factorizations A — B — A
and D — B — A such that Hp g B C Hp,r. We omit the verification that this is
a solution to the problem posed by the lemma. (I

8. Warmup: reduction to a base field

In this section we apply the lemmas in the previous sections to prove that it suffices
to prove the main result when the base ring is a field, see Lemma [8.4]

Situation| 8.1. Here R — A is a regular ring map of Noetherian rings.

Let R — A be as in Situation We say PT holds for R — A if A is a filtered
colimit of smooth R-algebras.

Lemma 8.2. Let R; — A;, i = 1,2 be as in Situation . If PT holds for
R; = A;, i =1,2, then PT holds for Ry X Rs — A1 X As.

Proof. Omitted. Hint: A product of filtered colimits is a filtered colimit. ([

Lemmal 8.3. Let R — A — A be ring maps with A of finite presentation over R.
Let S C R be a multiplicative set. Let ST'A — B’ — S™'A be a factorization with
B’ smooth over ST'R. Then we can find a factorization A — B — A such that
some s € S maps to an elementary standard element (Deﬁm'tion in B over R.

Proof. We first apply Lemma to ST'R — B’. Thus we may assume B’ is
standard smooth over ST'R. Write A = R[x1,...,2,]/(g1,---,9:) and say z; — \;
in A. We may write B’ = S™'R[z1,...,%Tnim]/(f1,..., f.) for some ¢ > n where
det(0f;/0x;);i j=1,....c is invertible in B" and such that A — B’ is given by z; — z;,
see Lemma After multiplying x;, i > n by an element of S and correspondingly
modifying the equations f; we may assume B’ — S™!'A maps z; to A;/1 for some
Ai € A for ¢ > n. Choose a relation

1=ag det(@fj/ﬁx,»)m:l,m,c + Zj:l.... . ajfj

for some a; € ST'R[x1,...,Znim]. Since each element of S is invertible in B’ we
may (by clearing denominators) assume that f;,a; € R[z1,...,Zp4m] and that

So = ag det(&fj/ami)i,j:17,,,,c + Zj:l . ajfj

for some so € S. Since g; maps to zero in ST R[z1, ..., Tnim]/(f1,...,Tc) We can
find elements s; € S such that s;g; = 0 in Rlz1,...,Znym]/(f1,..., fc). Since f;
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maps to zero in ST'A we can find s} € S such that s} f;j(A1,..., Auym) = 0 in A.
Consider the ring

B = R[xlv"'axn-ﬁ-m}/(sllfl""7S,chagla-~-agt)

and the factorization A — B — A with B — A given by z; — \;. We claim that
S =8081...8¢8)...8. is elementary standard in B over R which finishes the proof.
Namely, s;g; € (f1,..., fc) and hence sg; € (s} f1,...,s.f.). Finally, we have

1 / 5 / / o / /
ao det(0s} f;/0:)i j=1,....c + E j:l,...,c(sl Sk 8.)a;s;fj = 8087 - 5
which divides s as desired. O

Lemma 8.4. If for every Situation where R is a field PT holds, then PT holds
in general.

Proof. Assume PT holds for any Situation where R is a field. Let R — A be
as in Situation [8.1] arbitrary. Note that R/I — A/IA is another regular ring map
of Noetherian rings, see More on Algebra, Lemma Consider the set of ideals

IZ={ICR|R/I— AJIA does not have PT}

We have to show that Z is empty. If this set is nonempty, then it contains a maximal
element because R is Noetherian. Replacing R by R/I and A by A/I we obtain a
situation where PT holds for R/I — A/IA for any nonzero ideal of R. In particular,
we see by applying Proposition [5.3] that R is a reduced ring.

Let A — A be an R-algebra homomorphism with A of finite presentation. We have
to find a factorization A — B — A with B smooth over R, see Algebra, Lemma
127.4

Let S C R be the set of nonzerodivisors and consider the total ring of fractions
Q = S7'R of R. We know that Q = K; x...x K, is a product of fields, see Algebra,
Lemmas and By Lemma [8.2] and our assumption PT holds for the ring
map S~'R — S~'A. Hence we can find a factorization S™'A — B’ — S~'A with
B’ smooth over ST'R.

We apply Lemma [8.3|and find a factorization A — B — A such that some 7w € S is
elementary standard in B over R. After replacing A by B we may assume that 7 is
elementary standard, hence strictly standard in A. We know that R/m®R — A/78A
satisfies PT. Hence we can find a factorization R/7m8R — A/7n%A — C — A/m®A
with R/78R — C smooth. By Lemma we can find an R-algebra map D — A
with D smooth over R and a factorization R/7*R — A/7*A — D/7*D — A/m*A.
By Lemma we can find A - B — A with B smooth over R which finishes the
proof. ([

9. Local tricks

Situation| 9.1. We are given a Noetherian ring R and an R-algebra map A — A
and a prime q C A. We assume A is of finite presentation over R. In this situation

we denote ha = /H 4 rA.

Let R -+ A — A D q be as in Situation 0.1} We say R -+ A — A D q can be
resolved if there exists a factorization A — B — A with B of finite presentation
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and hy C bp ¢ q. In this case we will call the factorization A — B — A a
resolution of R+ A — A D q.

