UNIFORM BOUNDS IN ALGEBRAIC GEOMETRY AND
COMMUTATIVE ALGEBRA

HANS SCHOUTENS

ABSTRACT. In this survey article, we will introduce various measures of com-
plexity for algebraic constructions in polynomial rings over fields and show
how they are often uniformly bounded by the complexity of the starting data.
In problems which have a linear nature, the degree of the polynomials provide
a sufficient notion of complexity. However, in the non-linear case, the more
sophisticated measure of etale complexity is needed.

These bounds lead often to the constructible nature of geometric problems,
where in the non-linear case, one should work in the etale site rather than
in the Zariski site. As another application of the existence of these bounds
we mention the possibility of transferring results from one characteristic to
another by means of the Lefschetz Principle. We will give some examples of
new results as well as some new proofs to old results.
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1. INTRODUCTION

Constructive Algebra is mostly seen as the theoretical counterpart of Compu-
tational Algebra: whereas the latter seeks to describe explicit methods and algo-
rithms, the former merely concentrates on the effective nature of many constructions
to be found in algebra. This dichotomy is best understood by an example. In [6],
HERMANN showed the following.
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1.1. Theorem. Let K be a field and & a finite set of variables. If a polynomial f

in K[€] of degree d is a linear combination of some other polynomials ¢1,...,gs of
degree d, then one can find polynomials q; € KI[€] of degree at most d', such that
(1) f=aqgi+ - +4sgs,

where d' does only depend on d and on the number of variables &, and not on the
particular polynomials f and g;.

This effective result belongs to the field of Constructive Algebra. Using Groebner
bases, BUCHBERGER obtained in [2] the same result, but by an explicit description
of an algorithm that calculates the polynomials ¢; in (1). This lead to a direct
implementation into various algebraic software programs, which was not practically
feasible in the case of HERMANN’s explicit proof using elimination theory, in view
of the exponential growth of degrees of polynomials involved in this elimination
process. Not surprisingly, also (model-theoretic) non-standard proofs for this result
have been put forward; we will discuss below the proof of SCHMIDT and VAN DEN
DRIES in [10]. Such proofs lack even more practical implementation, but they
provide sometimes extra information. In the particular case of our example, it
comes immediate that the bound d’ is even independent of the field. This is not
hard by the other methods either, but for more complicated examples, this is no
longer that evident.

In this survey paper, we will set ourselves yet another goal. We seek to derive
theoretical results from the existence of certain effective results. In other words,
we want to derive pure results in Algebraic Geometry and Commutative Algebra,
that is to say, results which do not refer to any model theoretic, constructive or
computational concept. An example is perhaps in order.

1.2. Example. Given a scheme of finite type X over an algebraically closed field
K, then there exists for each i a finite constructible partition

(2) X=r"u...UF®
such that on each Fj(i), the i-th Betti number (see (3) below) is constant.

Sometimes, our results will only be pure to a certain extent as shown by the next
example.

1.3. Example (Zariski-Lipman Conjecture for Hypersurfaces). For each d, there
is a finite set of exceptional characteristics, such that if K is an algebraically closed
field of characteristic not in the exceptional set, and such that if x is a closed point
on a degree d hypersurface X over K with the property that the module of K-
derivations Derg (Ox ) is free (where Ox , is the local ring of = at X)), then x is
a regular point of X.

Note that we prefer to use the term ”scheme” over the more common term
7variety”, for it emphasizes the fact that we look at all points, not just the K-
rational (or, closed) points—therefore including for instance generic points as well.
So will A% denote the affine space over the ring B, that is to say Spec B[&1, . .., &),
whereas B"™ simply denotes the collection of all n-tuples with entries from B. For
B = K afield, K" is precisely the collection of all K-rational points of A% . More
generally, if X is a scheme, then X (K) will denote the collection of K-rational
points of X.
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Transferring Properties. One of the main tools to derive a pure result such
as 1.3 from effective results is the Lefschetz Principle. It enables one to carry over
results in positive characteristic to similar results in zero characteristic, and vice
versa, at least for problems over algebraically closed fields which are first order
definable. Let us explain this a little more. The model theoretic Lefschetz Principle
states the following.

1.4. Theorem. If o is a sentence in the language of rings, then o is true in any
algebraically closed field K of characteristic zero, if and only if, there are infinitely
many primes p and, for each such prime p, an algebraically closed field K, of that
characteristic, such that o holds in K.

In fact, in the above statement, we may replace the condition infinitely many
primes by all but finitely many primes.

In stead of giving a formal definition of a (first order) sentence (in the language
of rings), let us just give here a geometric interpretation. Let F be a constructible
subset (in the Zariski sense) of affine n-space A7 over the integers. A sentence
o is then a statement (or its negation), of the form F(K) is non-empty, where
K is an algebraically closed field and F'(K) is the subset of K™ of all K-rational
points in F' (or rather, of the base change of F' to K; we will not make this dis-
tinction). This is a constructible subset of K™ for the induced Zariski topology.
Or, by taking some Boolean operations, a sentence could be a statement of the
form the K -rational points of F' and G are the same (i.e., F(K) = G(K)), where
G is another constructible subset of A7. If one allows more general fields than
just algebraically closed ones, a more complicated definition is required, by lack
of Quantifier Elimination. The geometric interpretation of Quantifier Elimination,
is CHEVALLEY’s Theorem (the image of a constructible set under a map of finite
type is again constructible), together with the Nullstellensatz (any closed point is
K -rational).

Let us explain by means of Example 1.3 how the Lefschetz Principle ties in with
the existence of uniform bounds, in order to obtain such a pure result. For sake
of exposition, let us assume that X from the example is in fact a hypersurface
of A} of degree d. Hence X is given as the zero locus of a single polynomial
f = > a;¢ of degree d. Let N be the number of monomials of degree at most
d in the n variables £ = (&1,...,&,). Hence f is given by listing the N-tuple of
its coefficients a = (a;). Let us denote this by writing X = X (a). We will show
that there exists a constructible subset Fj of AZJFN , with the property that a K-
rational point (z,a) belongs to Fy(K), if and only if, x is a K-rational point on the
hypersurface X = X (a) and the module of K-derivations of Ox , is free. Similarly,
there exists a constructible subset Gy of AZ™Y, such that (z,a) € G4(K), if and
only if, z is a regular K-rational point on the hypersurface X = X (a). The main
point here is that F; and G4 do not depend on X nor on the field K, but only on
the bound d. Let o4 be the sentence expressing that for an algebraically closed field
K, the K-rational points of F; and G4 are the same. In other words, if each oy
holds in some algebraically closed field K, then the conclusion in 1.3 is true for the
field K. Now, it has been proved by SCHEJA and STORCH in [9], that this is true
for K of characteristic zero. Therefore, by an application of the Lefschetz Principle,
we obtain our result. Note that the set of exceptional characteristics depends on d,
as we must apply Theorem 1.4 to each sentence o4 separately.
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So, how do we prove the existence of these constructible sets Fy and G4? The
conditions that the module of derivations of the local ring Ox , is free, or that
Ox , is regular, are algebraic in nature. For instance, for the second condition, one
needs to express the existence of an (n — 1)-tuple of elements in Ox , generating its
maximal ideal. Since Ox , is a localization of the coordinate ring K[¢]/(f), such
a tuple can be taken as a tuple of polynomials in K[§]. However, we cannot just
assert in a first order way that an (n — 1)-tuple of polynomials exists; we need to
know what their possible degree is. Remember that a polynomial is encoded as its
tuple of coeflicients; the length of this tuple being completely determined by the
degree. Therefore, we also need that the degrees of the entries of this (n — 1)-tuple
are uniformly bounded in terms of d alone.

To summarize, the existence of uniform bounds for some problem from Algebraic
Geometry or Commutative Algebra, entails the definability (i.e., the constructive
nature) of the problem and hence allows one to apply the Lefschetz Principle to it,
in order to transfer results from one characteristic to another. In Section 7, we will
explain how many of these uniform bounds can be derived from Theorem 1.1. The
idea is that many constructions in Algebraic Geometry or Commutative Algebra
are not only algebraic but even linear. Since the obstruction of extending linear
algebra over a field to linear algebra over a ring is measured by the Ext and Tor
cohomology groups, we need to study uniform bounds in that context.

Constructible Sets. Let us now turn to Example 1.2, which is yet another the-
oretical application of the existence of bounds. Here we use the Compactness
Theorem and/or Noetherianity instead of the Lefschetz Principle, to obtain some
further uniformity results. Let us explain the problematic and techniques again by
means of the example. In a similar fashion as in the previous example, one obtains,
for each d and each i and 3, a constructible subset F 51’6 ) of A’ZHN , with the prop-
erty that if K is an algebraically closed field and (z,a) is a K-rational point, then
(z,a) € Féz’ﬁ) (K), if and only if, a is a list of coefficients of a tuple of polynomials
in K[€] of degree at most d, defining a closed subscheme X = X (a) of A%, and x
is a K-rational point of X for which the i-th Betti number equals 3. With the i-th
Betti number of an (arbitrary) point z € X, we mean the dimension of the i-th Tor
module

(3) B = dim Tor"** (k(z), k(2))

where k(z) is the residue field of the point z. As we already said, we will denote
the collection of K-rational points of X by X (K). In the terminology of the ge-
ometer, these are precisely the closed points of X, and these then correspond by
the Nullstellensatz to the maximal ideals of the coordinate ring of X. Therefore,
for a fixed 4, we get a partition of X (K) in constructible sets

(4) B0, — { v € X(K) | F$"(z,q) holds in K } :

where 3 runs over all natural numbers. Let us denote by X %) the constructible
subset of X given by the equations and inequalities defining ©(»#). We would like
to show that

i. There are only finitely many non-empty strata X(7),
ii. We get a (finite) partition by constructible sets X (%) of the whole scheme X,
not just of its K-rational points.
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The difference between the topologies of X (K) and X is reflected by the following
proposition. As an immediate consequence of it, we obtain a positive answer to
Question (i), as soon as we have a positive answer to Question (ii).

1.5. Proposition. Let X be a scheme of finite type over a field K and let S be a
partition of X (as a scheme) by constructible sets. Then S is finite.

Moreover, we have the following effective version. For each d, there exists a
bound D, such that if X has degree complexity at most d and each constructible set
F € S has degree complexity at most d, then S has cardinality at most D.

The degree complexity of certain algebraic objects will be defined below in Sec-
tion 2. For now suffices to give the following intuitive version. An algebraic object
has degree complezity at most d, if it can be described algebraically using polynomi-
als of degree at most d in at most d variables. For instance, a closed subscheme of
A% given as the zero locus of polynomials of degree at most d, has degree complexity
at most d.

