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Summary

The aim of this thesis Symmetric Wide-matrix Varieties and Powers of GL-
varieties is to study (sequences of) algebraic varieties defined by systems of
polynomial equations with a large symmetry group. In the limit, they become
infinite-dimensional with an infinite symmetry group and are amenable to
techniques exploiting this symmetry.

The thesis is composed of four chapters, the first of which provides an
introduction with essential definitions. Each of the remaining chapters, based
on journal articles, covers a distinct topic related to the central theme of the
thesis.

In Chapter 2 and Chapter 3, the focus is on sequences of varieties of ma-
trices where the number of rows is fixed, but the number of columns increases.
More specifically, Chapter 2 concentrates on counting the number of irreducible
components of varieties within such a sequence, up to symmetry, while Chap-
ter 3 establishes the descending chain property of their image closures under
polynomial maps that respect symmetry. The final chapter, Chapter 4, focuses
on the stabilization of infinite-dimensional varieties that are stable under co-
ordinate permutations and linear coordinate transformations.






Notation

N {(1,2,3,..}
Zso  {0,1,2,..}
Z {0,£1,42, ..}
[n] {1,2,...,n} for n € Z>
Sym(n) the symmetric group on n letters
Sym Sym(co) = Up>1 Sym(n)
v dual of a vector space V
GL(V)  the group of invertible linear maps V — V
GL, GL(K™) for a field K
GL GLx = Up>1 GL,
E;, n X n-matrix where the entry in position (i, j) equals one and the other entries
are zeroes

11






Chapter 1

Preliminaries

1.1 Introduction

In algebraic geometry, infinite-dimensional varieties are difficult to understand.
But many of them that are equipped with an action of a large group are well
behaved up to that action. This lays a foundation for equivariant commutative
algebra and equivariant algebraic geometry: the study of commutative rings
and varieties equipped with group action.

For instance, varieties of ¢ x N-matrices that are stable under the action of
the infinite symmetric group Sym(N) by permuting columns are equivariantly
Noetherian (Noetherian up to the Sym(N) action): every descending chain

X12Xp2-- 202X, 2+

of Zariski closed subsets, each stable under the column permutations, stabi-
lizes, which means that X,, = X, 41 = --- for n sufficiently large.

There are two general problems in the equivariant world: one is to investi-
gate equivariantly Noetherian spaces taking into account the group action and
the other is to discover spaces that are equivariantly Noetherian or construct
new equivariantly Noetherian spaces from existing ones.

1.1.1 Main results

This thesis demonstrates the following results in relation to the aforementioned
problems.

13



Theorem 1.1.1.1. The image closures of equivariantly Noetherian varieties
of ¢ x N-matrices under Sym(N)-equivariant polynomial maps (maps respect-
ing the Sym(N)-action) in the space of N x --- x N-tensors are equivariantly
Noetherian. Moreover, they are defined, as a set, by Sym(N)-orbits of finitely
many equations.

A natural approach to examine a variety X of ¢ x N-matrices is by studying
a sequence of varieties X,, of truncated matrices:

X, = X NAT"

where A°*™ is the space of all ¢ x n-matrices. Such a sequence of varieties is
called a wide-matrix variety. Each X, is stable under the group Sym(n) of
column permutations and the action of Sym(n) on X,, induces an action of
Sym(n) on the set C(X,,) of irreducible components (irreducible subsets that
are maximal under inclusion) of X,,. Note that the set C(X,,) is finite as X,
is a finite-dimensional variety.

Recall that a quasipolynomial is a function f : Z>o — R of the form

f(n) = ca(m)n® + ca—1(n)n®t + - + co(n)
where each ¢; : Z>o — R is periodic with integral period.

Theorem 1.1.1.2. There exists a quasipolynomial f and a natural number N
such that the number of Sym(n)-orbits on C(X,,) equals f(n) for alln > N.

Theorem 1.1.1.3. Let Z be a variety that is Noetherian up to an action of the
infinite general linear group GL. Then the product variety ZV is Noetherian
up to the natural action of the product group Sym(N) x GL.

Theorem [1.1.1.1]is an extension to a result by Draisma, Eggermont, Krone,
and Leykin in [DEKL16|. They proved that the image closures of wide-matrix
varieties under monomial maps satisfy the descending chain condition. This
work has been generalized to image closures under polynomial maps. However,
the result is topological rather than ring theoretic.

Theorem [1.1.1.2] is inspired by a recent work of Le, Nagel, Nguyen, and
Romer in [LNNR19; LN22|. They proved and conjectured many nice results
about homological invariants of wide-matrix varieties.

Theorem is motivated by recent works on Sym(N)-stable varieties
|[AHO7; HS12; Drald; [NS21b] and on GL-stable varieties [DES17; Dral9;
BDES22|. This work gives a common generalization to the above works, offer-
ing a positive outlook for a future in which the Sym(N)-world and the GL-world
can be effectively combined to advance equivariant algebraic geometry.



1.1.2 Relation to existing literature

Noetherianity up to symmetry was first studied by Cohen in |[Coh67; |(Coh87].
He proved that the (non-Noetherian) polynomial ring K[z, x2,zs,...] in in-
finitely many variables is Noetherian up to the permutation of variables as
well as a generalization to finitely many rows of variables. The same was re-
discovered in [AHO7; [HS12|. In the later article, Hillar and Sullivant used this
to prove the Independent Set Theorem which is an important result in alge-
braic statistics. A further application of this result is due to Draisma [Dral0].
He proved that the polynomial equations for the k-factor model and for the
chirality varieties are finitely characterizable.

Many challenging questions about Sym-invariant chains of ideals and vari-
eties have been answered using Noetherianity up to symmetry. For example,
the bivariate Hilbert series for such a chain of ideals is a rational function
INR17; IKLS17; (GN18|. As a consequence of the rationality result codimen-
sion (respectively multiplicity) of varieties appearing in a wide-matrix variety
grows eventually linearly (respectively exponentially); see |[NR17; [LNNR19|.
Furthermore, asymptotic behavior of projective dimension, Betti numbers,
and Castelnuovo-Mumford regularity along such chains have been studied in
[ILN22; [Bie+20]. A very nice survey is [JLR20] which also contains a number
of open problems. Further geometry of these varieties has been studied in
INS21b} [NS21af [ KR22} KVR22).

Returning to the general linear group: A fundamental property, the de-
scending chain property, of varieties acted upon by the infinite general linear
group was proved by Draisma in [Dral9] (for polynomial representations) and
by Eggermont and Snowden in [ES21] (for algebraic representations). From
the former article, this property was used in [DLL19; [ESS19a; ESS19b| to
give a new proof of a very beautiful conjecture, Stillman’s conjecture, which
is a motivation for the growing literature on equivariant commutative algebra.
Further applications of GL-varieties are [BDE19; DES17]. For streamlined lit-
erature on GL-varieties see [BDES22] where many foundational results about
them have been established.

Inspired by literature on FI-modules |[CEF15; [NR19] this work uses the
language of categories and functors. We think that this is a useful and conve-
nient language to prove the above results. In this setup, a wide-matrix variety
is an FI°P-scheme: a contravariant functor from the category FI of finite sets
with injections to the category of affine schemes.



1.1.3 Organization of this thesis

The remainder of this chapter discusses direct and inverse limits, Noetherianity
up to the action of a group, FI-algebras, and FI°P-schemes. These concepts
have been used throughout this work. The remaining chapters are based on
my work with my advisors and research colleagues during my Ph.D. studies
at the Eindhoven University of Technology. Chapter 2 is about components of
wide-matrix varieties and is based on the article [DEF22| with Jan Draisma and
Rob Eggermont. Chapter 3 is about the image closures of wide-matrix varieties
and is based on the article [DEFM22| with Jan Draisma, Rob Eggermont, and
Leandro Meier. Chapter 4, the last chapter, is devoted to studying powers of
GL-varieties and is based on the article [Chi+22] with Christopher H. Chiu,
Alessandro Danelon, Jan Draisma, and Rob Eggermont.

1.2 Limits

1.2.1 Direct limit

Direct limit is a way of constructing a larger object from a sequence of smaller
objects that are combined in a particular manner. In this section, the objects
are defined as sets with a specific algebraic structure, such as groups, rings,
and algebras (over a fixed ring). The process of combining them is established
by a system of morphisms (in the relevant category) between these smaller
objects.

Definition 1.2.1.1. Let (A, )nen be a sequence of objects in some category
and Y,y Ay — A, be a morphism for all m < n with the following proper-
ties:

1. pnp is the identity of A,,, and
2. Oin = Pmn © Py for alll <m <n.
The pair ((An)n; (Pmn)m<n) is called a direct system. O

Definition 1.2.1.2. The direct limit, also called a colimit, of the direct sys-
tem ((An)n, (Pmn)m<n) is denoted by lim A, and is defined as follows. Its
underlying set is the disjoint union of the A,,’s modulo the following equiva-
lence relation ~: if a; € A; and a,,, € A,,, then a; ~ a,, if and only if there is
some n with I < n and m < n and such that ¢, (a;) = ©mn(am). &



Intuitively, two elements in the disjoint union are equivalent if and only if
they eventually become equal in the direct system.

Denote by Sym(n) the symmetric group on n letters. Let ¢, 41 : Sym(n) —
Sym(n + 1) be the inclusion map by regarding Sym(n) as stabilizer of n+ 1 in
Sym(n + 1).

Definition 1.2.1.3. Denote by Sym(oco) (or simply Sym) the direct limit

of the direct system (Sym(n), @mn) where @, : Sym(m) — Sym(n) is the
composition of the inclusion maps. &

Denote by GL,, the general linear group of n x n invertible matrices over
some field. Let ¢, p41 @ GL, — GLy4; be the natural inclusion map g —

b

Definition 1.2.1.4. Denote by GLy (or simply GL) the direct limit of the
direct system (GL,,, ©nn) where @, : GL,,, — GL,, is the composition of the
inclusion maps. O

1.2.2 Inverse limit of topological spaces

In this section, we define the inverse limit of topological spaces which is a con-
struction that allows us to glue together a sequence of topological spaces. The
precise gluing process is specified by continuous maps between the topological
spaces.

Definition 1.2.2.1. Let (X,,),en be a family of topological spaces and fp, :
X, — X,, be a continuous map for all m < n (note the order) with the
following properties:

1. fnn is the indentity of X, and
2. fin = fim © fmn foralll <m <n.
The pair ((Xy)n, (frn)m<n) is called an inverse system. &

Definition 1.2.2.2. The inverse limit of the inverse system ((X,,)n, (frmn)m<n)
is defined as

Xoo = 1&1 Xn ={(z,) € l_INXn | fons1(@ng1) = zn )
ne

X is equipped with the subspace topology, where [, .y X» has the product
topology. We call it inverse limit topology. &



Denote by m,, the natural projection map [], .y Xn — X, as well as its
restriction Xo, — X,,. These mappings m,, are continuous and satisfy the
following compatibility condition:

fmn © T = T, whenever m < n.

Remark 1.2.2.3. The inverse limit topology X, satisfies the following uni-
versal property: whenever Y is a topological space and for each n € N, 1, :
Y — X, is a continuous map satisfying the compatibility condition f,, o, =
Yy, whenever m < n,

Y
Jh
wn win
Xoo
% Tm
Xn f‘mn Xm
then there is a unique continuous map h : Y — X, such that m, o h = ¢, for
all n € N. &

1.3 Noetherianity up to the action of a group

Noetherianity is a desirable property but not all spaces possess this property.
However, it has been observed that many non-Noetherian rings and topological
spaces can exhibit Noetherian-like behavior under the action of a large group.
Specifically, these objects are Noetherian up to a group action in the following
sense.

Definition 1.3.0.1. Let X be a topological space equipped with an action of
a group G by means of continuous maps.

1. A closed subset Y of X is called a G-stable closed subset of X if g-y € Y
forallge Gandy €Y.



2. The space X is said to be G-Noetherian or Noetherian up to the action
of G (or equivariantly Noetherian when G is clear from the context) if it
satisfies the descending chain condition on G-stable closed subsets: every
descending chain

X12X22-- 22X, 20

of G-stable closed subsets stabilizes, which means that X,, = X,,41 =---
for n sufficiently large..

&

Definition 1.3.0.2. Let R be a commutative ring equipped with an action of
a group G by means of ring homomorphisms.

1. An ideal I of the ring R is said to be a G-stable ideal if g - f € I for all
geGand f el

2. The ring R is said to be G-Noetherian or Noetherian up to the action
of G if it satisfies the ascending chain condition on G-stable ideals, or
equivalently, if every G-stable ideal of R is generated by G-orbits of
finitely many elements of R.

&

It is easy to show that if R is G-Noetherian ring, then the spectrum Spec R
of R equipped with the Zariski topology is G-Noetherian with respect to the
induced action of G on Spec R.

Since every Noetherian ring satisfies the ascending chain condition on ideals
(G-stable or not), every Noetherian ring is G-Noetherian and also the spectrum
of a Noetherian ring is G-Noetherian.

Presented below is a noteworthy theorem that provides an example of a
nontrivial Sym(oco)-Noetherian ring.

Theorem 1.3.0.3. [Coh87; |HS12] Fix a positive integer ¢ and a Noetherian
ring K. The polynomial ring

K[Xexn] = K[z j |1 €[c],j €N]

with the action of the symmetric group Sym(oco) defined by o - x;j = ; 5(;) is
Sym(co)-Noetherian.

Corollary 1.3.0.4. The space Spec K[X.«n] of ¢ x N-matrices under the ac-
tion of the symmetric group Sym(oco) by permuting the columns is topologically
Sym(oo)-Noetherian.



Example 1.3.0.5. [HS12, Example 3.8.] The polynomial ring
K[XNXN] = K[xi,j | (Z,j) e N x N]

under the action of Sym(co) defined by o - ;; = 25(;),+(;) is not Sym(co)-
Noetherian (not even Sym(oo) x Sym(oo)-Noetherian with respect to the action
defined by (7,0)-2; j = T+(;),+(;))- Indeed, for I > 3 denote by M; the monomial
21,1%1,2%2,2T2,3 - - x1,1x;,1 and for n > 3 denote by I,, the ideal generated by
Sym(oo)-orbits of monomials Ms, My, ..., M,,. Then, the following chain

IsclyclsC---
of Sym(oo)-stable ideals of K[Xnxn| does not stabilize. O

Remark 1.3.0.6. The above example also shows that the space Spec K [Xnxn]
of N x N-matrices equipped with the natural action of Sym(oo) is not equiv-
ariantly Noetherian (not even Sym(oo) x Sym(oco)-Noetherian). &

We close this section by stating a general problem which is the main mo-
tivation for this work.

Problem 1.3.0.7. Study the Sym(oo)-stable ideals of K[X.xn] and the Sym(oo)-
stable varieties of Spec K[ X xn].

1.4 Fl-algebras and FI°P-schemes

In this section, the central focus will be on FI-algebras and FI°P-schemes.
They form the backbone of our work and will be thoroughly explored and
analyzed. Our main references for this section are [NR19; [DEF22|, which
provide comprehensive coverage of these topics.

1.4.1 The category FI

Definition 1.4.1.1. Denote by FI the category whose objects are finite sets
and whose morphisms are injective maps. FI°P denotes its opposite category.

&

Denote by Z>( and N the set of nonnegative integers and positive integers,
respectively. The category F1I is equivalent to the category with objects [n] :=
{1,2,...,n} for n € Z>o (by convention [0] := @) and morphisms from [m] to
[n] being the injective maps [m] < [n].



1.4.2 The category of FI°P-schemes

Let K be a commutative ring with unity. Denote by Algy the category of
commutative, unital K-algebras M whose morphisms are unital ring homo-
morphisms M — N compatible with the homomorphisms from K into them.

Definition 1.4.2.1. An FI-algebra over K is a covariant functor from FI to
the category Alg, of K-algebras. &

For a finite set S € FI we denote the K-algebra A(S) by As and we write
An for A[n]

Example 1.4.2.2. Let L be an algebra over K, then the constant functor
FI — Alg, assigning L to every finite set and assigning idy, to every injection
is an FI-algebra. O

Example 1.4.2.3. The functor P : FI — Alg, that assigns to each finite
set S the polynomial ring Pg := Klx; | ¢ € S] and assigns to each injection
o : S — T the K-algebra homomorphism P(c) : Ps — Pr determined by
T; — T,(;) is an Fl-algebra. &

Example 1.4.2.4. The functor @ : FI — Alg, that assigns to each finite
set S the polynomial ring Qs := Ky, ; | 4,j € S] and assigns to each injection
o : S — T the K-algebra homomorphism Q(o) : Qs — Qr determined by
Yij " Yo(i),o(j) 18 an Fl-algebra. &

Definition 1.4.2.5. An affine FI°P-schemes over K is a contravariant functor
from FI to the category of affine schemes over K. O

For a finite set S € FI we denote the scheme X (S) by Xg and we write X,
for Xi,). As we will only consider affine FI°P-schemes, we will usually drop
the adjective “affine”.