Lemmal 9.2. Let R - A — A D q be as in Situation . Let r > 1 and
T, ..., T € R map to elements of q. Assume

(1) fori=1,...,r we have

Annpy s, x5 R(T) = Anng(es | xs g(77)

and
Anny s s A(T3) = Annpy(rs s A (TF)
(2) fori=1,...,r the element m; maps to a strictly standard element in A
over R.
Then, if

R/(x%,.. ., iR = A/(x8,.... 7oA A/, ..., 7aHA D q/(xb, ..., 7)A
can be resolved, so can R —+ A — A D q.
Proof. We are going to prove this by induction on r.

The case 7 = 1. Here the assumption is that there exists a factorization A/7$ —
C — A/7$ which resolves the situation modulo 7$. Conditions (1) and (2) are the
assumptions needed to apply Lemma Thus we can “lift” the resolution C to a
resolution of R - A — A D q.

The case r > 1. In this case we apply the induction hypothesis for » — 1 to the
situation R/7§ — A/n% — A/n$ D q/7A. Note that property (2) is preserved by
Lemma 2.7 O

Lemmal 9.3. Let R — A — A D q be as in Situation . Letp = RN q. Assume
that q is minimal over h4 and that Ry, — Ay, — Aq D qAq can be resolved. Then
there exists a factorization A — C — A with C of finite presentation such that

He/rA ¢ q.

Proof. Let A, — C — A4 be a resolution of R, — A, — Ay D qAy. By our
assumption that q is minimal over b this means that Ho/r,Aq = Aq. By Lemma
we may assume that C' is smooth over R,. By Lemma we may assume
that C is standard smooth over R,. Write A = R[x1,...,2,]/(91,...,9¢) and say
A — A is given by x; — A;. Write C = Rplx1,. .., Zptm])/(f1,- .., fc) for some
¢ > n such that A — C maps z; to z; and such that det(9f;/0x;); j=1,..c is invert-
ible in C, see Lemma [3.6] After clearing denominators we may assume fi,..., f.
are elements of Rz, ..., Tynim]. Of course det(0f;/0x;)i j=1,.. . is not invertible in
Rlx1,...,Zpn+m]/(f1,- .., fc) but it becomes invertible after inverting some element
so € R, sop € p. As g; maps to zero under R[zy,...,z,] - A — C we can find
sj € R, s; & p such that s,g; is zero in R[x1,...,Zntm]/(f1,..., fc). Write f; =
Fj(x1,...,%ntm, 1) for some polynomial F; € R[z1,...,Tn, Xn+t1, ..., Xntm+1] ho-
mogeneous in X, y1,..., Xpma1. Pick iy € Ayi=1,...,m+1with A1 € q

[Swa98| Lemma
12.2] or [Pop85,
Lemma 2]
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such that z,,; maps to A\p1i/Aptm+1 in Agq. Then

; >\n )\n m
Fj(>‘17"'7)\n+m+1):()‘nerJrl)deg(Fj)Fj()‘la"~7)‘n1 + sty + 71)
/\n+m+1 )\n+m+1
/\n )\n m
= ()\1'7,—1—1'714—1)deg(Fj)f_j(Ah-..7An7 +1 yee ey + )
)\n+m+1 )\n+m+1

=0

in Ay. Thus we can find Ay € A, Ag & q such that A\gF;(A1,..., Appms1) =0in A
Now we set B equal to

R[x07 s amn+m+1]/(g17 s ,gt,Z‘OFl(xl, s 7xn+m+1)7 s ,$0F0($1, .. -axn-‘rm-i-l))

which we map to A by mapping z; to A;. Let b be the image of zoxy1my15081 - - - St
in B. Then By is isomorphic to

Rsys,..s, [xvalv <o Tntm+1s 1/$0xn+m+1}/(f17 s fe)

which is smooth over R by construction. Since b does not map to an element of q,
we win. (]

Lemma| 9.4. Let R — A — A D q be as in Situation , Let p = RNgq. Assume

(1) q s minimal over b4,
(2) Ry = Ay = Ag D qAy can be resolved, and
(3) dim(Aq) =0.

Then R — A — A D q can be resolved.

Proof. By (3) thering A4 is Artinian local hence qA is nilpotent. Thus (ha)V A, =
0 for some N > 0. Thus there exists a A € A, A € q such that A(h4)Y = 0 in A.
Say Ha/p = (a1,...,a,) so that Aa) = 0 in A. By Lemma we can find a
factorization A — C' — A with C of finite presentation such that he ¢ q. Write
C=Alxy,...,zn)/(f1,- -y fm). Set

B = A[-rlw"7$nay17"'7yT7Z;tij]/(fj - Zyztzjyzyz)

where ¢;; is a set of rm variables. Note that there is a map B — Cly;, 2]/(y:2)
given by setting ¢;; equal to zero. The map B — A is the composition B —
Clyi, 2]/ (yiz) — A where Cly;, z]/(y;z) — A is the given map C — A, maps z to A,
and maps y; to the image of a? in A.

We claim that B is a solution for R - A — A D q. First note that B, is iso-
morphic to Clyi,...,¥Yr, 2,2~ '] and hence is smooth. On the other hand, B,, =
Alz;, yi, y;l, tij, 4 # £] which is smooth over A. Thus we see that z and asy, (com-
positions of smooth maps are smooth) are all elements of Hpg,r. This proves the
lemma. (Il

10. Separable residue fields

In this section we explain how to solve a local problem in the case of a separable
residue field extension.