Proposition 1.5 is certainly false for X (K), for the partition by all singletons
is constructible but not finite. Geometrically, Proposition 1.5 says that a scheme
of finite type is not only compact in the Zariski topology, but even in the con-
structible topology. Model-theoretically, for X = A% and K algebraically closed,
the content of Proposition 1.5 is that X is the space of n-types, which is a Stone
space. Moreover, the Stone topology coincides with the constructible topology, in
view of Quantifier Elimination. The model theoretic version of Proposition 1.5 is
the compactness of this Stone space:

1.6. Theorem (First Order Compactness). Let @; be a sequence of first order for-
mulae in n free variables. If for some (resp. every) algebraically closed field K, we
have that

(5) K" = leil™
i>1

(as subsets of K™ ), then there is some g, such that,
0 %

(6) K" = U 2
i=1

For the general definition of a formula, see page 10 below. With |g0|K we mean
all tuples in K which satisfy the formula ¢. The following corollary is a scheme
theoretic generalization of an observation of VAN DEN DRIES in [15].

1.7. Corollary. Let X be a scheme (of finite type over an algebraically closed field
K ) and let W be a subset of X. Suppose there exist constructible sets F,, and G,
such that

(7) G Fo=W = ﬁ G,
n=0 n=0

Then W is constructible.

Let us now turn to Question (ii). To obtain a partition of the non-K-rational
points, we will not work with the type space, but we will use purely algebraic tools.
Of particular importance will be the notion of saturatedness: a subset F' C K" is
called saturated, if for every point x € F', we can find a K-rational point y in F
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lying in the Zariski closure of z (i.e., y is a specialization of x). Any constructible
set has this property.

We show that, in the notation introduced just before Question (ii), each X (4%)
is saturated. By a general result, see 11.2, the X (%) then necessarily cover the
whole space X. This will be explained more in Section 11, but since there is no
model theory used in this part of our work, we will not provide details. They can
be found in the paper [13].

Non-linear Problems. The problems so far discussed were all linear problems.
However, not every algebraic construction is linear. Let us give a simple example:
in order to express that two schemes of finite type over an algebraically closed field
are isomorphic, we need to give a map together with its inverse. Expressing that
two maps are each others inverse, reduces to expressing that the composition of
two polynomials yields the identity map modulo some other equations (defining
the scheme). This clearly is no longer a linear problem. It is even not immediately
clear that it can be expressed by means of polynomial equations. In fact one needs
polynomial equations with constraints to express this; see below for more details.
In summary, it is not clear whether the following question posed by EKLOF in [5]
has an affirmative answer.

1.8. Question. Does there exists for each d a bound d' with the property that, if
X andY are two isomorphic schemes of degree complexity at most d over an alge-
braically closed field K, then an isomorphism can already be given using polynomials
of degree at most d'.

A first approach, therefore, would be to try to extend the results of Theorem 1.1
for non-linear equations, i.e., replacing Equation (1) by an equation of the form

(8) D X" =0

to be solved in the X = (X1,..., X,,)-variables by polynomials ¢1, ..., ¢, € K[¢],.
Here v runs over a finite set of multi-indices and g, € K[{]. However, in Section 9
we will present an example due to SCHMIDT and VAN DEN DRIES, showing that
no such uniform bounds can exist. One might though hope that uniform bounds
exist when working in overrings of K[£]. Since we want to remain algebraic, the
following ring seems a plausible candidate. Let K[[¢]]*!® be the ring of all formal
power series f which are algebraic over K[¢], i.e., f € K[[¢]] satisfying a non-trivial
equation

(9) agfP+ .. a1 f+ag=0

with a; € K[¢] and ag # 0. Unfortunately, Equation (9) does not uniquely define the
algebraic power series f, as several power series might be a solution to it. To avoid
this ambiguity in an algebraic characterization of f, we use the following alternative
description. The ring K[[¢]]*# is the henselization of K[¢] at the maximal ideal
(€1,...,&,). This means that K[[¢]]*!# is the direct limit of all local etale extensions
of K[€](e,,....e)- Without giving the full definition, this means in the simplest case
that in Equation (9) we may furthermore assume that f(0) is a simple root of the
polynomial

(10) ag(0)T% + - + a1(0) + ao(0) = 0.
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One verifies that then f can be uniquely recovered from Equation (9) and from
its value f(0) at £ = 0. The minimal degree d for which this can be achieved is
then called the etale complezity of f. A note of caution: not always does a single
equation with a simple root at ¢ = 0 suffice, but in general a system of equations
with invertible Jacobian matrix at £ = 0 is needed.

The key result on uniform bounds in the non-linear case is then the following
theorem.

1.9. Theorem. For each d, there exists a d’', with the following property. Let
Fi(§X),...,Fs(&,X) be polynomials over a field K of total degree at most d and
suppose that there exists a tuple f = (f1,..., fm) over K[[£]], such that

(11) R, f(§) =+ = Fu(&, f(£)) = 0.

Then there already exists such a tuple f over K[[£]]%9 with each f; of etale com-
plexity at most d’.

Let me briefly comment on its proof. In Section 2, we will explain how Theo-
rem 1.1 follows from non-standard methods and from the algebraic fact that the
extension

(12) K*[¢] ¢ K[¢]”

is faithfully flat. Here, at the left, we have the polynomial ring over the ultraproduct
K* (with respect to some fixed non-principal ultrafilter) of fields K™, and at the
right, we have the ultraproduct of the polynomial rings K™[¢]. Faithful flatness
is tightly connected to solvability of linear equations. In order to deal with a non-
linear situation, we need to replace faithfully flatness by its non-linear counterpart.
This turns out to be Artin Approximation, which says that the extension

(13) K ([ c K[¢]]

is existentially closed. This model-theoretic concept translates, in this particular
case, into the algebraic fact that a system of polynomial equations with coefficients
in K[[¢]]*® which is solvable in K[[¢]], is already so in K[[¢]]*8. (In fact, we need
Artin Approximation with constraints, and of the latter, its non-standard version;
for some details see Section 9 below).

Geometrically, the effect of working with etale complexity rather than with de-
gree complexity, amounts to abandoning the Zariski site in favor of the etale site.
Therefore, the original Question 1.8 has to be modified: the notion of isomorphism
has to be taken in the sense of etale topology, not in the sense of Zariski topol-
ogy. This amounts to a much more local (infinitesimal) notion of isomorphism.
However, with this adaptation, we can answer Question 1.8 in the affirmative, see
Theorem 10.3 below.

Complete Intersections. Finally, we want to mention an open problem on uni-
form bounds, which would solve an outstanding open problem on space curves over
the complex numbers, as already observed by VAN DEN DRIES in [15].

1.10. Question. Does there exist for each d a bound d' with the following property?
If a is a radical ideal generated by polynomials of degree at most d over some field
K in n < d variables €, and if there exist polynomials f1,..., fs, with s < d, such
that the radical of the ideal generated by the f; equals a, then we can already find
such polynomials f; of degree at most d'.
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Apply this to a height one prime ideal p with n = 3 and s = 2. This prime
ideal p then defines a (reduced and irreducible) curve in A%.. The condition on
the radical means that this curve can be realized, set theoretically, as the inter-
section of two surfaces. It is not known whether every curve in A2 is, as a set,
the intersection of two surfaces, but it is known over algebraically closed fields of
positive characteristic, by a theorem in [3] of CowsiK and NORI. Therefore, a
positive solution to Question 1.10, would imply the definability of the collection of
all curves of bounded degree complexity which are set-theoretically the intersection
of two surfaces and whence by the Lefschetz Principle (as explained above), one
would obtain that every curve in A2 is, as a set, the intersection of two surfaces. In
view of the non-linear nature of the problem (since we have to deal with radicals),
I would propose the following weakening of the conjecture.

1.11. Question. Is every curve singularity formally a set-theoretical complete in-
tersection? In particular, is every curve isomorphic in the etale topology with a
set-theoretical intersection of two surfaces?

The term formally refers here to the completion of the local ring of the singu-
larity.

2. ASYMPTOTICALLY DEFINABLE FUNCTORS

In this section we give some more rigorous definitions for what we will understand
as first order definability.

2.1. Definition. Fix some field K and let 2 be some set. We seek to encode §2 in
K. This can be done most easily if we assume that K is also algebraically closed.
Moreover, we want this construction also to be functorial in the field. This amounts
in letting €2 be a functor rather than a set. More precisely, let ACF denote the
category of algebraically closed fields and let €2 be a functor from ACF to the
category of sets Set. If © is another functor from ACF to Set and n: Q) — © a
natural transformation, then we call 5 injective (respectively, surjective), if ng(K) is,
for any algebraically closed field K (and in the injective case, we call Q a subfunctor
of © and denote this by 2 C ©). We call an ascending chain of subfunctors

(14) QcCchHCc---CQ

a filtration, if Q(K) equals the union of the Q4(K), for any algebraically closed field
K. Let us call © together with a filtration (14) asymptotically definable, if for each
d, there exists a constructible set Vz C A7¢ and a surjective natural transformation
Nq: Vg — Q4. Here an arbitrary constructible set W C A7 is viewed as a functor
from ACF to Set, by associating to an algebraically closed field K the K-rational
points W(K) of W. Before introducing more terminology, let us pause to give some
examples.

2.2. Example. Let 2 and © be asymptotically definable functors. The product
functor Q x © sends an algebraically closed field K to the product Q(K) x ©(K).
It is again an asymptotically definable functor.

2.3. Example. Let Q) be the functor assigning to an algebraically closed field K
the polynomial ring K[£], where £ = (&1,...,&,) are a fixed set of variables. Let
Q4(K) be the collection of all polynomials f of degree at most d. Hence there exist
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a, € K, such that

(15) f=> at"

vI<d

Let Vg be the whole affine space Ag(d), where n(d) is the number of distinct mono-
mials of degree at most d in the variables ¢ and let 74(K) be the map associating
to an n(d)-tuple a = (a,), over K the polynomial (15). It is clear that this yields
an asymptotic definition of 2. In other words, polynomials f are encoded by their
coeflicient tuples a.

2.4. Example. More generally, let € be the functor associating to an algebraically
closed field K the collection of all ideals of the polynomial ring K[¢] and let Qg4(K)
be the subcollection of all ideals a generated by polynomials of degree at most d. We
will simply paraphrase the latter condition by saying that a has degree complezity
at most d. To show that this filtration by degree complexity yields an asymptotic
definition, we simply need to take for V; again an affine space, this time of dimension
n(d) x n(d), and let ng be the n(d)-fold product of the map defined in Example 2.3,
composed with the map sending n(d) polynomials to the ideal they generate. In
other words, ideals are now encoded by a bunch of tuples {ai,...,a,q)}, where
each tuple a; encodes a generator of the ideal.