Example 1.4.2.6. The contravariant functor from FI to the category of affine
schemes over K that assigns to each finite set S the spectrum Spec Py =
Spec K[z; | i € S] and assigns to each injection o : S — T the morphism
Spec P(o) : Spec Pr — Spec Ps dual to the K-algebra homomorphism P(o) :
Pg — Pr is an FI°P-scheme. &

Definition 1.4.2.7. Given an FI-algebra A over K, the spectrum of A de-
noted by Spec(A) is the FI°P-scheme that maps a finite set S to Spec(Ag).
Dually, given an FI°P-scheme X, the coordinate ring of X denoted by K|[X]
is the FI-algebra that maps S to K[Xg] the coordinate ring of the scheme
Xs. ¢



Remark 1.4.2.8. If A is an FI-algebra over K, then A is also an FI-algebra
over Ag: for each finite set S the unique inclusion ) — S yields an algebra
homomorphism Ay — Ag, and functoriality implies that the K-algebra homo-
morphisms Ag — Ar corresponding to injections S — T are compatible with
the Ap-algebra structure. &

Definition 1.4.2.9. An Fl-ideal I of an FI-algebra A assigns to each finite
set S an ideal I1(S) of A(S), in such a manner that the algebra homomorphism
A(m) : A(S) — A(T) corresponding to any 7 € Homg1(S,T) maps I(S) into
I(T). A closed subscheme Z of an FI°P-scheme X is a subfunctor of X such
that, for each finite set S, Z(S) is a closed subscheme of X (S5). O

Every ideal I of an FI-algebra A gives rise to a closed FI°P-subscheme
Spec(A/I) of the FI°P-scheme Spec A defined by Spec(A/I)g := Spec(As/Is).

A morphism A — B of Fl-algebras over K is a natural transformation of
functors: it consists of a K-algebra homomorphism ¢(S) : As — Bg for each
S € FI such that for all S,T € FI and for each injection ¢ from S to T, the
following diagram commutes

Ag »(S) Bs

A@)| |B@
©

Ar 2D, By,
Morphisms of FI°P-schemes over K are defined dually. The category of FI-
algebras is equivalent to the category of FI°P-schemes. The equivalence is
given by the functor that associates to an FI-algebra A the spectrum Spec A
of A.

Let A be an FI-algebra, and consider any finite set S € FI. In this
context, the symmetric group Sym(S) acts from the left on A(S), where
Sym(S) = Hompg1(S,S). Specifically, each 7 in Hompg(S,S) yields a K-
algebra homomorphism A(w) : A(S) — A(S). It follows from the functo-
rial axioms of A that (m,a) — A(7w)(a) represents a left action of Sym(S) by
K-algebra automorphisms on A(S).

Similarly, given an FI°P-scheme X, for each finite set S € FI the symmetric
group Sym(S) acts on Xg by automorphisms of K-schemes. When acting
on points of Xg with values in a K-algebra L, i.e., on the set of K-algebra
homomorphisms K[Xg] — L, this is a naturally a right action, reflecting the
fact that X is a contravariant functor.

Remark 1.4.2.10. The symmetric group Sym(n) acts on A, by K-algebra
automorphisms, and the map A(r) : 4, — Any1, where ¢ : [n] = [n+1] is



the standard inclusion, is a Sym(n)-equivariant K-algebra homomorphism, if
Sym(n) is regarded as the subgroup of Sym(n+1) consisting of all permutations
that fix n+1. Conversely, from the data (for all n) of A,,, the action of Sym(n)
on A,, and the Sym(n)-equivariant map A, — A,y the FI-algebra A can
be recovered up to isomorphism. This gives another, more concrete picture of
FI-algebras. However, the definition of FI-algebras as a functor from FI to
K-algebras is more elegant and, as we will see, often more convenient. O

The tensor product A ® B of FI-algebras A and B over K is defined in the
obvious way: for an object S € FI,

(A® B)s := As ®k Bs
and for an injection o : S — T the map (A ® B)(o) is determined by,
(A® B)(0)(a®b) = A(o)(a) ® B(o)(b)

where a € Ag and b € Bg.
The direct sum A@® B of FI-algebras A and B over K is defined in a similar
way.

1.4.3 Wide-matrix spaces

Recall that P denotes the FI-algebra that maps a finite set .S to the polynomial
ring Ps := K[z; | 1 € S].

Definition 1.4.3.1. For a positive integer ¢ € N, the tensor product P®¢ of
the FI-algebra P is isomorphic to, and will be identified with, the FI-algebra
that maps an object S € FI to

PEC:K[CQJ‘].SZSC,]GS]

The FI°P-scheme Spec P®¢ over K is called a wide-matrix space. It is
denoted by Mat, k. &

If L is a K-algebra, then the set of L-points Mat,. k(L) is the contravariant
functor from F1T to sets that assigns to S the set L of ¢ x S-matrices over
L, and to a morphism 7 : S — T the map LT = (L&)T — (L°)% = L¢*°
where the middle map is composition with .



1.4.4 Width-d FI°P-schemes

Width-one FI°P-schemes of finite type are nicely behaved, as we will see, and
are the main characters of this work.

Definition 1.4.4.1. Let A be an Fl-algebra over a ring K. Let d be a
nonnegative integer.

1. A subalgebra B of A is a functor from FI to K-Alg such that Bg is a
subalgebra of Ag for each finite set S and B(o) is the restriction of the
map A(o) to Bg for each injection o : S — T

2. A is said to be finitely generated if there are finitely many objects S; €
FI and a finite set D C |J Ag, which is not contained in any proper
subalgebra of A. If such D exists, we say that A is generated by D.

&

Definition 1.4.4.2. For a finite set S € FI and an element a € Ag, the
minimal n such that a lies in A(7)(A,) for an injection 7 : [n] — S, is called
the width of a. It is denoted by w(a). O

Example 1.4.4.3. The element z3+22 € P([5]) has width 2 because x3+22 =
P(0)(x1+23) where o : [2] — [5] is an injection mapping 1 — 3and 2 — 5. <

Definition 1.4.4.4. Let A be an FI-algebra.

1. A is said to be generated in width < d if there exists a collection (a; €
Ag,)icr of elements of width < d that generates A.

2. A is said to be finitely generated in width < d if A is finitely generated
and generated in width < d.

o

Remark 1.4.4.5. The definition finitely generated in width < d is equivalent
to the condition that A is generated by a finite collection of elements a; € Ag,
of width < d. &

Example 1.4.4.6. The FI-algebra P that assigns S — K|[x; | ¢ € S] is finitely
generated in width < 1, namely, by the element x; € P([1]). &

Example 1.4.4.7. The FI-algebra @ that maps S — Kly;; | 1,5 € S] is
generated by two elements y; ; and y; 2 having width 1 and 2 respectively. So
it is finitely generated in width < 2 (but not in width < 1). &



Definition 1.4.4.8. The spectrum of a finitely generated FI-algebra over K
is called an FI°P-scheme of finite type over K. O

Definition 1.4.4.9. The spectrum of an FI-algebra over K that is finitely
generated in width < d is called a width-d FI°P-scheme of finite type over
K. O

Remark 1.4.4.10. The class of FI-algebras that are finitely generated in
width at most 1 is closed under taking finite direct sums and tensor products
over K. Dually, the corresponding class of width-one FI°P-schemes of finite
type is closed under disjoint unions and Cartesian products. &

For later use we record the following lemma.

Lemma 1.4.4.11. Let A be an FI-algebra over K that is finitely generated in
width < 1, and let X = Spec(A) be the corresponding width-one FI°P-scheme
over K. If we set Z := Xy, then for each S € FI the map Xg — HjES Xy =
79, where the product is over Spec(Ay), is a closed embedding. Furthermore,
the FI°P-scheme Z° is isomorphic to a closed subset of Mat, 4, for some c.

Proof. Dually, we need to show that the map ®jes Ay — As, where the
tensor product is over Ag and where Ay;; — Ag comes from the inclusion
{j} — S, is surjective. This follows from the fact that A is generated in width
at most 1. For the last statement, note that A; is finitely generated as a K-
algebra, hence a fortiori as an Ag-algebra. If A; is generated by ¢ elements
over Ag, then A is a quotient of Pfﬁf, Z is a closed FI°P-subscheme of the
c-dimensional affine space Aj over Ao, and S — Z 9 a closed FI°P-subscheme
of Mat., 4,- O

1.4.5 Limit of FI°P-schemes

Limits are a natural way to connect FI-algebras and FI°P-schemes with infinite-
dimensional objects that are acted upon by the infinite symmetric group.

Denote by tm,n, € Hompr([m], [n]) the inclusion map [m] — [n], j — j for
m < n.

Definition 1.4.5.1. Given any FI-algebra A over K, define its direct limit
Ay = hg A,

using the direct system ((Ay,)nen, (A(tm.n))m<n)-



Dually, the inverse limit of an FI°P-scheme X over K is defined as
Xoo = l(iian
using the inverse system ((Xp)nen, (X (tm.n))m<n)- O

Remark 1.4.5.2. Each X, is equipped with the Zariski topology so X, has
the inverse limit topology. O

By functoriality, each A,, is acted upon by the symmetric group Sym(n),
the map A(ty, nt1) is Sym(n)-equivariant if Sym(n) is embedded into Sym(n+
1) as the stabilizer of {n + 1}, and hence the direct limit A, is acted upon
by the group Sym(oc). Dually, Sym(oco)-acts on the inverse limit X, of an
FI°P-scheme X over K.

Given an ideal I of A, the direct limit /o, := lim/, is a Sym(o0)-stable
ideal of A,. Conversely, given a Sym(co)-stable ideal J of A, then for any
finite set S € FI and any bijective map = : [n] — S, set I(S) := A(7)(Jn),
where J,, is the preimage of J in A,,.

Example 1.4.5.3. The direct limit (P®¢),, of the FI-algebra P®¢ that maps
S+ Klz; ;| i€ [c] and j € S] is naturally isomorphic to the polynomial ring

K[xi,jzlﬁigc,jEN]
and admits a Sym(oco)-action induced by o (z; ;) = 7; +(;) for any o € Sym(c0).
¢

Example 1.4.5.4. The direct limit Q. of the FI-algebra @) that maps S —
Kly; ; | i,j € S] is naturally isomorphic to the polynomial ring

Klyij:1<i<e, jeN]

and admits a Sym(oo)-action induced by o(yi;) = Yo(i),0(;) for any o €

Sym(c0). &

1.4.6 Noetherianity of FI°P-schemes

We close this section by describing a very useful property, the descending chain
property, of width-one FI°P-schemes.

Definition 1.4.6.1. An FI-algebra A is called Noetherian if it satisfies the
ascending chain condition on ideals, i.e., if

LCI, C..

is an ascending chain of ideals in A, then there exists a positive integer m such
that I, = Lyyy1 = -. &



It is easy to show that the direct limit of a Noetherian FI-algebra is
Sym(oo)-Noetherian.

Definition 1.4.6.2. An FI°P-scheme X is called Noetherian if it satisfies
the descending chain condition on closed FI°P-subschemes, and topologically
Noetherian if it satisfies the descending chain condition on closed and reduced
FI°P-subschemes: for each descending chain

X1 DXsD ...

of closed and reduced FI°P-subschemes X; C X, there exists an integer n such
that X, = Xppp1 =+ &

Again the inverse limit of a topologically Noetherian FI°P-scheme is topo-
logically Sym-Noetherian. From now on we will use the word “closed subset”
to mean “reduced subschemes”.

The following theorem and corollary are of fundamental importance for the
rest of the thesis.

Theorem 1.4.6.3. [NR19, Theorem 6.15] Let K be a Noetherian ring. Then
every FI-algebra A over K that is finitely generated in width < 1 is Noetherian.
In particular, the Fl-algebra P®¢ over a Noetherian ring K is Noetherian.

Corollary 1.4.6.4. Any width-one FI°P-scheme of finite type over a Noethe-
rian ring K is topologically Noetherian. In particular, the wide-matriz space
Spec P®¢ over a Noetherian ring K is topologically Noetherian.

Example 1.4.6.5. The space of ¢ x N-matrices is Sym(oco)-Noetherian up to
column permutations being the inverse limit of the FI°P-scheme Spec P®¢.

Lemma 1.4.6.6. Let A be a Noetherian FI-algebra and I be an ideal of A.
Then the quotient FI-algebra A/I defined by (A/I)s = Ag/Ig for all S € FI
is Noetherian.

Proof. Any ascending chain of ideals in the quotient A/I lifts up to an ascend-
ing chain of ideals in A. The latter chain stabilizes so is the former. O

The above lemma shows that closed FI°P-subschemes of a topological
Noetherian FI°P-scheme are topologically Noetherian.
We record the following properties of topologically Noetherian FI°P-schemes.

Lemma 1.4.6.7. [DK1j] Let X, Y and Z be FI°P-schemes over a ring K.
Suppose, moreover, that X and Y are topologically Noetherian.



o Any closed subset of a topologically Noetherian FI°P-scheme is topolog-
ically Noetherian.

e The disjoint union X UY defined by (X UY)s = XsUYs of X and Y
1s topologically Noetherian with respect to the disjoint union topology.

o Lety: X — Z be a morphism of FI°P-schemes. Then the image Im(1))
1s topologically Noetherian with respect to the topology induced from Z.



Chapter 2

Components of symmetric
wide-matrix varieties

This chapter is based on the paper [DEF22] with Jan Draisma and Rob Eg-
germont.

2.1 Introduction

2.1.1 Main result

Let K be a Noetherian ring (commutative with 1), let ¢ € Z>, and, for all
n € Zxo, let I,, be an ideal in the polynomial ring A,, :== Kz, ; | i € [c],j € [n]]
such that the following two conditions are satisfied:

1. I, is preserved by the (left) action of the symmetric group Sym([n]) on
A, via K-algebra automorphisms determined by 7x; j = x; »(;); and

2. I, C i1

Dually, let X,, be the prime spectrum of A, /I,, a closed subscheme of
Spec(Ay,). Then the two conditions above express that

1. X, is preserved by the induced action of Sym([n]) on Spec(4,); and

2. the projection Spec(A,+1) — Spec(A,,) dual to the inclusion 4,, — A,4+1
maps X, 41 into X,,.

29



Such a sequence (Xp,), of schemes of matrices is called a width-one FI°P-

scheme of finite type over K (see Section for a more convenient, functorial

definition) or, more informally, a symmetric wide-matriz scheme, where the

adjective wide refers to the fact that c is constant and we are interested in the

case where n > 0; for brevity, we will usually drop the adjective symmetric.
Recall that a quasipolynomial is a function f : Z — R of the form

f(n) = ca(m)n® + ca—1(n)n®t + - + co(n)

where each ¢; : Z — R is periodic with integral period. Equivalently, f is a
quasipolynomial if and only if there exist an N and polynomials fo,..., fn_1
such that f(n) = f;(n) whenever n =i modulo N.

Theorem 2.1.1.1 (Main Theorem). Let (X,,), be a width-one FI°P-scheme
of finite type over a Noetherian ring K. Then the action of Sym([n]) on X,
induces an action of Sym([n]) on the set C(X,) of irreducible components
of X, and there exists a quasipolynomial f : Z — R and a natural number
no € Zxo such that the number |C(X,,)/ Sym([n])| of Sym([n])-orbits on C(Xy,)
equals f(n) for all n > ny.

2.1.2 Examples

We illustrate the Main Theorem with a number of examples. We recall that
the irreducible components of X,, are in one-to-one correspondence with the
inclusion-wise minimal prime ideals of A,, that contain I,,.

Example 2.1.2.1. Let K be a domain, take ¢ = 1, write x; instead of z; ;, and
let I,, be the ideal generated by all monomials x;x;x) with 4, j, k € [n] distinct.
Clearly, the sequence (I,,),, satisfies the conditions (1) and (2) above. A prime
ideal containing I, contains at least one variable from each triple of distinct
variables. Hence the minimal prime ideals containing I,, are the ideals Ig :=
({z; | i € S}) where S C [n] is a set of cardinality n — 2; the corresponding
subscheme is the coordinate plane corresponding to the coordinates not labeled
by S. Hence X,, has (,",) = (5) irreducible components, which form a single
orbit under the symmetric group Sym([n]). The quasipolynomial from the
Main Theorem is 1. &

Example 2.1.2.2. Set K := C, let d € Z>¢, take ¢ = 1, and let I,, be the ideal
generated by all polynomials ¢ — 1 with i € [n]. The irreducible components
of X, are the points ((1,...,(,) where each (; is an d-th root of unity. Thus

X, has d" irreducible components, and these form (";ilzl) orbits under the



group Sym([n]), each of which has a unique representative of the form

(1’ o1, 6271'2/(17 o ,627ri/d’ 62~27rz/d’ o ,62-27T2/d’
d—1)-2mi/d d—1)-2mi/d
. eldmDzmi/d o p(d=1) /),
where the numbers of occurrences of /274 j = 0,...,d — 1 are arbitrary
nonnegative integers whose sum is n. &

Example 2.1.2.3. Set K := C(t), where t is a variable, let ¢ = 1, and let I,
be the ideal generated by all polynomials of the form z? —¢ with i € [n]. Then
I; is a prime ideal, but for n > 2 and two distinct ¢, j € [n] any prime ideal P
containing I,, also contains

(27 —t) — (25 — t) = (2 — 2;) (2 + 75)

and hence either z; —x; or x; +x;. Hence, modulo P, the variables z1,...,z,
can be partitioned into two subsets: within each of these sets, all variables
are equal modulo P, and they are minus the variables in the other set, again
modulo P.