Lemma 10.1 (Ogoma). Let A be a Noetherian ring and let M be a finite A-
module. Let S C A be a multiplicative set. If 1 € A and Ker(mw : S™'M —
STIM) = Ker(n? : ST'M — S='M) then there exists an s € S such that for any
n > 0 we have Ker(s"m: M — M) = Ker((s"n)? : M — M).
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Proof. Let K = Ker(r : M — M) and K’ = {m € M | 7?m = 0 in S~'M} and
Q = K'/K. Note that S™1Q = 0 by assumption. Since A is Noetherian we see
that @ is a finite A-module. Hence we can find an s € S such that s annihilates Q.
Then s works. (]

Lemmal 10.2. Let A be a Noetherian ring. Let I C A be an ideal. Let I C q be
a prime. Let n,e be positive integers Assume that q"Aq C IAq and that Ay is a

reqular local ring of dimension d. Then there exists ann > 0 and 71,...,7q € A
such that

(1) (m1,...,ma)Aq = qAq,

(2) n},...,my €1, and

(3) fori=1,...,d we have
Annpne,.me A (i) = Annp e, me A (7).

Proof. Set S = A\ g so that Aq = S™'A. First pick m,...,mg with (1) which is
possible as A4 is regular. By assumption 7} € IA,. Thus we can find s1,...,54 € S
such that s;n?" € I. Replacing m; by s;m; we get (2). Note that (1) and (2) are
preserved by further multiplying by elements of S. Suppose that (3) holds for
i =1,...,t for some t € {0,...,d}. Note that m,...,74 is a regular sequence
in S7!A, see Algebra, Lemma In particular «f{,...,nf, m41 is a regular
sequence in ST'A = A, by Algebra, Lemma Hence we see that

Anng-ip e, me (W) = AnNgoip(re e (77).

i—

Thus we get (3) for ¢ = t+1 after replacing 741 by smy41 for some s € S by Lemma
By induction on ¢ this produces a sequence satisfying (1), (2), and (3). O

Lemmal 10.3. Let k — A — A D q be as in Situation where

(1) k is a field,

(2) A is Noetherian,

(3) q is minimal over b4,

(4) Aq is a regular local ring, and

(5) the field extension k(q)/k is separable.

Then k — A — A D q can be resolved.

Proof. Set d = dimA,. Set R = k[zy,...,x4]. Choose n > 0 such that q"Aq C
haAq which is possible as q is minimal over h4. Choose generators ai,...,a, of
HA/R' Set

B = A[ml, .oy Xd, Z”]/(Z‘Zl — Zzijaj)

Each B, is smooth over R it is a polynomial algebra over A, [x1,...,24] and Aq;
is smooth over k. Hence B, is smooth over R. Let B — C' be the R-algebra map
constructed in Lemma [3.I] which comes with a R-algebra retraction C' — B. In
particular a map C' — A fitting into the diagram above. By construction C,, is
a smooth R-algebra with Qcmi /r free. Hence we can find ¢ > 0 such that zf is
strictly standard in C'/R, see Lemma Now choose 71,...,7mq € A as in Lemma
where n=n,e=28c, q=qand I =hy. Write 7}’ = > \;;a, for some m;; € A.
There is a map B — A given by x; — m; and z; — A;;. Set R = klz1,...,24].
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Diagram

- - B

RS

k——sA——A
Now we apply Lemma to R - C — A D q and the sequence of elements
xf,...,z5 of R. Assumption (2) is clear. Assumption (1) holds for R by inspection
and for A by our choice of 71, ..., m4. (Note that if Anny(7) = Anny(7?), then we
have Anny (7) = Anna (7€) for all ¢ > 0.) Thus it suffices to resolve

R/(x5,...,259) = C/(af,...,25) = N/ (ny,...,75) Dq/(n%,...,75)

for e = 8¢. By Lemma [9.4] it suffices to resolve this after localizing at q. But since
Z1,...,Tq map to a regular sequence in Aq we see that R, — A, is flat, see Algebra,
Lemma [[28.2] Hence

Ry/(25,...,25) = Ag/(m5, ..., 7%)

is a flat ring map of Artinian local rings. Moreover, this map induces a separable
field extension on residue fields by assumption. Thus this map is a filtered colimit
of smooth algebras by Algebra, Lemma and Proposition [5.3] Existence of
the desired solution follows from Algebra, Lemma O

11. Inseparable residue fields

In this section we explain how to solve a local problem in the case of an inseparable
residue field extension.

Lemma 11.1. Let k be a field of characteristicp > 0. Let (A, m, K) be an Artinian
local k-algebra. Assume that dim Hy(Lg i) < oo. Then A is a filtered colimit of
Artinian local k-algebras A with each map A — A flat, with maA = m, and with A
essentially of finite type over k.

Proof. Note that the flatness of A — A implies that A — A is injective, so the
lemma really tells us that A is a directed union of these types of subrings A C A.
Let n be the minimal integer such that m™ = 0. We will prove this lemma by
induction on n. The case n = 1 is clear as a field extension is a union of finitely
generated field extensions.

Pick A1,...,A¢ € m which generate m. As K is formally smooth over F, (see
Algebra, Lemma [158.7]) we can find a ring map ¢ : K — A which is a section of the
quotient map A — K. In general ¢ is not a k-algebra map. Given ¢ we define

\I/J:K[ml,...,l'd]—)A

using o on elements of K and mapping z; to A\;. Claim: there exists a 0 : K — A
and a subfield kK C F' C K finitely generated over k such that the image of k in A
is contained in U, (F[z1,...,z4]).