2.5. Example. Continuing in this way, we might take for (2 the functor associating
to an algebraically closed field K the collection of all finitely generated K[£]-modules
and let Qq(K) be the subcollection of all finite K[¢]-modules M which admit a
representation

(16) K[~ K¢ — M —0

where s < d and A is an (s x s)-matrix over K[¢], with all its entries of degree at
most d. This time n; will be the (d x d)-fold product of Example 2.3, followed by
the map sending d x d polynomials to the cokernel of the matrix given by these
polynomials.

2.6. Definition. From the above examples we see that giving a filtration (15) is
equivalent with giving a notion of complexity on Q. That is to say, any natural
transformation c¢: £ — N (where N is viewed as the constant functor K — N)
yields a filtration Q4(K) = ¢(K) 1[0, d] and conversely, every filtration determines
a complexity degree ¢ by declaring ¢(K)(z) < d, if x € Q4(K). Therefore encodings
often come to us via some complexity degree.

The filtrations in examples 2.2-2.5 might seem randomly chosen and indeed other
(natural or not) choices can be made. However, what will matter in the sequel is
that once a complexity fixed, it will be important to study in how far the further
structure on the Q4(K) is compatible with this filtration. In this light, the two
following notions are essential.

Let © be a subfunctor of 2. We say that © is an asymptotically definable sub-
functor, if there exist, for each d, a constructible subset W, of V;, such that

(17) 1a(K)(Wa(K)) = O(K) N Qq(K),

for any algebraically closed field K. Let Q2 and © be functors with a filtration
and let n:  — O be a natural transformation. We call n bounded, if, for any d,
there exists d’, such that n(K) maps Q4(K) inside O4 (K), for any algebraically
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closed field K. For a trivial example, let Q be as in Example 2.3, then the functor
assigning to K the collection of all irreducible polynomials is an asymptotically
definable subfunctor and any partial derivative gives a bounded transformation.

In the sequel, we might sometimes ignore the functorial character, and simply say
that the polynomial ring is an asymptotically definable set and the set of irreducible
polynomials is an asymptotically definable subset.

A less trivial example is the following.

2.7. Example. Let II be the functor which assigns to an algebraically closed field
K the set Spec K[€] of all prime ideals of K[£]. This is an asymptotically definable
subfunctor of the functor in Example 2.4.

In order to prove this, one needs the following two facts taken from [10].

2.8. Theorem. For each d, there exists d', with the following properties. Let K
be an arbitrary field and let £ = (&1,...,&,) be a tuple of variables with n < d.

iii. If f; € K[€], for i < s, have degree at most d and fo belongs to the ideal
generated by the f;, then there exist q; € K[| of degree at most d', such that

(18) fo=afi+-+qsfs

iv. An ideal p of K[| of degree complezity at most d (in the sense of 2.4), is
prime, provided for any f,g € K[| of degree at most d' with f,g ¢ p, implies

faé¢p.

Formulae. Before we turn to explaining how Theorem 2.8 yields asymptotic defin-
ability of the set (functor) IT of prime ideals defined in Example 2.7, we introduce
some more terminology. The reason we need to introduce formulae, is that the col-
lection of constructible sets over a non-algebraically closed field behaves badly with
respect to projection (due to the absence of CHEVALLEY’s Theorem). For instance,
the parabola in R? given by x = y? projects onto the interval [0, +0c0) in the z-axis,
which is clearly not a constructible set.

A constructible set V in K™, where K is an algebraically closed field, is a finite
union of locally closed subsets V;, each of which is given by some equations fl(z) =
cee = S@ = 0 and an inequality féi) # 0. In other words, for a K-rational point
x € K", to lie in V is equivalent with

(19) V@) == fD(@) = 0 £ (x) £ 0).

(3

An expression (19) is an example of a formula. To be more precise, it is a formula
with parameters (namely the coefficients of the f]@) from K in the (free) variables
x = (z1,...,2,). If the coefficients come from a smaller field K, then we say that
the formula has parameters from Ky. In particular, if K is the prime field, or,
equivalently, if the coefficients come from Z, then we express this by saying that
(19) is a formula without parameters. The latter collection of formulae will be of
main interest to us and therefore we adopt the convention that formula will mean
formula without parameters, unless we explicitly mention its parameters.

However, there exist formulae more complex than (19). Namely, we can add
some quantifiers to the formula. So will a formula

(20) G\ (A, y) =+ = O (2,y) = 0N £ (2,y) # 0))

3
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also be a statement about tuples x. If we interpret (20) over an algebraically closed
field K, then its solution set (i.e., all the tuples € K™ satisfying the formula),
corresponds to the projection of the locally closed set in K™ given by

(21) V(@) (2,y) = = (i) (@,y) = OA f(D)o(z,y) # 0).

i

By CHEVALLEY’s Theorem this is again a constructible set and whence given by a
formula as (19), i.e., without quantifiers. However, if K is not algebraically closed
then this is no longer true as the above example over the reals shows. Therefore
formulae as (19) are called quantifier free. A general formula ¢(x) in the variables
x is then of the form: a quantifier free formula in variables z, y preceded by a bunch
of quantifiers (Jy;) or (Vy;).

Formulae, unfortunately, are no longer functors as schemes are, at least not if we
allow arbitrary morphisms. However, we have still a base change property in the
following sense. Let A be a ring, then we can interpret (19) as a set of equations and
inequalities over A and thus it defines a subset of A™. For an arbitrary formula ¢
in n free variables, we have a map from the category of rings to the category of sets
by assigning to a ring A the solution set |g0|A of ¢ in A™ given by all tuples a € A™
satisfying the formula ¢. This means that whenever we have a quantifier (Jy) or
(Vy) occurring in ¢, then we interpret this as meaning (Jy € A) and (Vy € A)
respectively (which are just formal renderings of the more informal there exists
some y in A and for all y in A, respectively). Two formulae ¢ and @ in n free
variables are said to be equivalent over a ring A, if they define the same subset in
A" ie., if || = [¢|*. Note that this might depend on the ring: for instance the
formulae p(z) =: (Jy)z =1 Ay?+1 =0 and ¥(x) =: (x = x + 1) both define the
empty set over R but the former defines the singleton {1} over C whereas the latter
still defines the empty set.

The reason why we cannot call a formula a functor, is that it is not compatible
with arbitrary morphisms. For instance, the formula ¢(x) given as

(22) (Vy)le +y* # 1]

defines the interval 1 < z in R, but defines the empty set over C, so that the
embedding R € C does not give a map |¢|* — |¢|°. However, one can make a
formula into a functor by allowing fewer morphisms. One should take the category
of rings with homomorphisms the elementary embeddings. These are precisely the
morphism A — B sending |¢|” into |¢|Z, for all formulae ¢. Unfortunately, there
tend to be in general very few elementary embeddings. It is a happy fact that any
embedding of algebraically closed fields is elementary. Of course, on the category
ACF any formula is representable by a constructible set as already explained. The
only other elementary embeddings we will encounter here are the diagonal maps
A — A* of a ring into its ultrapower, to be defined below.

A very special instance of a formula is one where there are no free variables.
Such a formula ¢ is called a sentence by the model theorists. According to our
setup, this defines, for a ring A, a subset in A° = 0. In other words, either |<p|A is
empty, in which case we say that ¢ is false or does not hold in A, or |<p|A is the
singleton {0}, in which case we say that ¢ is true or holds in A. Sentences will
play a crucial role in transferring properties from one ring to another.
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Proof of the asymptotic definability of I1. Firstly, let us show that the subset of
pairs (f,a) with f € a is an asymptotically definable subset of the product of K[¢]
with the collection of all ideals of K[£]. Here we will suppress any reference to
the field and simply pretend that we work over a fixed field K, the reader should
check that all constructions are indeed functorial. Let fo € (f1,...,fs), where
fi € K[€] have degree at most d. Let a; be the n(d)-tuple of coefficients giving f;.
In other words, ng(a;) = f;, where we took 7y from Example 2.3. The condition
that fo € (f1,...,fs) can now be expressed by the formula

(23) (Fyi)na(ao) = Z nar (yi)na(a;).

Strictly speaking this is not yet a formula, as the n4(z) denote polynomials. How-
ever, addition and multiplication of polynomials are easily expressible in terms of
their coefficients and this is how we will interpret Formula (23). This loose way of
writing down formulae is common practice and we will happily adopt this conven-
tion. Even more, we could altogether suppress the coefficient map 74 and simply
restate Formula (23) by

(24)  there exist polynomials q; of degree at most d’', such that fo = Z qi fi,

and we could then leave it up to the reader to verify that this can indeed be
expressed by a formula. At any rate, as the Formula (23) defines a constructible
subset (in the a;), our claim follows.

To accomplish the task of writing down a formula (and whence giving a con-
structible subset) for expressing that an ideal a of degree complexity at most d is
prime, we simply translate Condition (iv) in a formula

o5 if two polynomials f, g of degree at most d’ do not belong

(25) to p, then neither does their product fg,

where of course ideal membership and multiplication of polynomials should be
replaced by their respective defining formulae in the tuples defining f, g and p.
]

In the sequel we will often just provide the necessary bounds as in Theorem 2.8
which are essential to write formulae such as (23) and (25), and leave to the diligent
reader the details of the corresponding proof.

3. ULTRAPRODUCTS

In this section we will describe an algebraic construction which turns out to be
very useful in transferring results from one ring to another ring. Strangely enough
this construction is not well known among algebraists.

3.1. Definition. A filter U on N is a collection of non-empty subsets of N, closed
under intersection and oversets. In other words, i/ is a filter if, for I,J C N, we
have that
v. 0 ¢ U,
vi. I,J € U then also I NJ € U,
vii. I C Jand I € U, then also J € U.

A filter U is called an wultrafilter, if it is maximal among all filters (with respect to
inclusion). Alternatively, if the converse of (vi) holds, i.e.,
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viii. INJ €U, if and only if, I, J € U.
This is also equivalent with the condition that for every subset I of N, either I or
its complement belongs to &. An ultrafilter is called non-principal, if it does not
contain a singleton. This turns out to be equivalent with I/ containing all co-finite
subsets.

