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Abstract In this article we use our previous constructions (L. Briinjes, C. Serpé,
Theory Appl. Categ. 14:357-398, 2005) to lay down some foundations for the appli-
cation of A. Robinson’s nonstandard methods to modern algebraic geometry. The
main motivation is the search for another tool to transfer results from characteristic
zero to positive characteristic and vice versa. We give applications to the resolution of
singularities and weak factorization.

Mathematics Subject Classification (2000) 03HOS5 - 14A20 - 14F20

1 Introduction

The difficulty of many problems about algebraic varieties depends on the characteris-
tic of the base field. Resolution of singularities (proved in characteristic zero, open in
characteristic p) and Grothendieck’s standard conjecture on the rationality of Kiinneth
components (proved over finite fields, open in characteristic zero) are prominent exam-
ples. This is mostly due to the fact that some tools — like transcendental methods — are
only available in characteristic zero while others — like Frobenius morphisms — only
exist in characteristic p.

A link between the apparently so different worlds of characteristic zero and charac-
teristic p is provided by internal fields of infinite characteristic, for example the *finite
field *Z/ P, where *Z is an enlargement of Z and P € *Z is an infinite prime:
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2 L. Briinjes, C. Serpé

Let ® be a first order statement in the language of fields. If ® is true for all fields of
characteristic zero, it is in particular true for *Z/ P (which externally has characteristic
zero), so by the permanence principle it is true for I, for infinitely many finite primes
p € Z.If, on the other hand, & is true for almost all I, it is also true for *Z/P, a
field of characteristic zero.

Unfortunately, being first order is a strong condition in whose absence the above
reasoning fails, and the language of fields is ill adapted to dealing with schemes,
sheaves and cohomology in Grothendieck’s modern language of algebraic geometry.

Building on our paper [2], we therefore use the notion of enlargement of categories
to establish a more flexible method of transferring properties from characteristic zero
to characteristic p and vice versa in the framework of schemes:

Starting from a category ‘B of rings, we consider the fibred category Scﬁfé? /B of
finitely presented schemes over objects of B and enlarge it to get the category of

*schemes * ScA'® , fibred over */B. Here the main point is the following:

An object A of *B is also an ordinary ring, and we can consider the category 5(:623
of finitely presented schemes over A. The notion of scheme is not first order, so an
object X of Scﬁff is not an A-*scheme. Nevertheless, X is given by finitely many
equations in finitely many unknowns, and these define a *scheme N X over A (in fact,
we construct a canonical fibred functor from ScﬁilzB to * cﬁg, which turns out to be
a fibred Kan extension and is therefore unique up to unique isomorphism). Similarly,
any finitely presented Ox-module ¥ defines a *finitely presented Oy x-*module given
by “the same” presentation. For modules, there is even a canonical functor S in the
opposite direction, sending Oy x-*modules to Ox-modules, and the functors N and
S turn out to have many nice properties.

The main part of our paper is devoted to proving that many properties of X (like
for example being smooth or proper) translate into corresponding properties of N X.
Let us stress the fact that this is not simply an application of the transfer principle.

Especially in the case where A is a field, properties of N X often also imply corre-
sponding properties of X — for example, N X is *irreducible or *integral if and only
if X isirreducible or integral.

Furthermore, we can give criteria (mostly of cohomological nature) for whether
a given *scheme or *module lies in the essential image of N, thus enabling us to
deduce the existence of schemes and modules with certain properties from the exis-
tence of *schemes and *modules with the corresponding properties (note that there are
many *scheme which do no lie in the essential image of N , for example *schemes of
*finite but infinite *dimension and *schemes given by equations of *finite but infinite
*degree).

The announced method of transfer between characteristic zero and characteristic
p now roughly works as follows: let @ be a statement of schemes. Assume first that
® holds in characteristic zero, and consider a class C of *schemes over *fields which
lie in the essential image of N (i.e., a class of “bounded complexity”, for example the
class of *projective *schemes whose *dimension and *degree is bounded by a finite
number). If k is a *field in */B of infinite *characteristic, ® holds for schemes over k
(which has characteristic zero as a field), and using properties of N, it will often be
possible to show that *@® then holds for *schemes in C, hence ® holds for (certain)
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Enlargements of schemes 3

schemes over fields of finite characteristic (by the permanence principle). We will give
two applications of this method, namely to the problems of resolution of singularities
and of weak factorization in characteristic p.

If, on the other hand, ® holds for schemes in characteristic p, by transfer *® holds
for *schemes over *fields k in *B of infinite *characteristic, so if X is a scheme over
k, *® holds for N X. Again, using properties of N, it will often be possible to use
this fact to prove that ® holds for X, a scheme in characteristic zero. For example, if
the (modified) Jacobian conjecture was proven is characteristic p, this method, com-
bined with an easy application of the Lefschetz principle, would imply the Jacobian
conjecture over Q.

At this point, let us mention Angus Macintyre’s “many sorted” approach to the
application of Model Theory to Algebraic Geometry in [19], where he considers
ultraproducts of varieties (and algebraic cycles) of fixed complexity. Though a direct
comparison between Macintyre’s approach and ours is difficult due to the different
languages used, *schemes and *schemes in the essential image of N correspond to
ultraproducts of varieties of arbitrary and of bounded complexity. Often our methods
will lead to questions about uniform bounds of complexities, and it would be inter-
esting to compare our systematic approach with other work on such bounds like the
article [21] of Schoutens.

Further we would like to remark that in [3], we apply the same enlargement con-
struction from [2] to étale cohomology, and we get interesting new cohomology the-
ories for algebraic varieties. Yet that work is somehow independent of the things we
do here, because there we only apply those constructions to the coefficients of sheaf
cohomology and not to the schemes themselves.

In subsequent papers, we plan to define similar functors N for K-theory, cycles
and étale cohomology, and even though we demonstrate the usefulness of our method
as it stands in the present paper (and it will not be hard to find other applications along
similar lines), our main motivation for this paper is to lay the ground for that future
work, from which we hope to gain new insights into the theory of algebraic cycles
over varieties in characteristic zero and characteristic p.

The paper is organized as follows: in the second section we give basic definitions;

in particular we define the fibration SCﬁf; /B of finitely presented schemes over a small

category of rings B and consider the enlargement *Scﬁfé /*B.
In the third section we relate schemes and *schemes. For that, we define a func-
tor N : .Scﬁipg /*B — *.Scﬁf; /*B which extends the canonical functor SC/ifg /B —

* cﬁ%’ /*B. In particular, for an internal ring A, we get a functor N : Sch'® JA —
*Sch'/A.

Section 4 discusses more properties of the functor N and shows that it respects
many properties of morphism between schemes.

In Sect. 5 we define and investigate an analogous functor N for coherent modules.
That is, for a scheme X of finite presentation over an internal ring, we define a functor
from coherent modules on X to *coherent modules on N X.

Section 6 specializes to the case where the internal ring A is actually an internal
field. Mainly, we apply a theorem of van den Dries and Schmidt to show — among other
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4 L. Briinjes, C. Serpé

things — that the functor N on modules is exact and that the functor N on schemes is
compatible with Quot- and Hilbert-schemes.

In Sect. 7 we show that N is compatible with higher direct images of coherent
sheaves for proper morphisms (the proof of this is similar to the proof of the theorem
on formal functions in Algebraic Geometry). One main application of this theorem is
that N is fully faithful on coherent modules and induces an injection on Picard groups.

Section 8 shows that it is possible to define a kind of shadow map for varieties over
an internal valued field with locally compact completion.

In Sect. 9 finally we give two standard applications of the theory: first we reprove a
result on resolution of singularities in characteristic p by Eklof, and second we show
a similar result for the factorization of birational morphisms.

We would like to thank the referees for their useful remarks and comments.

2 Basic definitions

Let Rings be the category of rings, let B C Rings be a small (not necessarily full)
subcategory, let K be the small full subcategory of Rings containing every object of
B and (an isomorphic image of) every ring finitely presented over Z or over an object
of B, and let S be the small full subcategory of the category of schemes containing
(an isomorphic image of) every scheme which is finitely presented over an object of
R.

Choose a universe 7 such that § is 7/-small, and choose a superstructure M con-
taining U (such that any U-small category is M- small — compare [2, A.3]).

Let  : M — *M be an enlargement. Since S is M- small, so are B and R, and
we can consider the enlargements *B C *R® and *, all *M-small categories, where
*B and *R can be thought of as categories of (internal) rings with (internal) ring
homomorphisms as morphisms (compare [2, 4.7]).

We call objects of * R *rings and objects of *S *schemes.

Define Sch to be the category whose objects are morphisms X — Spec (S) (with

X an arbitrary scheme and S an arbitrary ring) and whose morphisms [X’ Ix,

Spec (5)] — [X 25 Spec (S)] are pairs (X' & X, § % §') such that the fol-
lowing square commutes:

X —X

]Tx/i \LJTX
ec (¢)

Spec (S”) Specly) Spec (S).

(If the morphism X — Spec (S) is understood, we often denote the object X —
Spec (S) by X/S or —if S is understood as well — simply by X.)

Projection onto the second component defines a functor Scf — Q{ings"p which is
obviously a bifibration: For a ring homomorphism ¢ : § — §’, inverse and direct
image are given by
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Enlargements of schemes 5

@*[X — Spec (S)] =[X x5 8 — Spec(S)] and

@[ X" — Spec (8")] = [X' — Spec (5) m Spec (9)].

The fibre over a ring S is obviously the category Scfs of S-schemes.

Let ScA™ be the full subcategory of Scfi consisting of morphisms X — Spec ()
with X a finitely presented S-scheme. Then Sc/ifp is a subfibration of Scf over Rings
(but no longer a bifibration, because for a ring homomorphism § — §’, not every
finitely presented S’-scheme will in general be finitely presented as an S-scheme). Of
course, the fibre over a ring S is the category SCﬁgp of finitely presented S-schemes.

For an arbitrary subcategory C of Rings, we can form the pullbacks of Sch —

Rings® and Sch? — Rings® along CP — Rings®, and we denote the resulting
bifibration, the fibration over C°P by ScA ¢ and SCﬁfg.l

Applying this to C := B and C := *B, we get bifibrations SchAg — B and
Sch«g — *B°P and fibrations .Scﬁ%) — B°P and Scﬁ,f% — *BP,

Since the fibrations Sc/it;é — R°P and Scﬁf; — ‘B°P are obviously M -small, we
can consider their enlargements

fp fp
*Seh =" Sch, %

L

* QOP( Sk ROP

which are again fibrations (compare [2, 7.3]), whose fibres we denote by *Scﬁgp for
objects S of *R.

Definition 2.1

(i) For a *ring S, we call the category *ﬂ{qs := *R\S of objects under S the
category of S-*algebras.

(i) By transfer we have a functor *Spec : *R? — *§ from *rings to *schemes,
and we call *schemes in the essential image of this functor *affine.

(iii) For a *scheme X, we call the category * Schy = *S/X of objects over X the
category of X-*schemes or —if X = *Spec (A) is *affine — the category * Scfia
of A-*schemes.

(iv) Let P be a property of rings (schemes, morphisms of rings, morphisms of
schemes). When considering P as a predicate on the set of objects of X (of
objects of §,...), we get a predicate *P on the set of objects of * R (of objects of
*S,...), i.e., a property of *rings (*schemes, morphisms of *rings, morphisms
of *schemes).

1 When we view Scfi and ScA™ as pseudo-functors from Rings°P to the category of categories, then Scfi g
and SCH? are just the restrictions of these functors to C°P.
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6 L. Briinjes, C. Serpé

Remark 2.2 Itfollows immediately from transfer that objects of *Scﬁilig are morphisms
of *schemes X — *Spec (S), where S is a *ring and X is a *scheme. Morphisms
[X' — *Spec (S)] — [X — *Spec (S)] are pairs ( f, ¢) with f € Mor«s(X’, X) and
@ € Mor=g (S, S’) such that the following square commutes in *S:

X’ ! X

l *Spec (¢) l

*Spec (§') —— = *Spec (9).

In particular, for a *ring S, the fibre *SCﬁgP is the full subcategory of the category of §-
*schemes defined in Definition 2.1 consisting only of *finitely presented S-*schemes.

Definition 2.3 Consider the functor Pol : INg x X — R [where INy is the category
associated to the partially ordered set (INg, <)], sending a pair (n, S) to the polyno-
mial ring S[X7y, ..., X,]. This is a functor between M-small categories, SO we can
enlarge it to a functor *Pol : *INy x *® — *R. For a (not necessarily finite) natural
number n € *INg and a *ring S, we denote *Pol(n, S) by S*[X1, ..., X,;] and call it
the *polynomial ring over S in n unknowns.

Remark 2.4 Schemes were partly invented to introduce some kind of infinitesimal
objects into algebraic geometry, but the “new objects” introduced here via enlarge-
ments go far beyond this. In some sense our construction is similar to the construction
of formal schemes, but offering better formal properties. Let us illustrate this with a
simple example: let k£ be an internal field, and consider the affine line Spec (k[x]) with
zero point Spec (k) < Spec (k[x]). The so called n-th infinitesimal neighborhood is
given by the subscheme

Spec (k[x1/(x")) < Spec (k[x]),

and the formal completion is (in some sense) the limit of all these infinitesimal neigh-
borhoods. This completion contains all infinitesimal neighborhoods but it is not a usual
scheme anymore. In the category of *schemes, which inherits automatically all formal
properties of the category of schemes, we can take an infinite number z € *N — N and
consider the *subscheme

*Spec (kK*[x]/(x")) <> *Spec (K*[x]),

and this contains all infinitesimal neighborhoods of finite order. For a further analogy
between formal schemes and *schemes, we again refer to the proof of the coherence
theorem in Sect. 7 and its similarity to the proof of the theorem of formal functions.

Remark 2.5 Let (n, S) be an object of *INg x * R as above.

(i) The morphism *Pol(0 < n, 1g) : § = S*[] — S*[X1, ..., X,;] canonically
turns S*[X1, ..., X,,] into an S-*algebra.
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Enlargements of schemes 7

(i) Itiseasy to see that S*[ X1, ..., X,] has the following explicit description when
viewed as an internal ring: elements are internal *finite S-linear combinations of
*monomials in n unknowns, i.e., of internal products of the form X ‘li' ----- X ,‘f"
with exponents d; € *INg. These elements are added and multiplied in the
obvious way.

(iii) Transfer immediately shows that S*[X1, ..., X,,] has the following universal
property: if T is an S-*algebraandif (#1, . . ., #,) is an internal family of elements
of T, then there is a unique morphism of S-*algebras from S*[ X1, ..., X,] to

T which sends X; to ¢; for all i.

(iv) Letn be a finite natural number. Then by the universal property of usual poly-
nomial rings, we have a canonical morphism of S-algebras (nor S-*algebras)
S[X1, ..., Xu] = S*[X1,..., X,] which sends X; to X;. This map is easily
seen to be injective, but is (for n > 1) not bijective: for example, for an infinite
h € *INg, the monomial X i’ is obviously not contained in the image.