We will prove the claim by induction on the least integer n such that m” = 0. It is
clear forn = 1. If n > 1set I = m"~! and A’ = A/I. By induction we may assume
given o/ : K — A’ and k C F’ C K finitely generated such that the image of k —
A — A’ is contained in A" = ¥,/ (F'[x1,...,24]). Denote 7/ : k — A’ the induced
map. Choose a lift o : K — A of ¢’ (this is possible by the formal smoothness
of K/F, we mentioned above). For later reference we note that we can change o
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to o + D for some derivation D : K — I. Set A = Flxy,...,xq]/(x1,...,2q)".
Then V¥, induces a ring map ¥, : A — A. The composition with the quotient
map A — A’ induces a surjective map A — A’ with nilpotent kernel. Choose a lift
T:k — Aof 7 (possible as k/F, is formally smooth). Thus we obtain two maps
k — A, namely ¥, o7 : k — A and the given map i : kK — A. These maps agree
modulo I, whence the difference is a derivation § =i — ¥, o7 : £ — I. Note that
if we change ¢ into o + D then we change 6 into 6 — D|y.

Choose a set of elements {y;};cs of k whose differentials dy; form a basis of Q/r,-
The Jacobi-Zariski sequence for F, C k C K is

As dim Hy(Lg ) < oo we can find a finite subset Jo C .J such that the image of the
first map is contained in @jeJo Kdy;. Hence the elements dy;, j € J\ Jo map to
K-linearly independent elements of 2 /g, . Therefore we can choose a D : K — I
such that § — D|; = £ o d where £ is a composition

Qk/FP = ®jEJ kdy] — @jGJo kdyj — 1

Let f; = &(dy;) € I for j € Jp. Change o into o + D as above. Then we see
that 6(a) = > ;c;, a;f; for a € k where da = 3 a;dy; in Q4/p,. Note that I is
generated by the monomials A¥ = A{* ...\ of total degree |E| = > e; =n—1
in )\1, .. .,)\d. Write fj = ZE Cj,E/\E with CjE € K. Replace F’ by F = F/(Cj7E).
Then the claim holds.

Choose o and F' as in the claim. The kernel of ¥, is generated by finitely many
polynomials g1,...,g: € K[z1,...,24] and we may assume their coefficients are in
F after enlarging F' by adjoining finitely many elements. In this case it is clear that
the map A = Flz1,...,z4]/(g1,...,9:) = K[z1,...,24]/(g1,...,9:) = Ais flat. By
the claim A is a k-subalgebra of A. It is clear that A is the filtered colimit of these
algebras, as K is the filtered union of the subfields F. Finally, these algebras are
essentially of finite type over k by Algebra, Lemma [54.4 (]

Lemmal 11.2. Let k be a field of characteristic p > 0. Let A be a Noetherian
geometrically reqular k-algebra. Let q C A be a prime ideal. Let n > 1 be an
integer and let E C Aq/q"Aq be a finite subset. Then we can find m > 0 and
0 ky1,...,ym] = A with the following properties

(1) setting p = ¢~ (q) we have qAq = pAq and kly1, ..., ymlp — Aq is flat,

(2) there is a factorization by homomorphisms of local Artinian rings

k[ylv cee 7ym}P/pnk[y17 oo 7ym}p =D — Aq/anq

where the first arrow is essentially smooth and the second is flat,
(3) E is contained in D modulo q"Aq.

Proof. Set A = A,/q"A,. Note that dim Hy(Ly(q)/k) < oo by More on Alge-
bra, Proposition m Pick A c A containing F such that A is local Artinian,
essentially of finite type over k, the map A — A is flat, and m, generates the
maximal ideal of A, see Lemma m Denote F = A/my the residue field so
that K ¢ F C K. Pick A1,...,\¢ € A which map to elements of A in A such
that moreover the images of d\1,...,d\; form a basis of Qp/,. Consider the map
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¢ ¢ k[yr,...,u:] — A sending y; to A;. Set p’ = (¢')7'(q). By More on Alge-
bra, Lemma the ring map klyi,..., ¥y — Aq is flat and Aq/p’A4 is regular.
Thus we can choose further elements A;y1,..., A, € A which map into A C A
and which map to a regular system of parameters of Aq/p’A;. We obtain ¢ :
Ely1,...,ym] — A having property (1) such that k[y1, ..., Ymlp/P" kY1, -, Ymlp —
A factors through A. Thus k[y1, .-, Ym]p/P kY1, - - -, Ym]p — A is flat by Algebra,
Lemma [39.9] By construction the residue field extension F'/(p) is finitely gener-
ated and Qp/.p) = 0. Hence it is finite separable by More on Algebra, Lemma
Thus ky1, ..., Ymlp/P"k[Y1, ..., Ym]p — A is finite by Algebra, Lemma
Finally, we conclude that it is étale by Algebra, Lemma Since an étale ring
map is certainly essentially smooth we win. ([l

Lemma 11.3. Let ¢ : kly1,...,ym] = A, n, q, p and

Elyi, . ymlp/p" = D = Aq/q" Aq

be as in Lemma m Then for any A € A\ q there exists an integer ¢ > 0 and a
factorization
Elyi, - ymlp/p" = D — D" — Ag/q"Aq

such that D — D' is an essentially smooth map of local Artinian rings, the last
arrow is flat, and A\ is in D’.