In the sequel, fix once and for all a non-principal ultrafilter &/. With aid of this
ultrafilter, we will construct a new ring A* from any sequence of rings Al™l, where
m € N, in such a way that the new ring A* shares many of the properties which
most of the rings A"™ have in common. We will make this statement more precise
in a minute, but let us first give the construction. A crude way of encoding all rings
Al is just by taking their direct product IL. Al™ However, if all A" are fields,
then this property is definitely lost by taking their direct product, whereas this is
surely one of the properties which we would very much like to preserve. Therefore
we define an equivalence relation on [] Al by calling two sequences (a[m])m and
(bl™),,, equivalent modulo U, where al™, bl"™ € Al™l if the set of indices on which
they agree belongs to Y. Facts such as this, namely that

(26) {mEN|a[m]:b[m]}€U

will be loosely expressed by saying that for almost all m, we have that al™ = pl™],
It follows from (viii) that if two properties each separately hold for almost all
m, then they also hold jointly for almost all m and conversely. This justifies our
informal terminology. We let now A* be the collection of equivalence classes [al™] of
sequences (al™),, in [T Al™ and call A* the ultraproduct of the A™. The (point-
wise) addition and multiplication in HA[m] is compatible with this equivalence
relation and whence A* is again a ring. In fact, if all (or almost all) rings Al"
are fields (respectively, domains, local rings) then so is A*. This follows from the
following theorem on preservation of properties in an ultraproduct, for which the
model theoretic formalism proves once more to be very useful.

3.2. Theorem (L0S). Let ¢ be a sentence and let Al be o sequence of rings.
Let A* denote their ultraproduct (relative to some non-principal ultrafilter). Then
© holds in A*, if and only if, @ holds in A"™, for almost all m.

The following corollary of L.0s’s Theorem will be be extremely important for the
present work. It is generally called the Lefschetz Principle (although some authors
have an even stronger principle in mind when they refer to the Lefschetz Principle).
Of course, it is just Theorem 1.4 reformulated in the language of ultraproducts.

3.3. Theorem (Lefschetz Principle). Let Fgl«q denote the algebraic closure of the p
element field F,. LetU be a non-principal ultrafilter on the set of primes (enumerate
the primes to get an ultrafilter on N). Then the ultraproduct of the Fglg is isomorphic
to the field of the complex numbers.

Proof. Let F* denote the ultraproduct of the Fglg. By Theorem 3.2 this must be
a field. Moreover, since any prime [ is non-zero in almost all Fglg, it follows that
F* must have characteristic zero. It is an easy exercise to express by means of a
sentence Rooty that any polynomial of degree d admits a root. As Rooty holds in
any F;lg, it must also hold in F*, again by Theorem 3.2. Therefore F* is algebraically
closed. A cardinality argument shows that * has the cardinality of the continuum.
The statement now follows from STEINITZ’ Theorem that any two algebraically
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closed fields of the same characteristic and the same uncountable cardinality must
be isomorphic. W

It is an easy exercise to write down the appropriate sentences expressing that a
ring A is a field, a domain or a local ring. For instance for the latter property, one
needs to express that the sum of any two non-units is again a non-unit. Hence the
sentence

(27)  Local = (Y, y)[(V2)lez # 1 Ayz £ 1] — (¥2)[(w + y)= # 1]],

will do. In particular, the ultraproduct of local rings is again local. More generally,
suppose al”™ is an ideal in A" for each m, then the collection of [al™] with
[(m] e al™l for almost all m, is an ideal in A* and will denoted by a*. In fact,
one can take ultraproducts not only of rings, but of any sequence of first order
structures. In particular, a* is then nothing else than the ultraproduct of the ideals
al™. Using Theorem 3.2, the reader can check that almost all al™ are prime
(respectively, radical or maximal), if and only if, a* is.

A special but non-trivial instance of the construction of an ultraproduct is when
all rings Al™ are the same, say, A" = A. The corresponding ultraproduct A* is
then called an ultrapower and it is a field, domain, etc., if and only if, A is. There
is an obvious (diagonal) embedding A <— A* by identifying a € A with the image
of the constant sequence a[™ = @ in A*. This map is never an isomorphism, as
A* will be much larger than A. However, it follows from Theorem 3.2 that this
embedding is elementary.

An example is in order to show the limitations of Theorem 3.2. Let K™ be a
sequence of fields and fix some set of variables & = (£1,...,&,). Let KI™[¢] be the
corresponding sequence of polynomial rings and let K[£]* be their ultraproduct.
There is no way that we can express by means of a sentence that a ring is a
polynomial ring over some field and hence K[£]* will not be a polynomial ring.
In fact, in general ultraproducts tend to be very complicated, almost always non-
Noetherian and often intractable rings; the field case is a fortunate exception. How
then can they be put to use? For our purposes two descent techniques will be
crucial. The second one will be discussed in Section 9. The first one was observed
by VAN DEN DRIES (see for instance [15]) and used in [10] to obtain the bounds we
already mentioned. Keeping notation as before, let K* be the ultraproduct of the
fields K™, Then inside K[£]* lives K* and also the elements &;. Therefore, even
the polynomial ring (K*)[¢] lies inside K [€]*. The crucial algebraic fact proved by
VAN DEN DRIES about this embedding is the following result.

a

3.4. Theorem ([15)). Let K™ be a sequence of fields with ultraproduct K*. Let
K[€]* be the ultraproduct of the sequence K™[¢], where € = (€1,...,&,). Then the
extension of rings

(28) K*[¢] € K[¢)
is faithfully flat.

This result, which a priori seems a result on ultraproducts, translates into the
following result on bounds in polynomial rings.

3.5. Theorem. For each d, there exists a bound d' with the following property.
Let K be a field and let £ = (&1,...,&,) be variables with n < d. Let f;, fi; be
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polynomials over K in the variables & and let Y = (Y1,...,Ys) be an extra set of
variables. If the linear system of equations

fi=fui+... fisYs

fo=faY1+ ... fasYs
(29)

fi=fuYi+ ... fisYs

has a solution ¢ = (q1,. . .,qs) over K[], then it has already a solution q with all ¢;
of degree at most d'. Moreover, if all the f; are identically zero, then any solution
of this (homogeneous) system of equations is a linear combination of solutions of
degree at most d'.

4. MODULES AND SCHEMES

4.1. Definition. In this section we will study the effective nature of the module
theory over (a quotient of) a polynomial ring. The following terminology will be in
order for the rest of this paper. We fix an algebraically closed field K (of arbitrary
characteristic). An affine (K-)algebra will be a quotient of the polynomial ring
K[¢], where &€ = (&1, ...,&,) will be a fixed set of variables.

We say that an affine algebra A has degree complexity at most d, if A can be
written as the quotient of a polynomial ring K[£] in at most d variables modulo an
ideal generated by polynomials of degree at most d, i.e.,

K¢]
(f1,-5 fs)

with f; € K[¢] of degree at most d (and the number of variables is also at most d).
This notion of complexity gives at once the following.

(30) A=

4.2. Example. The functor which assigns to an algebraically closed field K the
the collection of all affine K-algebras, is asymptotically definable.

An ideal a in A is said to have degree complexity at most d, if A has degree
complexity at most d and for the representation (30) exhibiting this fact, we can
find F; € K[¢] of degree at most d, such that a = (F,...,F;)A. Extending
Example 2.4 we get.

4.3. Example. The functor which assigns to an algebraically closed field K the
the collection of all pairs (4, a), where A is an affine K-algebra and a an ideal in
A, is asymptotically definable.

With an affine local (K -)algebra, we mean a localization of an affine algebra with
respect to a prime ideal. We say that its degree complezity is at most d, if the prime
ideal has degree complexity at most d. From Example (2.7), we obtain.

4.4. Example. The functor which assigns to an algebraically closed field K the
the collection of all affine local K-algebras, is asymptotically definable. In fact, it
is an asymptotically definable subfunctor of the functor from Example 4.3, after
identifying a pair (4, p), where p is a prime ideal, with the localization A,.
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A K-algebra morphism ¢: A — B of affine K-algebras has degree complexity at
most d, if we can find a representation (30) for A and a similar one

K[Clu"'?é-m]

(915---595)

for B, such that ¢ is given by & — H;(¢) and such that n,m < d and all polynomials
fi, gi and H; have degree at most d. (In particular A and B have degree complexity
at most d). We obtain:

(31) B=

4.5. Example. The functor which assigns to an algebraically closed field K the
the collection of all triples (A, B, ¢), where A and B are affine K-algebras and ¢ a
K-algebra morphism between them, is asymptotically definable.

We have already discussed finitely generated modules over K[¢] in Example (2.5).
Without any effort, one can extend this to a finitely generated module M over an
arbitrary affine (local) algebra A as follows. The degree complexity of M is at most
d, if A has degree complexity at most d and M is isomorphic to the cokernel of a
matrix A over A of dimensions at most d and with entries (images of) polynomials
of degree at most d.

4.6. Example. The functor which assigns to an algebraically closed field K the
the collection of all pairs (A, M), where A is an affine K-algebra and M a finitely
generated A-module, is asymptotically definable. Similarly, we could take pairs
(A, M) where this time A is an affine local algebra. We will make no distinction in
notation between these two functors.

Schemes. Below, we want to translate our results in a more geometric setting.
In particular, we will make use of the language of schemes. With a scheme we
will always mean a scheme of finite type over an algebraically closed field. Locally,
such a scheme X looks like an affine scheme Spec A, with A an affine algebra. We
will say that the affine scheme Spec A has degree complexity at most d, if A has
degree complexity at most d. Note that by Example 2.7, each affine scheme is an
asymptotically definable set. If V' is a closed subscheme of Spec A, then we say that
its degree complezity is at most d, if the ideal a of A defining V' (we denote this by
V =V(a)), has degree complexity at most d. Note that V itself is an affine scheme
Spec A/a and that the two notions of degree complexity, namely as a subscheme
or as an affine scheme, coincide. The underlying set |V of a closed subscheme is
called a (Zariski) closed subset. One can put different scheme structures on such
a closed subset |V| where V' = V(a), corresponding to various ideals b having the
same radical as a. In particular, the induced reduced subscheme structure is given
by taking as defining ideal the radical rad a of a. In [10] it is shown that the degree
complexity of the radical is uniformly bounded in terms of the degree complexity
of the ideal.

We say that a Zariski open U of Spec A has degree complexity at most d, if its
complement, with the induced reduced subscheme structure, is a closed subscheme
of degree complexity at most d. There is a small ambiguity here: if U itself is an
affine scheme, then both notions of degree complexity might not coincide, but at
least one is uniformly bounded in terms of the other. This is an immediate conse-
quence of our observation on the degree complexity of the radical in the previous
paragraph. Such ambiguities might arise at other occasions as well, but as long as
we have mutual uniform boundedness, we do not care. A map f: Spec B — Spec A
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has degree complexity at most d, if the corresponding K-algebra morphism A — B
has degree complexity at most d.

Now, a general scheme X (remember, always of finite type), is completely de-
termined by giving data (U;, Uij, fi;), where 1 < ¢ # j <t, with U; = Spec 4; an
affine scheme, U;; = Spec A;; an open affine subscheme of U; and f;;: Ui; — Uy
an isomorphism with inverse f;;. Namely, X is obtained by gluing together the
affine schemes U; via their isomorphic open subsets U;;. We say that X has degree
complezxity at most d, if ¢ < d and if all affine schemes U; and U;;, and all maps f;;
have degree complexity at most d.