Definition 2.6 Let X be a *scheme, and let n be a *natural number. We define the
n-dimensional *affine space over X as the X-*scheme X* x+z*Z*[ X1, ..., X,] (note
that the fibre product exists by transfer).

Remark 2.7 For every scheme X and every natural number n € INy, we have the
finitely presented X-scheme Py = P}, xz X, the n-dimensional projective space
over X, which is covered by (n + 1) copies of A}, glued together by certain universal
morphisms.

By transfer, for every *scheme X and every *natural number n € *INg, we get a
*finitely presented X-scheme *IP"y, covered by (n + 1) copies of *A, the n-dimen-
sional *projective space over X.

If n is finite, then these *affine spaces are glued together by the enlargements of the
corresponding morphisms from the standard world.

Definition 2.8 If Sis aring in R, and if { f1, ..., fin} € S is a finite set of elements,

then the category of S-algebras A € Ob(R) with fj = --- = f,, = 0 € A has
an initial object, namely the S-algebra S/(fi, ..., fin) (which is obviously finitely
presented).

It follows by transfer that for every *ring S and any *finite internal subset
{f1,---, fm} € S, there is a S-*algebra S/*(f1, ..., fn) which is initial in the cate-
gory of S-*algebras in which the f; are mapped to zero. We call S/*(f1, ..., fim) the
*factor ring of S with respect to the *ideal *(fi, ..., fm).>

Remark 2.9 Let S be a *ring, and let (f1, ..., fi) be anideal of S with m finite. Then
it follows by easy transfer that

o fm) = fm) - SES.

2 By transfer, it is obvious that a *ideal of a *ring S is in particular an ideal of S.
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8 L. Briinjes, C. Serpé

3 Relating schemes and *schemes

Let A be a *ring in *B. On the one hand, when considering A simply as a ring, we
have the category Scﬁflf of finitely presented A-schemes. On the other hand, we have

the category *Scﬁff of *finitely presented *schemes over A.

Intuitively, every finitely presented A-scheme determines a *finitely presented A-
*scheme which is “defined by the same relations”, and every morphism between
finitely presented A-schemes gives a morphism between the associated A-*schemes.

In this section, we want to make this intuition precise by defining a morphism

N : Scﬂi% — *Scﬁg of fibrations over *B°®. In particular, by restricting to the fibre
over A, this then gives us the desired functor Scﬁff — *SCE}).

Lemma 3.1 Let ¢ : A — B be a ring homomorphism in R, Then the diagram

A—B ey

commutes in Rings.
Proof This follows immediately from elementary properties of enlargements. O
Proposition/Definition 3.2 Let A be an object of R.

(i) Let B= A[Xy,..., X,1/(f1,..., fm) be a finitely presented A-algebra. Then

*B =" A*[X1, ..., X1/ (f1, oo os fn)-

(ii) Let ﬂ{q 4 and }Z[[gff denote the category of A-algebras and that of finitely pre-
sented A-algebras. The canonical functors

(g™« ag, st
Mor*/qéqm (*B, C)

(B,C)
Morﬂ@A(B, C),

induced by * : ﬂl{qi{’ — */‘Zl@* 4 and the forgetful functor *ﬂ{q* A .ﬂ@ e
are canonically isomorphic via

TAB.C: Mor*ﬂgq*A(*B, C) — Mor/q@A(B, ),

['B% c]l—[BSBS C].
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Enlargements of schemes 9

Proof By transfer, Remark 2.5 (iii) and Definition 2.8, both *B and *A*[ X1, ..., X1/
*(f1, .- ., fm) have the same universal property in the category of * A-algebras, which
proves (i).

To show (ii), we must first check that 74 g ¢ is indeed functorial in the arguments
B and C. For argument C this is trivial, and for argument B it follows immediately
from Lemma 3.1.

To see that 74 p ¢ is a bijection, let B = A[X}, ..., X,1/(f1,..., fm). Then

Mor. 74, (“B, 02 Mor*ﬂg; CA* X1, .. Xal/ 5 (f1a oo fn). ©)
Remark 2.5 (E), Definition 2.8

{(c],...,c,,) ec'Vie{l,....om: fi(cl,...,e)) =0€ c} = Mor g (B, C),
where this identification of the two sets is obviously just given by 74 .c. O

Definition 3.3 Forevery ring A in &, base change along the (external) ring homomor-
phism % : A — *A defines a functor 7' : Scha — Schx 4 (which respects schemes of
finite presentation), and if ¢ : A — A’ is a ring homomorphism, the diagram

SCﬁA/ <L SCﬁA

' |

SC/I:*A’ ﬁ SCﬁ*A
o)

commutes because of Lemma 3.1. Consequently, we get “base change”-functors 7 of
fibrations

Sehih —= Schily

e

RP ——= "R,

S
For every ring A in &, base change along Spec (*A) Spec®), Spec (A) defines for
every A-scheme X amorphism py : T X — X of schemes which is clearly functorial,
i.e., the px define a 2-morphism p of fibrations as follows:
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10 L. Briinjes, C. Serpé

ROP 14 .'Rl'TySOP
‘\ -

Theorem 3.4 There is an essentially unique functor N : .Scﬁipg{ — *SCH?% of fibra-
tions over * R°P such that the following diagram of fibrations commutes:

T~
Sehf ——> Schilyy >+ Schlby @)
_‘ROP — *KOP - *-IR,OP

In particular, by restriction to *‘B, we get a canonical functor N : SCﬁipgg — *Scﬁf; of
fibrations over * B°P.

Proof Let A be a *ring, and let X be a scheme of finite presentation over A. Accord-
ing to [13, 8.9.1], there exist a subring A9 C A, finitely generated over Z, and a
finitely generated (and hence finitely presented) Ag-scheme X, such that Xo x4, A
is isomorphic to X over A. )

So Ap is anobjectof K, and X/ Ao is an object of SCHfO. According to Proposition/
Definition 3.2(ii), we get the following cartesian diagram of schemes:

X T Xo Xo
\L Spec (1’7’1 i [Ag— A]) l S \L
Spec (A) Zho Spec (*Ap) pec () Spec (Ag).
e 7

Spec (Ag— A)

3)
Therefore, in order to get a morphism of fibrations that makes (2) commute, we must
define

D (1 - D (=1 e
NX:= (rZ’AO’A[AO — A]) (NT Xo) := (rZ’AO,A[Ao — A]) (" Xo).
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Enlargements of schemes 11

Now let Y/S be another scheme of finite presentation, and let f : X — Y be an §-
morphism. As before, there is a finitely generated ring By € A and a finitely presented
By-scheme Yy such that ¥ = Y x g, A.
Let I be the partially ordered set of finitely generated subrings of A containing both
A and By, and put X¢ := Xo x4, C and Y¢ := Yy xp, C for C € I.
Then A = h_r)nCdC, X = l(lnCGIXC and Y = Llncd Yc, and by [13, 8.8.2] we
have
h_r)nMorScﬁC(Xc,Yc) = Mor 5, (X, Y). “4)
Cel

In particular, there exists a Cp € I and a Cp-morphism fo : X¢, — Y, such that
f = fo x 14. Therefore we get the following cartesian diagram of schemes

X T XCO XCO
fl J{T Jo lfo
Y T Yc, Ye,

l Spec (TZ_‘IC(), A[Co=A]) J/ Spec (%) l
Spec (A) Spec (*Co) Spec (Co),
\‘_“‘N ....... - I T
Spec (Co—A)

and we are forced to set

N f 2 (tk 4IC0 = A1) (VT fo) 2 (27, 41Co = A1) ¢ fo).

To check that this is well defined, let C; € I be another subring of A that admits a
Ci-morphism fi : X¢;, — Y¢, with f = f1 x 14.

Using (4) again, we find a subring C»> of A containing both Cy and C; with fy x
lc, = fi x 1¢, : Xc, — Yc,, and Proposition/Definition 3.2(ii) implies that the
diagram

*Co e Ty alCoAl
\\

\\

TZ Cy, A[CZ‘_N

— TZC A Cl‘_>A
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12 L. Briinjes, C. Serpé

commutes. Therefore we have

(20 41C0 = A1) € fo) = (10, AIC2 = A1) Cfo x 1)
= (7 alC2 = A1) Cfi x 1)

= (e lC1 = A1) C 1),

Thus N f is well defined, and since this definition is obviously functorial, we get
a functor N : 5cﬁff — *Scﬁff which furthermore is uniquely determined (up to
isomorphism) by the conditions stated in the theorem.

It remains to show that this functor is compatible with inverse images and hence

defines a morphism of fibrations N : SCﬁ?;i — *Scﬁglé as claimed: If ¢ : A — A’ is
any morphism of *rings, we have to show that N ¢o* f = ¢*N f (for f : X — Y as
above). With Dy := ¢(Cy) € A’ we have

@ f = (fox1a) x Ly = fo x Ly = (fo x 1py) x La,
SO

*
. pp. a1 D0 = A'] ) *(fo x 1py)

No*f = (
(2100 4 1D0 = A1) (*Co = *Do) "¢ fo)
("o
3.

75 g 4/ 1D0=> A

/! * *
A) ¢ o)
2(ii) * o
= ZC A’[CO_’D0—>A " fo)
= (7 by alCo> A% A1) ¢ fo)
—_ Z,C(),A/ 0 0
i 7 ¢y a[Co—> Al *
3.2:(11) (*CO Z.Cy.A A f> A/) (*fo)
*
= (7 o.alCo > A1) C“fo) = @™ f.
]
Remark 3.5 The uniqueness of N in Theorem 3.4 can be made precise as follows:
It is easy to see that N is a right Kan extension of * along 7 in the 2-category
of fibrations (compare [18, XII.4]), therefore enjoys a universal property and conse-
quently is uniquely determined up to a canonical 2-isomorphism between morphisms

of fibrations.

Example 3.6 Let A be a *ring, andlet B = A[Xy, ..., X, 1/(f1, ..., fm) be afinitely
presented A-algebra. Let Ag be the subring of A generated by the (finitely many)
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Enlargements of schemes 13

coefficients of the f;. Then we can consider the f; as elements of Ag[X1, ..., Xu],
and we have B = Ao[X1, ..., Xu1/(f1, ..., fu) ®a, A. Hence

N Spec (B) = (174, 4l40 € A1) [*(Spee (AolX1, .. Xul/(fis o fu) ]

e A0S AN [ Spec (A0 X1, Xal/*(frve s fin)]

T Spee (A*X1. - Xal/*(fi - f))- 5)
In particular, for n € INg we get N A’y = *A’} and — taking n = 0 — N Spec (A) =
*Spec (A).

Proposition 3.7 Let A be a *ring, let X be a finitely presented A-scheme, and let
n € Ng be a natural number. Then

can

N (P% =5 X) ="Ph <5 N X,

Proof We know from the proof of Theorem 3.4 that there exist a finitely generated
subring A of A and a finitely presented Ag-scheme X with X = X x 4, A. Then

n  can

(P% = X) = (Ph, = Xo) x 1a.

and

an

*
N (P <5 X) = (544140 = A1) [Ply, < “Xo] =Py x <> N X.

4 Properties of the functor N

Let A be a *ring in *B.

Proposition 4.1 The functor N : Sc/ig’ — *SCﬁff
(1) is left exact, i.e., commutes with finite limits;
(i) commutes with finite gluing data, i.e., if L is a finite set, if | |; ;<1 Uij = ;1 Ui
with U;j, U; finitely presented A-schemes is gluing data for an A-scheme X,
then Hi,je[ N Uij = [;er N Ui is gluing data for N X;
(iii) sends the empty scheme to the empty *scheme;
(iv) commutes with finite sums.

Proof Let I be a finite category, and let F : [ — Scﬁfj‘), i — X' be an arbitrary
functor. According to [13, 8.8.3], there exist a finitely generated subring Ag of A and

. fp . i . i T Qs
afunctor Fy : I — Sc/iAO, i — X, such that (@ie[ XO)fXAO A= 1(&11,61 X;. Since
* is exact by [2], and since inverse image functors in *_S'cﬁ;; are left exact by transfer,

we get N (l(igliE X i) =lm _ NX ! by Theorem 3.4. Therefore (i) holds.
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14 L. Briinjes, C. Serpé

Now let I be a finite set, and let [ [; ;c; Ui; = [[;c; Ui and X be as in (ii). By
[13, 8.8.2, 8.10.5], there are a finitely generated subring Ap of A and gluing data
Hi,jel Vii = ]_[ie[ Vi, where the V;; and V; are finitely presented Ao-schemes and
where base change with Ag < A gives back the original gluing data over A —let X
be the finitely presented Ap-scheme defined gluing the V; along the V;;.

It follows from the construction of fibre products in [7, 3.2.6.3] that base changes
in the category of schemes respect gluing data. This implies firstly that X x 40 A = X
and secondly (by transfer) that inverse image functors in *5cﬁfp commute with glu-
ing data as well. Combining this with the exactness of * (note that “commuting with
gluing data” means commuting with certain finite colimits) completes the proof of (ii)
using the same reasoning as for (i).

Let O denote the trivial ring, and let @ = Spec (0) be the empty (finitely presented)
A-scheme. Then ) = [*Z — A]*Spec (0), so

Theorem 3.4

N [*Z — A]*(N Spec (0))

Exanple 3.6 iy AT*(*Spec (0)) A S pec (0),

which is the empty *scheme.
Finally, (iv) is just the special case of (ii) where all the U;; are empty, and combining
(i1) with (iii) immediately finishes the proof. O

Remark 4.2 Combining 3.6 with 4.1(ii) provides us with an alternative description of
the functor N , at least when we restrict our attention to separated A-schemes of finite
presentation:

Every finitely presented A-scheme X admits a finite open affine covering X =
U ;1 Ui, and if X/A is separated, the intersections U;; := U; N U; are affine as well
by [7,5.5.6]. So in this case, we can compute the N U;; and N U; using Example 3.6,
and we know from Proposition 4.1(ii) that N X is obtained by glueing the N U; along
the N U; e

Corollary 4.3 Let G be a finitely presented (commutative) A-group scheme. Then
N G is a *finitely presented (commutative) A-*group *scheme, i.e., a (commutative)

group object in *SCFLZ).

Proof The data defining a (commutative) group scheme structure on G can be
expressed with diagrams involving only A, G, G x4 G and G x4 G x4 G, and
these products are respected by N according to Proposition 4.1(1). O

Proposition 4.4 Let f : X — Y be a morphism of finitely presented A-schemes, and
let P be one of the following properties of morphisms of schemes:

isomorphism,
monomorphism,
immersion,

open immersion,
closed immersion,
separated,
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Enlargements of schemes 15

surjective,

radicial,

affine,

quasi-affine,

finite,

quasi-finite,

proper,

projective,

quasi-projective.

If f has property P, then N f : N X — NY has property *P.

Proof Let P be one of the above properties. By [13, 8.8.2, 8.10.5], there exist a
finitely generated ring A9 € A and a morphism fy : Xo — Yo of finitely presented
Ap-schemes such that Xo x4, A = X, Yo x4y A =Y, fo x 14 = f and such that fy
has property P.