Conversely, if A, B C [n] are disjoint sets with AU B = [n], then the ideal
P4 p generated by the polynomials z; — z; with (4,j) € (A x A) U (B x B),
the polynomials z; + z; with (i,7) € A x B, and the polynomial 23 — ¢ is a
minimal prime ideal over I,,. By the above, these are all minimal primes over
I,,. Note that P4 g = Pcp if and only if {A, B} = {C, D}, so there is a
bijection between unordered partitions of [n] into two parts (one of which may
be empty).

The number of unordered partitions of [n] is 2"~ . The action of Sym([n])
on minimal primes over I,, corresponds to the natural action of Sym([n]) on
unordered partitions of [n]. The number of Sym([n])-orbits on the latter is
|n/2] + 1—indeed, {A, B}, {A, B} are in the same Sym([n])-orbit if and only
if min{|A[,|B|} = min{|A|, |B|}, and this number takes any of the values in
{0,...,[n/2]}. Here the quasipolynomial is the function f(n) = |n/2] + 1,
and it holds for all n > 0. &

Example 2.1.2.4. Set K :=C, c:=1, let d € Z>1, and let I,, be the ideal
generated by all differences x‘f—x? with 4, j € [n]. In this case, each prime ideal
P containing I,, also contains, for each i # j, a polynomial of the form x; —(z;,
where ( is a d-th root of unity. Hence the variables can be partitioned into d
sets, where modulo P the variables in each set are ¢2™/9 times the variables

in the previous set.



Conversely, let A = (Ao,...,Aq—1) be an ordered partition of [n]: a se-
quence of disjoint, potentially empty subsets of [n] whose union is [n]. Then
the ideal P4 generated by the polynomials z; — e2mi/dg; whenever [ lies in
some A, and j lies in A, (indices modulo d) is a minimal prime over I,,, and
by the above, all primes arise in this manner. Furthermore, P4 = Pg if and
only if the sequence B arises from A by a cyclic permutation, i.e., by adding
an element of Z/dZ to the indices.

Hence the irreducible components of the scheme defined by I,, correspond
bijectively to orbits of ordered partitions of [n] into d parts under the action
of Z/dZ by rotation of the parts. The number of Sym([n])-orbits on such
components is therefore equal to the number of (Z/dZ) x Sym([n])-orbits on
ordered partitions. Modding out Sym([n]) first, what remains is to count the
Z/dZ-orbits on ordered integer partitions of n into d nonnegative parts. This
is done using the orbit-counting lemma (due to Cauchy, Frobenius, and not
Burnside) for Z/dZ: for e € Z/dZ define

f(e) :==ged(d,e) € {1,...,d}.

Then rotation by e on such integer partitions has the same fixed points as
rotation by f(e). This number is 0 if n is not divisible by d/f(e), and equal
to ("/(d/ff((ee)))j{(e)_l) otherwise: the first f(e) positions in the partition can
be filled arbitrarily with nonnegative integers whose sum is n/(d/(f(e))), and
this determines the partition fixed under rotating over f(e). Thus the number
of Sym([n])-orbits on components equals

1 3 (n/(d/f(e)) + f(e) - 1>
e€Z/dZ:(d] f(e))|n fle)=1 7
which is, indeed, a quasipolynomial in n. &

These examples illustrate different aspects of the proof of Theorem [2.1.1.1
First, the projection X,,+1 — X,, maps each irreducible component of X, 11
into some component of X,,, but not necessarily onto some such component: in
Example[2.1.2.T] the coordinate planes involving the variable z,, 41 are mapped
onto coordinate lines rather than planes. However, “most” coordinate planes
are mapped onto coordinate planes. We will capture these relations between
components of the X, as n varies by the so-called component functor (see
Section , which is a contravariant functor from FI to the category PF of
finite sets with partially defined maps. This functor plays a fundamental role
in the proof of Theorem [2.1.1.1} and also yields a more detailed picture of the
components of the X, for varying n.



Second, Example illustrates that, while the number of components
of X,, can grow exponentially with n, the number of orbits is upper-bounded
by a polynomial.

Third, in Example we see that, if we adjoin v/t to the ground field
K, then the example reduces to a variation on Example there are 2"
components and n+1 orbits on components. This suggests that the quasipoly-
nomiality in the Main Theorem is due to the action of a Galois group. We will
see that this is, indeed, the case when the wide-matrix scheme is of product
type; see §2.5.4

Finally, Example [2.1.2.4] shows that even when K is an algebraically closed
field, quasipolynomiality (rather than polynomiality) occurs. In part, this is
because we will have to work over larger base fields that are transcendental
extensions of the ground field K; and in part, it is because Galois groups
are not the sole reason for quasipolynomiality: in §2:5.7 we will replace the
orbit-counting via Galois groups to orbit-counting via certain groupoids.

2.1.3 Applications

In this subsection, we give two interesting applications of our techniques.

Corollary 2.1.3.1. Let K be a field, let S C K be a finite subset, and let k
be a natural number. For every n € Zx>g, define

M, = {A € S*" C K™ | tk(A) = k},

the set of all rank-k matrices all of whose entries are in S. Let Sym([n]) act
by simultaneous row and column permutations on M. Then |M,,/Sym([n])|
is a quasipolynomial in n for n > 0.

Proof. Consider the morphism ¢, : AKX 5 ARX™ — ATX" given by (A, B)
AT B. For each C' € M,,, the closed subscheme ¢, 1(C) is irreducible—indeed,
for any field extension L of K, its L-points form an orbit under the action
of the group GLy(L) acting via g(A4, B) = ((971)T A4, ¢B), and irreducibility
follows from irreducibility of the group scheme GLj. Hence (X,,), defined
by X, = ¢, (M,) is a wide-matrix scheme with ¢ = 2k whose irreducible
components are in Sym(n)-equivariant one-to-one correspondence with the
points of M,,. The corollary follows from the Main Theorem to (X,,),. O

Remark 2.1.3.2. The same argument works for symmetric rank-k matrices
and for skew-symmetric rank-k matrices. More generally, by a similar argu-
ment: if Y,, C A’}(X" is a closed subscheme of the variety of rank-< k matrices



such that Y,, is preserved under the action of Sym([n]) by conjugation and such
that forgetting the last row and column maps Y,, 1 to Y,,, then, too, the num-
ber of orbits of Sym([n]) on irreducible components of Y, is a quasipolynomial
in n for n > 0. &

Example 2.1.3.3. Consider K = Q and let M}, ,, be the set of symmetric
n X n-matrices with entries in {0, 1} of rank precisely k. Then:

e My, consists of the zero matrix only, so there is a single S,,-orbit.
e Each S,-orbit in M , has a unique representative of the form
J 0
0 0
where J is an m x m-matrix (1 < m < n) with all ones, and the zeros
are block matrices of appropriate sizes. Hence there are n orbits.

o There are three types of S,,-orbits in My ,,, with representatives

J. 0 0 0 J 0 J. J 0
0 J 0|, |JT o o, |JI 0 o
0 0 0 0 0 0 0 0 0

where, in the first case, J1, Jo are all-one matrices of formats ni Xny, no x
ng with 1 < n; < ny and ny +n9 < n; in the second case, J is an all-one
n1 X no-matrix with 1 < n; < ny and ny +no < n; and in the third case,
J1 is an all-one ny X ni-matrix and Js is an all-one nq X no-matrix with
1 <ni,ne and ny + ny < n.

In the last case, the number of pairs (ny,ns) is (g‘) In the first and
second cases, we have to count pairs (ni,ms) with 1 < ny < ng and
n1 + no < n. This number equals

/2]
> (n—2n1+1) = [n/2] - [n/2].

n1:1

Summarising, the number of S,-orbits on Ms ,, equals 2- [n/2] - [n/2] +

(g), clearly a quasipolynomial in n.

&



For the next application, recall that a linear code of length n and dimension
m over F, is a linear subspace of Fy of dimension m. Puncturing such a
code means deleting a coordinate; we only allow this when the dimension of
the code does not drop. There is a natural notion of isomorphism of linear
codes, involving permuting and scaling coordinates as well as applying an

automorphism of Fy; see Example [2.5.6.5

Theorem 2.1.3.4. Fiz a finite field Fy, and a natural number m. Let C be
a family of isomorphism classes of m-dimensional codes, of varying lengths,
that are preserved under puncturing. Then for n > 0 the number of length-n
elements in C is a quasipolynomial in n.

This theorem is not a direct consequence of our Main Theorem, but rather
than one of the tools that we develop for the Main Theorem, see §2.5.6| and

2.5.7

2.1.4 Organisation of this chapter

This chapter is organized as follows. In section 2, we introduce certain classes
of width-one FI®P-schemes of finite type. Such as nice FI°P-schemes and
reduced FI°P-schemes. These schemes are very useful for counting irreducible
components of the scheme X, for large values of n. We also discuss the shifting
of FI°P-schemes which is a key ingredient for the Shift Theorem

In Section 3, we prove that any width-one FI°P-scheme of finite type is
of product type after a suitable shift and a suitable localisation (see the Shift
Theorem and Proposition . The shifting technique is also used
by Draisma in his work on polynomial functors [Dral9], and the Shift Theorem
is reminiscent of and was inspired by, the Shift Theorem in [BDES22]. It is
the strongest new structural result that we prove about wide-matrix schemes.

In Section 4, for an FI°P-scheme X, we define the component functor Cx
from FI to the category PF of finite sets with partially defined maps. The
component functor is one of the most important notions of this chapter, and
in the remainder of the chapter, we obtain an almost complete combinatorial
description of Cx in the case where X is a width-one FI°P-scheme.

Section 5 is devoted to the proof of the Main Theorem. In three steps, we
construct more and more refined combinatorial models for Cx. The first ones,
called elementary model functors, allow us to prove the Main Theorem when
X is of product type (see . By the Shift Theorem this situation is always
attained by a shift and a localisation, and to undo the simplifications caused by
that shift and localisation, we need the two more complicated combinatorial
models dubbed model functors (see and pre-component functors (see



. A major generalization in the step from elementary model functors to
model functors is that we pass from counting orbits under a finite group—in
the application to Cx, this is the image of a Galois group—uwhich is part of the
defining data of an elementary model functor, to counting orbits under a finite
groupoid which emerges by itself from the defining data of a model functor. The
proof of Theorem that model functors have a quasipolynomial count is
entirely elementary, but very subtle. A direct application is Theorem

In comparison, the step from model functors to pre-component functors is
conceptually small. In we prove that pre-component functors always
have a quasipolynomial count, and in §2.5.10] we establish that the component
functor of a wide-matrix scheme satisfies the properties Compatibilities (1)
(3) of a pre-component functor. This, then, completes the proof of the Main
Theorem.

2.2 Width-one FI°P-schemes

Recall from Theorem [1.4.6.3| that any width-one FI°P-scheme of finite type
over a Noetherian ring K is topologically Noetherian, i.e., it satisfies the de-
scending chain condition on closed FI°P-subschemes.

2.2.1 Nice width-one FI°P-schemes

The following consequence of Noetherianity will be useful to us: it implies that
when we are interested in the tail of a width-one FI°P-scheme X of finite type
over a Noetherian ring K, i.e., in X ([n]) for n > 0, then we may without loss
of generality assume that the map X ([n + 1]) — X ([n]) dual to the inclusion
[n] — [n + 1] is dominant for all n.

Proposition 2.2.1.1. Let K be a Noetherian ring and let X = Spec(B) be
a width-one scheme of finite type over K. Then there exists an ng € Z>o
such that for all S, T € FI with ng < |S| < |T| and all 7 € Homg1(S,T), the
homomorphism B(w) : B(S) — B(T) is injective. Define

ey . ) B(S) if |S| > no, and
ps)= {B(S)/kerw(a)) 1] < no

where o is any chosen element of Homg1(S, [no]) ( the result doesn’t depend
ono). Forany S,T € FI and 7 € Homg1(S,T) the K-algebra homomorphism
B(w) : B(S) = B(T) induces a well-defined K -algebra homomorphism B'(r) :
B'(S) = B'(T), and thus B’ becomes an FI-algebra over K, finitely generated



in width < 1, with the property that B’ () is injective for all m € Homgy (S, T).
Set X' := Spec(B'); then X'(w) : X'(T) — X'(S) is dominant for all m €
HOI’IIFI (S, T) .

Proof. First we show that for all S,T € FI we have
ker B(w) = ker B(o) for all 7,0 € Homp;(S,T).

For any two injections m,0 : S — T there exists a permutation 7 of T' such that
7w = Too. For f € ker B(0) we have B(w)(f) = B(ro0)(f) = B(7)(B(o)(f)) =
B(7)(0) = 0. This implies that ker B(o) C ker B(w). By symmetry, also the
reverse inclusion holds. In particular, this shows that ker B(o) is independent
of the choice of o and it is stable under the action of the group Sym(S).

Now suppose that the first claim of the proposition is not true, that is,
there does not exist such an ng. Then there exists a strictly increasing se-
quence of positive integers (m;); and injections 7; : [m;] — [m; + 1] such that
for all 4, ker B(m;) is not trivial. Let I; be the FI-ideal in B generated by
U;Zl ker B(m;); by the first paragraph, I;(T) = {0} for all T with [T'| > m,.
Hence the sequence (I;); is a strictly increasing chain of FI-ideals of B; this is
a contradiction to the fact that B is Noetherian.

Let S,T € FI and let 7 € Homp1(S,T). If |S| > ng, then B'(S) =
B(S) and it is immediate that B(w) : B(S) — B(T) induces a K-algebra
homomorphism B'(S) — B'(T). Otherwise, let o : S — [ng] be an injection,
so that B'(S) = B(S)/ker B(c). If |T| > ng, then 7 factors via ¢ and it
follows that

ker B(m) 2 ker B(o);

again, B(w) induces a map B'(S) — B/(T)) = B(T). Finally, if also |T'| < ny,
then let ¢ : T — [ng] be an injection. Replace o by ¢ o 7, another injection
S — [ng]. Then ker B(c) = ker(B(t) o B(w)) by the first paragraph, and
hence B(w) maps ker B(o) into ker B(¢), so that, once more, it induces a map
B'(S) — B'(T).

The check that B’ is an FI-algebra over K finitely generated in width
< 1 is straightforward, and the check that each B’(7) is injective follows from
a similar analysis to that in the previous paragraph. The final statement is
standard: injective K-algebra homomorphisms yield dominant morphisms. [J

Definition 2.2.1.2. We call an FI-algebra B over a ring K nice if for all
7w € Homp1(S,T) the map B(w) : B(S) — B(T) is injective; also its spectrum
is then called nice. Proposition [2.2.1.1] says that if K is Noetherian, then any



width-one FI°P-scheme of finite type over K agrees with a nice scheme for
sufficiently large S. &

Lemma 2.2.1.3. Let B be a nice FI-algebra over K and let h € K. Then
B[1/h] is a nice FI-algebra over K[1/h].

Proof. For each m € Hompg1(S,T), B[1/h](7) is the K[1/h]-algebra homo-
morphism B(S)[1/h] — B(T')[1/h] obtained by the K-algebra homomorphism
B(S) — B(T) by localisation. By assumption, the latter is injective. Hence,
since localisation is an exact functor from K-modules to K[1/h]-modules, so
is the former. O

2.2.2 Reduced FI°P-schemes

Definition 2.2.2.1. The FlI-algebra B over K is called reduced if B(S) has
no nonzero nilpotent elements for any S € FI. Then also X = Spec(B) is
called reduced.

The following lemma is immediate.

Lemma 2.2.2.2. Let B be an Fl-algebra over K and for each S € FI let
Br4(S) be the quotient of B(S) by the ideal of nilpotent elements. Then for T €
Hompy(S,T) the homomorphism B(w) induces a homomorphism B4(S) —
B*4(T), and this makes B**¢ into a reduced FI-algebra over K. Furthermore,
if B is finitely generated in width < 1, then so is B9, O

It follows that to prove our Main Theorem, we may always assume that X
is reduced.

2.2.3 Shifting

The idea of shifting an FI-structure over a finite set goes back to |[CEF15].
Draisma also used it in his work on topological Noetherianity of polynomial
functors |[Dral9], except that there, one shifts over a vector space.

Definition 2.2.3.1. Let Sy be a finite set. Then Shg, : FI — FIT is the
functor that sends S to the disjoint union Sp U S and 7 € Hompr(S,T) to
Shg, m: Sy LS — SoUT that is the identity on Sy and equal to 7 on S. For
an FI-algebra B over K we write

ShSO B:=Bo ShSO



and for the FI°P-scheme X = Spec(B) over K we write
Shg, X := X o Shg, = Spec(Shg, B).

Furthermore, for a homomorphism ¢ : B — R of Fl-algebras over K, we
write Shg, ¢ for the morphism Shg, B — Shg, R that sends S to ¢(So U S),
and similarly for morphisms of FI°P-schemes. A straightforward check shows
that Shg, is a covariant functor from FI-algebras over K into itself and from
FI°P-schemes over K into itself. &

If B is finitely generated in width < d, then so is Shg, B; and hence, if X
is a width-d FI°P-scheme of finite type over K, then so is Shg, X.