A coherent Ox-module F is then determined by giving for each i a finitely
generated A;-module M;, such that

(32) Mi ®a; Aij = M;j ®a; Aji

where we identify A;; with A;; via the isomorphism induced by f;;. If, moreover,
all M; have degree complexity at most d, then we say that F has degree complezity
at most d. In summary, we get the following examples.

4.7. Example. The functor which assigns to an algebraically closed field K the
collection of all schemes (over K') and the functor which assigns to K the collection
of pairs (X, F) with F a coherent O x-module over the scheme X, are asymptotically
definable functors.

5. INTERSECTION THEORY

Recall that an (algebraic) cycle on a scheme X is a formal sum

t
(33) o = any;
i=1

where n; € Z and Y; are closed reduced irreducible subschemes (subvarieties, for
short) of X. We denote the group of all cycles on X by Z*(X). We say that « has
degree complexity at most d, if t < d and all |n;| < d and if all subschemes Y; have
degree complexity at most d (whenever Y; belongs to the support of a, i.e., n; # 0).

5.1. Example. The functor which assigns to an algebraically closed field K the
collection of all pairs (X, a) with X a scheme and « a cycle on X, is asymptotically
definable.

Since the Zariski topology on X is Noetherian, we can write X uniquely as
(34) X=X1U---UX,,

where the X, are subvarieties of X with X; ¢ X; for i # j. These subvarieties
X, are called the irreducible components of X. The cycle associated to X is by
definition the cycle )" n;X;, where n; is the length of Ox ,, and where 7; is the
generic point of X;, for i = 1,...,s. In particular, if X = Spec A is affine, then X;
is the closed subset defined by a minimal prime g; of A and n; is the length of the
Artinian local ring Ag,.

Assume now that X is moreover regular. Let us briefly review some intersection
theory for closed subschemes on a regular scheme of finite type over a field. Let Y;
and Ys be two closed subschemes of X. Their intersection Y7 NY5 is by definition
the scheme Y; X x Ys, which is a closed subscheme of X. We say that Y; and Y5
intersect properly, if the codimension of each irreducible component F' of Y7 NY5
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equals codim Y7 4 codim Y5. If this is the case, let n be the generic point of such an
irreducible component F. We define, following SERRE in [14], the local intersection
number by

o0

(35) i Y1, Y2) = Y (=1)"U(Tory* Oy, 1, Ova ),

n=0

where ¢ denotes the length of a module (see Definition 7.1 below for more details).
Note that this sum is finite. Indeed, since X is regular, every Ox-module has finite
projective dimension by [7, Theorem 19.2] and therefore

(36> TorSX,n (Oylﬂw OYz-,??) =0

for n strictly bigger than the dimension of X. The intersection cycle of Y1 and Y3
is then defined as the element in Z*(X) given by

(37) Yi-Yy =) il Y1, Ya)F,
F

where the sum runs over all irreducible components F' of Y1 NY> and nr denotes
the generic point of F.

If Y7 and Y5 do not intersect properly, then a more complicated definition is
required, using CHOW’s Moving Lemma. (We will not treat this case here.) Finally,
the intersection of two cycles which intersect properly (meaning that each subvariety
in the support of one cycle intersects properly every subvariety in the support of
the other cycle), is defined by extending formula (37) by linearity.

In Section 7, we will investigate asymptotically definable subfunctors and boun-
ded natural transformations of the examples of asymptotically definable functors
from the last two sections. For instance, we will show that the intersection product
is asymptotically definable. Namely, the functor 2 which assigns to an algebraically
closed field K, the collection of all triples (X, a,3) with X a scheme and a and
[ algebraic cycles on X which intersect properly, is an asymptotically definable
subfunctor of the functor

(38) K {(X,a,0)| X is a scheme over K and o, € Z*(X) }.

Moreover, the intersection product defines a natural transformation from  to
the functor from Example 5.1. We will show that this natural transformation
is bounded, i.e., the intersection product has degree complexity uniformly bounded
in terms of the degree complexity of the factors.

6. ASYMPTOTICALLY DEFINABLE STRUCTURES

One could generalize the above definitions to a more abstract model-theoretic
setting. In this short section, we give a brief outline how this can be done. For the
duration of this section, let T" be a theory in some language £. We denote by Mod
the category with objects the models of T and morphisms elementary embeddings.
In particular, if T is the empty theory, then Mod, denotes the category of all
L-structures with elementary embeddings as morphisms.

Let K be another language. For simplicity, we will assume that X has only
relation symbols. (The general case can easily be reduced to this). Let €2 be a
functor from Mody to Mod. In other words, (M) is a K-structure, for every
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model M of T. We say that Q is asymptotically definable if the following holds.
There exists a filtration

(39) QoCcQ C---C

(i.e., Qq(M) forms a filtration of Q(M), for every model M of T'), and there exist
L-formulae ¢4 and surjective natural transformations

(40) Na: @q — Qaq

with the following property. (Note that an L-formula is a functor on Mod; by
sending a model M to its solution set |<p|M). Let R be a unary relation symbol of
the language K. Then there exist £-formulae ¢, such that 7" proves % — ¢4 and
such that

(41) na(M)([0F)™) = [RIM 1 Qa(M).

In other words, the relation R is an asymptotically definable subfunctor. For ar-
bitrary s-ary relations, we have the same property, but now we have to take the
s-fold product of the map ;.

For instance, if £ is the language of rings and T is the theory of algebraically
closed fields and K is the empty language, we retrieve our previous definition (a
structure in the empty language is just a set). In fact, if we take for I also the
language of rings, then the functor of Example 2.3 is asymptotically definable in
this new sense, since addition, subtraction and multiplication are clearly definable
operations.

7. UNIFORM BOUNDS IN COHOMOLOGY

7.1. Definition. To show that a certain functor © is an asymptotically definable
subfunctor of an asymptotically definable functor €2, means that we have to find
formulae 14 (or, equivalently, constructible subsets G4 of AY) such that

(42) na(K)([val™) = O(K) N Qa(K)

where Q4(K) denotes all the objects in Q(K) of complexity at most d and where 14
is the coding map from a constructible set Fy(K) C K~ (for some N) to Q4(K),
with F,; a constructible subset of Aé\’ containing Gg.

We wrote out the above in its full gruesome details to convince the reader that a
more flexible and legible notation is in order. Let €2 be an asymptotically definable
functor and keep our notation from above. Let 2 be an object of Q(K). Hence
z could stand here for an affine algebra A, or for a pair (X, ), with X a scheme
and « € Z*(X), etc. If x has degree complexity at most d, i.e., x € Q4(K), then x
can be written as z = n4(a), for some tuple a in KV belonging to Fy(K). In other
words, a is a code for z. Let ¢4 be the formula which defines Fy, so that ¢4(a)
holds in K. We then simply say that

(43) x satisfies formula pg over K

In other words, we will confuse an object with its code. This leaves us with the
ambiguity that several tuples might define the same code, and in fact, very often
the thus defined equivalence relation on codes (a = b, if ng(a) = nq(b)) is not
definable. Therefore, a statement of the form (43) should be interpreted as

(44) there is some code a of x which satisfies pq over K.
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In this section, we will be mainly concerned with subfunctors of the asymptot-
ically definable functor of Example 4.6. Our first result is on the definable nature
of the length of a module. Recall that an A-module M has finite length [, written
la(M) =1, if M admits a decomposition series

(45) O=MycM,C---CM;=M

with each M; a submodule of M, such that the subsequent quotients M;1/M; are
non-zero simple A-modules, i.e., with no non-trivial submodules.

7.2. Proposition ([12, Proposition 3.5]). For each d,l € N, there exists a formula
(Len =l)4 with the following property. Let K be an algebraically closed field. Let
A be an affine (local) K-algebra of degree complexity at most d and M a finitely
generated A-module of degree complexity at most d. Then the pair (A, M) satisfies
the formula (Len =l)4 over K, if and only if, M has length | as an A-module.

As an immediate corollary we get that the functor which assigns to an alge-
braically closed field the collection of pairs (A,0), with A an affine (local) algebra
and 0 the zero A-module, is an asymptotically definable subfunctor of the asymp-
totically definable functor from Example 4.6. To define just a singleton within a
whole class (i.e., the zero module among all finitely generated modules) seems an
utter triviality, but it is not! Keep in mind that there is in general no formula which
expresses that two tuples encode the same object. However, here we do have such a
formula when the tuples encode the zero module. In general, for finitely generated
modules over an affine local ring, it is a highly non-trivial fact that such a formula
exists. This will be discussed in Section 9. Another corollary is:

7.3. Corollary. For each d € N, there exists a formula FinLeny with the following
property. Suppose K is an algebraically closed field and A an affine (local) K-
algebra. Let M be a finitely generated A-module of degree complexity at most d.
Then the pair (A, M) satisfies the formula FinLeny over K, if and only if, M has
finite length as an A-module.

Proof. Tmplicit in Proposition 7.2 is the fact that there is a bound d’ depending
only on d, such that if M has finite length, then this length is at most d’. Hence

the formula
\/ (Len =i)q
i<d’

expresses that M has finite length. W

Using Theorem 3.5, one can shown that basically all module operations are
bounded:

7.4. Proposition. For each d, there exists a bound d' with the property that if
N,N' C M are finitely generated A-modules of degree complexity at most d, then
so are N+ N', NN N’ and M/N. Moreover, the ideal (N : N') of all a € A such
that aN' C N, has degree complexity at most d.

We refer to [12] for more details. In loc. cit., we use yet another measure of
complexity, called deg-complexity, defined for submodules of a free A-module, as
an intermediate tool to obtain the proposition (see [12, Remark 3.8] where it is
explained how both measures of complexity are mutually bounded).

Our next goal is to develop in a constructive manner some homological algebra.
The following result will prove to be crucial.
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7.5. Theorem. For ecach d € N, there is a bound d' with the following properties.
Let A be an affine (local) algebra and M a finitely generated A-module of degree
complezity at most d. Let G be a (d x d)-matriz over A of degree at most d (i.e.,
all its entries have degree at most d), then the degree complexity of Z and C are
at most d', where Z (respectively, C') is the kernel (respectively, cokernel) of the
morphism G induced by G, that is to say, Z and C are given by the exact sequence

(46) 02— M-S pd .

Homological algebra studies derived functors on abelian categories. These func-
tors should not be confused with the asymptotically definable functors previously
introduced. To avoid too much clash of terminology, we will work in a less ab-
stract setting than in the paper [12]. The functorial operations that matter to us,
are taking Hom and tensor products. Let us denote by s the asymptotically de-
finable functor which assigns to an algebraically closed field K, the set of triples
(A, M, N), where A is an affine (local) K-algebra and M and N are finitely gener-
ated A-modules. Tensor product then yields a natural transformation ® from s to
the functor of Example 4.6, by sending a triple (A, M, N) to the pair (4, M @ 4 N).
Similarly, we get a natural transformation Hom sending a triple (A, M, N) to the
pair (A, Hom 4 (M, N)).