Then * fy : *Xo — *Yp has property *P, and since property *P is stable under base

change (by transfer, because P is stable under base change), we see that N f = (rZ_,lAO’ 4

[Ap C A])*(*fo) has property *P as well. O

Remark 4.5 Let X be a finitely presented A-scheme, and let U € X be an open sub-
scheme. According to [11, 1.6.2(1),(v)], U 1is a finitely presented A-scheme if and only
if U is quasi-compact. It follows that N U is defined (and then a *open *subscheme
of N X by Proposition 4.4) if and only if U is quasi-compact.

Note that the quasi-compact open subsets of X form a basis for the Zariski topology
(since affine open sets are quasi-compact), so that there will be no harm in restricting
our attention to quasi-compact open subschemes.

Corollary 4.6 Let f : X — Y be a morphism of finitely presented A-schemes, and let
U C Y be a quasi-compact open subscheme of Y. Then N U is an open *subscheme
of NY, and

N (f|f_1(U)) = (N f)|(Nf)_1(NU) S MOI'* Cﬁff(N (f_l(U)), NU)

Proof This follows immediately from the fact that NV is left exact by Proposition 4.1(i)
and respects open immersions by Proposition 4.4, applied to the cartesian diagram
o) ——m—

S

Corollary 4.7 Let X = |J;; U; be a finite (affine) covering by quasi-compact open
subschemes. Then N X = ;. N Uj is a *open (*affine) *covering in *SCHT.
Proof If the U; are affine, the N U; are *affine by Example 3.6. The N U; are open
subschemes of N X by Proposition 4.4, and since

fy=1w)
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16 L. Briinjes, C. Serpé

HNUi‘élN(HUi)ﬁNx,

iel iel

they cover N X. O
Lemma 4.8 Let X be a finitely presented A-scheme, let Y C X be a closed, finitely
presented subscheme, and assume that the open complement U := X \ Y is quasi-

compact. Then N U is [N X]\ [N Y], the *complement of NY in N X.

Proof Since the diagram

P— U
‘:l j
(—>X

is cartesian, Proposition 4.1(i), (iii) imply that

Y

f—>NU
O
NY~——=NX

is also cartesian, i.e., N U lies in [N X] \ [N Y]. For the other inclusion, note that the
surjectivity of Y [JU — X implies the *surjectivity of [N Y][[[N U] — N X by
Propositions 4.1(iv) and 4.4. O

Let ¢ : R — S be a ring homomorphism, let X be an R-scheme, and let Y be
an S-scheme. Then it is common practice to simply write X (Y) for the set of those
morphisms f : ¥ — X of schemes that make the diagram

Yy ——m=X

i |

Spec (§) ——— Spec (R)
Spec ()

commute, thus dropping R, S and ¢ from the notation. In other words, when R, S and
¢ are understood, X (¥) denotes the subset of those morphisms in Sc/ which project
to ¢ in the bifibration Sc/ — Rings®.

In analogy to this practice, we make the following definition:

Definition 4.9 Let X be a *scheme in *5651}’, letyp : A — B be amorphism of *rings,
and let Y be a *scheme in *SCﬁflf.
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Enlargements of schemes 17

Then we denote the set of those morphisms in Mor, AP (Y/B, X/A) which are
R

projected to ¢ under *Scﬁfg% — *R°P by X(Y) and call it the set of Y -valued points
of X (where we assume that A, B and ¢ are understood).

In the special case Y = *Spec (B), we put X (B) := X (Y) and call X (B) the set
of B-valued points of X.

Remark 4.10 Let X be a finitely presented A-scheme, let ¢ : A — B be a morphism
of *rings, and let T be a finitely presented B-scheme.
Then the functor N induces a canonical map

b (0 R —— o — ~(NX)(NT)

Mor&ﬁf;(T/B, X/A) Mor*Scﬁf;(NT/B,NX/A)

N

(note that N, restricted to X (T'), factorizes over (N X)(N T), because N is a mor-
phism of fibrations and hence in particular a morphism of categories over * R °P).

Since N Spec (B) = *Spec (B) by Example 3.6, we in particular get a map N :
X (B) — (N X)(B) from B-valued points of X to B valued points of N X.

Definition 4.11 As we have seen in Example 3.6, the functor N : 56&1}) — *Scfil})

sends affine schemes to *affine schemes and thus induces a functor ﬂégff — *ﬂ@ff
— which we want to denote by N as well — satisfying

VB € Ob(ﬂé}i{)) : N Spec (B) = *Spec (N B). (6)

If B = A[X;]/(f}),then wehave calculated in Example 3.6 that N B = A*[X;]/*(f;).
It follows from Remark 2.5 (iii) and Definition 2.8 that sending X; to X; defines a
canonical morphism of A-algebras op : B — N B, which is obviously functorial: If
¢ : B — C is a morphism of A-algebras, then

B—2-NB 7)

I

C—>NC
C

commutes in the category of A-algebras.

Lemma 4.12 Let k be an A-*algebra, and let B be a finitely presented A-algebra.
Then the canonical map

(08)+ : Mors gy (N B, k) —> Mor gy (B, k), [N Bkl [B =% N B kI

is bijective.
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18 L. Briinjes, C. Serpé

Proof Let B = A[X;]/(f}). We can argue as in the proof of Proposition 3.2(ii): A
morphism ¢ : N B — kin *ﬁlQ]A is precisely given by a tuple (x, ..., x,) € k" sat-
isfying f;(x1,...,x,) =0 € k for all j, and the exact same data defines a morphism
¢’ : B — k of A-algebras. It is clear that this identification between the two sets of
morphisms is just the one given in the lemma. O

Theorem 4.13 Letr k be a *artinian A-*algebra, and let X be a finitely presented
A-scheme. Then the canonical map N : X (k) — (N X)(k) is bijective.

Proof We choose a finite affine open covering X = J;; Ui, sothat N X =J;.; N U;
is a *open *affine *covering of N X by Corollary 4.7.

To prove surjectivity, let f : *Spec (k) — N X be an arbitrary k-valued point of
N X. By transfer, since k is *artinian, f factorizes over one of the N U;, so without
loss of generality, we can assume that X = Spec (B) is affine.

Then N X © *Spec (N B), and f corresponds to a morphism ¢ : N B — k of
A-*algebras which induces a morphism ¢’ := @op : B — k of A-algebras as in Prop-
osition 4.12, hence a k-valued point f’ := Spec (¢) of X. Itis clear that N ' = f,
so N is indeed surjective.

For injectivity, let f, g € X (k) be two k-valued points of X with N f = Ng €
(N X) (k).

If Xi denotes the inverse image of X under A — k, then the canonical map
X (k) — X(k) is a bijection, so that we can assume A = k without loss of generality.
As above, it follows that f factorizes over one of the U;, say over U;, — then N f
factorizes over N Uj,. Let us assume that g does not factorize over U;,. This would
imply that the following diagram of finitely presented k-schemes is cartesian:

Q)—>U,‘O

]

Spec (k) —

Then Proposition 4.1(i) and (iii) imply that

*@—>NU,‘O

|

* - 5
Spec (k) Ne=N7 NX

is cartesian as well, a contradiction to the fact that N f factorizes over N Uj,.
Therefore both f and g factorize over U;,, and we can again assume that X =
Spec (B) is affine. Butthen f and g correspond to k-algebra morphisms ¢, ¥ : B — k,
and N f = N g means that the induced morphisms of k-*algebras ¢’, /' : N B — k
are the same. But then ¢ and i must be the same as well according to Lemma 4.12.
O
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Proposition 4.14 Let f : X — Y be a morphism of finitely presented A-schemes.
If f is étale (unramified, smooth), then N f : N X — NY is *étale (*unramified,
*smooth).

Proof First consider the case where f : X — Y is unramified. By [14, 17.4.2],

a morphism f : X — Y of (locally) finite presentation is unramified if and only

if the diagonal Ax/y : X ﬂ X xy X is an open immersion. So in our case,

Ax/y is an open immersion, and Proposition 4.1(i) and 4.4 show that the *diagonal

N f.N . . .
Anvx/Ny : NX M N X xyy N X is a *open immersion, hence transfer-

ring [14, 17.4.2] proves that N f is *unramified (since it is *finitely presented by
construction).

Now let f : X — Y be étale. By [14, 17.1.6], Corollarys 4.6 and 4.7, we can
assume without loss of generality that X and Y are affine and that f is given by a
morphism ¢ : B — C of finitely presented A-algebras. Furthermore, by [20, 1.3.16],
we can assume that C = B[T, ..., T,1/(Pi, ..., P,) withd :=det(d P; /0T}) € C*
and that ¢ is the canonical morphism, and we have to showthat N9 : NB — N C =
(N B)*[T;1/*(P;) is *étale. By transfer of [20, 1.3.16], for this it suffices to show that
d' :="*det(*dP;/*dT};) is a *unitin N C.

Since partial derivatives of polynomials and determinants of matrices are given by
universal polynomials in the coefficients, it follows easily that the diagrams

/a1 det
B[Ty, ..., ] ———— B[TY,..., Tnl B[Ty,..., Ty """ ——— B[Ty, ..., Tnl
UB[T,J\L lUB[T'J agﬁ;]l lUB[T,J
B*[Ty, ..., Tnl B*[Ty, ..., Tl B*[Ty, ..., Tp """ ——— B*[TY,..., Tnl
*o/*oT; * det

commute, which implies d’ = o¢(d) € N C. Since o¢ is a ring homomorphism, it
maps units to units, so d’ is a unit in N C. But being a unit is obviously a first order
property, so units and *units are the same thing, and we are done in the case where f
is étale.

Finally, let f : X — Y be smooth. By [20, 3.24], this is equivalent to the existence
of a (finite) open affine covering U; of X, such that for every i the restriction f|y,
factorizes as

o,

Uy ——Y

L

Ay, > Vi

with g; étale and n € INy. Since the functor N respects open affine coverings by
Corollary 4.7, restrictions by Proposition 4.6, open immersions by Proposition 4.4,
affine spaces (over affine bases) by Example 3.6 and étale morphisms by the second
part of the proof, transfer of [20, 3.24] shows that N f is indeed *smooth. O
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20 L. Briinjes, C. Serpé

Lemma 4.15 Let B be a finitely presented A-algebra, and let C = B[Y1, ..., Yr]/J
be a finitely presented B-algebra. Then N C = (N B)*[Y;]/*].

Proof Let B = A[X1q, ..., X,]/1 be a finite presentation of B as an A-algebra. Then

NC = N (A[X,-, Y1/ +])) Frample 3.6

transfer (

A*[X, Y15+ 9)

Example 3.6

ALY/ ) 1Y)/ (N BY1/]

]

Proposition 4.16 Let B be a finitely presented A-algebra, and let C be a finite
B-algebra. Then the canonical ring homomorphism C @ g N B — N C induced
by (7) is an isomorphism.

Proof First consider the case where C = B/ I is a quotient of B. Then

Lemma4.15

C®s NB=(NB)/I-NB=(NB)/I NC.

Nextlet C = Blel/(¢" + bp—1¢"~" 4+ bo) withn € Ny and by, ..., by—1 € B.
Consider the following true statement in M:

For every object R of R and for every tuple (rg, ..., r,—1) € R", sending ¢; to
Xi~1 defines an isomorphism of R-modules R" = RIX]/(X" + Fa_1 X"

By transfer and the fact that an isomorphism of *modules is in particular an isomor-
phism of modules, we get:

For every *ring R and for every tuple (v, ..., r,—1) € R", sending e; to xi-1
defines anisomorphism of R-modules R" = R*[X1/* (X" +rp_1 X" "4 +r).

By Lemma 4.15, we have N C = (N B)*[c]/*(c" + bp—1c" "' + - - - 4 by), so we get
the following commutative diagram of N B-modules:

d-lgl € CQpNB - ~NC > ;i1

|

e; € NB”4N>NB" E) e,

and we are done in this case as well.

Now let C = B[c]/I. Then the element c of C is integral over B, because C/B
is finite, so there is a relation &" + b,_;&" ! 4+ -+ 4+ by = 0 in C, which means that
B — C factorizes as

B — Blcl/(c" +buic" + - +by) = C,

=:C’
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and we get

1 case

NC CRNC ™ C®~C @ NB=C®pN B.

Finally, in the general case, let C = B[X1, ..., X,]/I forann € IN,. We prove the
proposition by induction on n: The case n = 1 has been proven above, so let C =
B[X1,..., Xu+11/1 for n > 1. Let C’ be the subring of C generated by Xi,..., X,
asa B- algebra Then C = C'[X,,111/7, and

3 case C, induction

NC CQc N C®cC ®3 NB=C®pN B.

5 *Modules over *schemes

Let Mod be the category whose objects are pairs ( F, X /A), consisting of an A-scheme
X and an Oy-module G, and whose morphisms from ( ¥, X/A) to (G, Y/B) are pairs
(a, (f, ®)) with (f, ¢) a morphism from X/A to Y/B in Schand o : f*G — T a
morphism of Ox-modules.

Projection onto the second component defines an abelian bifibration Mod — Sch
(or Mod — Rings®® after composing with Sch — Rings°P): For a morphism ( f, ¢) :
X/A — Y/B, direct and inverse image functor are given by (f, ¢).(F, X/A) =
(f« F.Y/B)and (f, 0)*(G,Y/B) = (f* G, X/A), and the fibre over an object X/A
is the opposite of the category Mod x of Ox-modules.

Let Mod ;Lé — .SCﬁf;é be the full subcategory of the pullback of this fibration along
SCﬁl;[é < Sch consisting of U-sheaves, i.e., sheaves in our chosen universe U. —
this is an abelian, M-small bifibration where the opposite of each fibre has enough
injective objects.

For a scheme X, denote the category of quasi-projective (or finitely presented) Ox-

modules by QCofy (or Mod ﬁ?). Recall from [7, 5.2.5] that an Ox-module ¥ is called
finitely presented if for every x € X, there is an open neighborhood U € X of x and
an exact sequence Ofj — Ofy — F|y — 0 of Oy-modules with natural numbers m
and n. If X is locally noetherian, this is equivalent to ¥ being a coherent Ox-module.

Let QCofi (or Mod ™) be the full subcategory of Mod” whose fibre over X/A is the
opposite of QCohy (or of Mod g?).

Pulling back along 5cﬁg]% — Sch and restricting to 7l-sheaves, we get M-small
fibrations QCoﬁ% and Mod g% over .Scﬁf;é (note that any finitely presented Ox-module

for X in S is automatically a U-sheaf). We sum up the situation in the following
diagram of additive fibrations:
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Mod § — QCofif = Mod Mod
Sch —— Schd —— Schb > Sch
R* R R® Rings™

The first three columns in this diagram are M-small, and we enlarge them to get
an additive fibration * Mod f}é /*R, an abelian fibration *QCofg /* R and an abelian
bifibration * Mod ¢ /* R..

For a *scheme X, we denote the opposite of the fibre of *Mod ¢ (or * Mod 2‘%
or *QCohg) over X by *Mod x (or *Modﬁ? or *QCohy), and we call the objects
of this fibre Ox-*modules (or *finitely presented Ox-*modules or *quasi-coherent

Ox-*modules).
If X is *locally noetherian, we also say *coherent instead of *finitely presented,

and *Cohy := *Mod t}; is an abelian category.