For future use, we note that Shg,(Shg, B) is canonically isomorphic to
Shs,us, B, and similarly for FI°P-schemes. Furthermore, shifting preserves
reducedness and niceness.

Base change

Definition 2.2.3.2. If A is an FI-algebra over a ring K, and L is a K-algebra,
then we obtain an FI-algebra Ay over L by setting S — L ®x Ag. In the
special case where L is the localisation K[1/h] for some h € K, we also write
A[l/h] for Ay

Dually, if X = Spec(A) is the associated FI°P-scheme, then we write X =
Spec(Ar) for the base change, and X[1/h] if L = K[1/h]. O

Remark 2.2.3.3. If B’ := Shg, B, then B’ is naturally an FI-algebra over
B} = B(Sp) (see Remark[[.4.2.8). Thus shifting naturally leads to a change of
base ring—informally, by shifting we “move some functions into the constants”.
For an f € B(Sp), its image in B(So U S) under B(t), where ¢ is the natural
injection Sy — SpU.S, will also be denoted simply by f. This is a slight abuse
of notation, especially as B(t) needs not to be an injection if B is not nice,
but this will not lead to confusion.

In the interpretation from Remark of FI-algebras consisting of
algebras acted upon by Sym(n) with suitable maps between them, one may
model shifting by restricting the action to the subgroup of Sym(n) that fixes
the numbers 1 up to ng := |Sp|. We will, however, not explicitly use this
model. &



2.3 The Shift Theorem

2.3.1 Formulation of the Shift Theorem

Recall from Lemma that a width-one FI°P-scheme X = Spec(B)
of finite type over a ring K is a closed FI°P-subscheme of S — Z°, where
Z = X([1]) and where the product is over By. In this section, we establish
the fundamental result that in fact, after a suitable shift and localisation, X
becomes equal to such a product.

Theorem 2.3.1.1 (Shift Theorem). Let B be a reduced and nice FI-algebra
that is finitely generated in width < 1 over a ring K, assume that 1 # 0 in By,
and set X := Spec(B). Then there exists a finite set Sy € FI and a nonzero
element h € B(Sp) such that X' := (Shg, X)[1/h] is isomorphic to S + Z°,
where Z = X'([1]) and where the product is over B(Sp)[1/h].

2.3.2 Shift-and-localise

Before proving the Shift Theorem, we establish that shifting and localisation
commute in a suitable sense.

Lemma 2.3.2.1. Let B be a reduced FI-algebra over K, Sy and Sy be finite
sets, ho € B(So) nonzero, B’ := (Shg, B)[1/ho], h1 € B'(S1) nonzero, and
B" := (Shg, B')[1/h1]. Then there exists a nonzero h € B(Sy U S1) such that
(Shg,us, B)[1/h] = B” as FI-algebras over K.

Proof. By multiplying h; with a suitable power of the image of hy in B’(S7),
we achieve that h lies in the image of B(SoU.S1) in B(SoUSt)[1/ho] = B'(S1).
Let h; be an element of B(SoUS1) mapping to hy. Then, by a straightforward
computation,

h = hohy € B(So U S;)

does the trick. O

2.3.3 Proof of the Shift Theorem

Proof. By Lemma X is (isomorphic to) a closed FI°P-subscheme of
Mat., g, for some c. Let R: S — By[z;; | i € [c],j € S] be the coordinate ring
of the latter wide-matrix space, and let I be the ideal of X in R.

Fix any monomial order on Z< . We will use this order to compare mono-
mials in the variables x1;,...,z.; for any j.



Elements of I([1]) are Bo-linear combinations of monomials @7} ---2gq

with o € Z&,. Let M C Z<, be the set of (exponent vectors of) leading
monomials of monic elements of I([1]). By Dickson’s lemma, there exist finitely
many monic elements fi,..., fr € I([1]) whose leading monomials u1, ..., ux
generate M.

Now there are two possibilities. Either for every n € Z>; and every nonzero
f € I([n]) € R([n]), some monomial in f is divisible by R(m)u; for some i € [k]
and some 7 € Hompr([1], [n])—or not. In the former case, using the f; are
monic, we can do division with the remainder by the R(7) f; until the remainder
is zero, and it follows that fi,..., fx € I([1]) generate the FI-ideal I. Then X
itself is a product as desired—indeed, by Lemma [1.4.4.11] X is a closed FI°P-
subscheme of the FI°P-scheme S ~ X ([1])°, and the fact that the FI-ideal of
X is generated by I([1]) implies that the corresponding closed embedding is
an isomorphism. Hence in this case we can take Sy := @) and h := 1 # 0 € By.

In the latter case, let ng be minimal such that there exists a nonzero f €
I([no]) none of whose terms are divisible by any R(7)u;. Regard f as a poly-
nomial in 1 pn,, . .., Te.n, With coefficients in R([ng —1]), let u = 27}, - 225,
be the leading monomial of f, and let i € R([no — 1]) be the coefficient of u in
f. Now h & I([ng — 1]) by minimality of ny and the fact that no term in A is
divisible by any R(m)u; with i € [k] and 7 € Homg1([1], [n — 1])—indeed, such
a term, multiplied with u, would yield a term in f with the same property.
Set Sy := [ng — 1] and let h be the image of h in B(Sy); this is nonzero by
construction.

Now set B’ := (Shg, B)[1/h] and X’ := Spec(B’), and note that 1 # 0
in Bj. Then X' is a closed FI°P-subscheme of Mat, p;, and we claim that
if we construct M’ C Z<,, for X’ in the same manner as we constructed M
for X, then M’ 2 M. Indeed, if ¢ : [1] — Sp U [1] is the natural inclusion,
then R(:) maps f; to an element in the ideal of X (Sy U [1]) with the same
leading monomial u;, and this maps to an element of the ideal of X'([1]) with
that same leading monomial. This shows that M’ D M. Furthermore, via the
bijection 7 : [ng] — Sp U [1] that is the identity on Sy = [ng — 1] and sends
no to 1 we obtain another element R(7)f in the ideal of X(Sp U [1]), whose
image in the ideal of X’([1]) has an invertible leading coefficient (namely, h)
and leading monomial 7’ ---z¢q. We thus find that o € M’, while a ¢ M
by construction.

The fact that B is nice and reduced implies that so is B’. Hence we can
continue in the same manner with B’. By Dickson’s lemma, the set M can
strictly increase only finitely many times. Hence after finitely many shift-and-
localise steps, we reach the former case, where we know that X is a product.



Finally, we invoke Lemma [2.3.2.1] to conclude that this finite sequence of
shift-and-localise steps can be turned into a single shift followed by a single
localisation inverting a nonzero element. O

We will use the following strengthening of the Shift Theorem in the case
where K is Noetherian.

Proposition 2.3.3.1. In the setting of the Shift Theorem, if we further as-
sume that K is Noetherian, then there exists a nonzero h' € B{ such that
B" := B'[1/k] and X" := Spec(B") have the following properties:

1. like in the Shift Theorem, X" is isomorphic to S — V' where V =
X"([1]) and where the product is over B ;

2. Bl is a domain; and

3. for each S € FI, every irreducible component of V5 maps dominantly
into Spec(BY)).

Proof. The FI°P-scheme X’ = Spec(B’) from the Shift Theorem maps S to
7Z5, where Z = X'([1]) and where the product is over Bj. By construction,
B’ is reduced, nice, and 1 # 0 in Bj. Any localisation by a nonzero h’ € Bj,
satisfies (1). We will now construct h’ so as to satisfy (2) and (3).

As K is Noetherian and B, is a finitely generated K-algebra, By, is Noethe-
rian. Hence Spec(Bj{) is the union of finitely many irreducible components;
let C' be one of them. Then there exists a nonzero h; € By that vanishes
identically on all other irreducible components of Spec(By). Now B{j[1/hq] is
a domain, namely, the coordinate ring of C[1/h4].

Furthermore, Bi[1/h4] is a finitely generated B([1/hq]-algebra and by generic
freeness |Eis95, Theorem 14.4], there exists a nonzero he € B{[1/h;] such that
Bi[1/h1][1/h2] is a free
Bg[1/hi][1/hs]-module. After multiplying with a power of (the image of) hy,
we may assume that ho the image of some ho € By. Then set h' := hihs.

Set B” := B'[1/h'] and X" := Spec(B"”) = X'[1/h']. Now B is a localisa-
tion of the domain B’[1/h4], hence a domain, so (2) holds.

Furthermore, for every S € FI, X" (S) is the product over B = B’[1/h/] of
|S| copies of V := X" ([1]). Its coordinate ring B”(S) is then a tensor product
over Bj of |S| copies of the free Bjj-module BY, and hence B”(S) is itself
a free B{-module. Furthermore, again since niceness is preserved, the map
B — B"(S) is injective. Then, by the going-down theorem for flat extensions
|[Eis95, Lemma 10.11], every minimal prime ideal of B”(S) intersects B{ in the
zero ideal, so that every irreducible component of X" (S) maps onto Spec(BY)),
as desired. O



Definition 2.3.3.2. Let L be a Noetherian domain, ) O L a ring extension
such that @ is a finitely generated L-algebra and free as an L-module. Set
Z := Spec(Q). Then the FI°P-scheme over L defined by S + Z9, where the
product is over L, is said to be of product type. As we have seen above, each
irreducible component of Z° then maps dominantly into Spec L. &

In Section 2.5l we will establish our Main Theorem for FI°P-schemes of
product type and then relate the general case to the product case via the Shift
Theorem.

Example 2.3.3.3. To illustrate the Shift Theorem and Proposition
we analyse |[KR22, Example 3.20] in the case of curves. In our notation,
let X4(S) be the reduced, closed subvariety of Maty ¢(S) sonsisting of all S-
tuples of points (z;,y;) for which there exists a nonzero degree-< d polynomial
p € Clz,y] with p(z;,y;) = 0 for all i € S. It is proved in [KR22| that X4(.5) is
an irreducible variety for all d > 1 and all .S, so it is not particularly interesting
from the perspective of counting components. However, it is interesting from
the perspective of the Shift Theorem. Take ng := dim C[z,y]<q — 1, so that
through ng points (x;,y;), ¢ = 1,...,n0 in general position goes a unique
plane curve C of degree < d. The coefficients of the corresponding polynomial
p are rational functions of the (z;,y;) with ¢ € [ng]. Take for h a common
multiple of the denominators of these rational functions, so that C' is a curve
over the ring C[z1,y1,. .., Tng, Ynol[1/h] = By. Then X' = (Shy, ) X)[1/h] is
the FI°P-variety that maps S to C'¥, where the product is over By. &

2.4 The component functor

To establish the Main Theorem, we will analyse the functor that assigns to
a finite set S the set of components of X(S). This functor takes values in
another category called PF.

2.4.1 Contravariant functors FI — PF

Definition 2.4.1.1. Let PF be the category whose objects are finite sets and
whose morphisms T' — S are partially defined maps from T to S, i.e., maps w
into S whose domain dom(w) is a subset of T. If 7 : T — Sand o : S - U
are morphisms in this category, then o o 7 is defined precisely at those ¢ € T'
for which ¢ € dom(w) and 7 (i) € dom(c); and o o w takes the value o(m(7))
there. &



We are interested in contravariant functors F : FI — PF and morphisms
between these.

Definition 2.4.1.2. A morphism from a contravariant functor F : FI — PF
to another such functor ' is a collection of everywhere defined maps (¥(S) :
F(S) — F'(S))secr1 such that for all S,T € FI and © € Hompy(S,T) the
diagram

Fr) 20 P
F(ﬂ)i J/f'(fr)
F($) o F(9)

commutes in the following sense: if the leftmost map F () is defined at some
f € F(T), then the rightmost map F'(n) is defined at ¥(7T")(f), and we have

The morphism is called injective/surjective if each W(S) is injective/surjective,
and an isomorphism if each ¥(S) is bijective and moreover F'(r) is defined
precisely at all f/ € F'(T) such that F(r) is defined at W(T)~*(f’). &

Note that our morphisms F — F’ are not precisely natural transforma-
tions, since we do not require that the diagram above commutes as a diagram
of partially defined maps: we allow the partially defined map F'(7) o 9(T) to
have a larger domain than ¢(S) o F(7).

2.4.2 The component functor of an FI°P-scheme

Definition 2.4.2.1. Let B be a finitely generated FI-algebra over a Noethe-
rian ring K, so that X = Spec(B) is an FI°P-scheme of finite type over K.
We define the contravariant functor Cx : FI — PF on objects by

Cx(S) = {the irreducible components of X (S)}

and on morphisms m € Hompr (S, T) as follows: Cx () is defined at some com-
ponent C € Cx(T) if (and only if) X (7) : X(T) — X (S) maps C' dominantly
into a component of X (5). The functor Cx is called the component functor of

X. &

Note that the condition that K is Noetherian and B is finitely generated
implies that, indeed, Cx(S) is a finite set for each S.



Example 2.4.2.2. In Example Cx is isomorphic to the functor FI —
PF that assigns to the set S the set (2) of two-element subsets and to 7w : S —
T the partially defined map (g) — (g) that sends {i,j} to {7~ 1(i), 77 1(j)}
whenever this is defined. O

In the definition of the component functor we have not assumed that B is
generated in width < 1, and indeed larger FI-algebras also yield interesting
examples.

Example 2.4.2.3. Let K be a field and let R be the FI-algebra that assigns
to S the ring

R(S) = Kz |i,j € Sl/({zij —zji|4,j € S})

and to a morphism 7 € Homgy(S,T) the K-algebra homomorphism deter-
mined by z; j — Tr(;),x(j)- This FI-algebra is generated in width 2 by the two
elements x1.1, 21,2 € R([2]).

It is well known that this FI-algebra is not Noetherian; the following exam-
ple is closely related to [HS12, Example 3.8]. Let I;(S) be the ideal generated
by all cycle monomials of the form x;, ;, i, 5 - - i, 5, Where 3 < k < d and
i1,...,1 are distinct. Then Is C Iy C ... is an infinite strictly increasing chain
of ideals in R. Let I be their union, and X = Spec(R/I). A prime ideal
P in R(S) containing I, (S) contains at least one variable from every cycle of
length at least 3, so the edges {4, j} corresponding to variables x; ; with i # j
that are not in P form a forest with vertex set S. Every forest is contained
in a tree with vertex set S. Correspondingly, every such tree T gives rise to a
minimal prime ideal containing I (S), namely the ideal generated by all x; ;
with {7, ;} not an edge in T

It follows that the minimal prime ideals of R(S)/I(S) are in bijection to
the trees with vertex set S. Recall that, by Cayley’s formula, this number of
trees is n™~2 when n := |S| > 2. In particular, the number of Sym([n])-orbits
is at least (n"~2)/n! and hence superpolynomial in n; this shows that in the
Main Theorem, the width-one condition cannot be dropped.

Furthermore, given a m € Homg1(S,T), Cx(7) is defined on trees A with
vertex set T as follows. If the induced subgraph of A on 7(S) is connected
(and hence a tree), then Cx(7w)(A) is that tree but with the label j € w(S)
replaced by m=1(j). Otherwise, Cx () is not defined at A. O

2.4.3 The underlying species

In our proof of the Main Theorem, we will give a fairly complete picture of
the component functor of width-one FI°P-schemes, at least on sets S € FI



with |S] > 0. The first observation is that for any contravariant functor
F : FI — PF and any 7 € Endg1(S) = Sym(S), F(r) is defined everywhere
on F(S5), and a bijection there. After all, by the properties of a contravariant
functor idzgy = F(mon™t) = F(x~t) o F(x). It follows that the functor
from the category of finite sets with bijections to itself that sends S to F(5)
and 7 to F(m)~! is a covariant functor and hence a species in the sense of
[Joy81]; we call this the underlying species of the F. For the Main Theorem,
it would suffice to know the underlying species of the component functor Cx
of X. However, to understand this species, we will also need to have some
information on the partially defined maps Cx(m) where 7 : S — T is not a
bijection.

2.4.4 A property in width one

The second observation on component functors concerns width-one FI°P-
schemes.

Lemma 2.4.4.1. Suppose that X is a width-one FI°P-scheme of finite type
over a Noetherian ring K. Then there exists an ng such that for all S,T € FI
with ng < |S| < |T| and all 7 € Homp1(S,T), the partially defined map Cx ()
1§ surjective.

Proof. Take the ngy from Proposition [2.2.1.1} so that X(7) : Xy — Xg is
dominant for all S,T € FI with ng < |S| < T. Then for each component of
X there must be some component of X7 mapping dominantly into it. O

2.5 Proof of the main theorem

In this section, which takes up the remainder of the chapter, we establish the
Main Theorem. To do so, on the one hand we develop purely combinatorial
tools (see §§2.5.22.5.3]2.5.52.5.6] [2.5.72.5.82.5.9) and on the other hand we
establish algebraic results relating the component functors of width-1 FI°P-
schemes to those combinatorial tools (see §§2.5.112.5.412.5.10)). Finally, all is
combined in §2.5.11] to establish the Main Theorem. We would like to highlight
§2.5.7] where from a so-called model functor we extract certain groupoids
acting on unions of rational cones, after which we use an orbit-counting lemma
for groupoids from to establish quasipolynomiality in that crucial case.