Proof. Set A = A,/q"A,. Let A be the image of A in A. Let a € x(q) be the image
of A in the residue field. Let k¥ C F' C x(q) be the residue field of D. If « is in
F then we can find an 2 € D such that 2\ = 1 mod q. Hence (z\)? = 1 mod (q)¢
if ¢ is divisible by p. Hence \? is in D. If « is transcendental over F, then we
can take D' = (D[A])m equal to the subring generated by D and X localized at
m = D[\ NgA. This works because D[)] is in fact a polynomial algebra over D
in this case. Finally, if A mod q is algebraic over F', then we can find a p-power
q such that a? is separable algebraic over F', see Fields, Section Note that
D and A are henselian local rings, see Algebra, Lemma Let D — D’ be a
finite étale extension whose residue field extension is F'(a?)/F, see Algebra, Lemma
Since A is henselian and F(a?) is contained in its residue field we can find a
factorization D’ — A. By the first part of the argument we see that X7 € D' for
some ¢’ > 0. O

Lemmal 11.4. Let k — A — A D q be as in Situation where
(1) k is a field of characteristic p > 0,
(2) A is Noetherian and geometrically reqular over k,
(3) q is minimal over h 4.

Then k — A — A D q can be resolved.

Proof. The lemma is proven by the following steps in the given order. We will
justify each of these steps below.
(1) Pick an integer N > 0 such that ¢~ Aq C Ha /A,
(2) Pick generators ay,...,a; € A of the ideal Hy,g.
(3) Set d = dim(Ay).
(4) Set B = A[d?l, vy Xd, Z”]/($2N - Z Zija]‘).
(5)

?

We also obtain a section C' — B.
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(6) Choose ¢ > 0 such that each ¢ is strictly standard in C over k[xy, ..., zq4].
(7) Set n =N +dc and e = 8c.

(8) Let E C Aq/q™Aq be the images of generators of A as a k-algebra.

(9) Choose an integer m and a k-algebra map ¢ : k[y1,...,ym] — A and a
factorization by local Artinian rings

k[yla s 7y7nh'/pnk[y17 s 7ymh‘ — D — ACI/anCI

such that the first arrow is essentially smooth, the second is flat, F is
contained in D, with p = ¢~1(q) the map k[y1,...,ym]p — Aq is flat, and

pAq = gA,.
(10) Choose 71,...,mq € p which map to a regular system of parameters of
k[yla cee aym]P'

(11) Let R = k[yh [N ,ym,tl, NN 7tm] and Yi = 7Titi.
(12) If necessary modify the choice of m; such that for ¢ = 1,...,d we have

Anngy(ye,.ne yr(E) = Amng)ge e RO

(13) There exist d1,...,0q € A, 0; € q and a factorization D — D’ — Aq/q™ A,
with D’ local Artinian, D — D’ essentially smooth, the map D" — A,/q™Aq
flat such that, with 7} = d;7;, we have for i =1,...,d

(a) (m)*N =>"ajN; in A where \;; mod q"Aq is an element of D',
(b) Annpj(rre e (') = AHHA/(wfg,...,w/g_l)(77'?),
(c) 6; mod q"A, is an element of D’.

(14) Define B — A by sending z; to 7, and z; to \;; found above. Define
C — A by composing the map B — A with the retraction C' — B.

(15) Map R — A by g on k[y1, . .., ¥ym] and by sending ¢; to é;. Further introduce
a map

Elx1,...,2q) — R=kly1,- -« Ym,t1,---,td]
by sending z; to v; = m;t;.
(16) It suffices to resolve
R — C®;€[$17,“,$d] R—AD q

(17) Set I = (7%,...,75) C R.
(18) It suffices to resolve

R/I—> C®k:[:r1,...,$d] R/I — A/IA D q/IA

(19) We denote t C R = k[y1,. .-, Ym,t1,...,tq] the inverse image of q.
(20) It suffices to resolve

(R/I)e = C @pay,...owq] (R/T)e = Ng/INg D qAq/TA,

(21) Set J = (w§,...,75) in k[y1, ..., Ym).
(22) It suffices to resolve

(R/JR)y — C @,
(23) It suffices to resolve
(R/P"R)p = C @hlor,.ug] (B/P"R)p = Ag/q"Aq D qAq/q"Aq
(24) Tt suffices to resolve
(R/P"R)p — B ®kfa,...0q) (R/P"R)p — Aq/q"Ag D qAq/q" A4

za] (R/JR)y — Aq/JNq D qAq/JA,

.....
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(25) The ring D'[t1, ..., tq] is given the structure of an R, /p" Ry-algebra by the
given map k[y1,...,Ymlp/9" kY1, ..., Ymlp — D’ and by sending ¢; to t;. It
suffices to find a factorization

B ®k[zl :vd] (R/an)P — D/[th e 7td] — Aq/anq

where the second arrow sends t; to §; and induces the given homomorphism
D" — Ag/q"Ay.
(26) Such a factorization exists by our choice of D’ above.

,,,,,

We now give the justification for each of the steps, except that we skip justifying
the steps which just introduce notation.

Ad . This is possible as q is minimal over ha = \/H 4/ A.