7.6. Proposition. The natural transformations ® and Hom are bounded.

Note that this means that the degree complexities of M ® 4 N and Hom 4 (M, N)
are uniformly bounded in terms of the degree complexity of M and N. Taking
tensor products with respect to a fixed A-module M is not an exact functor on the
category of all A-modules, but only right exact. Its derived functors are known as
the Tor functors. The derived functors of Hom are called the FExt functors. Our
main result is then:

7.7. Theorem. For each d and i, there exist formulae (Tor;)q and (Ext®)q, such
that if K is an algebraically closed field and if M, N and T are finitely generated
A-modules of degree complexity at most d over the affine (local) K -algebra A, then
the quadruple (A, M, N,T) satisfies the formula (Tor;)q (respectively, the formula
(Ext?)q), if and only if, we have that

(47) T = Tor! (M,N)  (respectively, T = Exty(M,N))

Implicit in the existence of these formulae is that the natural transformations
Tor; and Fzt' are bounded. The main use of this theorem is in combination with
Proposition 7.2, enabling us to express that a certain i-th Tor or FExt module
vanishes. Before we derive some corollaries, let us first give an indication of the
proof.

One calculates a derived functor such as Tor as follows. Let M and N be
finitely generated A-modules. Choose any projective resolution of M, that is to
say, an exact sequence

AX AX A

(48) Py — P,

Py— M —0

with the P; finite free A-modules. It follows from Theorem 7.5, that we can uni-
formly bound the ranks of the P; as well as the degrees of the entries of the matrices
A; in terms of d and ¢ only.
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Tensoring this sequence with N no longer gives an exact sequence, but merely a
complex
AX AX x
(49) Pi1®s N——P,®4 N Ph@aN—->M®sN—0
which is only exact at M ® 4 N. The homology modules of this complex measure
precisely the extent to which the complex is not exact. In this case, they are denoted
by Tor{'(M,N). In particular, Tor{ (M, N) is the quotient of the kernel of the
morphism Ag: Py ®4 N — Py®4 N by the image of the morphism A;: Po®4 N —
P, ®4 N. By Theorem 7.5 both this kernel and this image have uniformly bounded
degree complexity in terms of the degree complexity of M and N, and hence so
does their quotient, by Proposition 7.4.

From Theorem 7.7 together with Formula (35), the following is now straightfor-
ward.

7.8. Theorem. The intersection of algebraic cycles which intersect properly is a
bounded and asymptotically definable operation.

8. BOUNDS IN COMMUTATIVE ALGEBRA

In this section, we will give some examples of effective results in Commutative
Algebra. Homological Algebra has proven to be an indispensable tool for ring and
module theorists. Therefore, it should not come as a surprise that our effective
results come from the uniformity of the Tor and Fzt cohomology groups discussed
in the previous section. Nonetheless, perhaps the most important invariant is not
homological in nature: the Krull dimension of a ring. Recall that the (Krull)
dimension of an affine K-algebra A is the maximal possible length of a strict chain
of prime ideals in A. If A is a domain, its dimension equals the transcendence degree
of its fraction field over K. The dimension of a finitely generated A-module M is by
definition the dimension of the ring A/ Anna(M). In spite of its non-homological
nature, dimension also behaves uniformly:

8.1. Theorem ([12, Proposition 5.1]). For each d and h, there exists a formula
(dim =h)q, such that a pair (A, M) satisfies the formula over K, where K is an
algebraically closed field, A an affine (local) K-algebra and M a finitely generated
A-module of degree complexity at most d, if and only if, M has dimension h (as an
A-module).

Note that a finitely generated A-module is zero dimensional, if and only if, it
has finite length, so that by Corollary 7.3, the case h = 0 is clear. For the general
case, one uses KRULL’s Principal Ideal Theorem.

8.2. Theorem ([12, Theorem 5.3]). The subfunctors of the asymptotically defin-
able functor from Example 4.4 given by assigning to an algebraically closed field the
set of all regular (respectively, Gorenstein, Cohen-Macaulay, or complete intersec-
tion) local affine K -algebras, is asymptotically definable.

Let us just explain this for the regular case. It follows from SERRE’s Theorem,
that a local affine K-algebra R is regular, if and only if, its residue field k has finite
projective dimension. The latter condition is equivalent with TorlR (k,k) = 0, for
some ¢ strictly bigger than the dimension of R. Now, the dimension of R can never
exceed the number of variables in the polynomial ring of which R is the localization
of some quotient. Hence if R has degree complexity at most d, then its dimension is
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at most d. So we may take i = d+ 1 in the criterion and now the rest is easy by an
application of Theorem 7.7 and Proposition 7.2. (Note that the degree complexity
of the residue field k is also at most d by definition).

The other conditions can equally well be translated in to the vanishing of some
Tor or Ext groups derived from R. For some of them, we might need also Theo-
rem 8.1.

A module variant is the following:

8.3. Theorem ([12, Corollary 5.5]). The subfunctor of the asymptotically defin-
able functor from Example 4.6 given by assigning to an algebraically closed field K
the set of all pairs (A, M) with A an affine K-algebra and M a finitely generated
A-module of finite injective dimension, is asymptotically definable.

From these effective results, we can now derive our first pure, albeit not new,
result on the Bass Conjecture. This conjecture, and now theorem, states the fol-
lowing.

8.4. Theorem (Bass Conjecture). If a Noetherian local ring R admits a finitely
generated module of finite injective dimension, then R is Cohen-Macaulay.

In fact the converse also holds and its proof is rather easy. Moreover, this proof
shows that an R-module of finite injective dimension can be found with degree
complexity bounded in terms of the degree complexity of R. This conjecture is now
proven in full generality by ROBERTS’ New Intersection Theorem, but was originally
proven for a smaller class of local rings by SZPIRO and PESKINE in [8] using their
New Intersection Theorem in positive characteristic. Their proof uses the action
of Frobenius on local cohomology groups and whence cannot be transferred to the
zero characteristic case. To deal with the latter case, the authors introduced an ad
hoc lifting procedure, which we can replace now, at least for the affine case, by the
Lefschetz Principle. Indeed, our observation above on the converse, together with
Theorem 8.3 and Theorem 8.2, shows that, for each d, there exist formulae CMy
and Injdimg, such that an affine local K-algebra R of degree complexity at most
d satisfies these formulae over an algebraically closed field K, if and only if, R is
Cohen-Macaulay (respectively, admits a finitely generated module of finite injective
dimension). Hence the sentences Bassg, for d = 1,2,..., expressing that CM; and
Injdim, are equivalent formulae, holds in K, if and only if, the Bass Conjecture 8.4
holds for affine local K-algebras of degree complexity at most d. By the result of
SzPIRO and PESKINE in positive characteristic and the Lefschetz Principle 1.4, we
derive the validity of the conjecture in zero characteristic as well.

Another example, the Zariski-Lipman Conjecture, was already discussed in some
length in Example 1.3.

8.5. Theorem (Zariski-Lipman Conjecture for Hypersurfaces). For each d, there
is a finite set Cq of exceptional characteristics, such that if K is an algebraically
closed field of characteristic not in the exceptional set Cy, and such that if x is
a K-rational point on a degree d hypersurface X over K with the property that
Derg (Ox ) is free, then x is a regular point of X. Here Derg(Ox ) denotes the
module of K-derivations of the local ring Ox , of © at X.

Again this result cannot be obtained in positive characteristic by just simply
mimicking the proof in zero characteristic, as the latter uses transcendental meth-
ods. Since this time we go from zero to positive characteristic, there is a price to
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be paid for going against the stream. Namely, we are only able to say something
about almost all characteristics. Moreover, the exceptional set Cy of characteristics
depends heavily on the degree of the hypersurface. In fact, easy examples show that
the Zariski-Lipman Conjecture is in general false in positive characteristic, but all
these counterexamples are in characteristics of the same order of magnitude as the
degree. We trust the reader will be able to convince himself that the argument
sketched in the introduction is valid. Just note that a finitely generated module
M over a local ring R is free, if and only if, Torf(M, k) = 0, where k is again the
residue field of R. In [12] some further special instances are discussed where one can
transfer the validity of the Zariski-Lipman Conjecture to positive characteristic.

In fact, one possibly could invert the argument. If one were able to show that
the full Zariski-Lipman Conjecture holds for a fixed degree in almost all positive
characteristics, then it would by the Lefschetz Principle also hold in zero char-
acteristic. With the full Zariski-Lipman Conjecture we mean a similar statement
as in Theorem 8.5, where X is now not just a hypersurface, but can have any
codimension.

9. NON-LINEAR CASE: ETALE COMPLEXITY

In this section we will discuss how to deal with a situation in which the alge-
braic or geometric problem has no longer a linear description. We start with a
counterexample to uniformity.

9.1. Theorem. It is not true that there exists for each d a bound d' with the
following property. Let K be an algebraically closed field and let & = (&1,...,&)

andY = (Y1,...,Y.,) be variables. Consider the system of equations
F(&Y) =0
F2 (57 Y) =0

(50) .
F,(¢Y) =0.

over K[£], in the unknowns Y, where the total degree of each F; is at most d and
where n,m < d. If there is a solution f = (f1,..., fm) for the Y-variables with
fi(€) € K[£], then there exists already such a solution of degree at most d’.

Proof. In fact even if we fix the algebraically closed field K from the start, no such
bound d’ exists. The following counterexample is based on an example taken from
the already quoted paper [10]. In it, the authors show that for all ¢ € N, there
exists an a € K different from 0 and 1, such that the coordinate ring

K¢, ¢
(2 =&E-1(€—a)

of the elliptic curve has a non-constant unit, but any non-constant unit has degree
at least t. This observation follows from the fact that an elliptic curve can have
torsion points of arbitrary high order.

(51) Aa =
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Now, consider the following (quadratic) system of equations

52a) XY =1+ Z(¢* - €6 - 1)(€ —a))
52b) X =PE-C)+Q(—D)

52¢) cey =1

52d) DDy =1

in the variables (X,Y,Z, P,Q,C,C1, D, D1). We claim that this system has a so-
lution in K¢, (], if and only if, the ring A, has a non-constant unit. Indeed, let
(f,g9,h,p,q,¢,c1,d,d1) be such a solution. Then Equations (52¢) and (52d) show
that ¢ and d are units in K[¢, (] and whence belong to K. From Equation (52b)
it then follows that (¢, d) is a root of the polynomial f, so that in particular, the
latter is not constant. Finally, Equation (52a) simply expresses that f is a unit
in A,. We leave it up to the reader to check that conversely, the existence of a
non-constant unit in A, provides a solution to this system of equations.