2.5.1 The component functor of a wide-matrix space

Let L be a finitely generated K-algebra, where K is a Noetherian ring, and
¢ € Z>¢. For each finite set S € FI we have a natural morphism Mat, 1,(S) —
Spec(L) (corresponding to the natural embedding L — L{Mat. (S5)]), and the
preimages of the irreducible components of L are the irreducible components
of Matc 1 (S5). This establishes the following.

Lemma 2.5.1.1. Let k be the number of minimal prime ideals of L. The
component functor of Mat. r, is isomorphic to the functor that assigns the set
[k] to each S € FI and the identity on [k] to each m € Homgr(S,T). In
particular, the number of Sym([n])-orbits on Cypas, , ([n]) is equal to k. O

2.5.2 Elementary model functors

We will construct a class of contravariant functors FI — PF from which, as
we will see, the component functor of a width-one FI°P-scheme of finite type
over a Noetherian ring is built up in a suitable sense.

Definition 2.5.2.1. Let k € Z>¢, let G be a subgroup of Sym([k]), and, for
S € FI1, let £(S) be a subset of [k]° that is preserved under the diagonal action
of G on [k]°. Assume, furthermore, that for all 7 € Homgr(S,T) the map
[k]T — [k]®, a+ aon maps E(T) into £(S). Then the contravariant functor
FI — PF that sends S to £(5)/G and m € Hompi(S,T) to the (everywhere
defined) map

EM)/)G—ES))G, G-a—G-(aom)

is called an elementary model functor FI — PF. Note that the latter map is
well-defined as G acts diagonally. &

2.5.3 A first quasipolynomial count

Proposition 2.5.3.1. Let k € Z>¢, G a subgroup of Sym([k]) and let M be
a G-stable downward closed subset of ZX; that is, for all B € M and g € G
we have g8 € M, and for all B € M and j € [k] with B; > 0 we have
B—e; € M, where e; is the j-th standard basis vector in ZF. Then there exists
a quasipolynomial f such that for n > 0 the number of G-orbits on the set M,
of elements B € M of total degree |3] := Ej B; equal to n equals f(n).

Proof. By the orbit-counting lemma the number of orbits equals

éz M|

geG



where MJ = {a € M,, | g = a}. So it suffices to prove that each of the
summands is a quasipolynomial for n > 0.
The set M has a so-called Stanley decomposition |Sta82)

d
M = | |(ai +2Z%,)

i=1

for suitable subsets I; C [k]. Call the i-th term N(¢). Then, for each g € G,
N ()9 is the set of nonnegative integers points in a certain rational polyhedron,
and its elements of degree n > 0 are counted by a quasipolynomial by [Sta97,
Theorem 4.5.11 and Proposition 4.4.1]. [

An immediate consequence is the following.

Corollary 2.5.3.2. Let S+ £(S)/G C [k]°/G be an elementary model func-
tor. Then |(E([n])/G)/Sym([n])| equals some quasipolynomial in n, for all
n > 0.

Proof. Define a map &([n]) — Z%, by sending the vector a to its count vector
B, i.e., the vector in which $; is the number of [ € [n] with a; = j. Note that
this map is G-equivariant, so the image M,, is G-stable; and that the fibres
are precisely the Sym([n])-orbits. Furthermore, the fact that £ is a model
functor implies that the union M = |J,, M,, is downward closed. Now apply

Proposition [2.5.3.1] O

2.5.4 FI°P-schemes of product type

Elementary model functors are combinatorial models for the component func-
tor of FI°P-schemes of product type in the sense of Definition [2.3.3.2] as fol-

lows.

Proposition 2.5.4.1. Let L be a Noetherian domain and let X be a width-
one FI°P-scheme of product type over L. Then the component functor Cx is
isomorphic to an elementary model functor.

Before we prove this result, we show that it holds in Example 2.1.2.3]

Example 2.5.4.2. Let X(S) be the closed subscheme of Ag(t) defined by the

equations z7 — ¢ for all i € S. We claim that this is of product type. First,
X (S) = Z% where Z is the subscheme of A}C(t) defined by 22 —t, and where the
product is over M := C(¢). Second, to determine the irreducible components
of X(S), we extend scalars to a separable closure M of M, which in particular



contains a v/t. Then X77(S) is just {£+/#}*°, each point of which maps onto
Spec(M). Thus X is of product type as claimed. The irreducible components
of X (S) are orbits of irreducible components of X77(.5) under the Galois group,
which acts diagonally on {++/t}* by swapping v/t and —/t. Thus Cx is
isomorphic to the elementary model functor that maps S to {1,2}/Sym([2]).

Proof. By assumption, X(S) = Z°, where Z is a fixed affine scheme over
L, and each irreducible component of X (S) maps dominantly into Spec(L).
Let M be the fraction field of L, and let Xj,; be the base change of X to
M. Since each irreducible component of X (.5) maps dominantly into Spec(L),
basic properties of localisation imply that the morphism X,/(S) — X(5) is
a bijection at the level of irreducible components. Furthermore, taking these
bijections for all S, we obtain an isomorphism Cx,, — Cx of contravariant
functors FI — PF.

Let M be a separable closure of M and let X7 be the base change of Xy
to M. For each S € FI, the morphism X57(5) — X (9) induces a surjection
Cx--(S) — Cx,,(S), and the fibers are precisely the orbits of the Galois group
Gal(M : M) on Cx,(S) (see [Sta20, Tag 0364]). In other words, Cx,, (S) has a
canonical bijection to the group Cx_(S)/Gal(M : M). To complete the proof,
we need to analyse the component functor of X;.

To this end, let Z1, ..., Zx be the irreducible components of the base change

Z77- Then
Xy =z3=|J [] 2"
aclk]s i€S

where each product over ¢ € S is a product of irreducible varieties over the
separably closed field M, and hence irreducible. To construct our component
functor, we just set £(S) := [k]°.

Finally, let G be the image of Gal(M : M) in Sym([k]) through its action on
the irreducible components 71, ..., Z; of Z. Then the (image of the) action of
Gal(M : M) on irreducible components of X77(S) corresponds precisely to the
(image of the) diagonal action of G on £(.5), and hence the orbit space £(5)/G
is in bijection with the irreducible components of X,;(S). This bijection,
taken for all S, is an isomorphism from the elementary model functor given
by £(S) = [k]® and the group G' C Sym([k]). O

Remark 2.5.4.3. Note that the elementary model functors coming from
FI°P-schemes of product type all have £(S) = [k]® rather than just £(S) C
[k]®. The set of count vectors is therefore all of Z% . However, in our proof of
the Main Theorem we will need to do induction over the poset of downward



closed subsets of Z’;O; this requires the greater generality in the definition of
elementary model functors. &

Corollary 2.5.4.4. The Main Theorem holds for affine FI°P-schemes of prod-
uct type over some Noetherian domain.

Proof. This is an immediate corollary of Proposition and Corollary|2.5.3.2
O

We are now in a position to prove the following result, most of which also
follows from combining results from [LNNR19| (linearity of codimension) and
INR17] (the form of the Hilbert function).

Theorem 2.5.4.5. Let X be an affine width-one FI°P-scheme X of finite
type over a Noetherian ring K. Assume that X ([n]) is not the empty scheme
for any n. Then for n > 0 the Krull dimension of X ([n]) is eventually equal
to an affine-linear polynomial in n, and the number of irreducible components
|Cx ([n])| is bounded from above by ¢ for some constant ¢ > 1.

Proof. By Lemma [2.2.2.2] we may assume that X = Spec(B) is reduced, and
2.2.1.1]

by Proposition [2.2.1.1| we may assume that X is nice. Since X ([n]) is not the
empty scheme for any n, we have 1 # 0 in By. By the Shift Theorem [2:3.1.]]
and Proposition there exists an Sy € FI and a nonzero h € B(Sy) such
that X’ := (Shg, X)[1/h] is of product type; in particular, it sends S — Z°
for some reduced scheme Z of finite type over L := B(Sp)[1/h].

Let Y be the closed FI°P-subscheme of X defined by the vanishing of h.
For any S € FI, X (SoU.S) is the union of Y'(SoUS) and all X (7)X'(S) where
7 ranges over the finite set Sym(Sp U S). Therefore,

dim X (Sp U S) = max{dim(Y (Sp U S)), dim(X"'(S))}.

By Noetherian induction using Theorem we may assume that the the-
orem holds for Y. On the other hand, we have dim(X'(S)) = dim(L) + |5] -
dim(Z). We conclude that, for n > 0, dim(X ([n])) is a maximum of two affine-
linear functions of n, hence itself an affine-linear function of n. Similarly, to
bound |Cx (So U S)| we claim that

ICx (So LU S)| < [Cy (So L S)| + (IS] + [Sol)(|IS] + [So| — 1)
(18] + DICx (5)].

Indeed, if C' is an irreducible component of X (Sy U S), then either C is con-
tained in Y'(Sp U .S) (and then a component there) or else there exists an



injection 7 : So — Sp U S such that B(m)h is not identically zero on C. In
the latter case, let o € Sym(Sp U S) be any element with o o m = idg,. Then
B(o)B(m)h = h, and hence C' = X (0)C" for a component C” of X (Sy LU.S) on
which A is nonzero. These components correspond bijectively to components
of X'(S). This explains the second term, where the first |Sp| factors count the
number of possibilities for 7.

Now the first term is bounded by an exponential function of |Sp| + |S]| by
the induction hypothesis, and the second term is bounded by an exponential
function by the proof of Proposition Hence so is the sum. O

2.5.5 The orbit-counting lemma for groupoids

It turns out that in the general case of the Main Theorem, the (Galois)
group that featured in the proof of Corollary is replaced by a suit-
able groupoid. We briefly recall the relevant set-up.

Let G be a finite groupoid, that is, a category whose class of objects is a
finite set @ and in which for any p, ¢ € @ the set G(p, ¢) := Hom(p, q) is a finite
set all of whose elements are isomorphisms. Rather than homomorphisms or
isomorphisms, we will call these elements arrows.

For a groupoid to act on a finite set X, one first specifies an anchor map
a:X — Q. For p € Q, set

Xp = al(p).

Then, an action of G on X consists of the data of a map ¢(g) : X, — X, for
each homomorphism g : p — ¢, subject to the conditions that ¢(id,) = idx,
and p(h o g) = ¢(h) o p(g) for any two arrows g : p — g and h: ¢ — r. We
often write gz instead of p(g)(x).

Write G(p) := U,cq G(p: q) for the set of arrows from p. For z € X, we
have a map G(p) — X, g — gz. The image of this map is called the orbit of =
and denoted G(p)z. On the other hand, we write

G(p,p)z :=1{9 € G(p,p) | gz = x},

the stabiliser of z in G(p, p), which is a subgroup of the group G(p,p). Observe
that the map G(p) — G(p)z yields a bijection G(p)/G(p,p). — G(p)x; here
G(p, p). acts freely on G(p) by precomposition, so that |G(p)x| = |G(p)|/|G(p, p)|-
Furthermore, for every element y € G(p)x we have |G(a(y))| = |G(p)| and
Gla(), a(y))y] = G, )l

Finally, for g € G(p,p) we write XJ for the set of elements x € X, with
gxr = z. The following is a generalization of the orbit-counting lemma for
groups.



Lemma 2.5.5.1. The number of orbits of G on X equals

1 g
2 e 2

9€G(p;p)

Proof. We count the triples (p,g,z) with p € Q and z € X, and g € G(p,p)
with gz = = and |G(p)| = N in two different ways. If we first fix z, then we
are forced to take p := a(z), and we obtain

> |G(a(x), a(x))e]

z€X:|G(a(x))|=N

= Y [Gla@)/[Gla@)s

z€X:|G(a(x))|=N

= > N/|G(a(x))x].

z€X:|G(a(x))|=N

This is N times the number of orbits of G on the set of x with |G(a(x))| = N.
On the other hand, if we first fix p with |G(p)| = N and g € G(p, p), then

we find
> > X

PEQ:|G(p)|=N g€G(p,p)

Hence the number of orbits of G on the set of & with |G(a(z))] = N equals

LD S Db Tl

pEQ:|G(p)|=N geG(p,p)

Now sum over all possible values of N to obtain the formula in the lemma. [

2.5.6 Model functors

Elementary model functors are special cases of a more general class of functors
FI — PF, which we call model functors. Their construction is motivated by
Theorem and Proposition as we will see below.

Fix Sy € F1, a k € Z>¢, and a subfunctor £ : FI — PF of the functor
S ~ [k]®, where we require that for all 7 € Homgr(S,7T), &(r) is defined
everywhere. Hence, by passing to count vectors as in & is uniquely
determined by a downward closed subset of Z~ .

Then we define a new functor F : FI — PF on objects by

F(S) ={(0,a) | 0 € Homp1(So,S), a € £(S\ im(o))}



T

Figure 2.1: The construction of F(m) in Definition [2.5.6.1

and on a morphism 7 € Homgy(S,T) as follows: for (o,a) € F(T') we set

undefined if im(o) € im(7); and

(0',a0 7T|S\im(o")) where ¢’ := 7!

Fm)(0.0)) = {

o o otherwise.

Figure depicts all relevant maps. At the level of species (so remembering
the maps F () only when 7 is a bijection), this is an instance of a well-known
construction: F is the product of the species that maps S to its set of bijections
So — S and the species that maps S to £(S).

Next let ~g be an equivalence relation on F(5) for each S, and assume
that these relations satisfy the following three axioms:

Axiom (1) if (o,a) ~r (¢/,&’) and 7 € Homp1(S,T) has im(7) 2O im(o) U
im(o”), then F(m)((0, @) ~s F(m)((o’,a'));

Axiom (2) conversely, if the pairs (o,a) € F(T), (¢”,a") € F(S), and
the map m € Hompr(S,T) satisfy im(7) 2 im(o) and F(7)((0,@)) ~g
(¢”,a), then there exists a pair (o/, a) F(T) with im(¢’) C im(w)
such that (¢/, ') ~r (a,0) and F(7)((c’,a’)) = (¢”,a"); and

Axiom (3) if (o,a) ~r (¢/,¢/) and i,5 € T\ (im(o) Uim(c")), then «a(i) =
a(j) & o (i) = a'(j).
The first axiom ensures that F/~: S — F(S)/~g is a functor FI — PF

that comes with a canonical surjective morphism F — F/~ in the sense of
Definition [2.4.1.2} in particular, this implies that ~g is preserved under the



symmetric group Sym(S) acting on F(S). The second and third axioms will
be crucial in

Definition 2.5.6.1. A functor of the form S — F(S)/~g as constructed
above is called a model functor. &

Remark 2.5.6.2. Each elementary model functor S +— £(S)/G is isomorphic
to a model functor with S; = () (so that we may leave out the os from the
pairs) and « ~g o' if and only if &/ € Ga. We will see that, conversely, a
model functor gives rise to certain groupoids that play the role of G. &

We revisit Example from the perspective of model functors.

Example 2.5.6.3. Let X(.S) be the subscheme of A(g defined by the equations
(E‘j — acfl for all j,1 € S. Set ¢ := 2™/, If we fix a jo € S, there is a bijection
between irreducible components of X (S) and elements of (Z/dZ)5\tJo} | where
the component corresponding to a € (Z/dZ)5\t0} is that in which each xj,j #
Jo, equals (*z;,. By identifying Z/dZ with [d] in the natural manner and
regarding jo as the image of a ¢ € Homp1(Sy, S) where Sy is a singleton, we
obtain a surjection from the functor

F S — {(U, Oé) | (S HomFI(S()’S),a c [d]S\irn(o')}

to the component functor Cx. A pair (o, «) is mapped to the same component
as a pair (0/,a’) if and only if either (o, ) = (07, ') or else o, ¢’ have distinct
images jo, ji and for all j € S\ {jo,44} we have o/(j) — &/ (jo) = «(j) and
a(j) — a(j) = o'(j) (both in Z/dZ). This defines an equivalence relation
~g satisfying Axioms (1)-(3), and Cx is isomorphic to the model functor

S s F(8)/~s. o

Remark 2.5.6.4. Informally, we think of (o, @) as a word in [k]® in which the
letters corresponding to im(c) C S are concealed. If (¢/,a’) ~g (0, a), then
(¢, ') corresponds to a different word in which the letters corresponding to
im(o’) are concealed. Outside of im(o) Uim(o’), by Axiom (3), the two words
are equal up to some permutation of [k]. Axioms (1) and (2) simply ask that
these equivalent words behave well with respect to FI-morphisms. In the
next section, we will roughly speaking attempt to “discover” the information
concealed in im(o) by looking at equivalent pairs (o/,a’) where im(o’) does
not contain im(o). O

Example 2.5.6.5. Fix a finite field F,; and a natural number m. Let S be a
finite set. On the set of rank-m matrices in ]F;”XS act four groups:



—_

. GL,,,(F,) by row operations;

[\

. Sym(S) by permuting columns;

w

. (]FZ)S by scaling columns; and
4. Aut(F,) by acting on all coordinates.

Modding out only GL,,(F,), we get the set of m-dimensional codes in
IF? , and two codes are called isomorphic if they are in the same orbit under
Sym(S) x G(S), where G(S) = Aut(F,) x (F;)*.