Lemma/Definition 5.1 Sending (F, X/A) to (o} F, T X/*A) induces a canonical
morphism of additive fibrations T : Mod f;é — Mod ?R

Mod ' "> Mod By

L

fp fp
SCﬁK ? 5Cﬁ*K

L

op * (p Op
RP —— "R
Proof This is obvious. O

Theorem 5.2 There is an (essentially) unique morphism N : Mod ?R — *Mod f;{ of
additive fibrations over *ScﬁK that makes the following diagram commute:
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*
R

— T
fp fp * fp

o

fp fp * 7P
Schy — Sefiog —5 " Sefig

L

RP —— TR e R
*

In particular, for every *ring A and every finitely presented A-scheme X, we get a
canonical additive functor N : Mod g? — *Mod 1},’ x-

Proof This follows from [13, 8.5.2] in the same way as 3.4 follows from [13, 8.8.2].
O

From now on for the rest of this section, let A be a *ring, and let X be a finitely
presented A-scheme.

Proposition 5.3 Let ¥ — G — H — 0 be a sequence in Mod gl() which is exact
in Mod x. Then the sequence N F — N G — N H — 0 of *finitely-presented
On x-*modules is exact in *Mod y x.

In particular, if A is noetherian (for example a *field), then the functor N from
coherent Ox-modules to *coherent Oy x-*modules is right exact.

Proof This follows from [13, 8.5.6] and the construction of N. O
Proposition 5.4 Forn € INo, we have N Oy = Oy .

Proof Since N is additive, we only have to consider the case n = 1. Because A is
a *ring, we have a canonical morphism of *rings *Z — A and hence a canonical

morphism f : X/A — Spec (*Z)/*Z. in ‘SCﬂipR' Then Ox = f*Ospec (+7), SO

Theorem 5.2

N Ox (N f)*N OSpec(*Z)

= (N f*)N T OSpec(Z) = (N f)*O*Spec(Z) = ONXo
O

Corollary 5.5 Let E be a vector bundle of rankn € Ny on X. Then N ‘E is a *vector
bundle of rank n on N X.

Proof This follows immediately from Proposition 5.4. O

Lemma/Definition 5.6 For an Oy x-*module F, sending a quasi-compact open
subscheme U of X to F(N U) defines an abelian sheaf N, F on X. In this way,
we get an additive functor Ny from *Mod y x to the category of abelian sheaves
on X.
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Proof First of all, N, ¥ is clearly an abelian presheaf on the category of quasi-
compact open subsets of X, because N is a functor from that category to the category
of *open *subschemes of N X. By Remark 4.5, such a presheaf defines a sheaf on X,
provided the sheaf-condition with respect to finite, quasi-compact, open coverings is
satisfied.

Solet U C X be quasi-compact and open, and let U = U; U ... U U, be a finite,
quasi-compact, open covering of U. Then by Corollary 4.7, [N U] = [N U;]U ... U
[N U,]is a *open covering of N U, which is internal because it is finite. By transfer,
since ¥ is a Oy x-*module, we get the following exact sequence (of abelian *groups):

0— FINU) — *[[FNvU) — * [] FINUinNU)).
i=1 ij=1

But n is finite, and finite *products are simply products, so we get the following
sequence of abelian groups

0 — [N FIU) — [ [N« FI1Ui) — ] N FLw; n U,
i=1 i,j=1

which is just the sheaf condition we wanted to prove, so N, F is indeed an abelian
sheaf on X.
Finally, since N is a functor, we really get an additive functor N, as desired. O

Definition 5.7 Since N, Oy x is a sheaf of rings on X by Lemma/Definition 5.6, we
get a ringed space

X 1= (X, 0g) := (X, NxOy x),
and from now on, we want to consider N, as an additive functor from *Mod y x to
Mod .
X

If U = Spec (B) is an affine, open subscheme of X, then we have a canonical
morphism of A-algebras

Ox(U)=B "% NB=0Oyx(NU) = 0;4(U),

which is functorial in U by (7), i.e., we get a morphism of sheaves of rings o : Ox —
O; on X and hence a canonical morphism of ringed spaces o™ : X — X, which
in turn defines a canonical additive functor o, : Mod 3 = Mod x. We denote the
composition

*Mod y x > Mod ; 2> Mod

by S.
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Proposition 5.8 The functors Ny : *Mod yx — Mod 4 and S : *Mod y x —
Mod x are left exact, and their restrictions to * QCohy x are exact and faithful.

Proof The functor o : Mod ;; — Mod x is exact and faithful, because it is the
identity functor on the underlying abelian sheaves, so if S is left exact or exact and
faithful, so is V..

Let0 - 7' — F — F” — 0 be an exact sequence of Oy x-*modules. If U is a
*open *subscheme of N X, then by transfer the sequence

0— F'(U) — FU) — F'(U)

is exact (in the category of internal Oy x (U)-modules and hence in particular in the
category of abelian groups), which proves that S is left exact.

Now let 7/, F and F” be *quasi-coherent. Let x € X be an arbitrary point, and let
ty € [S F"], be an arbitrary element in the stalk. There is an affine open subscheme
U of X with alocal section ty € [S F”](U) which represents f,.. Since F', F and F'
are *quasi-coherent and since N U is *affine, it follows by transfer that

0— F(NU)— F(NU) — F'(NU) — 0

is exact, so that there is a preimage sy € F(NU) = [S F1(U) of ty which then
represents a preimage s, € [S F], of t,. This shows that S is also right exact and
hence exact.

Now let F 4 G be a morphism of *quasi-coherent Oy x-*modules with S ¢ = 0.
For faithfulness, we have to show ¢ = 0. Choose a finite affine open covering X =
UpU...UU, of X.Then [N X] =[N U;]U...U[N U,]is a finite *affine *open cov-

ering by 4.7, and it suffices to show ¢|y ¢y, = Oforalli € {1, ..., n} orequivalently —
because F and G are *quasi-coherent — ¢y y; = Oforalli. Butoy gy, = [S¢ly, =0,
and we are done. m|

Let ¥ and G be Oy x-*modules. Then N induces a canonical morphism

of O modules by

[N.Homo, ,(F, )| (U) = Homo,, ,(FInu. GInv)
% Homoy (o Flu, NaGlu) = [Homo, (N.. T, No )] (V)

for quasi-compact, open subschemes U of X.

Proposition 5.9 Let F be a finitely presented Ox-module, and let G be an
Oy x-*module. Then the canonical morphism (8) (for N F and G)

N.Homp, (N F, G) — }[omof((N*N F, N.G)
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of Og-modules is an isomorphism. Taking global sections, this in particular implies
that

Homo, (N . G) > Homo, (NN F. N G)

is an isomorphism.

Proof The question whether a given morphism of sheaves on X is an isomorphism is
local on X, so we can assume that X is affine. If F = Of, then N ¥ = O}, y and
N.N F = O;i( ,ie., .‘J—[omoN (N ¥, G) is canonically isomorphic to G" (by transfer),

and }[omof( (N«N F, N.G) is canonically isomorphic to N, G", so that the statement
is obviously true in this case.
In the general case — since X is affine — there is a finite presentation

Oy — 0y — F—0
of F, which (by Propositions 5.3 and 5.4) induces an exact sequence
Oﬁ x — O;’\, x— NF—0
of Oy x-*modules and (by Proposition 5.8) an exact sequence
O’f? — O; — Ns\NF — 0
of Og-modules. Since the functors

Homoy (L, G) :*Modyx — *Mod y x,
‘{]_[omo}?(_v N G) : Mmf;( — MOL{)A( and
Ny Z*MOE[N)(—) MOC[X

are left exact, we get the following commutative diagram of Og-modules with exact
rows:

0 — NyHomo,, (N F. G) —— NuHomo,, (O x. §) —— NuHomo,, (O3 . G)

S

0 — > }[omof( (N«N F N+G) — o }[amo)?(O:'Q, NeG) — o }[amo}?(O;(f’, Ny G).

According to the first case, 8 and y are isomorphisms. But then « must be an isomor-
phism as well, and we are done. O

Let ¥ be a finitely Ox-module. Choose a subring Ag of A of finite type over Z, a
scheme X of finite type over A¢ and a finitely presented Ox,-module %y such that
(F, X/A) is the pullback of ( Fy, Xo/Ao) along ¢ := Ay — A.

By Theorems 3.4 and 5.2, we get the following diagram (where we put ¢ :=

L)
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\
/

%/
L

/\/
\/\

\/
/\

The squares are cartesian (in Sch® and Mod™ on the left, in *Scﬁipx and *Mod ]};i

on the right), and we have isomorphisms f* % = F and f ** %) =N F and their
adjoints Fy — f. F and*F — fuN F.

Now let Up be an open subscheme of Xy, and put U := Uy xx, X. We get an
Ox, (Up)-linear map

Fo(Uo) = [* Fol(“Up) —> [fxN F1(*Uo)
=[N FINU) =[SN FIU) = [f+S N F1(Up)

which is clearly functorial in Up, so that we get a morphism of Ox,-modules % —>
f«S N ¥ and hence — by adjunction — a canonical morphism of Ox-modules ¥ —
SN ¥.

This morphism is clearly functorial in ¥, so that we get a canonical morphism of

functors
can

Mod? U Modx ©

SN

and — again taking adjoints — a canonical morphism of functors

—®oy Of(

)

Mod® | Mod . (10)
N 7
Ny« N

Proposition 5.10 The canonical morphism of functors (10) is an isomorphism.

Proof Let ¥ be afinitely presented Ox-module. We claim that the canonical morphism
F ®oy O3 —> NiN F of Og-modules (or of abelian sheaves on X) is an isomor-
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phism. This claim is local in X, so we can assume that X is affine and choose a finite
presentation

oy — 0y — F — 0.

By Propositions 5.3, 5.4 and 5.8, we get the following commutative diagram of
Og-modules with exact rows:

O;Z;HO;}(H?(@OXOXHO

ol

o7 0% NN F —0.

The first two vertical morphisms are obviously simply the identity, so the third vertical
morphism must be an isomorphism. O

Proposition 5.11 For any affine open subscheme U = Spec (B) of X, there is a
canonical isomorphism of functors

TyQ®sN B
/ \\
Mod"? 42 [N B]-Mod. (11)
\\\ ................... ""/
I'yyoN

Proof Using (9), composed with I'y7, defines a canonical morphism of functors

'y

Mod? Mod B-Mod

\ bo / - can

“Mod ™) [N B-Mod]

I'nu

and thus by adjunction the morphism of functors (11). To see that this is an isomor-
phism, let ¥ be a finitely presented Ox-module, and choose a finite presentation

B" — B" — F(U) — 0.

Taking associated sheaves and applying N, we get an exact sequence of *finitely
presented Oy y-*modules

xU — OX/U —> [N Flinu — 0.

By transfer, [y ¢y : Mod 58 v — [N B]-Mod is exact, so we get the exact sequence
of N B-modules
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NB"™ — NB" — [N FI(NU) — 0
and hence the following commutative diagram of N B-modules with exact rows:

B"® NB—B"® NB—— FU)®g NB——=0

T

N B™ N B" [N FINU) ——0.

Since « and B are clearly isomorphisms, so is y, and we are done. O

Corollary 5.12 The canonical functors

(Mod ™)™ x *Mod y x —> Sets
Homoy (N ¥, G)
Homo, (F, S G)

(?sg)'_)

are canonically isomorphic via

tx, 7. : Homoy (N F, G) —> Homo, (F, S G),
INFL G- [FLsvr S sq)
Proof Let F be afinitely presented Ox-module, and let G be an Oy x-*module. Then

Proposition 5.9

Homg, ,(N ¥, G) = Homof((N*N F,N:G)

Proposition 5.10

adj.
= Homo, (F ®oy Oy, N+G) = Homo, (F. 5 G),
and it is clear that the composition of these canonical isomorphisms is just 7x ¢ g. O

Remark 5.13 Note that the functoriality of the isomorphism from Corollary 5.12 in

particular implies the following: if F Y Tisa morphism of finitely presented

Ox-modules, if G L G’ is a morphism of Oy x-*modules, and if

NF NN (12)
fl lg
GT g/

is a diagram of Oy x-*modules, then (12) commutes if and only if the corresponding
diagram
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F— g (13)
fx.y.g(f)i lfx,gr’,g/ (&)

/
SG—5y5¢
of Ox-modules commutes.

Corollary 5.14 Let F and G be two finitely presented Ox-modules. There is a canon-
ical isomorphism of *finitely presented Oy x-modules

N(F®ox G) — N F®0y, N F.

Proof For a quasi-compact open subscheme U of X, we have a canonical Ox (U)-
linear map

FWU) @oywy GWU) o [SN FIU) ®snoxjw) SN GIU)

=[N FINU) @0y yvuy IN GINU) =5 [N F @0y 4 N G](N U)
=S[N F ®oy, N G|(U),

which is clearly functorial in U and consequently defines a functorial morphism of
presheaves of Ox-modules

(U= FW) @0,y GUH] — S[N F @0y, N G

and then, by the universal property of the associated sheaf, a functorial morphism of
Ox-modules

—r}—®0x g—>S[N'{}—®ONXNG]’

which by Corollary 5.12 and Remark 5.13 corresponds to a functorial morphism of
Oy x-*modules
N[F®ox G] — N F®0y, N G. (14)

To prove that (14) is an isomorphism, choose a quadruple (Ao, Xo, %o, Go), where

Ag 4 Adsa finitely generated subring of A, X is an Ap-scheme of finite type
with X = ¢*Xo and % and Gy are coherent sheaves on Xo with F = ¢* f and
G = ¢ Go. Then of course we also have ¢*[ fo ® oy, Gol = F ®0y G and therefore

(with ¢ := 77, 4[9])

NIF @0, G 27 ([h oy, G]) =5 (*F 0., " 6)
gﬁa(%)®ONx *( go) Nf@ONxNg

by construction of N. O
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Corollary 5.15 The functor N : Mod g? — *Mod 55 x induces a canonical group
homomorphism N : Pic(X) —> *Pic(N X) between the Picard group of X and the
*Picard group of N X.

Proof By Corollary 5.5, N sends line bundles to line bundles, so we get a map
N : Pic(X) —> *Pic(N X). This map is a group homomorphism by Corollary 5.14.
O

Corollary 5.16 Let F and G be two finitely presented Ox -modules with the property
that the Ox-module Homo, (F, G) is also finitely-presented, which is for example the
case if

o T is avector bundle or
e F and G are coherent.

Then there is a canonical morphism of *finitely presented Oy x -*modules
N Homo, (F, G) —> Homo, (N F, N G) (15)

which is an isomorphism if F is a vector bundle.

Proof Look at the following canonical map of sets of morphisms:
Mor s (Homoy (F. G)., Homoy (. G)=Mor s, in(Homo, (F. G)®oy F. G)

LN Mor, .0 (N [Homo, (F. §) ®o, F1.N G)

Corollary 5.14
= Mor, ..« (N Homo, (F, G) Qoyx N F, N G)
Mod y;,

x~ MOI*MoJﬁSX(N Homo, (F, G), Homo, (N F, N G)),

and take the identity’s image under this map to get (15).
Now let F be a vector bundle. Since the question whether (15) is an isomorphism
is local, we can assume that F = O;'( is trivial, and we have

transfer

N Homo (F, G =N G" = Homyx(O)y,N G

Proposition 5.4
= Home(N On,Ng)
as desired. O

Corollary 5.17 For a vector bundle E on X, there is a canonical isomorphism
N (EY) = (N ‘E)V.