Ad @ Note that A, is smooth over k. Hence B,;, which is isomorphic to a polyno-
mial algebra over A, [z1,...,zq4], is smooth over k[z1,...,24]. Thus B,, is smooth
over k[z1,...,z4). By Lemma[3.1] we see that Cj, is smooth over k[z1, ..., z4] with
finite free module of differentials. Hence some power of z; is strictly standard in C'
over klz1,...,2,] by Lemma

Ad @ This follows by applying Lemma m

Ad . Since k[yi,...,ymlp — Aq is flat and pA; = qA, by construction we
see that dim(k[y1,...,¥mlp) = d by Algebra, Lemma [112.7, Thus we can find

m1,...,Tq € A which map to a regular system of parameters in Aq.
Ad . By Algebra, Lemma [106.3| any permutation of the sequence 71, ..., 74 is
a regular sequence in k[y1,...,Ym]p. Hence v1 = mit1,...,v4 = matq is a regular

sequence in Ry = k[y1,...,Ymlp[t1,...,ta), see Algebra, Lemma [68.10 Let S =
klyi,...,ym] \ p so that R, = S™'R. Note that 71,..., 74 and 71,..., 74 remain
regular sequences if we multiply our m; by elements of S. Suppose that

Anngy e, e r() = Anngye e rR(OF)

holds for ¢ = 1,...,t for some t € {0,...,d}. Note that 7¢,..., v, vi41 is a regular
sequence in ST'R by Algebra, Lemma Hence we see that

Anng-1g )y, e () = Ang-ig (e, e ()
Thus we get
ARy (o ey R(Ve41) = ANNR) (e, a6 R (V1)
after replacing w41 by sm4q for some s € S by Lemma [10.1] By induction on ¢
this produces the desired sequence.

Ad . Let S = A\ q so that A, = S~'A. Set A = A,/q"A,. Suppose that
we have a t € {0,...,d} and d1,...,0, € S and a factorization D — D’ — A as
in such that (a), (b), (c) hold for i = 1,...,t. We have n{ | € Ha/Aq as
qgVA, C Hy 1\ by . Hence ﬂtj\fH € H, A Hence ﬂﬁl € Hy/D" as D' — A
is faithfully flat, see Algebra, Lemma Recall that H, /), = (a1,...,a:). Say
71 =Y a;d; in D" and choose ¢; € Aq lifting d; € D'. Then %, = Y cja; + ¢
with € € q"Aq C q""NHa/,Aq. Write € = Y~ a;¢] for some ¢ € q"~NA,. Hence
Ty = > (micj + iy 1 ¢f)ay. Note that 7Y, ¢} maps to zero in A; this trivial but
key observation will ensure later that (a) holds. Now we choose s € S such that
there exist py+1; € A such that on the one hand Wﬁlcj + Wﬁlc;- = pir15/8* in

S~1A and on the other (sm4+1)?Y = Y pyt15a; in A (minor detail omitted). We
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may further replace s by a power and enlarge D’ such that s maps to an element of
D’. With these choices p;41; maps to s d; which is an element of D’. Note that
m1,...,Tq are a regular sequence of parameters in S~'A by our choice of . Hence
T1,...,Tq forms a regular sequence in Ay by Algebra, Lemma [106.3| It follows that
7', ..., 7, smy is a regular sequence in STLA by Algebra, Lemma Thus we
get

AnnS*lA/(n’i ..... wg)(é’ﬂtﬂ) = AnnS*lA/(w’i ..... w/g)((SWtH)Q)-
Hence we may apply Lemma to find an s’ € S such that

Annyp e arey () s7eg1) = Annp ygrre ey (((8)Dsmg1)?).

t

for any ¢ > 0. By Lemma[11.3|we can choose ¢ and enlarge D’ such that (s')? maps
to an element of D’. Setting d;11 = (s')%s and we conclude that (a), (b), (c¢) hold
fori=1,...,t+1. For (a) note that A\;11; = (s')*¥9u;41,; works. By induction on
t we win.

Ad li By construction the radical of Hicg,,,
the elements a; € H,/;, map to elements of Hp k(s .,... 2,1, hence map to elements
of Hoyk[s,,...,x,]» hence a; @ 1 map to elements of HC®HI1 e RIR Moreover, if
we have a solution C ®(y,,... .0, B — T — A of

rd]R)/RA contains h 4. Namely,

,,,,,

then Hy r C Hy/p as R is smooth over k. Hence T' will also be a solution for the
original situation k - A — A D q.

Ad . Follows on applying Lemma to R — C ®p[y,,....2.) B = A D q and the
sequence of elements ~{,...,v5. We note that since z{ are strictly standard in C
over k[z1,...,2q] the elements ~f are strictly standard in C Oklar,...,xq) I OVer

by Lemma The other assumption of Lemma holds by steps and .

Ad (20). Apply Lemma[9.4]to the situation in (I8). In the rest of the arguments the
target ring is local Artinian, hence we are looking for a factorization by a smooth
algebra T over the source ring.

Ad (22). Suppose that C @ga, ... 2, (R/JR)p — T — Aq/JAq is a solution to
(B/JR)p = C ®pfa,....zq) (R/JR)y = Aq/JAq D alq/JAq
Then C ®py,.... 24 (R/I)e = Ty — Aq/IAq is a solution to the situation in .

Ad . Our n = N + dc is large enough so that p"kly1,...,yml, C Jp and
q" Ay C JA4. Hence if we have a solution C ®p[g, ... 0, (R/P"R)p = T — Ag/q" A4
of then we can take T/JT as the solution for (23)).

Ad . This is true because we have a section C — B in the category of R-
algebras.