Let N be a functor FI — PF that assigns to S a set of m-dimensional
codes in IF;? and to an injective map 7 : S — T the map that sends a code
C € N(T) to the code

{vor|veC}CFS,

provided that this linear space still has dimension m. In particular, we require
that the code above is then an element of A/(S). This implies that N(S) is
preserved under Sym(S) and that A/ is closed under puncturing. Furthermore,
we assume that N'(S) is preserved under G(S). To prove Theorem we
need to count the orbits of Sym(S) x G(S) on N (S); this is the same as the
number of orbits of Sym(S) on M(S) := N(S)/G(S). We will informally call
the elements of M(S) codes, as well. This M is another functor FI — PF,
and we claim that it is isomorphic to a model functor.

To see this, let k := [F"/Fy| = 1+ (¢™ —1)/(¢ — 1) and fix any bijection
between [k] and F"' /F by which we identify these two sets. Also set Sg := [m].
Now define

E(S) ={ac ((Fq)m/lﬁ‘;)s | the row space of
the matrix (I]a) € (F,)™> U9 s in A/(Sp U S)},

where (I|) is the [m] x (SoLS)-matrix which in the [m]x.Sp-block has the iden-
tity matrix I and in the [m] x S-block has the matrix a.. Furthermore, define
F(S) as the set of pairs (o, @) with 0 € Homgr(Sp, S) and o € £(S '\ im(0)).
We have a surjective morphism ¥ : 7 — M in the sense of Definition [2.4.1.2
that sends (o, ) to the orbit under G(S) of the row space of (Ie) € F"*%,

where now I € IF[;”]“‘“(") is the permutation matrix with entries 6; ;-1(;)-

We define ~g on F(S) by (0,a) ~ (¢/,a) if and only if ¥((0,a)) =
U((o’,a’)). We need to show that this satisfies Axioms (1),(2), and (3). Axiom
(1) follows from the fact that if (o, @), (0/, &) represent the same (G(T)-orbit
of) code(s), then the same is true after puncturing this code in a coordinate



outside im (o) Uim(o’). To see Axiom (2), we puncture a code C' represented
by (0, @) in a coordinate ¢ € T'\ im(o), and assume that the resulting code C’,
represented by (o, a|r\f;1), is also represented by some other pair (¢, o) €

F(T \ {i}). Then the projection of C’ to IE"ZH(U”) is surjective, and hence
the same holds for ', so that C is also represented by a pair of the form
(¢”,a/). Finally, Axiom (3) says that if in the generator matrix (I|a) for the
code C represented by (o, «) the columns labelled ¢, j € T\ im(c¢) are parallel,
then the same holds for any other pair (¢’, ') that represents C' and satisfies
i,7 € T\ im(c’)—the main point here is that parallelness is preserved under
field automorphisms. &

2.5.7 A second quasi-polynomial count

We use the notation from So S +— F(S)/~s is a model functor,
where F(S) is the set of pairs (o,«) with o € Homg1(Sp,S) and o € (S '\
So) C [k]5\%, and where ~g is an equivalence relation on F(S) that satisfies
Axioms (1),(2),(3) for model functors. The following theorem and its proof
are elementary, but quite subtle—indeed, this is probably the most intricate
part of the chapter.

Theorem 2.5.7.1. Let S — F(S)/~s be a model functor FI — PF. Then
there exists a quasipolynomial f such that the number of Sym([n])-orbits on
F([n])/~n equals f(n) for all n > 0.

This immediately implies Theorem
Proof of Theorem[2.1.3.7, By Example 2.5.6.5 the number of length-n ele-

ments in C is the number of Sym([n])-orbits on F([n])/~(, for a suitable
model functor. The result now follows from Theorem R.5.7.11 O

To prove Theorem [2.5.7.1} we introduce the notion of sub-model functor.

Definition 2.5.7.2. Suppose that we have, for each S € FI, a subset £'(5) C
&(S) such that, first, for all 7 € Homgpy(g 7 the pull-back map [k]7 — [k]® that
maps E(T) into £(S) also maps &'(T') into £'(S); and second, for all (o, ) ~g
(o/,a') € F(S) with « € £'(S\im(0)), we also have o € £'(S\im(c’)). Then
S — F'(S)/~s, where

F'(S) :={(c,a) € F(S) | a € E'(S)}

and where ~g stands for the restriction of ~g to F'(S) is a model functor
called a sub-model functor of F. &



Proof of Theorem [2.5.7.1 The proof of this theorem will take up the remain-
der of this subsection. This will involve an induction hypothesis for a sub-
model functor F' of F and the construction of a certain groupoid for the
complement F \ F'.

Let M C Z% , be the downward-closed set consisting of all the count vectors
of elements in £(S) for S running over FI. Since, by Dickson’s lemma, the
set of downward-closed sets in Z’;O satisfies the descending chain property, we
may assume that the theorem holds for all model functors whose corresponding
downward set is strictly contained in M.

Our goal is now to find £'(S) C £(S) that defines a sub-model functor F’
of F such that the downward closed set M’ of £’ is strictly contained in M.
Then we have

[F(S)/~s | =1F'(S)/~s | + [(FS)\F'(9))/~s |

and this equality continues to hold if we mod out the action of Sym(S) on

the three sets in question. Hence by the induction hypothesis we are done if

we can show that the number of Sym(S)-orbits on (F(S) \ F'(S))/~s grows

quasipolynomially in |S| for |S| > 0. In this induction argument, we may of

course assume that M is not empty—otherwise, the quasipolynomial 0 will do.
To construct £ we proceed as follows. Let

A={IC[k|FveM:v+2 C M}

here, and in the rest of the chapter, we identify ZL; with ZL x {0} Z5,.
Note that A is nonempty because M is. Let I be an inclusion-wise maximal
element of A and set

d := max Z U(l)\v—f—ZIZOQM
LR\ T
This is well-defined, since if the sum of the entries in such v at positions outside

I were unbounded, then I would be contained in a strictly larger element of
A. Choose v € M such that v + ZIZO C M and 3 () = d

Lemma 2.5.7.3. For j € Z>q, define vj :=v+j- (Ziel ej) € M. There
exists a j € Z>q such that the vectors in M that are componentwise > v; are
precisely the vectors in v; +ZIZO; this then also holds for all larger values of j.

Proof. Suppose that for every j € Z>( there is a w; € M \ (v; + leo) that is
componentwise > v;. Then by Dickson’s lemma the sequence

w1|[k]\17w2|[k]\17 w3|[k]\[7 e



would contain an infinite subsequence, labelled by i1 < is < ..., that weakly
increases componentwise. It follows that w;, + ZL;, C M because M is down-
ward closed and the entries of w;; labelled by I ‘diverge to infinity. Further-
more, by the choice of w;,, the sum 3\ y wi, (1) is strictly larger than d, a
contradiction. O

From now on, we will make the following assumption on v:
The entries v(l) are > 0 for alll € I.

In particular, after replacing v with the v; from the lemma, this implies
that the vectors in M that are componentwise > v are precisely the vectors in
v+ ZI>O. In the course of our reasoning, we will need further assumptions on
how large the v(l) with [ € I are—to avoid technicalities, however, we make
no attempt to specify a precise lower bound that works.

The set I is now uniquely determined by v as the set of all positions [ € [k]
where v(l) is very large. We call it the frequent set of v.

Write v = vg +v1 with vg € Z[f})\[ and vy € ZI>O. We now define ' : FI —
PF by setting F/(S) to be the set of pairs (o, ) € F(S) for which there exists
no pair (0/,a’) ~g (o, ) such that the count vector of o is in @ + Z%;, where
¥ := v+ v = vg + 2v1. Notice the factor 2; the relevance of this will become
clear towards the end of the proof.

Lemma 2.5.7.4. The association S — F'(S)/~g is a sub-model functor of
F.

Proof. By definition, F/(S) is a union of of ~g-equivalence classes, and uniquely
determined by a subset £'(S) C £(S) of allowed second components «. So we
need only prove that F’ is preserved under morphisms.

Hence let (0,a) € F'(T), let m € Homg1 (S, T) satisfy im(7) 2 im(o), and
consider (7,&) := F(m)((o,)). If (6,&) ~s (0”,a”) where o’ has a count
vector in ¥ + ZL, then by Axiom (2) for model functors there exists a pair
(0/,a/) ~r (0,a) with F(m)((¢/,a')) = (¢”,a"”). This means that the count
vector of o is an element of M that is componentwise greater than or equal
to the count vector of o/ and hence, by the choice of ¥, the count vector of
o lies in © 4+ Z%,. This contradicts the fact that (o,«) € F'(T). Therefore,
F(m)((o,a)) € F'(S). O

Furthermore, we observe that the downward closed subset M’ correspond-
ing to &’ is strictly contained in M, since it does not contain © € M. Hence
the induction hypothesis applies to F'.



Our task is therefore reduced to counting the Sym(S)-orbits on the set of
~s-equivalence classes on F(S) := F(S) \ F'(S). Note that F is not a sub-

model functor of F; rather, F(S) consists of all pairs (o, ) that are equivalent
to some pair (0’,@’) where o’ has a count vector in v + ZIZO. Before counting

these, we will work for a while with the larger set F”(S) D F(S) consisting
of all pairs (o,«) € F(S) that are equivalent to some pair (¢’,a’) where the
count vector of o/ isin v +ZL, Do+ ZL,.

For the time being, fix a pair (o,a) € F”(T) where a has count vector
in v+ ZI>0. This implies that all elements in I occur very frequently among
the entries of v, while all elements in [k] \ I occur very infrequently; we call I
the frequent set of a and of the pair (o, ). Now let (¢, ') ~r (o, @). Since,
by Axiom (3) for model functors, the equality patterns of o’ and « agree on
T\ (im(o)Uim(o”)), there exists a set I’ C [k] of the same cardinality as I, and
a bijection g = g((0’,d’), (0,«)) : I — I’ such that, for i € T\ (im(o)Uim(c")),
we have i) =1 € I if and only if &/(i) = g(I). In particular, o/, too, has
a distinguished set I’ C [k] of elements that occur very frequently among its
entries, while the complement occurs very infrequently. We call I’ the frequent
set of .

Furthermore, if also (6", ) ~r (0, a), then we have

9((c",a"), (0",0)) 0 g((0”, 0"), (0, 0)) = g((0”, @), (0,0)) (2.1

as a map from I to the frequent set I’ of o, and we have
9((o,a), (o,a)) =idy . (2.2)

Still using elements from the ~p-equivalence class of (o, ), we define a
relation = on T as follows: first, = is reflexive, and second, for i # j we
have ¢ = j if and only if there exists (¢/,a’) ~7 (0,«) with 4, j & im(¢’) and
o) =d(j) el =g 0"),(a,0))].

Lemma 2.5.7.5. If i = j then (0,a) ~1r F((i j))(o,a), where (i j) is the
transposition of i and j.

Proof. 1f i = j, then the statement is obvious. Otherwise, there exists a pair
(¢/,a) ~7 (0,a) such that o' is defined at ¢ and j and takes the same value
[ in the frequent set of o’. Then F((i j))(o’,a’) = (¢/, /) and by Axiom (1),
F((@ ))(o,a) ~p F((@ j))(0o',a') = (0',a) ~r (0, ), as desired. O

Lemma 2.5.7.6. The relation = s an equivalence relation on T'.



Proof. First note that—using Axiom (3) for model functors—if i # j satisfy
i = j, then in fact for all (¢’,a/) ~p (0,a) with i,j € T \ im(o’) we have
o/ (i) = d/(j§) € I'. Since = is reflexive and symmetric by definition, we only
need to show transitivity. For this, assume that ¢ = j and j = h, where we
may assume that 4,7, h are all distinct. Let (¢/,a’) ~7 (o,«) be such that
o/(j) = o/(h) € I'. Now if o/ is defined at ¢, then ¢ = j implies that also
o/(i) = &/(j) so that i = h. Assume that o’ is not defined at i. Then let
i’ € T\ {i,j,h} be a position where o’ is defined and such that " = i—this
exists, because there exists a pair (6", ) ~r (0, ) for which o’ is defined at
i (and defined and equal at j); now set [ := (i), an element in the frequent
set of o, and take for i’ any element from ((a’)~*(1)) \ {4,4,h}. Then by
Lemma we have (o, a') ~p F((i i))(0’,a’) and the latter element is
defined at 4, j, h. This proves transitivity. O

So for all elements (¢/,a’) in the ~p-equivalence class of (o, ) we have
the same, well-defined equivalence relation = on T'. Let T7 C T be the set of
elements that form a singleton class; we call T; the core of (the ~p-equivalence
class of) (o,«). Note that T} = Tyg U T11 where Tiq is the set of those po-
sitions in T that are in im(¢’) for all (0/,a’) ~r (0,a) and Ty; is the set
of elements that are in (o/)~1([k] \ I') for some (¢/,a’) ~r (0,a) and I’ =
g((',a'), (o,a))I. We have Tio C im(co) and also Th1 C im(o) U1 ([k] \ I);
in particular, |T}| is bounded from above by |So| + |1 ([k] \ I)| = [So| + d,
where d was the number used in the construction of v € M.

The same reasoning applies to any element (o, ) € F”(T): it unambigu-
ously determines a subset J C [k] (the frequent set of «) of cardinality |J| = ||
and a subset 77 C T of some bounded size (the core of the pair), as well as
a surjection 7 : T'\ T3 — J defined by 7(i) = [ if and only if there exists a
(o/,0") ~r (a,0) with o defined at i and o/(i) = g((/,0"), (e, 0))(1); and
this surjection only has large fibres. Furthermore, passing to another element
of the ~p-equivalence class, the core T} remains the same, J is acted upon by
a bijection ¢ to yield a J’, and 7 is composed with that same bijection. We
now determine how certain morphisms transform the data J, 71, 7.

Lemma 2.5.7.7. Let 7 € Homg1(S,T) be such that im(w) contains the core
Ty C T of (the ~r-equivalence class of) (o,a), and assume that (&,&) =
F(m)((o,c)) lies in F"(S). Then the frequent set of & equals the frequent set J
of a, the core S; C S of (7,a) equals 7~ (T1), and the surjection 7 : S\S1 — J
determined by (&,&) is the map 7 o (m|g\s,) where 7 : T\ Ty — J is the
surjection determined by (o, a).



Proof. That the frequent set J remains unchanged is immediate: the elements
that appear frequently in & also appear frequently in « and vice versa.

For the statement about the core, it suffices to show that distinct 7,5 € S
satisfy ¢ = j in the equivalence relation on S defined by (&, &) if and only if
(i) = 7(j) in the equivalence relation on T defined by (o, a).

Let i¢,j € S be distinct and assume i = j, so that there exists a pair
(¢',&") ~g (6,&) with &'(i) = &'(j) € J. By Axiom (2) there exists a pair
(o',a') ~p (0,a) with F(m)((o/,¢/)) = (6',&’), and we find that o/ (7 (7)) =

o/ (7(7)) € J, 50 7(i) = 7(j).

Conversely, let i,7 € S be distinct and assume that 7(i) = 7(j), so there
exists a pair (¢/,@') ~p (0,a) with o/(7(i)) = o'(7(j)) € J. Since im(n)
contains 71, it contains all elements of im(o’) NT;. Using Lemma we
may apply transpositions F((h h')) to (¢,a’) for all h € im(o) \ im(7) C
T\ Ty, where the h’ = h are all chosen distinct, disjoint from im(c) and from
{i,7}, and inside im(7) \ 11, to arrive at a (0", a”) ~p (&', ') still satisfying
o’ (w(?)) = o”(7(j)) and now also satisfying im(c”) C im(w). So we may
apply F(m) to (¢”, @) and find that i = j.

For the statement about 7 let i € S\ S; = S\ 7~ 1(T1). Then there exists

a @) ~g (¢,&) such that & is defined at ¢. By Axiom (2) there exists a
0’ ’) ~r (0,a) with F(m)((¢’,a’)) = (6',&’). In particular, o is defined at
(1 ) and we have o/ (7 (i) = &'(i), so that 7(i) = 7(7 (7)), as desired. O

A special case of the lemma is that where S = T, and we find that Sym(.S)
acts in the expected manner on the data consisting of the frequent set (namely,
trivially) and on the core S; and the map 7. The cardinality of the core is
an invariant under this action, and also preserved under the more general
morphisms of Lemma [2.5.7.7]

The core is a finite subset of cardinality at most |So| + d. For each e €
{0,...,]S0| + d} let F/(S) be the set of elements in F”(S) with a core of
cardinality e, and set F,(S) := F(S) N F/(S). We are done once we establish
that for each e the set of Sym(S)-orbits on F,(S)/~g is quasipolynomial in
|S] for |S| > 0.

We will decouple the core from the rest of S. A first justification for this
is the following lemma.

Lemma 2.5.7.8. The number of Sym([e]US)-orbits on A := F,([e e]uS)/~aus
equals the number of Sym([e]) x Sym(S)-orbits on the set B of elements in
Fe(le] US)/~leus with core equal to [e].