Proof This follows immediately from Proposition 5.4 and Corollary 5.16:

Corollary 5.16
N (EY) = N Homo, (E, Ox) = Homp, (N ‘E, N Ox)

Proposition 5.4

}[omoNX(N ‘E, ON x) = (N Z)v.
O
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Proposition 5.18 Let n € N be a natural number, and let k € 7. be an integer.
(i) Under the functor N, the invertible O]P')l( -module O[P')l( (k) is mapped to the
*invertible O*]pr;v X-*module O*IP'[ZV . (k).
(i) Leti:Y < PP be a closed immersion of finitely presented A-schemes, and
let F be a finitely presented Oy-module. Then N [ F (k)] = [N F](k), where
the twists are taken with respect to i or N i.

Proof Choose a finitely generated subring Ag <% Aof A and an Aop-scheme X of
finite type with 9*Xo = X. Then ¢*P% = P, so

_ * 3.7
N (Op () = 774, l01] Oopy (0) = Oy gy (0) H Oy, (),
and this is *invertible by Corollary 5.5 (or by transfer), so we have (i).
For (ii) we get:

DN Freg,, [V [0y @]

= [N FI' @0y, [V D[N Opy 0] ] 2N 7T @0y, [(VD*[Opn ]| = N Fic0).

NLFW] = N[F &0, i*Ops (k)]

O

If Z is a finitely presented closed subscheme of X, given by a finitely presented
sheaf of ideals I on X, then we know from Proposition 4.4 that N Z is a *closed *sub-
scheme of N X. As final result in this section, we want to determine the relationship
between N [ and the *ideal on N X defining N Z:

Proposition 5.19 Let Z be a finitely presented closed subscheme of X, given by a
finitely presented sheaf of ideals I. Then the *closed *subscheme N Z of N X is given
by the *ideal Im (N I — Oy x).

Proof Let N Z be given by the *ideal J on N X.If U C X is a quasi-compact open
subscheme of X, then the *closed *subscheme N [Z N U] of N U is given by J|y v,
so we can assume without loss of generality that X is affine, say X = Spec (B) for a
finitely presented A-algebra B. Then Z = Spec (B/b) for a finitely presented ideal b
of B,and I = b.

Using Lemma 4.15, we have

N[B/bl =[N B1/*b =[N B]/b- [N B],

so that N Z is given by the *ideal J = b -/[7\/_/3] of N X, and we have to prove that
this *ideal equals Im (N I — Op x) or — equivalently — that the global sections of
these two *ideals agree (as ideals of N B). Using Proposition 5.11, this is easy:

FNX[Im (N T — ONX)] —Im (Cyx[NI]— N B) "2 Im (6 ®p [N B] - N B)

=b-NB=IyxJIL
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6 The case of varieties

Let k be a *field in * &, i.e., a *ring which is an (internal) field. Then k is of course a
noetherian ring, so that a k-scheme X is finitely presented if and only if it is of finite
type, and an Ox-module ¥ is finitely presented if and only if it is coherent.

Definition 6.1 We can consider “dimension” as a function dim : {schemes} —
{—o0} I INg LI {oc}, so by restriction to Ob(S) and enlarging we get an induced
function

*dim : {*schemes} —> {—o0} LI *INy LI {oc}.

For a *scheme X, we call * dim X the *dimension of X.

For the proof of Theorem 6.4 below, we will need the following results of van den
Dries and Schmidt which we state here — in our notation — for the convenience of the
reader:

Theorem 6.2 (Lou van den Dries, K. Schmidt)
Let I Ck[Xy,...,X,] bean ideal. Then

(1) The ring homomorphism k[ X;] — k*[X;] is faithfully flat.

(1) 1 is prime if and only if * I C k*[X;] is *prime or — what amounts to the same,
since for an ideal being prime is clearly a first order property — prime.

(iii) If p1, ..., pm are the distinct minimal primes of I, then *py, ..., *p,, are the
distinct minimal primes of * I (in particular, all minimal primes of * I are *ide-
als, hence the notions of “minimal prime ideal of *1” and “minimal prime
*ideal of *1” coincide).

(v) VI =*[VI].

Proof Part (i) is [23, 1.8], part (ii) is [23, 2.5], and parts (iii) and (iv) are [23, 2.7];
that van den Dries and Schmidt’s formulation agrees with the one given here follows
immediately from Remark 2.9. O

Corollary 6.3 Let A be ak-algebra of finite type. Theno s : A — N Aisfaithfully flat.
Proof Let A = k[X1,...,Xn]/I. Then

oA = oxx;) Quix, k[Xil/T + A=k[Xi1/1 — k*[X;1/1-k*[X;]
Remng.‘) k*[X,']/*I —NA,

and oy[yx,] is faithfully flat by Theorem 6.2(i), so 04 — as a base change of oy[x;] —
must be faithfully flat as well. O

Theorem 6.4 Let X be a scheme of finite type over k.

(1) X is the empty scheme if and only if N X is the *empty scheme.
(i) *dim N X = dim X.
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(iii) X is reduced (irreducible, integer) if and only if N X is *reduced (*irreducible,
*integer).

(iv) The functor N from coherent Ox-modules to (the abelian category of) *coher-
ent Oy x-modules is faithful and exact.

Proof If X = @, then N X = *{ by Proposition 4.1(iii), so let N X = *@. Let
us assume that X # . Then X contains a K -valued point for a finite field extension
K /k,and applying N givesusan N K-valued pointof N X.If K = k[Xy, ..., X,]/1
is a finite presentation of K, it follows from 6.2(i) that N K = k*[X;]/* I is not zero,
so the existence of an N K -valued point of N X proves the existence of a *topological
point of N X, a contradiction to N X = *{.

Having settled (i), for (ii) and (iii) we can assume that X # (. For (ii), we use [12,
4.1.2], according to which dim X = n is equivalent to the existence of a diagram

UC—j>X

g
A
of k-schemes of finite type with an open immersion j and a finite and surjective f.
But then (ii) follows from 4.4 and from the transfer of [12, 4.1.2].
For (iii), note that we only have to prove the claim for “reduced” and “irreducible”,
since “integer” is just the conjunction of those two.

Let us first consider the case where X = Spec (k[X1, ..., X,]/I) is affine. We
have

X reduced <= VT = I «= I/ = (0) "=V /7. 1 1x:1/1 -

k*[X,'] = (0) Remark 2.9 *[«/7] _*] Remark 6.2(iv) \*/ﬁ _ ]
<= N X *reduced

and

X irreducible <= I has exactly one minimal prime ideal

Th 6.2(ii - . . . .
T @ % I has exactly one minimal prime *ideal <= N X *irreducible.

In the general case, let (U;) je 7 be a finite open covering of X by affine schemes U;
which are not empty. The scheme X is reduced if and only if the U; are reduced,
which we have just proven to be equivalent to the N U, being *reduced, which in turn
is equivalent to N X being *reduced by Corollary 4.7 and transfer.

Let X be irreducible. Then all U; are irreducible, and their intersection is an open
non-empty subscheme of X. Then by i, the *scheme

N ﬂ Uj Propositi:()n4.1(i) m N Uj
jeg jeJ
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is not *empty. Since we already know that the N U; are *irreducible and therefore
*connected, this implies that N X is *connected.

Assume that N X is *reducible. Since N X is *connected, there must be a *topo-
logical point of N X where two *irreducible components of N X intersect, and since
the N U; cover N X, this *topological point lies in one of the U; which consequently
cannot be *irreducible, a contradiction.

Now let N X be *irreducible, and assume that X is not irreducible. Since N X is
*irreducible, the N U are *irreducible, and their intersection is not *empty, so by (i)
and Proposition 4.1(i), the scheme X is connected. Reasoning as above, we see this
implies that one of the U; is reducible, which contradicts the fact that the N U; are
*irreducible.

For (iv), we have to show that a short sequence of coherent Ox-modules

0— F — F— F"—0
is exact if and only if the induced sequence of *coherent Oy x-modules
0O—NF —-NF—SNF'—0
is exact, which by Proposition 5.8 and 5.10 is equivalent to the exactness of
0 — F Qoy Oy — FQoy Oy — F'®0, O3 — 0.
Taking stalks, it is enough to show that for every point x € X,
0— F —FH — F'—0
is exact if and only if
0— F{®0x, Oy, — T ®0x, Og, — F"®0y, Oy, — 0

is exact. But since

Oz, = lim Og(U)= lim N[Ox(U)],
xeUCX xeUCX

where the limit is taken over all affine neighborhoods of x in X, we see from Corol-
lary 6.3 that Ox , — Of( . is faithfully flat, and the claim follows. O

Corollary 6.5 Let X be a k-scheme of finite type, and let F and G be coherent
Ox-modules. Then the canonical morphism (15) is an isomorphism:

N Homo, (F, G) —> Homo, (N F, N G).
Proof Since the question is local, we can assume that there exists a global presentation

O’;’—>O§—>f—>0,
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andsince N isexactby 6.4(iv), the functors N Homo, (_, G) and Homop, ,(N _, N G)
from Cohy to *Cohy x are both left exact, so that we get the following commutative
diagram with exact rows:

0 > N Homp, (F, G) ——— N Homp, (O, §) ——— N Homp, (OF, G)

L

0 —> }[OﬂlONX(N ?,Ng) _ }[OﬂlONX(NO')I(,Ng) H?‘[OWIONX(NO?,NG)

with the vertical morphisms given by (15). By Corollary 5.16, both 8 and y are iso-
morphisms, so & must be an isomorphism as well. O

Corollary 6.6 Let X be a k-scheme of finite type, and let Z be a closed subscheme of
X corresponding to a sheaf of ideals I on X. Then the *closed *subscheme N Z of
N X is given by the *ideal N I.

Proof According to Proposition 5.19, N Z is given by the *ideal Im (N I — Oy x).
But I — Oy isamonomorphismand N is exactby Theorem 6.4(iv),so N I — Oy x,
and the corollary follows. O

Lemma 6.7 Let A be a finitely generated k-algebra, let I be an ideal of A, and let
f € A. Consider the ideals (I : f*) := {a € Al af™ € I} (forn € INy) and
(I: f%) = Upew, I : f") of A. Then

VnelNy: (I:f") NA=(I-NA:f") (16)
and .
(I:f*) NA= |J U-NA:f")y=T NA: ). (17)
nG*IN+

Proof By definition, the diagram

(:fH——=1

i 0

A—A

f n

is cartesian in the category of A-modules for every n € IN,. Since A 25 NAis
(faithfully) flat by Corollary 6.3, this implies (16). For (17) note that (I : f°°) is
finitely generated, because A is noetherian. Consequently, there is an N € IN; with
(I: fNy = : fN*1)yand hence (1 : f*) = (I : fN) forall n > N and
(I:f>®)=(I:fN). Then

I-NA: Y. Ny Na=T: Y. Na© (1. va: VY,

andhence (I-NA: f*)=(I-NA: fV)forall *INy 5 n > N by transfer — so
(17) holds. O
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Proposition 6.8 Ler X be a k-scheme of finite type, let Y < X be a subscheme, and let
Y C X be the scheme theoretic closure of Y in X. Then N Y is the *scheme theoretic
closure of NY in N X.

Proof If U C X is an open subscheme, then Y N U, the closure of Y N U in U, equals
Y NU. Therefore we can assume without loss of generality that X = Spec (A) is affine
and that Y = Spec (A/I) N D(f;) N ... N D(f,) for an ideal I € A and elements
fis..., fn € A. Then Y = Spec (A/J) with = Ni—, ker[A = Aﬁ/IAﬁ.]. For
any f € A, we have

ker[A —> Ay/IAfl={aeAlIneNy: flael}l=|JU: fH=UT: [,

n=1

so = Ui (I f). Let 9 C N A be the *ideal corresponding to the *schema
theoretic closure of N Y in N X. By transfer, we have

3=m(I-NA:inO) Lem2a6.7m([:fioo)_NA:]'NA,

i=1 i=1

so [N A]/j = N [A/J], and we are done. O

Proposition 6.9 Let X be a k-scheme of finite type, let Y C X be a closed subscheme,
andlet f : Z — X bethe blow-upof X inY.Then N f : N Z — N X is the *blow-up
of NXinNY.

Proof First note that N Y is a *closed *subscheme of N X by 4.4, so the statement
makes sense. Next, by [13, 8.8.2, 8.10.5] there exist a finitely generated subring k¢ of
k, a ko-scheme X of finite type with X = X xy, k and a closed subscheme Y of X
with Y = Y Xy, k.

Let Zg — Xo be the blow-up of X in Yy, and let W be defined by the cartesian
diagram of k-schemes

WCn > X Xx, Zo — Zy (18)
O in O lﬂo
A
X\ Y¢C X Xo

If Z := W denotes the scheme theoretic closure of W in X x Xo Zo, then f :=m|z :
Z — X is the blow-up of X in Y (compare [4, TV-21]).

Applying the functor N to the left square of (18) and using Proposition 4.1(i) and
4.8, we get a cartesian square of k-*schemes

N W€ >[N X1 x+x, " Zo
: O \LNT[
v
[NX]\[NY]— N X,
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and by transfer, the *blow-up of N X in N Y is the *scheme theoretic closure of N W
in [N X] x+x, *Zo. But according to 6.8, this is just N W = N Z, which completes
the proof. O

Definition 6.10 For every field K, every K-scheme X and every K-rational point
x € X, we have the K-vector space Ty x, the (Zariski) tangent space of X at x,
defined as the K-dual of m, /m2.

By transfer, for every *field K, every *scheme X over K and every K -valued point
x of X, we thus have an internal K -vector space Ty , which we also call the (Zariski)
tangent space of X at x.

Proposition 6.11 Ler X be a k-scheme of finite type, and let x € X be a k-rational
point. Then N induces a canonical functorial k-isomorphism of Zariski tangent spaces

N : TX,x ;> TNX,Nx-
Proof ldentify x with a k-morphism x : Spec (k) — X, and let e : Spec (k) —
Spec (k[e]/?) be the k-morphism induced by sending ¢ to zero.
It is well known that there is a canonical functorial isomorphism of k-vector spaces
Ty = {t € X(k[el/e?) | 't = x}. (19)
By transfer, we get a canonical functorial isomorphism of internal k-vector spaces

Ty xne = {t € (N X)(k*[e]/e?) | (N e)*1 = N x}. (20)

But by Proposition 4.16 we have k*[¢]/e?> = k[e]/e?, and we get the following
commutative diagram of sets:

e

X (klel/e?) X (k)
v l le
(N X)(klel/e2) — 2o (N X)(h),

where the vertical maps are bijections because of Theorem 4.13. From this, (19) and
(20) the claim immediately follows. m]

Corollary 6.12 Assume that k is *algebraically closed, and let X be a k-scheme of
finite type. If N X is *nonsingular, then X is nonsingular.