Ad . This is true because D’ is essentially smooth over the local Artinian ring
Elyi, .. Umlp/P"k[Y1, .- ., Ym]p and
Rp/anp = k[yla R ym]p/Pnk[?Jla see 7ym]P[t17 e 7td]-

Hence D'[t1,. .., t4] is a filtered colimit of smooth Ry, /p" Ry-algebras and B&yz, ... 4]
(Rp/p"R)) factors through one of these.
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Ad (26). The final twist of the proof is that we cannot just use the map B — D’
which maps z; to the image of 7} in D’ and z;; to the image of A;; in D’ because
we need the diagram

B = D'[t,... t]

| |

klz1,...,2q) — Ry /"R,

to commute and we need the composition B — D’[t1, ..., tq5] = Aq/q"Aq to be the
map of . This requires us to map z; to the image of m;t; in D[ty ..., t4]. Hence
we map 2;; to the image of \;;t2V /62V in D'[t1,...,t4] and everything is clear. [J

12. The main theorem
In this section we wrap up the discussion.

Theorem 12.1 (Popescu). Any regular homomorphism of Noetherian rings is a
filtered colimit of smooth ring maps.

Proof. By Lemma[8:4]it suffices to prove this for k& — A where A is Noetherian and
geometrically regular over k. Let kK — A — A be a factorization with A a finite type
k-algebra. It suffices to construct a factorization A — B — A with B of finite type
such that hp = A, see Lemma [2.8] Hence we may perform Noetherian induction on
the ideal h4. Pick a prime q D b4 such that q is minimal over h4. It now suffices
to resolve k — A — A D q (as defined in the text following Situation . If the
characteristic of k is zero, this follows from Lemma If the characteristic of k
is p > 0, this follows from Lemma [T1.4] O

13. The approximation property for G-rings

Let R be a Noetherian local ring. In this case R is a G-ring if and only if the
ring map R — R" is regular, see More on Algebra, Lemma, In this case it is
true that the henselization R" and the strict henselization R*" of R are G-rings, see
More on Algebra, Lemmal[50.8f Moreover, any algebra essentially of finite type over
a field, over a complete local ring, over Z, or over a characteristic zero Dedekind
ring is a G-ring, see More on Algebra, Proposition This gives an ample
supply of rings to which the result below applies.

Let R be a ring. Let f1,..., fmm € R[x1,...,2,]. Let S be an R-algebra. In this
situation we say a vector (ai,...,a,) € S™ is a solution in S if and only if

filai,...;a,)=0in S, for j=1,....,m

Of course an important question in algebraic geometry is to see when systems of
polynomial equations have solutions. The following theorem tells us that having
solutions in the completion of a local Noetherian ring is often enough to show there
exist solutions in the henselization of the ring.

Theorem 13.1. Let R be a Noetherian local ring. Let f1,..., fm € Rlz1,...,2y].
Suppose that (a1,-..,a,) € (R™)" is a solution in R™. If R is a henselian G-ring,
then for every integer N there exists a solution (by,...,b,) € R™ in R such that
a; —b; € mN RN,
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Proof. Let ¢; € R be an element such that a; — ¢; € m". Choose generators
mY = (dy,...,dy). Write a; = ¢; + Y a;d;. Consider the polynomial ring Rz ]
and the elements

g9; = Filer + > mradi,. o en+ > @nidng) € Rl

The system of equations g; = 0 has the solution (a,;). Suppose that we can show
that g; as a solution (b;;) in R. Then it follows that b; = ¢; + ) b; 1d; is a solution
of f; = 0 which is congruent to a; modulo m¥. Thus it suffices to show that
solvability over R" implies solvability over R.

Let A C R™ be the R-subalgebra generated by ay,...,a,. Since we've assumed R
is a G-ring, i.e., that R — R” is regular, we see that there exists a factorization

A— B— R"

with B smooth over R, see Theorem Denote x = R/m the residue field. It is
also the residue field of R", so we get a commutative diagram

B > R/

I\,

R——&

Since the vertical arrow is smooth, More on Algebra, Lemma [0.14]implies that there
exists an étale ring map R — R’ which induces an isomorphism R/m — R'/mR’
and an R-algebra map B — R’ making the diagram above commute. Since R is
henselian we see that R — R’ has a section, see Algebra, Lemma[153.3] Let b; € R
be the image of a; under the ring maps A — B — R’ — R. Since all of these maps
are R-algebra maps, we see that (b1,...,b,) is a solution in R. O

Given a Noetherian local ring (R, m), an étale ring map R — R’, and a maximal
ideal m’ C R’ lying over m with x(m) = k(m’), then we have inclusions

RC Ry C R"C R",
by Algebra, Lemma [[55.5] and More on Algebra, Lemma

Theorem 13.2. Let R be a Noetherian local ring. Let fi,..., fm € Rlx1,...,zy].
Suppose that (a1,...,a,) € (R™)™ is a solution. If R is a G-ring, then for every
integer N there exist

(1) an étale ring map R — R/,

(2) a mazimal ideal m" C R lying over m

(3) a solution (by,...,b,) € (R)™ in R’
such that k(m) = k(m') and a; — b; € (m")N R,

Proof. We could deduce this theorem from Theorem [13.1| using that the henseliza-
tion R" is a G-ring by More on Algebra, Lemma writing RM as a directed
colimit of étale extension R’. Instead we prove this by redoing the proof of the
previous theorem in this case.