Hence if a uniform bound would exist to solve quadratic equations, then there
would be a bound on the solution of minimal degree, contradicting the above. W

(
(
(
(

As already mentioned in the introduction, to obtain uniformity results, we have
to replace the polynomial ring K [¢] by the algebraic power series ring K [[¢]]2!8. The
following algebraic description of an algebraic power series, enables us to introduce
a new measure of complexity, turning K[[¢]]*'® into an asymptotically definable set.

9.2. Proposition. For each w; € K[[£]]%9, we can find a natural number N, an N -
tuple w of algebraic power series with first entry wy and an N-tuple H of polynomials
over K in the variables & andY = (Y1,...,Yn), such that H(¢,w(§)) = 0 and such
that the Jacobian matrix

OH,/0Y, OH,/0Ys ... OH,/dYx

OH,/0Y, OH»/0Ys ... OH» /Yy
(53) Jac(H) = ) . ) .

OHy/OY: OHy/0Ya ... OHy/ OV

evaluated at £ =0 and Y = u, where u = w(0), is invertible.
Moreover, w is the unique solution to H(Y) = 0 which evaluates to u at & = 0.

A system H; as in the proposition is called a Hensel system for w at u. We say
that wy (or, w) has etale complexity at most d, if we can find an Hensel system of
length N < d and of total degree at most d. (We always assume that the number
of ¢-variables is at most d). This makes K[[¢]]*!# into an asymptotically definable
set and we now have the non-linear counterpart of Theorem 3.5.

9.3. Theorem ([11]). For each d € N, there exists a d' € N with the following
properties. Let K be a field. Suppose the F; € K[, Y] in the system of equa-
tions (50) have total degree at most d and also n,m < d. If F =0 has a solution
for the Y -variables in K|[¢]], then it has a solution in K[[£]]™9 of etale complexity
at most d'.

More generally, if we allow the F; to be in K[[€]]™[Y] such that, viewed as
polynomials in the Y -variables, their degree is at most d and each coefficient has
etale complexity at most d, then the conclusion in the above statement remains
valid.
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This theorem should be complemented with the following result, called Strong
Artin Approximation, which gives us an effective way of testing whether an algebraic
or formal power series solution exists.

9.4. Theorem ([1]). For each d € N, there exists d' € N, such that any sys-
tem of equations (50) has a solution w in algebraic (or formal) power series with
initial condition w(0) = u, if and only if, it has a polynomial solution f modulo
(&1, ..., &)Y with initial condition f(0) = u.

An algorithm to solve polynomial equations. Combining these two theorems,
we can now describe briefly an algorithm which effectively computes a solution in
K[[£]]# for the system (50). Effectively here has perhaps to be taken with a grain
of salt, because we will assume that one has been able to calculate the bound
d" in both theorems. Moreover, we will assume that the field arithmetic in an
algebraically closed field K can be effectively carried out. One should bare in mind
that the theory of algebraically closed fields is decidable. Here is the description of
the algorithm.

Firstly, we need to check whether a solution exists at all. According to Theo-
rem 9.4, this amounts in finding polynomials (f1, ..., fm) of degree at most d’, such
that all terms in F;(&, f(€)) up to order d’ vanish. Writing down the f; as general
polynomials in £ of degree d’ with unknown coefficients and expressing the above
condition, we end up with a polynomial system of equations in these unknown coef-
ficients. The difference with our original problem is now that we have to solve this
system in the field K and not in the polynomial ring. As we mentioned before, we
assume that this can be done in an effective way, and hence we can predict whether
an algebraic power series solution exists or not. We can even include from the start
some initial condition f(0) = w.

So, let’s assume we know that an algebraic power series solution w exists with
initial condition w(0) = u. Hence by Theorem 9.3, we must be able to find a Hensel
system H(Y) = 0 for w at u of total degree and length N at most d’. Let us
still write w and Y for the corresponding enlarged N-tuples. By a strengthening of
Proposition 9.2, we may even assume that the H; generate a prime ideal (necessarily
of height N by the Jacobian Criterion). The uniqueness part in Proposition 9.2 then
implies that the (model-theoretic) type of the solution w is completely determined
by this prime ideal, so that in particular, since w is also a solution of F(Y) = 0, we
must have an inclusion

(54) (Fl,...,FS)C(Hl,...,HN).

Now, let us write down the H; with unknown coefficients. We then express that
the H; form a Hensel system at w; this yields some polynomial equations in the
unknown coefficients. Using Theorem 3.5, we can also express in the unknown
coefficients that condition (54) is satisfied. Hence a solution in K for this system in
unknown coefficients gives then a complete description of a solution of system (50).

The stronger condition on the Hensel system just mentioned actually translates
geometrically in the fact that the map of affine schemes

K¢ Y]
(Hy,....Hy)

is an etale extension. In other words, we found a solution to system (50) which
lives on W.

(55) h: W = Spec — A%
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Any etale map is open, so that in particular, the image Im A is a Zariski open
of A% . Moreover, it will follow from our discussion in Section 11 that the degree
complexity of this Zariski open is uniformly bounded in terms of d’ and whence in
terms of d. Note that by construction, the origin lies in ImA. If we would carry
out the just described algorithm at every K-rational point of A’ , not just at the
origin, then we would have constructed an etale covering of A, where on each
piece we would have a solution to system (50). We refer to such a solution as a
solution locally in the etale topology. Note that we can take such a covering to be
finite, and, moreover, its cardinality can be taken uniformly bounded in terms of
d, in view of Proposition 1.5.

10. ISOMORPHISM PROBLEMS

As we mentioned already in the introduction, and as we explained at the end
of the previous section, an application of Theorem 9.3 will often lead to results
which hold locally in the etale topology. Sometimes etale descent and local/global
principles enable us to obtain results for the Zariski topology as well, as the next
example shows.

10.1. Theorem. For each d, there exists a formula Isoq with the following prop-
erty. Let R be an affine local K-algebra with K an algebraically closed field. Let
My and Ma be two finitely generated R-modules of degree complexity at most d.
Then the triple (R, M1, Ms) satisfies the formula Isoq over K, if and only if, M,
and My are isomorphic as R-modules.

Proof. Since R is a quotient of a localization of a polynomial ring, we may assume
already without loss of generality that R is a localization of K [¢] with respect to a
prime ideal p. Let R denote its p-adic completion. By COHEN’s Structure Theorem
for complete regular local rings, we know that

(56) R~ K],

where ¢ = ((1,...,¢n) with h the dimension of R. In fact, choosing h generators
91 - -, gn for the maximal ideal of R, the isomorphism (56) is given by sending
gi to the variable ;. Therefore, for the sake of exposition, we may assume that
p is a maximal ideal, which we then, after some translation, may assume to be
(&1,...,&). In particular, we may take R = K[[¢]].

By definition of degree complexity, we can write M; as the cokernel of a morphism
R? — R4 given by a (d x d)-matrix A; with (polynomial) entries of degree at most d.
Lemma 10.2 below shows that our problem can be translated in terms of (non-linear)
polynomial equations. Therefore, if M; and My are isomorphic, then system (59)
has a solution in R and whence in the overring K[[¢]]*'¢. By Theorem 9.3, there
exists already a solution of etale complexity at most d’. Conversely, if a solution in
K[[£]]™# of system (59) exists, then again by the Lemma 10.2, we have that

(57) My ® K[[E]]" = My @ K[[€]]"e.
Hence in particular, we have an isomorphism
(58) My @ K[[§]] = M @ K[[¢]].

However, using [4, Exercise 7.5 and Theorem 7.2], it follows that if an isomor-
phism (58) exists, then in fact M; and My are isomorphic as R-modules. From
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these observations, the reader should now be convinced that a formula as claimed
exists. W

10.2. Lemma. Let A be a ring and let Ay and Ay be two (d x d)-matrices with
entries in A. The cokernels of these two matrices are isomorphic, if and only if,
there exist (d x d)-matrices X;, U;, V;, such that

E-XiXe =U1A;
E — XoX; = UsA,
AX; =ViA
AoXy = VoA,
where B denotes the (d x d)-identity matriz.

(59)

For the next result, mentioned already in the introduction, we are less fortunate:
the etale topology is strictly finer than the Zariski topology. For instance any
two smooth (irreducible and reduced) curves are locally isomorphic for the etale
topology. This is an easy consequence of COHEN’s Structure Theorem together
with Artin Approximation. In the presence of singularities, we obtain the following
definability result. We will say that two schemes X and Y are locally isomorphic
in the etale topology, if there exist surjective etale maps T'— X and T — Y. The
denomination local stems from the fact that we do not assume T' to be connected.
Alternatively, X and Y are locally isomorphic in the etale topology, if each K-
rational point on one scheme admits an etale neighborhood which is isomorphic to
an etale neighborhood of a K-rational point on the other scheme.

10.3. Theorem. For each d, there exists a formula Etisogq with the following
property. Let X and Y be schemes of degree complexity at most d over an alge-
braically closed field K. Then the pair (X,Y) satisfies the formula Etisog over K,
if and only if, X and Y are locally isomorphic in the etale topology.

Let us just show how one translates the isomorphism problem into a system of
polynomial equations.

10.4. Lemma. Let A= KI[¢]/(f1,...,[s) and B = KI[(]/(91,---,9s) be two affine
domains of dimension d. Then A = B (as K -algebras), if and only if, the following
system of equations

fi(X) =37521Cijg4(C)
(60) 9:(Y) =325_1 Dijf; (&)
&i = X; + 37521 Dija f;(€) + Dija(( = Y;)
fori=1,... s, has a solution for X in K[(] and for the remaining variables Y, C, D
in K[¢,(].
Similarly, if A = K[[]]*9/(f1,.... fs) and B = K[[¢]]"/(g1,....95) are d-
dimensional (local) domains and we now allow solutions in K[[¢,(]]9 with the

solution for X still only depending on (, then the system (60) has a solution, if and
only if, we have an isomorphism A = B.

The new ingredient here is that some of the solutions are subject to some con-
straints. It is known that Artin Approximation holds for a system of equations
with a single constraint (i.e., a constraint of the form: the first k solutions depend
only on the first [ variables). When we use this result instead of the classical Artin
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Approximation in the proof of Theorem 9.3, then we get an effective version with
single constraint, which we then can apply to the system (60). Note that in general,
Artin Approximation fails when we allow multiple constraints.