Proof Letd := dim X, and let x € X be a closed point. Since k is *algebraically
closed, k is externally an algebraically closed field, and x is a k-rational point. Since
N X is *nonsingular of *dimension d [by Theorem 6.4(ii)], the tangent space Tx x v x
has *dimension d, and the tangent space Tx , has dimension d by Proposition 6.11.
This shows that all tangent spaces of X at closed points have dimension d, which
means that X is nonsingular. O
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Proposition 6.13 Let X be a k-scheme of finite type, and let Y and Z be two sub-
schemes of X. If NY — N X factors through NZ — N X, then Y — X factors
through Z — X. In particular, if NY and N Z are the same *subschemes of N X,
then Y and Z are the same subschemes of X.

J J . . L
Proof Factor Z — X as Z & v & X with a closed immersion i z and an open
immersion jz. We claim that Y < X factors through jz: Equip Y \ V with its reduced
structure and consider the cartesian diagram

P—-sY\V

)

ye——s
J

Applying N and using Proposition 4.1(i) and (iii), we get a cartesian diagram

P—— N[Y \V] (21)
Oa

NVcQ————NX.
Nj

If Y \ V was not empty, then N [Y \ V] also would not be empty by Theorem 6.4(i).

But a *point of N [Y \ V]is a point of N Y which — because (21) is cartesian — is not

a point of N V, a contradiction to the fact that NY € N Z € N V by assumption.
So without loss of generality (by replacing X with V), we can assume that Z is a

closed subscheme of X. Factoring Y < X asY U L X witha closed immersion
iy and an open immersion jy and replacing X with U and Z with Z N U, we can
furthermore assume that Y is also a closed subscheme of X.

Finally, since the question is local on X, we can assume that X = Spec (A) is
affine and that Y and Z are given by ideals I and J of A. By assumption, we have
J-NACI-N A, andusing Corollary 6.3, we conclude

J=AN[J-NAJCAN[I-NA]=1.
O

Remark 6.14 Let C be a category with fibred products and a terminal object 7', let
X and Y be two objects of C, and let f, g : X — Y be two morphisms. Then the
equalizer

eq(f.8) !
Eq(f, g ————X 4? Y
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of f and g exists — it is given by the cartesian diagram

eq(f.g)
Eq(f. g) > X (22)

O (f.&)

N
Y — 1 X7

Lemma 6.15 Let S be a scheme, let X and Y be two S-schemes, andlet f,g: X — Y
be two S-morphisms. Then the equalizer

eq(f.8) !
Eq(f,g) ————X 4? Y

of [ and g exists in the category of S-schemes and is an immersion.

Proof The category of S-schemes has fibred products and the terminal object S, so

the equalizer of f and g exists by Remark 6.14. It is an immersion by the construction

. . (Ly,1y) . . .
given in (22), because Y Ly X ¢ Y is an immersion. O

Corollary 6.16 The functor N : Sch? —> * ScAY is faithful.

Proof Let X and Y be k-schemes of finite type, and let f, g : X — Y be k-morphisms
with N f = N g. By Corollary 6.16, f and g are equal if and only if Eq( f, g) equals
X as subschemes of X. By assumption, Eq(N f, N g) is the *subscheme N X of N X,
and Eq(N f, N g) = NEq(f, g) by Proposition 4.1(i), so the claim follows from
Proposition 6.13. O

Let S be a noetherian scheme, let X /S be projective with very ample sheaf O(1), let
F be a coherent sheaf on X, and let P € Q[¢] be a rational polynomial. Then we have
the Quot-scheme Quot 1,} /X/5° projective over S, which represents the contravariant

functor T +— QuotP (Fxxsr/X7/T) that maps a locally noetherian S-scheme T to
the set of those quotients #x . r — G with G flat over T and Hilbert polynomial P
in every fibre ¢ € T (compare [10, 221.3]).

By transfer, for a *noetherian *scheme S, a *projective S-*scheme X with *very
ample *sheaf O(1), a *coherent *sheaf F on X and a *polynomial P € *Q*[¢], we
have a canonical *projective S-*scheme *Quot’} /XS which represents the enlarged

functor T +— *QuotlD (Fxxsr/X7/T) on *locally noetherian S-*schemes.
In the special case ¥ = Oy, the Quot-scheme QuotSX /X/S is called the Hilbert

scheme and denoted by Hilb ,f; /s (its T-valued points correspond to closed subschemes
of X7 which are flat over T and have Hilbert polynomial P in every fibre). Similarly,
we call *Hilby s := *Quot(, v ¢ the *Hilbert scheme.

In the following proposition, we want to show that the formation of Quot-schemes
and Hilbert schemes is compatible with the functor N:
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Proposition 6.17 Let X be a projective k-scheme with very ample sheaf O(1), let F
be a coherent sheaf on X, and let P € Q[t] be a rational polynomial.

(i) We have NQuot};/X/k = *Quotf\), TN Xk and in particular NHilb)};/k =
*Hilbf, X/k where P is considered as a *polynomial via Q[t] — *Q*[¢].

(ii) Let T be a k-scheme of finite type, and let f : T — Quot}}/x/k be a T-valued
point, corresponding to a quotient ¢ : Yxx, v — G. Then [N f1, which
is a [N T)-valued point of*Quot]I\J, TIN Xk by i, corresponds to the quotient
[N Flinxix,in11 = N G.

In particular, if g : T — Hilb§ /k corresponds to the subscheme Z C X x; T,
then [N g] corresponds to the *subscheme [N Z] C [N X] xx [N T].

Proof By [13, 8.5.2, 8.8.2, 8.10.5], there exist a finitely generated subring Ag of k, a
projective Ag-scheme Xo with X = X x4, k and a coherent sheaf % on X with
[Aog = k]* o= F. |

Then Quotl}/x/k = Quot‘;{)/xom0 X A, k, and putting o := TZ_,AO,k[AO — k] :
*Ag — k, we get

P Theorem 3.4 P P
NQuOtf/X/k = Ol*<*[Qu0t%/Xo/A0]) ZOK*I:*QUOt*%/*XO/*AOiI

Theorenﬁ 34,52 4

P P
= *QuOt(x*[* Fol/o*[*Xol/a*[* Ag] QuotN F/N X/k

which settles (i).

By [13, 8.8.2], after a possible change of Ag, X and y, we find an Ag-scheme Ty
of finite type with T = Ty x 4, k and an Ap-morphism fy : Top — Q = Quotp%/XO/A0
with [Ag <= k]* fo = f. Let Fxyx 4,0 7 gu“iv be the universal quotient. Then fy

corresponds to the quotient [ Folxox,,70 — [1x, X fol* G"™Y =: Go, and f corre-
sponds to the quotient ¢ : Fxx,7 — [Ag — k]"Go = G. So

N g 5=20[*(* Go) — Ol*(*[[]lxo % fO]* guniv:l)
Theor§m3‘4 [1NX % [N f]]*(oz*(* guniv)),

and since [N F]jy x — o*(* G""V) obviously is the universal quo-

]xk*Quoth TN X/k
tient, this proves (ii). m]

Corollary 6.18 Let X be a projective k-scheme with very ample sheaf O(1), and let
F be a coherent Ox-module.

Then the Hilbert polynomial of F [with respect to O(1)] coincides with the *Hilbert
polynomial of N F [with respect to N O(1)] in *Q*[¢].

Proof Denote the Hilbert polynomial of ¥ by Py € Q[t] C *Q*[¢].If ¥ corresponds
to the k-valued point f of Quot?; Xk then N F corresponds to the k-valued point

[N f]of *Quotf\?ﬂN X/k according to Proposition 6.17(ii). But by its very definition,
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*Quotf,f FIN Xk parameterizes sheaves with *Hilbert polynomial Py € *Q*[¢], so
we are done. O

Theorem 6.19 Let X be a projective k-scheme with very ample sheaf O(1), and let
G be a *coherent *sheaf on N X. Then the following two statements are equivalent:

(i) There is a coherent sheaf H on X with N H = G.
(ii) There is a coherent sheaf F on X, such that G is a quotient of N F, and the
*Hilbert polynomial of G (with respect to N O(1)) lies in Q[t] C *Q*[t].

Proof The implication “(i)=>(ii)” is easy: We can simply put ¥ := %, and by 6.18,
the *Hilbert polynomial of G = N #H equals the Hilbert polynomial of { and conse-
quently lies in Q[7].

For “(ii))=(@1)", let P € Q[¢] C *Q*[¢] be the *Hilbert polynomial of G. Then
N F — @ corresponds to a k-valued point g of *Quotf, FIN Xk Since

N Proposition 6.17(i)
[Q“"tl}/X/k](k) — [N Qu"t;/X/k](k) e [

"Quot] gy /i |0

is bijective by Theorem 4.13, there exists a k-valued point & of Quo'[};r Xk with
g = N h.If F — H isthe quotient given by h, then N H = G by Proposition 6.17(ii).
O

Corollary 6.20 Let X be a projective k-scheme with very ample sheaf O(1), and let
Z be a *closed *subscheme of N X. Then the following two statements are equivalent:

(1) There is a closed subscheme W of X with N W = Z.
(ii) The *Hilbert polynomial of Z (with respect to N O(1)) lies in Q[t] C *Q*[].

Proof This follows immediately from Theorem 6.19, applied to the special case G :=
Oz and F := Oy. m]

Corollary 6.21 Let X be a projective k-scheme with very ample sheaf O(1), and let Z
be a *closed *integral *subscheme (i.e., a *prime cycle) of N X that has finite *degree
(with respect to [Z < N X1*O(1)). Then there exists an integral subscheme (i.e., a
prime cycle) W of X with NW = Z.

Proof As Z is a subscheme of N X, we have *dimZ < *dim N X Theoremn 6.4(i)
dim X, so Z is a *projective *integral *scheme of finite *degree and of finite *dimen-
sion. Then transfer of [6, XII1.6.11(i)] shows that the *Hilbert polynomial of Z has
finite coefficients and consequently lies in Q[7] C *Q*[¢], and the corollary follows
from Corollary 6.20. O

Corollary 6.22 Let n € Ny, and let Z be a *integral *closed *subscheme of *IP} of
finite *degree. Then there is an integral closed subscheme W of P} with N W = Z.

Proof This follows immediately from Corollary 6.21 for X := P} and O(1) :=
N Opr (1). O
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Let S be a scheme, and let f : X — Y be an S-morphism. Then the graph of f is

the S-morphism I'f : X M X xg Y. Itis easy to see that the diagram

XHXXSY

l f><1y

Y]ly]ly Y xsY

is cartesian, which shows that [ isan immersion (and can hence be considered as a
subscheme of X x g Y, isomorphic to X), which is closed if Y /S is separated.

Now let S be noetherian, let X and Y be projective S-schemes with X /S flat, let
O(1) be a very ample sheaf on X xg Y, and let P € Q[¢] be a polynomial. Con-
sider the functor 7 +— Hom? 5 (X, Y)(T) that maps an S-scheme T to the set of those
T-morphisms f : X xgT — Y xsT whose graphI' y < X x Y, aclosed subscheme
since Y/ is separated, has Hilbert polynomial P with respect to O(1).

It is well known (compare [17, 1.1.10]) that this functor is represented by an open
subscheme HomZ (X, Y) Oinlb)};st/s’ where Hom? (X, Y) < Hi1b§xSY/S is given
by sending a morphism to its graph. Similar to the case of Quot- and Hilbert schemes,
the formation of Homg (X, Y) is compatible with the functor N in the following sense:

Proposition 6.23 Let X and Y be projective k-schemes, let O(1) be a very ample
sheafon X xi Y, and let P € Q[t] be a rational polynomial.

(i) We have NHom,f (X,Y) = *Homk (N X,NY), where P is considered as a
*polynomial via Q[t] — *Q*[¢].

(i) Let T be ak-scheme of finite type, and let f : T — Hom}(D (X,Y) beaT-valued
point, corresponding to a T-morphism g : X xx T — Y Xy T. Then [N f],
which is a [N T]-valued point of"‘Hom,iD (N X, NY) by i, corresponds to the
morphism [N gl : NX*X)yNT — NY*xyNT.

Proof This is completely analogous to the proof of Proposition 6.17. O

Theorem 6.24 Let X and Y be projective k-schemes, let O(1) be a very ample sheaf
on X xyY,andletg : N X — N Y be a morphism of k-*schemes. Then the following
two statements are equivalent:

(1) Thereis a k-morphism f : X — Y with N f = g.
(ii) The *Hilbert polynomial of the *graph of g [with respect to N O(1)] lies in
Qlz] C *Q*[1].

Proof This follows from Proposition 6.23 in the same way as Theorem 6.19 follows
from Proposition 6.17. O

Corollary 6.25 Let X and Y be projective k-schemes with X integral, let O(1) be
a very ample sheaf on X x; Y, and let g : NX — NY be a morphism of k-
*schemes whose *graph has finite degree [with respect to N O(1)]. Then there exists
a k-morphism f : X — Y with N f = g.
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Proof By transfer, the *graph *I", of g is isomorphic to N X and hence *integral.
Then by Corollary 6.21, there is a closed subscheme I' of X x; ¥V with NT" = *T'g,
and it follows from Corollary 6.20 that the *Hilbert polynomial of *I', lies in Q[¢].
Then the corollary follows from Theorem 6.24. O

Corollary 6.26 The restriction of N : 5C/i£p — *Scﬁ,ip to the full subcategory of
projective k-schemes reflects isomorphisms.

Proof Let f : X — Y be a morphism of projective k-schemes such that N f is an
isomorphism with inverse ¢ : NY — N X. Choose a very ample sheaf O(1) on

Xxp Y. Ift:Y x; X 50X X Y denotes the transposition, *O(1) is a very ample
sheaf on ¥ x; X. Let P € Q¢] be the Hilbert polynomial of I"; with respect to
O(1), which by 6.18 is also the *Hilbert polynomial of *T"y ¢, the *graph of N f,
with respect to N O(1). If follows from transfer that the transpose [N t]*[*T'y ] is
the *graph of g and that its *Hilbert polynomial with respect to N [t*O(1)] equals P.
Thus by Theorem 6.24, there is a k-morphism g : ¥ — X with N g = g. Now

N[fogl=I[Nflo[Ngl=[N flog=1nyy=NTy
and
Nlgo fl=[Nglo[N fl=go[N fl=1nx = N1y,

so fog =1y and go f = 1y (because N : Scﬁip — *SCﬁip is faithful by
Corollary 6.16), and we see that f is indeed an isomorphism (with inverse g). O

Lemma 6.27 Let ¢ : B < C be a finite, injective morphism of integral k-algebras
of finite type. Then N ¢ : N B — N C is an injective, finite morphism of integral
k-algebras, and

[Quot(N C) : Quot(N B)] = [Quot(C) : Quot(B)] € IN,.