Let ¢; € R be an element such that a; — ¢; € m". Choose generators m" =

(dv,...,dy). Write a; = ¢; + > a;;d;. Consider the polynomial ring R[x;,] and
the elements

gj = fj(q + Z :L‘lel, oo Cn + Z xn,ldn,l) S R[:vi’l]
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The system of equations g; = 0 has the solution (a;;). Suppose that we can show
that g; as a solution (b;;) in R’ for some étale ring map R — R’ endowed with a
maximal ideal m’ such that k(m) = x(m’). Then it follows that b; = ¢; + 3 b;d;
is a solution of f; = 0 which is congruent to a; modulo (m’)". Thus it suffices
to show that solvability over R” implies solvability over some étale ring extension
which induces a trivial residue field extension at some prime over m.

Let A C R be the R-subalgebra generated by aq,...,a,. Since we've assumed R
is a G-ring, i.e., that R — R” is regular, we see that there exists a factorization

A— B— R"

with B smooth over R, see Theorem Denote k = R/m the residue field. It is
also the residue field of R", so we get a commutative diagram

B > R/

I\,

R——&

Since the vertical arrow is smooth, More on Algebra, Lemma [0.14]implies that there
exists an étale ring map R — R’ which induces an isomorphism R/m — R'/mR’
and an R-algebra map B — R’ making the diagram above commute. Let b; € R’
be the image of a; under the ring maps A — B — R’. Since all of these maps are
R-algebra maps, we see that (by,...,b,) is a solution in R’. O

Example 13.3. Let (R, m) be a Noetherian local ring with henselization R". The
map on completions R — (R")" is an isomorphism, see More on Algebra, Lemma
Since also R" is Noetherian (ibid.) we may think of R" as a subring of its
completion (because the completion is faithfully flat). In this way we see that we
may identify R" with a subring of R".

Let us try to understand which elements of R are in R". For simplicity we assume
R is a domain with fraction field K. Clearly, every element f of R" is algebraic over
R, in the sense that there exists an equation of the form a, f*+...+a1f+ap =0
for some a; € R with n > 0 and a,, # 0.

Conversely, assume that f € R, n € N, and ao,...,a, € R with a, # 0 such
that a, f"+ ...+ a1f + a9 = 0. If R is a G-ring, then, for every N > 0 there
exists an element g € R" with a,¢™ + ... +a19+ap =0 and f — g € mVR", see
Theorem [13.2] We'd like to conclude that f = g when N >> 0. If this is not true,
then we find infinitely many roots g of P(T) in R". This is impossible because
(1) R" ¢ R" ®r K and (2) R" ®g K is a finite product of field extensions of K.
Namely, R — K is injective and R — R" is flat, hence R" — R" @ K is injective
and (2) follows from More on Algebra, Lemma

Conclusion: If R is a Noetherian local domain with fraction field K and a G-ring,
then R" C R” is the set of all elements which are algebraic over K.

Here is another variant of the main theorem of this section.

Lemma 13.4. Let R be a Noetherian ring. Let p C R be a prime ideal. Let
fi,--y fm € Rlx1,...,x,]. Suppose that (a1,...,a,) € ((Ry)")™ is a solution. If
R, is a G-ring, then for every integer N there exist

(1) an étale ring map R — R/,
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(2) a prime ideal p’ C R’ lying over p
(3) a solution (by,...,by) € (R)™ in R’
such that r(p) = r(p’) and a; — b € (p)N (R},)".

Proof. By Theorem [13.2 we can find a solution (b},...,b},) in some ring R” étale
over R, which comes with a prime ideal p” lying over p such that x(p) = k(p”)
and a; — b} € (p”)N(Rg,,)A. We can write R” = R’ ®g R, for some étale R-algebra
R’ (see Algebra, Lemma [[43.3). After replacing R’ by a principal localization
if necessary we may assume (b},...,b)) come from a solution (by,...,b,) in R’
Setting p’ = R' Np” we see that R, = R, which finishes the proof. O

14. Approximation for henselian pairs

We can generalize the discussion of Section [I3] to the case of henselian pairs.
Henselian pairs where defined in More on Algebra, Section

Lemma 14.1. Let (A,I) be a henselian pair with A Noetherian. Let A™ be the
I-adic completion of A. Assume at least one of the following conditions holds

(1) A— A" is a regular ring map,

(2) A is a Noetherian G-ring, or

(3) (A,I) is the henselization (More on Algebra, Lemma[12.1)) of a pair (B, J)

where B is a Noetherian G-ring.

Given f1,..., fm € Alz1,..., 2] and a1, ..., a4, € A" such that f;(a1,...,a,) =0
forj=1,...,m, for every N > 1 there exist a1,...,a, € A such that &; —a; € IV
and such that fj(ai,...,an) =0 for j=1,...,m.

Proof. By More on Algebra, Lemma [50.15( we see that (3) implies (2). By More
on Algebra, Lemma [50.14] we see that (2) implies (1). Thus it suffices to prove the
lemma in case A — A" is a regular ring map.

Let @y,...,4, be as in the statement of the lemma. By Theorem [[2.1] we can
find a factorization A — B — A" with A — P smooth and by,...,b, € B with
fi(b1,...,b,) = 0in B. Denote o : B — A" — A/I"™ the composition. By More
on Algebra, Lemma we can find an étale ring map A — A’ which induces an
isomorphism A/IY — A’/IV A’ and an A-algebra map & : B — A’ lifting 0. Since
(A, I) is henselian, there is an A-algebra map x : A’ — A, see More on Algebra,
Lemma [I1.6] Then setting a; = x(6(b;)) gives a solution. O
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