11. CONSTRUCTIBLE INVARIANTS

An invariant is often thought of as an integer attached to an algebraic or geo-
metric object, in such way that isomorphic objects get the same number assigned.
The hope then is to find enough invariants, such that whenever two objects have
the same value for each invariant, then they are in fact isomorphic. For instance,
the dimension of a vector space completely determines its isomorphism type, or,
the characteristic and the transcendence degree over the prime field, completely
characterizes an algebraically closed field. In general, complete sets of invariants
are far from known. Moreover, one will need also invariants which take on other
kinds of values, not just integers. Below we’ll see examples where the value is a
certain formal power series over Z. For our purposes, an invariant will be defined
as follows.

11.1. Definition. Let S be a set. We call a map w an (S-)invariant, if it assigns
to each pair (R, M) a value in S, where R is an affine local ring and M a finitely
generated R-module. If S is just the natural numbers, then we call w a numerical
mvariant.

If X is a scheme and F a coherent Ox-module, then we write

(61) w(z, F)i=w(Ox 5, Fy)
for x an arbitrary point of X. This defines a partition on X, by the level sets
(62) wrl(s)={r € X |w(z,F)=s}

where s runs over all possible values in S. Here we are a bit sloppy in our usage of
the word partition, namely we call a collection {X;} of subsets of X a partition, if
they are mutually disjoint and cover the whole set X; so we do not always require
the X; to be non-empty. When we then say that a partition is finite, we mean that
all but finitely many X; are empty.

Our main goal is now to find necessary conditions for this partition to be con-
structible, meaning that each level set is a constructible set. We say that w is asymp-
totically definable, if for each d and each s € S, we can find a formula (Val =s)g,
such that a triple (X, z,F) satisfies the formula (Val =s)4 over an algebraically
closed field K, if and only if, w(x, F) = s, where F is a coherent module of degree
complexity at most d on the scheme X (over K) and where z is a point of degree
complexity at most d on X. One verifies without too much effort that asymptotic
definability implies that the partition induced by the level sets on X (K) is con-
structible. Our goal is to extend this to the whole space X. Whence the following
definition and proposition.

We say that a subset F' of a scheme X is saturated, if for each x € F, we can
find a K-rational point y € F which lies in the Zariski closure of z (i.e., y is a
specialization of x). Note that a constructible set is saturated. Indeed, without
loss of generality, we may assume that X = Spec A is affine and F' is locally closed,
given by

(63) fi==fs=0Nfo#0
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with f; € A. Let € I be an arbitrary point corresponding to the prime ideal p of
A. Hence f; € p,fori=1,...,s and fy ¢ p. In particular,
Afo
pAf,
is not the zero ring and hence contains at least one maximal ideal m. If we still
write m for its preimage in A, then this is again a maximal ideal, containing p but
not containing fo. Since f; € p, fori =1,...,s, we get that the K-rational point y
corresponding to m lies in F' and is a specialization of z.

We call w saturated, if each of its level sets is saturated, for all pairs (X, F).

(64) B:=

11.2. Proposition. Let S be a set and w an S-invariant. If w is asymptotically
definable and saturated, then it is constructible.

Moreover, in view of Proposition 1.5, w takes only finitely many different values
on a scheme X for a fixed coherent Ox-module F.

So, our next goal is to find necessary conditions for an invariant to be saturated.
The tools we’ll use for this are geometric in nature, so we will only briefly describe
them. The idea is the following. Suppose that X = SpecA is just an affine curve,
i.e., is one dimensional, reduced and irreducible. Let F' be a subset of X. There is
only one non-trivial instance for F' to be saturated. Namely, if the generic point n
of X belongs to F', then we have to show that F' contains also a K-rational point.
Now, if F = X}l(s), then we need to show that for some K-rational point x of X,
we have that

(65) w(z, F) =w(n,F).

In other words, if M is the finitely generated A-module corresponding to F, then
we need to find a maximal ideal m, such that

(66) w(L,M ®L) =w(Amn, Mn)

where L is the fraction field (or function field) of A (note that L = Ox ;). If X has
higher dimension, then we could imitate the previous argument, by going up one
dimension at the time. We call this devissage.

11.3. Definition. We say that an S-invariant w is devissable, if for all affine rings
A, all finitely generated A-modules M and each prime ideal g of A, we can find a
Zariski open U of Spec A containing g, such that for all prime ideals p of height one
higher than g, containing g and lying in U, we have an equality

(67) w(Ag, Mg) = w(Ay, My).

Note that a constructible invariant is devissable. Indeed, as in (63), we may
assume that X = Spec A is affine, M is the finitely generated A-module associated
to F and s € S, so that F = wz'(s) is given by (a disjunction) of equations (63).
Let g be a prime ideal belonging to w;_-l (s). Let U be the Zariski open set of all
prime ideals not containing fo, then U satisfies the requirement in Definition 11.3,
since any prime ideal in U and containing g then belongs to w;l(s), so that both
sides of Equation (67) equal s.

11.4. Proposition. Any devissable invariant is saturated.

Strictly speaking, we do not need to find an open set U of 'good’ liftings, but
a single lifting suffices, to go up all the way to a maximal ideal and whence prove
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saturatedness. However, it will always come for free that we can do this generically
and we will be able to derive some stronger results from this assumption. As a rule,
we will always take the open U in Definition 11.3 inside the regular locus of A/g
(which itself is open, since A is excellent). Under this extra assumption on U and
with p as before in U, containing g and of height one higher than g, we get that
A, /94, is a discrete valuation ring, that is to say, its maximal ideal is generated by
a single element f (called a uniformizing parameter). With this extra information,
Equality (67) is often easier to verify.

Sometimes we can reduce the situation to the case that g is even a minimal prime
of A (so that A4 has finite length). This can be achieved by using regular sequences
provided we assume that A is moreover Cohen-Macaulay, see [13] for details. Let
us give some examples.

11.5. Definition. We already encountered some Betti numbers as the dimension
of certain Tor modules; Bass numbers are similarly obtained, using Ezt modules
in stead. More precisely, let R be an affine local ring with residue field k£ and let
M be a finitely generated R-module. We define the i-th Betti number of M to be

(68) wBet (R, M):= dimy, Tor® (k, M).
This makes wP°*™ into a numerical invariant. It follows from Theorem 7.7 together

with Proposition 7.2, that this is an asymptotically definable invariant. Similarly,
we define the i-th twisted Bass number of M to be

(69) WP (R, M):= dimy, Ext% (k, M),

where ¢ is the depth of M (i.e., the length of a maximal M-regular sequence inside
the maximal ideal of R). The reason why we add the twist by the depth, is that
otherwise, the invariant would not be devissable. In fact, Ext' (M, k) = 0, for all
i < q. The same argument as for the Betti numbers, shows that the twisted Bass
numbers wP?S are asymptotically definable. The zero-th twisted Bass number is
also known as the type of a module (not to be confused with the model-theoretic
notion of type; there is no connection whatsoever). The crucial result is now the
following.

Betti
7

Bass
7

11.6. Theorem. The numerical invariants w and w are devissable whence

constructible.

Let us just give some indications why this is so. For M a finitely generated R-
module, we have that wte'(R, M) equals the minimal number of generators of M
by Nakayama’s Lemma. This invariant is well-known to be constructible whence
in particular devissable. The result for the higher Betti numbers and the Bass
numbers then follows from this case by taking a finite free resolution.

The two final examples are cases where S is not the natural numbers, but the
ring Z[[T]] of all formal power series over Z in one variable T

11.7. Definition. We define the Hilbert series of a finitely generated R-module
over an affine local ring R with maximal ideal m as the formal power series

(70) Hy(T)= Y U )T

n=0
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in the variable T'. It is a classical result from Commutative Algebra that H,; is
rational. More precisely, it is of the form

Qu(T)
where h is the dimension of M and where @y is a polynomial over Z with Qs (1) #
0. The degree of @ is bounded by the so-called Castelnuovo-Mumford regularity
of M. One shows that the Castelnuovo-Mumford regularity of M, and hence the
degree of @y, is uniformly bounded in terms of the degree complexity of M.
Our invariant under investigation here will be the Hilbert numerator wtibert,

which assigns to the pair (R, M) the polynomial Qs (T).

Now, let v be an arbitrary polynomial in Z[T]. We can write down a formula
expressing that Qp; = v as follows. Let d be the degree complexity of M and D
the bound on the degree of Q. We may obviously assume that v has degree at
most D as well. Now, by the results in Section 7, there exists a bound D’, such
that each of the modules m™M/m" 1M has degree complexity at most D', for all
n < D. In fact, there is a formula which expresses its specific value. Therefore,
by working out the quotient (71), we can express that v and Qs have the same
coefficients up to order D and whence must be equal. This shows that the invariant
wiilbert is asymptotically definable. More is true:

Hilbert

11.8. Theorem. The invariant w is saturated whence constructible.

11.9. Definition. We define the Poincare series of an affine local ring R with
residue field k£ as the formal power series

o0
(72) C(R):=(1+T)"" dimy Tor (k, k)T™,

n=0
where h is the (Krull) dimension of R. Again, the initial factor is put there to
guarantee that the invariant will be devissable. Note that (1 + T') is invertible in
Z[[T1]]. Also note that this is an invariant only defined on the collection of local rings
(without a module). All what has been said so far about invariants for modules
adopts to this situation without any effort.

It is still not well understood when this power series is rational, but is so for
complete intersections. For regular local rings it is a polynomial by SERRE’s Theo-
rem, and one verifies that in fact ((R) = 1. However, there exist counterexamples
to its rationality in general. Therefore, let us call a scheme X Poincare rational, if
for each point = € X, we have that ((Ox,;) is rational.

Due to the existence of schemes which are not Poincare rational, we seem to stand
little chance in proving that ¢ is an asymptotically definable invariant; the argument
used in the Hilbert case completely falls apart here. To get some uniformity, let us
define the m-th truncation of ¢ to be the power series (72) truncated at degree m,
i.e., restricting n in the summation to run from 0 to m only.

11.10. Theorem. The truncations of the Z[T|-invariant ¢ are asymptotically de-
finable and devissable whence constructible. In particular, the Z[T|-invariant ¢ is
pro-constructible.

Recall that a subset is called pro-constructible, if it is a (possible infinite) inter-
section of constructible subsets. Let us show that even this partial result has some
pure consequences.
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11.11. Corollary. If the Poincare series of each K-rational point on a scheme X

S8

rational, then X is Poincare rational.

Proof. Let x be an arbitrary point on X and let v(T) be its Poincare series, i.e.,

¢(

is

Ox.) = 7. Let F be the subset of all points on X for which the Poincare series
7, i.e., F = (~Y(vy). By Theorem 11.10, F is pro-constructible. However, as a

constructible set is saturated and as the intersection of any number of saturated sets

is

saturated again, we conclude that F' is saturated. Since by construction x € F,

there exists a K-rational point y € F' which is a specialization of x. By assumption
the Poincare series of y is rational and since y € F', this series is precisely v. W

10.

11.
12.
13.
14.

15.
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