Proof The (internal) k-algebras N B and N C are integral by Theorem 6.4(iii), and
N ¢ is injective and finite, because

BC—(’O>C

NBW)NC

is cocartesian by Proposition 4.16 and because op is faithfully flat by 6.3. Since
Quot(C) = C ®p Quot(B) and

Proposition 4.16
Quot(N C) = [N C] ®n p Quot(N B) = C ®p Quot(N B)
= [C®5Quot(B)] ®quot(s) Quot(N B) =Quot(C) ®quot() Quot(N B).
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Using this, we get

[Quot(N C) : Quot(N B)] = dimuer(y 5) Quot(N C)
= dimQuot(v #)[Quot(C) ®quot(s) Quot(N B)]
= dimquot(p) Quot(C) = [Quot(C) : Quot(B)],

and this degree is of course finite, because ¢ is finite. O

Proposition 6.28 Ler f : X — Y be a morphism of integral k-schemes of finite type.
Then f is birational if and only if N f : N X — NY is *birational.

Proof Assume first that f is birational. Then by definition, there is a commutative

diagram
U
A
B —
X 7 Y

of k-morphisms with open immersions j; and j>. So

U
N ji w
NX N7 NY

is a commutative diagram of k-*schemes, where N j; and N j, are *open immersions
by Proposition 4.4, which shows that N f is *birational.

For the other implication, assume now that N f is *birational. Then N X and N Y
have the same *dimension, and Theorem 6.4(ii) implies that dim X = dim Y. Let
us first show that f is dominant: If it were not, there would be a non-empty open
subscheme U of Y and a cartesian diagram

b—U

X 4f> Y.
But then by Propositions 4.1(i), 4.4, and Theorem 6.4(i), N U would be a non-empty
*open *subscheme of N Y disjoint from [N f](N X); this means that N f would
not be *dominant and consequently could not be *birational — a contradiction. So
¢ is indeed dominant, and if we denote the generic points of X and Y by & and 5,

respectively, then & is contained in the generic fibre X,. Since we saw above that
dim X = dim Y, we must have X, = {§} by [12, 4.1.2())].
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In particular, X,,/7 is of finite type and discrete, so by [7, 6.4.4] it is finite. Then
by [13, p. 6 and 8.10.5(x)], there is an affine, open, dense subset V = Spec (B) C Y,
such that f|y : U — V [with U := f~1(V)] is finite. Then U = Spec (C) is
affine, and f* : B — C is a finite, injective morphism of integral k-algebras of finite
type. By hypothesis we have Quot(N B) = Quot(N C), so Lemma 6.27 implies
k(Y) = Quot(B) = Quot(C) = k(X), which means that f induces an isomorphism
of the function fields of X and Y and is therefore birational. O

7 The coherence theorem

For any scheme X, sheaf of Ox-modules ¥ and natural number i € INo, we can
consider the Zariski cohomology group H (X, ). If X is an A-scheme for a ring A,
then H (X, F) canonically carries the structure of an A-module.

If f : X — Y is a proper morphism of schemes and if ¥ is a coherent Ox-module,
then we have the higher direct image R [« F, acoherent Oy-module by [9, 3.2.1].

By transfer, if X is a *scheme, ¥ a *finitely presented Ox-module and i € *INg
a *natural number, we get the *Zariski cohomology H! (X, F) which is an internal
A-module if X is an A-*scheme for a *ring A.

Similarly, if f : X — Y is a *proper morphism of *schemes and if ¥ is a *coherent
Ox-module, we have the *higher direct image R f« F, a *coherent Oy-module.

Lemma 7.1 Let A be a *noetherian *ring, and let f : X — Y be a morphism of
*schemes over A. Then the left exact functor fy : *QCohy — *Mod y factorizes over
*QCohy and admits aright derived functorR(f)s : DT (*QCofy) — DV (*QCohy).

Furthermore, the class of flasque’® *quasi-coherent sheaves of Ox-*modules is
adapted to f.

Proof Let B be a noetherian ring in R, and let g : Z — W be a morphism of
finitely presented B-schemes. Then Z and g are quasi-separated (by [11, 1.2.8]) and
quasi-compact. It follows from [22, B.3] that QCOH%I has enough injective objects and
from [22, B.6] that Rig, F is quasi-coherent for all quasi-coherent Oz-modules F
and all i € INy.

Furthermore, by [22, B.4], an injective object in QCoﬁg is also an injective (and

hence flasque) object of Mod’ ;l, so that the class of flasque quasi-coherent Oz-modules
is adapted to g.

Since all this is true for arbitrary B, Z, W and g, the transferred statements are also
true, and the lemma follows. O

Lemma 7.2 Let A be a *noetherian *ring, and let f : X — Y be a morphism of
finitely presented A-schemes. Then the following diagram of exact functors between
derived categories commutes (up to canonical isomorphism):

3 Note that being flasque is obviously first-order and hence is the same as being *flasque.
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D (*QCohy ) RINTL. D (*QCofiy y)
S S
D*+(Mod y) = D+ (Mody).

Proof First of all, note that R[N f], exists by Lemma 7.1 and that S : *QCohy x —
Mod x and S : *QCohy y — Mod 'y are exact by Proposition 5.8.

The composition S oR[N f], is canonically isomorphic to R[S o [N f].], because
S is exact. The composition R f,. o S is canonically isomorphic to R[ f; o S ], because
S is exact and obviously maps flasque *sheaves to flasque sheaves, which are adapted

to fy.
It follows immediately from the definition of S, fi and [N f]. that S o [N f]s =
f« 0 S, sowe have

S oR[N fl, =R[S o [N fls] =R[fs 0o S]=Rfs0S.

m}

Let k be a *field, and let f : X —> Y be a proper morphism of k-schemes of finite
type.

Lemma 7.3 We have a commutative diagram of exact functors

R[N f1«
D (* CQﬁN x) RLELS Db (* CgﬁN Y)

DP(*QCohy y) X Db (* QCofiy y)
S S
DP(Mod x) Y DP(Mod y)

L L

Db(Cofix) — D (Cokiy)

Proof Since X is finitely presented over a field, it is finite-dimensional, which implies
that f. : QCohy — QCohy has finite cohomological dimension and hence induces
R f, : D*(QCohy) — DP(QCohy).
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By Theorem 6.4(ii) and transfer, [N fl. : *QCohyy — *QCohyy has the
same finite cohomological dimension and induces R[N f], : Db (* QCoh Nx) —
D°(*QCohy y). So the middle square is well-defined, and it commutes by Lemma 7.2.

The bottom square is well-defined and commutes by [15, I1.2.2] and [6, 11.2.2.2], the
top square is well-defined and commutes by transfer of [15, I1.2.2] and [6, I1.2.2.2.1].

O

Proposition 7.4 There is a canonical morphism of exact functors

D (Cohiy) () D°(Mod y) (23)

SoR[N fl.oN
which induces a canonical morphism of 5-functors

(N oR" fi)nem,
— T
COﬁX l} * COHN Y- (24)
\ _//

R[N 710N e,

Proof Morphism (23) is given by the following diagram in the 2-category of
triangulated categories

/ DP(Cohy)
Db(Cofiy) Db (Modx) "\
\ / R fx
D" (*Cohy x) Db (Mod y)
\ /
D°(*Cohy y),

where the three 2-morphisms are given by (9) and Lemma 7.3 (note that N : Cohy —
*Cohy x) is exact by Theorem 6.4(iv).
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Applying (23) to objects concentrated in degree zero (i.e., objects coming from
Cohy) and taking cohomology gives us a morphism of §-functors

R" fdnen,
— T
COﬁX Lo MOL{Y .
\ —//

(SoR"[N f],oN )ne]l\'o

Using Corollary 5.12, we then get the morphism from (24) for a coherent Ox-module
F and ann € Ny by

-1
TY.RN fi TRON f1,N T )

NR"f. F

R'[N fI.N ¥.

That this is indeed a morphism of §-functors follows immediately from the exactness
of N, from Remark 5.13 and from the fact that ¢ is a morphism of §-functors. O

Theorem 7.5 The canonical morphism of functors (24) is an isomorphism. In particu-
la, NR"f.F is canonically isomorphic to R"[N fl.N F for all coherent
Ox-modules T and all n € Z.

Proof Because the statement is local in Y, we can assume without loss of generality
that Y = Spec (B) is affine for a finitely presented A-algebra B. We split the proof in
several cases:

First consider the case where f : X = IP’{, — Y is the structural morphism of
projective d-space over Y. By [9, 2.1.15, 2.1.16], for any m, n € Z, we have canoni-
cal isomorphisms

OylTy, ..., Tilm ifn=0,
R" £, Ox (m) = OY[To,---,Td]Zd,],m ifn=d,

0 otherwise,
where Oy [Ty, ..., T;] denotes the graded free symmetric algebra over Oy with gen-
erators Ty, . .., Ty (so that its part of degree m is just the free Oy-module with basis

the homogenous monomials of degree m in the 7;). By Propositions 3.7, 5.18(i) and
transfer, we have

Ony*[To, ..., Tqln ifn=0,
R[N f1,IN Ox(m)] = { Ony*[To,.... Tl y_y_, ifn=d,
0 otherwise.

Since a *monomial of degree m is the same as a monomial of degree m, and since N
respects duals by Corollary 5.17, we see that N R” f,,Ox (m) = R"[N f],[N Ox(m)]
for all m and n. By additivity, the theorem is hence true for our special choice of f
and for all F of the form Oy (m)! forl € Ny and m € Z.
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As a next step, we prove the theorem for all coherent sheaves on IP‘{, by decreasing
induction on n (this part closely resembles Hartshorne’s proof of the “Theorem on
Formal Functions” in [16]): Since R” f,, and R"[N f], both vanish for n > d, the
theorem holds trivially in those cases. For the inductive step, assume that the theorem
holds for all n’ > n € Ny, and let ¥ be an arbitrary coherent sheaf on X. By [9,
2.2.2(iv)], there exists an epimorphism G := Ox (m)! — F for suitable I € Ny and
m € 7., so that we have a short exact sequence

0—H—>G—F—0

of coherent Ox-modules. By Proposition 7.4, we get an induced commutative diagram
of *coherent Oy x-modules with exact rows as follows:

NR"fyf ——> NR"foG ———> NR"f, F ———> NR'""l . 5f ———> NR"H f G

v
R[N f1[N H] — R"[N f1,[N G] —> R"[N f1,[N F1 —> R"H[N (][N H] —> R" [N f1,IN G]

By the first part of the proof, 8 and ¢ are isomorphisms, and by our inductive hypoth-
esis, & is an isomorphism. Then by the five lemma, since 8 and § are epimorphisms
and ¢ is a monomorphism, y is an epimorphism.

Since F was chosen arbitrarily, this conclusion also applies to %, i.e., « is also an
epimorphism. But then we can apply the five lemma again, using that « is an epimor-
phism and that 8 and § are monomorphisms, to conclude that y is a monomorphism
and hence an isomorphism as desired.

Having settled the theorem for projective space, we now consider the second case
where f : X < Y is a closed immersion, i.e., X = Spec (B/b) for an ideal b of B.
Since f, and [N f], are exact in this case (note that N f is a *closed immersion by
Proposition 4.4), we only have to show N f*M =[N fl«IN M ] for all B/b-modules
M of finite type or — equivalently — that [N f*M] (NY) = [[N fl[N M]](N Y).
Now

Proposition 5.11

[N AiM|(NY) = [fiMI¥)®; NB=MX)®@; NB=M®z NB
and (since B —> C := B/b is a finite ring homomorphism)

Proposition 5.11

[[N f1IN MI](N Y) = [N MI(N X) = MX)®NC

4.16
=M®cNC = M®c (C® NB)=MQ®3pN B,

so the theorem is true for closed immersions as well.
As a third case, we take an arbitrary projective morphism f : X — Y. Since Y
is affine, it admits an ample bundle, which implies (see [8, 5.5.4(ii)]) that there is a
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d € INy for which f factorizes as X < lP‘)’l, L Y, where i is a closed immersion
and 7 is the structural morphism. Then for every coherent Ox-modules ¥ and every
n € 7, we have (because i, and [N i], are exact)

1.case
NR"f, F=NR"[7il,F=NR"m,i, F = R'Nnal,Ni,F
2.case

= R"[N7li[Nil.N F=R"[N f1,N ¥,

and the proof of this case is complete.

Finally we consider the general case of an arbitrary proper morphism f : X — Y
and imitate Grothendieck’s proof of the finiteness theorem for coherent modules [9,
3.2.1]. Consider the full subcategory C of Cofix consisting of those coherent sheaves
for which the theorem holds. We claim that C has the following properties:

(i) Cis exact, ie.,if0 > F — F — F” — 0 is a short exact sequence in
Cohy and if two of the three sheaves #’, F and #” belong to C, then so does
the third (compare [9, 3.1.1]).

(ii) If a coherent Ox-module F belongs to C, then every direct factor of F also
belongs to C.

Let0 - 7' — F — F” — 0 be a short exact sequence as in (i). Applying the
morphism of §-functors (24), we get the following commutative diagram with exact
TOWS

) )
"'%NR"*If*f”H-NR"f*?—/ NR"_I'*? NR”f*f”HNR"JrIf*jT’%-”

Yn—1 an Bn Yn 41
v v v v v

o =>=RIN FLN T e R[N f1,N F" = R[N fI,N F = R"[N fI.N F" = ROFIN f1N T =

If two of ', F and F” belong to C, then for every n, two of «,, B, and y, are
isomorphisms. The five lemma shows that then all «;,, 8, and y;,, are isomorphisms
and hence ¥/, F and F” all belong to C, which proves (i).

For (ii), let F be a coherent Ox-module in C, and let # be a direct factor of F.
Putting % := F/ 1, we get a split short exact sequence

O— fHh—>F=FHPH— H—0
and hence for any n a morphism of split short exact sequences

00— NR"fu /y ———— > NR"fL T =NR"fi F & NR"f, ) ——— > NR"f,,  —=0

an U an®pBn Bn

v v
0 —>= RN fIN Ji —= R'IN fL.N F = R'N fL,N 5 @ R'IN fLN J5 —= RN fLN i —> 0

@ Springer



52 L. Briinjes, C. Serpé

with an isomorphism «,, @ 8, (because ¥ isin C). It follows immediately that ¢, and
B, must also be isomorphisms, i.e., F and % also belong to C, which proves (ii).

In order to finish the proof of the theorem, we have to show that every coherent
Ox-module belongs to C, and we want to do so by using dévissage: By [9, 3.1.3], a
full subcategory C of Cohy satisfying (i) and (ii) contains all coherent Ox-modules
if (and only if) for every irreducible closed subscheme Z of X, there is a sheaf with
support Z in C.

Let Z <> X be a closed immersion with Z irreducible. Assume that we have found
a coherent sheaf 77 of Oz-modules with support Z such that the theorem holds for 7,
and the (obviously proper) morphism f oi : Z — Y. Then ¥ := i, ¥z is a coherent
sheaf of Ox-modules with support Z, and

NR"f, F = NR"[fil, Tz ZR"[N (fD)I,N ¥z
2.case
=R"[N fI,[(WiD)«N Fz] = R[N f1,N T,

i.e., F belongs to C. Thus without loss of generality, we only have to consider the
case Z = X and therefore must exhibit a sheaf in C with support X.