Proof. The inclusion map B — A induces a map B/(Sym([e]) x Sym(S)) —
A/Sym([e] U S). This map is surjective since the core of any element in



A can be moved into [e] by an element of Sym([e] U S). To see that it is
also injective, note that if # € Sym([e] U S) and (o0,a), (¢/,’) € B satisfy
F(m)((o,a)) = (0',a’), then 7 must preserve the common core [e] of both
tuples, hence 7 € Sym([e]) x Sym(S). O

Consider a pair (o,«) € F/([e] UT) with core equal to [e]. To such a pair
we associate the quintuple (J, 7, 09,01, @) determined by:

1. the frequent set J of «;
2. the surjection 7: T" — J;

3. the partially defined map og : So — [e], which is the restriction of o to

o~ ([e]):
4. the map o7 : Sy \ dom(og) — J defined by o1 (i) = 7(0(4)).
5. the restriction @ of « to [e] \ im(c), which takes values in [k] \ J.

The quintuple remembers everything about the pair (o, «) ezcept the exact
values (in T') of o on Sy \ dom(op): of these values, only their equivalence
classes under = classes are remembered; these can be read off from o7 (and
7). If another pair (¢/, o) € F/([e] UT) with core equal to [e] yields the same
quintuple, then (¢’, o') differs from (o, @) by a permutation of T that permutes
elements within their equivalence classes under =. Hence, by repeatedly ap-
plying Lemm we find that (o, ') ~qur (0, ).

We will use the notation ~,,p for the induced equivalence relation on
such quintuples. Note that Sym([e]) fixes (J and) 7, whereas Sym(T") fixes (J
and) og,01,@. Also note that all components of the quintuple except 7 can
take only finitely many different values as T varies. We call (J, 09,01, @) the
quadruple determined by the quintuple (and a fortiori also determined by the
pair (o, @)).

We now come to the central tool for proving quasipolynomiality; note that
now we work with F instead of F”—recall that F and its complement F’ were
defined using © = v + v; = vg + 2v1, while 7"/ D F was defined using v.

Definition 2.5.7.9. Let G be the finite directed graphs whose vertices are
all quadruples of pairs in F,([e] UT) with core [e], where T runs through FT,
and whose arrows from one quadruple (J,00,01,@) to (J',04,0,a’) are all
bijections g((o’, '), (0,a)) : J — J' coming from pairs (¢/,a) ~qur (o, @)
in F.([e] UT) with core [e] and with the prescribed quadruples. &



Typically, the same bijection g will arise from more than one pair of pairs
with the prescribed quadruples; it then only appears once as an arrow g be-
tween those quadruples. The following proposition will be used below to es-
tablish that G is, in fact, a groupoid.

Proposition 2.5.7.10. Let (J,T,00,01,@) be the quintuple of a pair (o, ) €
F.([e] UT) with core [¢] and let g be an arrow in G from (J,00,01,@) to
(J',op,04,a’). Then (J',goT,0h,0,,a’) is also the quintuple of some pair in
fe([e] UT) with core [e], and that quintuple is ~¢ur-equivalent to the original
quintuple. Furthermore, all quintuples equivalent to the original quintuple arise

in this manner.

Proof. The last statement is immediate: such an equivalent quintuple comes
from an equivalent pair (0/,a’) ~ur (0, ), and for the arrow we can take
9=29((d',a),(0,)).

For the first statement, let (7,d&) ~qus (6',&') be pairs with the given
quadruples such that g = g((¢’, &), (7, @)).

We will replace these equivalent pairs by smaller pairs, the first of which
we can relate to (o, «) so as to apply Axiom (2). The details are as follows.

For each [ € J let m; be the minimum of |a~1(l)| and |a=1(I)| and set
ny := |o7 *(1)]. Define an injection 7 from [e] Ul ([mu] U [ni]) to [e] U S that
is the identity on [e], sends each [m,] injectively to m, elements in a«~1(l) C S
and sends each [n;] bijectively to the elements in im (&) NS where 7 takes the
value {. This construction ensures that F(r) is defined at (&,&). It might a
priori not be defined at (&', &), because im(6’) NS might not be contained in
im(7). But if it is not, then using Lemma we can replace (¢, &) by
a ~g-equivalent pair, with the same quadruple and with the same bijection
g : J — J', such that F(m) is defined at (6',&'). Now replace (&,&) and
(¢’,&’) by their images under F(mr).

The point of distinguishing F and F” is that these images may not be in
F. The reason is that while & + ZI>0 is closed under the map that sends a pair
wy,wy of vectors to the componentwise minimum vector min(wy,wy) defined
by min(wy, ws)(l) := min(w; (1), ws()), the count vectors of pairs in F with a
fixed frequent set J may not quite be closed under componentwise minimum:
the number of entries that « has in the frequent set is not quite invariant under
the equivalence relations ~, although it is up to a bounded difference. This is
remedied by allowing the componentwise minimum to have a count vector in
the bigger set v + ZI>O.

Hence the new (5,a) and (5',d') are in F”([e] U |, ([mi] U [ny])) and
are related by the same bijection g. Now construct similarly an injection 7’ :



le]ul ;e s (Imy]Uln]) — [e]UT which is the identity on [e], sends [m] injectively
into the set a~1(1), and sends [n;] bijectively to the set of elements in im(o)NT
where 7 takes the value . Then (5,&) = F(n')((0,«)). Now apply Axiom (2)
to find that there exists a pair (0’,a’) ~qur (0, @) such that F(7')((¢’, o)) =
(6’,&"). The pair (¢/, ') has the required quintuple. Moreover, since the pair
is ~[eur-equivalent to (o, ), so are their quintuples. O

Proposition 2.5.7.11. The finite graph G is a groupoid with objects its ver-
tices (quadruples), arrows as in Definition|2.5.7.9, and composition maps given
by composing the bijections g.

Before proving this in general, we revisit Example [2.5.6.3
Example 2.5.7.12. Consider the functor F : FI — PF that maps S to
F(S) ={(0,0) | 0 € Homgy(So, S), a € [d]F\™()}

where Sy is a singleton and where we identify [d] with Z/dZ via a — a+dZ. Let
~g be as in Example ie. (0,a) ~ (¢’,a’) if and only if either the pairs
are equal, or else {jo} := im(0) # im(o’) =: {j{} and for all j € S\ {Jjo,4}}
we have o/(j) — &/(jo) = a(j) and a(j) — a(j) = &/(j) in Z/dZ.

In this case, I = [d], and v € [d]! is any vector containing sufficiently many
copies of each element of [d]. Fix a pair (o,a) € F"(T) where o has count
vector in v + ZL . Set {jo} := im(c). The frequent set of a is J = I = [d],
and all equivalence classes in T under =, except possibly for that of jg, are
large, since the fibres of o are large.

Pick a j{ # jo, let o’ be the map Sy — T with image {j{}, and define
o TN\ {jo} — [d] via &/'(j) = a(j) if § # jo,j} and &/ (jo) = d (which is
identified with 0 4+ dZ). Then it follows that (o,a) ~7 (o/,a). Since o’ is
defined at jo and takes the same value d at least once more (in fact, many
times), we conclude that the equivalence class of jo under = is not a singleton,
either. Hence the core of (o, «) is empty.

We can now complete the quintuple of («, 0): the partially defined map oq
from Sy to the core @) is the only such map, the surjection 7 : T — J equals «
on T\ {jo} and d on jp, the map o1 maps the singleton Sy to d, and @ is the
empty map () — (. Note that the quadruple (J, 09,01, @) does not depend on
the particular choice of (o, a), so the groupoid G has a single object.

To determine all arrows in G, suppose that (o, @) ~r (¢, a”), set {j{} =
im(o’), and assume that jj # jo (otherwise we get the identity arrow). Then



for any j € T" := T\ {jo,j( }, we have

o (j) = a(j) = (@"(j) = " (jo)) + (" (jo) — a(j))
= a(j) + (" (jo) — a(y))
= a"(jo)

so that o”|r~ is obtained from «|7~ by a coordinate-wise shift over the con-
stant o’/ (jo) =: a. The map g(s.a),(0",a7) * [d] — [d] is adding a (modulo
d). Conversely, for every choice of o (jo) € [d] = Z/dZ, there is a unique
pair (¢”,a) equivalent to (o, «). We conclude that the groupoid G is just
(isomorphic to) the group Z/dZ. O

Proof. That G has identity arrows follows from (2.2), and that all arrows
are invertible follows from combined with (2.2). It remains to check
that composition is well-defined. So let g1 be an arrow in G from a vertex
q = (J,00,01,Q) to a vertex ¢’ := (J',0),0,,a’), and let go be an arrow in
G from ¢" := (J",0f,07,a”) to q. We need to show that g; o g5 is an arrow
in G from ¢" to ¢’. Now the existence of the arrow g, means that there are a
finite set 7' and pairs (o, @), (6", ") € F,([e]UT) with core [e] and quadruples
q,q", respectively, such that g = g((o, &), (¢”,a")).

Let (J,7,00,01,@) be the quintuple of (o,«). By Proposition
(J',g1 0 T,0h,0),a) is the quintuple of another pair (o/,a’) € Fo([e] UT)
with core [e] and (0/,a) ~gur (0,a). Then g1 = g((0’,d'),(0,a)), and
g1og2 =g((c',a'),(0”,a")) is an arrow from ¢” to ¢', as desired. O

Consider the class of quintuples arising from pairs (0’, ') € F([e]UT), T €
FI with core [e]. This class of quintuples comes with a natural anchor map
to the objects of GG, namely, the map that forgets 7. The following says that
equivalence classes of quintuples are precisely orbits under G.

Corollary 2.5.7.13. The groupoid G acts on the set of quintuples of pairs in
F(le] UT) with core [e], for T varying through FI, via the anchor map that
sends a quintuple to its corresponding quadruple. The orbits of this action are
precisely the ~qur-equivalence classes. The action of G commutes with the
action of Sym(T).

Proof. The action of an arrow g : (J, 09, 01,@) — (J', 0§, 07, a’) on a quintuple
(J,7,00,01, @) yields the quintuple

(J',goT,0f,0,,a’), and the axioms for a groupoid action are readily verified.
The action commutes with = € Sym(7") because (go7)om = go (7 o). That

the G-orbits on quintuples coming from pairs (o, «) € F([e] UT) with core [e]



are precisely the ~,r-equivalence classes follows from the last statement of

Proposition [2.5.7.10} O

Recall that, by Lemma we need to count the elements of F([e] UT)
with core [e] up to ~[qur as well as up to the action of Sym([e]) x Sym(T).
Modding out the action of Sym(T) is now straightforward: it just consists of
replacing 7 : T' — J by its count vector u in Zio. Thus now the groupoid
G acts on quintuples (J,u, 09,01, @) coming from pairs in F,([e] U T) with
core [e], where u is a vector in ZZ,. Also the group Sym([e]) acts on such
quintuples, indeed, it acts on the corresponding quadruples and fixes u. We
need to count the quintuples up to the action of G and Sym([e]). To do so, we
first observe that Sym([e]) acts by automorphisms of G on the objects of G: if
there is an arrow g : ¢ — ¢/, then there is also an arrow 7(q) — 7(¢’) with the
same label g, for each m € Sym([e]). To stress that this arrow has a different
source and target, we write (g : ¢ — ¢')7~* for that arrow m(q) — m(¢).

We now combine these actions into that of a larger groupoid G with the
same ground set as G and with arrows ¢ — ¢" all pairs (7, g : ¢ — ¢') where g is
an arrow from the quadruple ¢ to some quadruple ¢’ and 7 € Sym([e]) maps ¢
to ¢”. The composition (7/,¢’) o (7, g), where ¢’ : ¢ — ¢ and 7' (¢"") = ¢""",
is defined as (7' om, 7~ (g’ : ¢ — ¢"")w o g). It is straightforward to see that
G is, indeed, a finite groupoid acting on quintuples. Now we are left to count
orbits of G' on quintuples.

Proposition 2.5.7.14. There exists a quasipolynomial f such that, forn >0,
the number of orbits of G on quintuples (J,u € Zéo,ao,al,a) arising from
pairs (0,a) € Fo(le] U [n]) with core [¢] equals f(n).

Proof. Applying the orbit-counting lemma for groupoids
(Lemma [2.5.5.1)), it suffices to show that for each object of G, which is a
quadruple ¢ = (J,00,01,@), and for each arrow (m,g) : ¢ — ¢ in G, the
number of fixed points of (, g) on quintuples with the given quadruple g is
quasipolynomial for n > 0. Such a quintuple is fixed if and only if the count
vector u € ZZ, is fixed by g—indeed, 7 acts trivially on the count vector.
Now we ﬁgure out the structure of the set of count vectors arising from
such quintuples. First, if u is the count vector of a quintuple (with the fixed
quadruple ¢) arising from (o, a) € F.([e] U [n]), and if | € J and i € [n] such
that (i) = I, then u — ¢; is the count vector of the quintuple arising from the
pair (¢,&) := F(m)((o,«)), where 7 : [e] U [n — 1] — [e] U [n] is the identity on
[e] and increasing from [n — 1] — [n] and does not hit ¢. This suggest that the




set of count vectors that we are considering is downward closed. However, it
may be that (&,&) is in F”([e] U [n — 1]) \ F([e] U [n — 1]).

On the other hand, if we had started with (o, a) € F”([e]U[n])\ F([e]U[n])
and applied such an element F(7) to it, the result would not have been an
element of F([e] U [n — 1]).

This shows that the set of relevant count vectors is the difference N \ N’,
where N and N’ are downward closed sets in Zio. Hence, using the Stanley
decomposition as in the proof of Proposition [2.5.3.1} the fixed points u that we
are counting are the lattice points in a finite disjoint union of rational cones,
each given as the intersection of a linear space (the eigenspace of g in R/ with
eigenvalue 1) and a finite union of sets of the form u + Z‘!o with J' C J. The
number of such u is a quasipolynomial in n = Y, u(l) for n > 0 for each of
the finitely many choices of (7, g), hence so is their sum. O

This completes the proof of Theorem [2.5.7.1]
0

2.5.8 Pre-component functors

We will see that, if X is a width-one FI-scheme of finite type over a Noethe-
rian ring K, then we can cover X (S) by means of closed, irreducible subsets
parameterised by a finite number of model functors evaluated at S. Then, of
course, the irreducible components of X (S) are among these. But to ensure
that we are neither double-counting components of X (S) nor counting closed
subsets that are strictly contained in components, we need to keep track of
the inclusions among these closed subsets. At the combinatorial level, this is
done using compatible quasi-orders.

Definition 2.5.8.1. Let a € Zxo, for each b € [a] let ky € Z>( and let
S +— Fp(S)/~p,s be a model functor, where F(S) is the set of pairs (o, «)
with o : Spp — S and o € E,(S) C [ks]®.

Suppose that we are given, for each S € FI, a quasi-order <g (i.e., a
reflexive and transitive relation) on the disjoint union

F(S) == |_| F(S).
b=1

This collection of quasi-orders is called compatible if the following properties
are satisfied:

Compatibility (1) whenever F,(S) 3 (0,a) =g (0/,a') € Fp(S), we have
b<V;



Compatibility (2) the restriction of <g to each F; () equals the equivalence
relation ~ g; and

Compatibility (3) for all 7 € Homp(S,T) and (o, «) € Fp(T) and (o', /) €
Fi (T) with im(7) 2 im(c) Uim(c’) we have

(0,0) 21 (0',0') = Fi(7)((0,@)) 25 Fi (m)((0", @), %

Note that the condition that im(7) contains both im(o) and im(c’) implies
that Fy(m)((0, @) and Fp (7)((0/, @) are both defined.

Definition 2.5.8.2. In the setting of the previous definition, we introduce an
equivalence relation ~g on F(S) by (0, a) ~g (¢/,a’) if both (o, @) <g (0/, &)
and (¢/,a') =g (0,a). Note that, by the first and second axioms for pre-
component functors, (o,a) € Fp(S) is ~g-equivalent to (¢/,a’) € Fp (S) if
and only if b =V and (o, «) ~p.s (0, a).

The quasi-order <g induces a partial order on the set

F(8)/~s= U(fb(S)/Nb,s)

b

of equivalence classes. We define the functor C : FI — PF on objects by
C(S) := {the maximal elements of F(S5)/~g}

and on a morphism 7 : S — T as follows. Let ¢ € C(T) be a maximal
equivalence class. If ¢ contains some element (o, ) € F(T) at which Fp(m)
is defined (i.e., with im(o) C im(n)), and if, moreover, ¢’ := [Fp(7)((0, @))]~g
is also maximal in F(S)/ ~g, then we set C(w)(c) := ¢ € C(S). By the
axioms for compatible quasi-orders, this is independent of the choice of the
representative (o, ) of c—subject to the requirement that F;(7) be defined at
that representative.

A functor C : FI — PF obtained in this manner is called a pre-component
functor. &

2.5.9 The final quasipolynomial count

We retain the notation from §2.5.8 for each b € [a] we have a model functor
S = Fu(S)/~p,s, and on the disjoint unions F(S) := ||, F,(S) (for S € FI)
we have compatible quasi-orders <g.

Theorem 2.5.9.1. Let C be the pre-component functor corresponding to the
data above. Then the number of Sym(S)-orbits on C(S) is a quasipolynomial
in |S| for all S with |S| > 0.



The proof requires the proof technique used in §2.5.7] and takes up the rest
of this subsection.