By Chow’s lemma [8, 5.6.2], there is a projective and surjective morphism
g : X’ — X, with X’ irreducible, such that the composition f o g : X' —> Y
is projective. Let Oy’ (1) be a very ample bundle for g. Then by [9, 2.2.1] and [8,
3.4.7], there is an m € INg such that F := g, Ox(m) has support X and such that

Vn >0: R"g,Ox/(m) =0. (25)

From (25), we learn two things. First, using the spectral sequence R? f,R? g, Ox’(m) =
RPH9[ fg], Ox:(m), we get

VneZ: R"f, F =R"[fg]l,.Ox (m). (26)

Second, applying the third case to Ox’(m) and g, we get

Vi > 0: R'[N g],N Ox/(m) = N R"g, Ox/(m) ‘20,

and then, using the spectral sequence R?[N f1,RY[N gl.N Ox (m)=RPI[N (fg)l,
N Ox:(m),
Vn e Z: R'[N f1,N F ZR'[N (f)1,N Ox(m). @7)

Combining these and applying the third case again, this time to Ox’(m) and fg, we
get

(26) 3.case 27)
NR"f, F = NR"[fgl,Ox:(m) = R"[N (fg)l,N Ox/(m) = R"[N fI.N F

foralln € Z, i.e., F belongs to C, and the proof of the theorem is complete. O
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Corollary 7.6 If k is a *field and if X is a proper k-scheme, we have a canonical
isomorphism

H'(X, F) — H'(N X, N )
of finite dimensional k-vector spaces for every coherent Ox-module F and every
n e ]N(),
Proof This follows immediately from Theorem 7.5, applied to f : X — Spec (k),
and from Proposition 5.10:
H'(X, ) =H"(X, ) @k =H"(X, F) & Nk
N.NR"f, F S N.R"[N fI,N F =H"(NX,N %).

Proposition 5.10

m}

Corollary 7.7 For a *field k and a proper k-scheme X, the functor N : Cohx —>
*Cohy x is exact and fully faithful.

Proof We already know that N is exact (and faithful) from Theorem 6.4(iv), even if
X is not proper over k.
If f : X — Spec (k) is proper, and if ¥ and G are coherent Ox-modules, we have

Homg, , (N F.NG) = I:.’J'[OﬂloNX(N F.N g)](N X)
Corollary 6.5
= [N Homo (F. § | x)
= HY(N X, N Homo, (F, §))
Corollary 7.6

= H(X, Homo, (F, G)) = Homo, (F, G),

which proves fully faithfulness. O

Corollary 7.8 For a *field k and a proper k-scheme X, the canonical group homo-
morphism N : Pic(X) —> *Pic(N X) from 5.15 is injective.

Proof This follows immediately from the fact that N : Mod g? — *Mod 5{,) y is fully
faithful by Corollary 7.7. O

Example 7.9 Let k be a *field, and consider projective d-space over k forad € IN,.
Then the monomorphism Pic(IPZ) — Pic(*IPZ ) from Corollary 7.8 is explicitly given
by the following commutative diagram of abelian groups:

m € A * * > m

. P

Opg(m) e Pic(P{)————"Pic(P{) > Opy(m)
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Corollary 7.10 Let X be proper over a *field k, and let 'F be a coherent Ox-mod-
ule. Then x (F), the Euler-Poincaré characteristic of F, equals x (N F), the *Euler-
Poincaré characteristic of N 'F.

Proof We have

*d:m(NX)
XN )= "D (D" dim [ H'NV X, N )]
n=0
. dimX
Theoreg644(11) Z (_])n ) *dim[H”(N X.N ?_):I
n=0

dim X
Corollary 7.6 > (-1 ~dim[H"(X, T)] = x ().

n=0
O

Corollary 7.11 Let X be a k-scheme of finite type, and let I and J be two sheaves of
ideals in Ox. Then N [I - J] = [N I]-[N 9] as *ideals of Oy x.

Proof Let Z be the closed subscheme of X given by I - J,and leti : Z < X be
the corresponding closed immersion. Then we have an exact sequence of coherent
Ox-modules

I®o, J— Ox — i,0z7 — 0

and hence by Proposition 5.4, Corollary 5.14, Theorems 6.4(iv) and 7.5 an exact
sequence

[N I1®0y, [N Il % Oyx —> [Nil.Oyz —> 0

of *coherent Oy x-*modules. By transfer, the image of ¢ is [N I]- [N J] and the ideal
defining N Z, which in turn is N [ - J] by Corollary 6.6. O

8 The shadow map

Let (K, |.| : K — RZ°) be a non-trivially valued field with locally compact comple-
tion (I% , |.]). Examples of such fields are Q, R and C with their usual absolute value,
Q or Q, equipped with the p-adic value |.|, for a prime p or —more generally —local
fields.

Assume that (I% , |.1) is an element of our superstructure M (which is no restriction,
since we can always choose an appropriately large M).
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Then (*K, |.|) and (*K, |.I) are elements of *M, where *K C *K are fields, and
[l :*K — *R=%and |.| : *K — *R=Y are maps such that

A

*K( * K
N
*RZ0
* *
R=0
AN
commutes. By transfer we have
Vixe*K: x| =0 x =0, (M1)
Vx,y €*K: |x-y| = x| |yl and (M2)
Va,y € Kt |x + y| < |x| + |yl. (M3)

Define the set of finite elements of *K by

*gfin . {xe*K ‘EICE]RZO: |x| <C}
and the set of infinitesimal elements of *K by

*ginf.— {x €*K ‘Vs e R0 |x| <£}.

Proposition 8.1 *K " G *K is avaluation ring with maximal ideal * K it und residue
field canonically isomorphic to K. We call the projection * K fin _, K the shadow map,
denote it by sh, and consequently get a commutative diagram of ring homomorphisms

with exact row
K
sh

O *Kinf *KﬁnHkHO

(28)

*K.

Proof (M2) and (M3) immediately imply that *K ™" is a subring of *K. Since the
value on K is non-trivial, the set of values is not bounded, so by transfer *K contains
elements of infinite value, and *K ™ is a proper subring of *K.
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If x € *K is not finite, it in particular satisfies |x| > 1. Then |%| < 1 (by (M2)),
ie., % is finite. This proves that * K fin i indeed a valuation ring.

For a finite x € *K'" \ {0}, )lc is obviously infinite if and only if x is infinitesimal,
which shows that *K™™ is the maximal ideal of * K",

Choose an infinite natural number #. We define a ring homomorphism o« : K —
* g fin /*K inf by sending the class of a Cauchy sequence (x,) in K to xj. This is well-
defined, because Cauchy sequences are bounded (so that x, € *K ﬁn) and because
lim,,—, o0 X, = O implies x;, € *K™ . Furthermore, o does not depend on h: If /' is
another infinite natural number, and if (x,) is a Cauchy sequence in K, then x;, — x
is infinitesimal. Since K is a field, « is automatically injective.

To prove that it is also surjective, we need the fact that K is locally compact: This
fact implies that there exists an ¢ € R>? and a compact subset A of K such that

Us(0,K) :={x € K | x| <&} C A.

Now let x be an arbitrary element of *K™, let C € R=0 with |x| < C, letw € K with
|| > 1, and let n € Ny with [7"]| = |7|" >= % Because multiplication by 7" is a
homeomorphism from K toitself, B := 7" A is also compact, and we have

Uc(0, K) € Ugn)(0, K) € B
and hence
xel{ye K|yl <C}=*Uc(0,K) C*B C*K.

According to the nonstandard characterization of compactness, applied to B, any ele-
ment of *B is infinitesimally close to an element of B, so there is an x in K with
x— % e K™ je,x =a(k). O
Corollary 8.2 Let X be a proper scheme over *K. Then the canonical map
XKy 5 X(*K) is bijective.

Proof This follows immediately from Proposition 8.1 and the valuative criterion of
properness [16, 11.4.7]. O

Corollary 8.3 Let X be a proper scheme over K. Then there is a canonical shadow
map shy : [*X](*K) —> X (K), induced by sh : *kin 5 R, such that the follow-
ing diagram commutes:

X (K)

|

X(K)
A
Qshx

X(K) B o x10K),
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Proof Applying the functor X (_) to (28), we get the following commutative diagram,
in which « is bijective by Corollary 8.2, so that we can define shy as (shoa ™! o 871):

X (K)

|

Xk — s ¥ (&)

A
K% fth
B :

X(*K) ——["X]("K).

(]
Example 8.4 Let X C IP”IZ( be a projective variety over K, and let x = (xg : ... : xg)
be a *K -valued point of *X. Put C := max{|xo|, ..., |x¢|} € *R>?. Then
shy(x) = (sh [%] :...:sh [%]) X([%) - ]P’f((I?).

9 Resolution of singularities and weak factorization

For us, a variety over a field k is an integral, separated k-scheme of finite type. Simi-
larly, if k is internal, a *variety over k is a *integral, *separated *scheme in *5cﬁip.

Lemma 9.1 Letk be a *fieldin* R, and let X be a k-variety. Then N X is a k-*variety.
Proof This follows immediately from Proposition 4.4 and Theorem 6.4(iii). O

Let k be a field, and let X be a projective k-variety. Then for us, a resolution (of sin-
gularities) of X is a proper, birational k-morphism X’ — X, where X' is a projective,
smooth k-variety.

Proposition 9.2 Let k be a *field in * R of external characteristic zero, let n € IN,
and let X be a *projective k-*variety which admits a *closed embedding into *IP}, of
finite *degree. Then there exists a *resolution f : X' — X of X.

Proof By Corollary 6.22, there is a projective k-variety ¥ with N Y = X, and by
Hironaka’s celebrated result on resolutions of singularities in characteristic zero, there
exists aresolution g : Y' — Y of Y.

Then X’ := N Y’ is a *projective, *smooth k-*variety by Propositions 4.4, 4.14 and
Lemma 9.1, and f := N g : X’ — X is *proper and *birational by Propositions 4.4
and 6.28. O

Using Proposition 9.2, we can now easily give a conceptual proof of the following
classical result of Eklof (see [5]):

Corollary 9.3 For any pair (n, d) of natural numbers, there exists a bound C € N4,
such that for any field k of characteristic p > C and any closed subvariety X of P},
of degree d, there exists a resolution of singularities of X.
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Proof Assume the statement is false. Then for every i € IN;, we find a field k; of
characteristic p; > i and a closed subvariety X; of IPZ,- of degree d which does not
admit a resolution.

We then take the full subcategory of Rings with objects (k;);e, as our base cate-
gory ‘B, choose an infinite j € *IN and get a *field k; of *characteristic p; > jin *%
and a *closed *subvariety X ; of *IP}’ of *degree d which does not admit a *resolution.

But since p; is infinite, the external characteristic of k; is zero, and Proposition 9.2
states that there can be no such X ;. Thus our assumption leads to a contradiction, and
the corollary is proven. O

Definition 9.4 Let k be a field, let U be an open subscheme of a projective k-variety
X, and let n € INp be a natural number. We say that U has complexity n if X \ U,
equipped with its reduced structure, has at most n irreducible components and if all
those components have degree at most n.

Lemma 9.5 Let k be *field in *R, let X be a projective k-variety, and let U’ be a

*open subscheme of N X of finite *complexity. Then there is an open subscheme U
of Xwith NU =U'".

Proof By definition of complexity, there is an n € INg, such that [N X]\ U’ =
Z| U...U Z, with *integral *closed *subschemes Z; of N X of *degree at most n,
and by 6.21, there exist integral closed subschemes Zi, ..., Z, of X with N Z; = Zlf
foralli. Put U := X \ Uj_, Zi = ;=,[X \ Z;]. Then

NU =N (ﬂ[X \ Zi]) Proposit'é)nét.l(i) m N[X \ Zi]

i=1 i=1

IDE

Lamms 8 ) (Iv X1\ IV Zi1) =

i=1 i=1

(v xnz)=v'

m}

Definition 9.6 Let ® : X --» Y be a birational map between proper nonsingular vari-
eties over a field k, and let U C X be an open subscheme where & is an isomorphism.
Then a weak factorization of ® with respect to U is a factoring of ® into a sequence
of blow-ups and blow-downs with nonsingular irreducible centers disjoint from U.
The length of a weak factorization is the number of blow-ups and blow-downs in the
sequence.

Lemma 9.7 Let k be a *field in *R, let ® : X — Y be a birational morphism
between proper, smooth k-varieties, and let U C X be an open subscheme where ® is
an isomorphism. If ® admits a weak factorization with respect to U of length n, then
N ®: N X — NY admits a *weak *factorization with respect to N U of *length n.

Proof The statement makes sense, because N X and N Y are *proper, *nonsingular
k-*varieties by Propositions 4.4, 4.14 and Lemma 9.1, N ® is *birational by Proposi-
tion 6.28, and [N ®]|y p is trivially an isomorphism.
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Furthermore, it follows immediately from Proposition 4.14, Theorem 6.4(iii) and
Proposition 6.9 that N maps any weak factorization of ® with respect to U of length
n to a *weak *factorization with respect to N U of *length n. O

Proposition 9.8 Let k be a *algebraically closed *field in * R of external character-
istic zero, let n € N4, let X and Y be *projective, *nonsingular k-schemes which
admit a *closed embedding into *IP} of finite *degree, let ® : X — Y be a *birational
morphism of k-*schemes whose *graph has finite *degree, and let U be a *open *sub-
scheme of X of finite *complexity where ® is an isomorphism. Then ® admits a *weak
*factorization with respect to U of finite *length.

Proof By Corollaries 6.12, 6.22, 6.25, Proposition 6.28 and Lemma 9.5, there are
projective, nonsingular k-varieties X’ and Y’, a birational morphism @ : X’ — Y’
and an open subscheme U’ of X/, suchthat NX' = X, NY' =Y, N® = & and
N U’ = U. Since k is an algebraically closed field of characteristic zero and since
@’|y is an isomorphism by Corollary 6.26, we know from [1, 0.1.1] that ®’ admits
a weak factorization with respect to U’. The claim now follows immediately from
Lemma 9.7. O

Definition 9.9 Letk beafield. A WF-datum overkisapair (®, U),where ® : X — Y
is a birational morphism between projective, nonsingular k-varieties and where U is
an open subscheme of X where ® is an isomorphism. A weak factorization of (®, U)
(of length n) is a weak factorization of ® with respect to U of length 7.

Let N € INg be a natural number. We say that the WF-datum (®, U) has complexity
nif X and Y are (isomorphic to) closed subschemes of IP} of degree at most n, if the
graph of ® has degree at most n and if U has complexity 7.

Corollary 9.10 For any N € Ny, there exists a bound C € W, such that for any
algebraically closed field k of characteristic p > C, any WF-datum of complexity N
has a weak factorization.

Proof This follows from Proposition 9.8 in the same way as Corollary 9.3 follows
from Proposition 9.2. O

Corollary 9.11 For any N € Ny, there exists a bound D € N, such that for any
algebraically closed field k of characteristic zero, any WF-datum of complexity N has
a weak factorization of length at most D.

Proof This, again, follows in the same way as Corollaries 9.3 and 9.10, using the fact
that the *weak *factorization whose existence is proven in Proposition 9.8 has finite
*length. O
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