Proof. By Theorem we know that the number of Sym(S)-orbits on the
disjoint union of model functors | |, (F,(S)/~s,s) is eventually quasipolynomial
in |S]. From this disjoint union we will remove, for each b € [a], the ~y s-
classes of pairs (o, ) for which there exists a & > b and a (¢/,a’) € Fp (S)
with (o, ) <g (0/,a). We will see that, for a fixed b € [a], the Sym(.S)-orbits
on these deletions are also counted by a quasipolynomial.

To this end, fix b € [a] and let M C Z% be the downward closed subset
corresponding to &. From §2.5.7] we recall that, to prove that the number
of Sym(S)-orbits on F4(S)/~p,s is quasipolynomial in |S| for |S| > 0, we
performed induction on M using Dickson’s lemma. We do the same here.

Lemma 2.5.9.2. Fiz b € [a]. For |S| > 0, the number of Sym(S)-orbits on
pairs (o,a) € Fy(S) that are < some pair (o/,a’) € Fy (S) for some b/ > b is
quasipolynomial in |S].

Proof. We construct the sub-functor & C &, and the corresponding sub-
functor 7} C Fp, as in as well as the difference 3 (S) := F3(S) \ Fi(S).
By induction on M using Dickson’s lemma, we may assume that the lemma
holds for the sub-model functor S + F/(S)/~,s. On the other hand, in
we counted the Sym(S)-orbits on F,(S)/~p s, for all S, as a finite sum of orbit
counts of certain finite groupoids. More precisely, for finitely many values of
a nonnegative integer e, we there considered the pairs (o, 0) € Fy([e] U S)
with core equal to [e]. Each of these pairs gives rise to a quintuple (J,u €
74,,00,01,a) where J C [ky] is the frequent set of o, and we showed that
the Sym(S)-orbits on ~p,[eJus-equivalence classes of such pairs (a, o) are in
bijection with the orbits of a certain groupoid on the sum-|S| level set of a
difference N \ N’ where N, N’ C Z];bo are downward closed; this difference is

where the count vector u € ZZ, C Z];bo lives.

Now suppose that (o, a) Z(qus (0/,a) for some (¢/,a) € Fy([e] U S)
with & > b, and let ¢ € S be such that [ := «(i) € J. If i happens to be in
im(o)Uim(o’), then choose j € S\ (im(o)Uim(o’)) such that a(i) = a(j) = I—
this can be done since [ appears frequently in « (although, to be precise, when
choosing the vector ¢ in the construction of Fj, we now have to make sure that
its large entries values are large even compared to the finitely many numbers
/{Zb/,b/ S [a])

By Lemma (0,0) ~peus (6,a) == Fp((i j))((0,a)), and the ax-

ioms for compatible quasi-orders imply that (&, &)



Sleus (6,&") == Fy((i 7))((o',a’)). Moreover, we have achieved that i €
S\ (im(c) Uim(a")).

Now let 7 : [e] U S\ {i} — [e] U S be the inclusion map. Then Fp(7) and
Fi (m) are defined at (&, &) and (67, &), respectively, and we have

Fo(m)((6,a)) Zeus\ i For (m) (6", &")).

The count vector in ZZ, of the left-hand side is just u — e;.

We conclude that the set of count vectors of quintuples corresponding to
pairs in Fy . ([e]US) with core [e] whose ~[eJus-equivalence class is not maximal
in F([e]US) /~[ejus is downward-closed, or more precisely the intersection of
a downward-closed set with the earlier difference N \ N’ of downward-closed
sets, hence again a difference of downward-closed subsets of Z];”O. The same
orbit-counting argument with groupoids as in applies, and shows that
the number of Sym(S)-orbits on pairs in F(S) that are not maximal in < is a
quasipolynomial. O

This concludes the proof of Theorem [2.5.9.1
O

2.5.10 Component functors “are” pre-component func-
tors

We are now ready to establish our main result on component functors of width-
one FI°P-schemes.

Theorem 2.5.10.1. Let X be a reduced and nice width-one affine FI°P-
scheme of finite type over a Noetherian ring K. Then there exists a pre-
component functor C and a morphism o : C — Cx such that ¢ is an isomor-
phism at the level of species.

More precisely, there exist an a € Z>¢, nonnegative integers ky € Z>q for
b € [a], model functors S — Fy(S)/~b.s, a collection of compatible quasi-
orders =g on | |, Fv(S) for each S € FI, and maps ¢y that assign to any
(o,a) € Fp(S) an irreducible, locally closed subset vp((o,)) of X(S) such
that, for all S and T,

1. X(S) is the union of the sets vy((o, @)) for b € [a] and (0,a) € Fp(S);

2. two locally closed sets pp((0, @) and pp ((o,a’)) with
(0,0) € Fp(S) and (0',a') € Fi(S) are either equal or disjoint;



3. Fo(S) 3 (o,a) =g (0/,a) € Fy(S) holds if and only if ¢p((0,)) is
contained in the Zariski closure of oy ((0/,a')); and

4. if (o,a) € Fp(T) and m € Hompi(S,T) are such that im(w) 2 im(o),
so that (o’,d') = Fp(m)((0,a)) is defined, then the map X (w) maps
(0, ) dominantly into pp((o’,a’)).

The pre-component functor C then assigns to S the equivalence classes of
the mazimal elements of <g, and the morphism ¢ is given by restricting the
pp to these mazimal elements and taking the Zariski closure.

The proof of this theorem takes up the rest of this subsection.

Proof. Let X = Spec(B) be a width-one FI°P-scheme of finite type over a
Noetherian ring K. We assume that X is reduced and nice. By the Shift
Theorem and Proposition there exist Sy € FI and h € B(Sp) such
that X’ := Shg, X[1/h] = Spec(B’) is of product type in the sense of Defini-
tion In particular, B{ = B(Sp)[1/h] is a domain, X’ is isomorphic to
S+ Z° where Z := X'([1]), and for each S € FI, each irreducible component
of Z% maps dominantly into Spec(By}).
For an S € FI, let Z(S) be the open subset of X () defined by

Z(S):={pe X(S)|3Jo:5y— S:(ch)(p) #0}.

Let Y(5) := X(S)\Z(S). Note that Y C X is a proper closed FI°P-subscheme
of X(S), but Z(S) is not (quite) functorial in S: for 7 € Homp(S5,T) and
p € Z(T) it might happen that X (7)(p) lies in Y (S) rather than in Z(S).

However, if o € Homgi1 (S, T') and 7 € Homp1 (S, T') satisty im(o) C im(r),
then X (m) maps the points of Z(T') where o(h) is nonzero to points of Z(.5)
where (7710)(h) is nonzero. Consequently, in spite of the fact that Z is not an
FI°P-scheme, as in Definition [2.4.2.1] we associate to Z the component functor
Cz : FI — PF that assigns to S the set of irreducible components of Z(S) and
to m € Hompy (S, T) the partially defined map Cz(w) : Cz(T) — Cz(S) that at
a component ¢ € Cz(T) is defined and takes the value ¢’ € Cz(S) if and only
if X(m) maps ¢ dominantly into ¢'.

Now Cx(S) is the union of Cz(S) and the components in Cy (S) that are
not contained in the closure in X (S) of any component of Z(.5).

By Noetherian induction using Theorem we may assume that The-
orem [2.5.10.0] holds for Y C X, that is, there exists a morphism ¢ from a
pre-component functor C; to Cy that is an isomorphism at the level of species,
and C; is constructed from model functors S +— Fp(S)/~p 5,0 € [a] and a
collection of compatible quasi-orders <g,S € FI, while ¢ is constructed from



maps ¢y that assign (disjoint or equal) locally closed subsets in Y'(S) to pairs
(0,0) € Fp(S),b € [al.

We now construct a model functor Co and a morphism Co — Cz that is an
isomorphism at the level of species.

Let L be the fraction field of B} and let X} be the base change of X’ to L.
Since every irreducible component of X’(S) maps dominantly into Spec(By),
the morphism Cx; — Cx’ is an isomorphism. So for each S € FI, the irre-
ducible components of X7 (.S) are in bijection with the irreducible components
of X(So U S)[1/h] C Z(Sp U S). Consequently, for each injection o : Sy — S
we now have an injective map

{irreducible components of X7 (S \ im(c))} — Cz(S), (2.3)

c— X(5)(c)

where 5 : S — Sy U (S '\ im(0)) is the bijection that equals ¢~! on im(o) and
the identity on S\ im(c). The image of this injective map consists precisely of
the irreducible components of Z(.S) on which o(h) is not identically zero. As
we vary o, we thus obtain all irreducible components of Z(.5), indeed typically
multiple times.

Let L be a separable closure of L, and let X’f be the base change of X’ to L.
Now we have a surjective morphism C X = C ' whose fibres are Galois orbits.
More precisely, let C1, ..., Cy be the irreducible components of X*-([1]) = Zz,

and let G be the image of the Galois group Gal(L/L) in Sym([k]) through its
action on the components Cj,...,Cy. Then, as we have seen in C’X/f
is isomorphic to the functor S + £(S) := [k]°. Furthermore, Cx: = Cx; is
isomorphic to the elementary model functor S — £(S5)/G.

Now we construct the functor F : FI — PF by

F(S):={(o,a)|o:5) = S,a€ &S\ im(o))}.
Then, by the above, we have a surjective morphism
v:F— Cz;

concretely, W(S) takes (o,a) € F(S), computes the component of X2(S\
im(o)) corresponding to «, its image in Cx/ (S \ im(c)) (modding out the
Galois group), and then applies the map ([2.3). To simplify notation, we will
write U((o, ) instead of U(S)((o, ®)).

This surjection is by no means a bijection: even ignoring the Galois groups
for a moment, on the left we have pairs of a component in Z(.S) and a specified



o : Sp — S such that o(h) is not identically zero on that component; and on
the right we just have components of Z(S). A single component of Z(S) may
admit many different such maps o. We therefore introduce an equivalence
relation ~g on F(S) by (o,a) ~g (¢/,a') :& ¥((0,a)) = ¥((¢’,a’)). In text
we will sometimes opress the S and say that (o, «) is equivalent to (o/, o).

We will prove that the equivalence relation ~g satisfies the axioms in the
definition of a model functor (§2.5.6).

Lemma 2.5.10.2. Suppose that F(T) > (0,a) ~7 (¢/,a/) € F(T) and let
7 € Homgr (S, T) with im(7) 2 im(o) Uim(c’). Then

F(m)((0,@)) ~s F(m)((o",a"))
holds.

Proof. The assumptions assert that ¥((o,a)) = ¥((¢0’,’)) and that Cz(n) is
defined at this component of Z(T). By construction, we have

so that F(m)((o,@)) ~g F(m)((¢,a’)), as desired. O

This lemma establishes Axiom (1) for the equivalence relations ~g. We
continue with Axiom (2).

Lemma 2.5.10.3. Let (0,a) € F(T) and let # € Homp1(S,T) satisfy im(m) D
m(o). Assume that F(m)((0,a)) ~g (¢”,a") € F(S). Set ¢/ :=mwoc”. Then
there exists an o € E(T) such that (o/,a) lies in F(T), is ~p-equivalent to
(0,q), and satisfies F(m)((o/,a/)) = (U o).

Proof. Let C := ¥((o,a)) be the corresponding component of Z(T') and D its
image in Z(S) under X (m). The fact that F(mw)((o,@)) ~s (¢, a") € F(S)
implies that ¢”/(h) is not identically zero on D. Then o’(h) = w(c”(h)) is not
identically zero on C, and hence C' = ¥((o’,&’)) for a suitable & € £(T). Then
F(m)((o' ")) = (¢",&") for &" := & o 7|s\im(oy and we have (¢”,&") ~s
(o”, ). Since the first component o’ of these pairs is the same, it follows that

" = ga" for some g € G. Now set o’ := ga’. As the action of G commutes
with F(7), we have (¢”,a”) = F(m)((¢’,a’)), and since ¥((¢’,a')) = C, we
have (¢/,a) ~r (0, ). O

Next, we establish Axiom (3) for model functors.



Lemma 2.5.10.4. Assume that (o,c) € F(T) is ~p-equivalent to (¢’,a’) €
F(T). Then for all all i,5 € T\ (im(c) Uim(o’)) we have

a(i) = a(j) & ao'(i) = o/(j).

Proof. Set C := ¥((0,a)) = ¥((0¢',a’)), an irreducible component of Z(T).
Set D := X (im(0))[1/(ch)], and note that the inclusion im(o) — T yields a
dominant morphism C' — D. Similarly, the inclusion im(¢’) — T yields a
dominant morphism C' — D’ := X (im(o”))[1/(c’h)].

Furthermore, let D the image of C' in

X (im(o) Uim(o"))[1/(ch),1/(c’h)]

under the morphism coming from the inclusion im(o)Uim(¢’) — T'. Note that
X (o) maps D isomorphically onto Spec(B() and X (¢/) maps D’ isomorphically
onto Spec(B}), and that D maps dominantly into D and into D’

Now let M be the field of rational functions on D, and M’ the field of
rational functions on D’. Note that ¢ and ¢’ give rise to isomorphisms from
L to M and M’, respectively. We extend these isomorphisms to isomorphisms
from L to separable closures M and M’ of M, M’. This yields isomorphisms
from Gal(L/L) to the Galois groups Gal(M /M) and Gal(M’/M).

The base change C3; equals

U II .

BEGaieT\im(o)

here the product is over M and Cp, is regarded as a variety over M via the
isomorphism L — M; and similarly for (¢/, /). The base change Dy splits
as a similar union of products, but now over 8 € Gaim(o/)\im(o)-

Let M 2 MUM’ be the field of rational functions of D, and let M 2 MUM’
be a separable closure of M. The components of the base change Cﬁ can then
be computed in two different ways: by first doing a base change to M or by
first doing a base change to M’. For the first route, we have to analyse what
happens to the product over M

IT cs

€T \im(o)

when doing a base change to M. Write this product as V x5 W, where V is the
product over all ¢ € im(o”)\im(¢), and hence an irreducible component of Dy;



and W is the product over all i € T'\ (im(c) Uim(c”)). The function field M of
the irreducible M-scheme D embeds into the function field of any component
of Dy, hence in particular into M (V'), and this field extension is algebraic, so

that M = M (V). So the base change to M of the product V' xz7 W is just the
base change of W over the separably closed field M with the field extension

M (V) and hence still irreducible (e.g. by |Sta20, Tag 020J]).

Summarising, we obtain a bijection from the irreducible components of
Cy7> which are labelled by elements of Ga, to the irreducible components of
C%, and that bijection is evidently Sym(T"\ (im(o) Uim(o”)))-equivariant. As
a consequence, for i,j € T\ (im(c) Uim(co’)) we have a(i) = «(j) if and only
if the transposition (i j) preserves some (and then each) component in Cy7, if
and only if that transposition preserves some (and then each) component in

Similarly, we obtain a bijection from the irreducible components of Cyz,
which are labelled by elements of Ga/, to the irreducible components of Cﬁ,
with the same remark about compatibility with the transposition (i j). Com-
bining these results, we find that for i, € T\ (im(o) U im(o’)) we have
a(i) = a(j) if and only if o/ (i) = o/(5). O

We have now concluded the proof that Cy : S +— F(S)/~g is a model
functor; and by construction, the map C; — Cz induced by ¥ is a morphism
that is an isomorphism at the level of species.

Finally, we combine the pre-component functor C; (mapping onto Cy ) and
the model functor Co (mapping onto Cz) as follows. Recall that C; is con-
structed by taking the equivalence classes of maximal elements in |_|b€[a] Fu(S).
We now set Fy11 1= F (), and we extend < from | |, Fo(5) to Upe(y 1) Fo(5)
by setting it equal to ~g on Fo11(S) = F(5), and for (o, ) € Fp(S) with b < a
and (o/,a') € Fop1(S) we set (0,a) =g (0/,a’) if and only if the irreducible
locally closed subset ¢, ((0, @)) of Y(S) is contained in the Zariski closure of
the irreducible component ¢,11((c’,a’)) := ¥((¢’,a’)) of Z(S). Properties
(1)~(4) in Theorem are then straightforward, and so are the proper-
ties Compatibility (1) and (2) from the definition of pre-component functors.
For instance, Compatibility (1) follows from the fact that no component of
Z(S) can be contained in Y'(5).

Regarding Compatibility (3): for b = ¥ = a + 1 this is just Axiom (1),
verified in Lemma, and for b < a,b’ = a+ 1 it follows from the simple
fact that if the irreducible locally closed set ¢y ((o, @) in Y (T') is contained in
the Zariski closure of the component ¥((o’,’)) of Z(T'), then the same holds
for their projections in Y'(S) and Z(S), respectively, along the map X ().



With this quasi-order, the pre-component functor C; and the model functor
Cy are combined into a pre-component functor Cs with an obvious morphism
to Cx that is an isomorphism at the level of species. O

2.5.11 Proof of the main theorem

Proof of Theorem[2.1.1.1] Before the Main Theorem we introduced FI°P-schemes
slightly differently than we do in §I.4] but the two definitions are equivalent
via Remark[1.4.2.10] So we may assume that X is a width-one FI°P-scheme of
finite type over a Noetherian ring K in the sense of Furthermore, since
the Main Theorem only makes a statement about the underlying topological
space of X ([n]) for n > 0, we may assume that X is both nice and reduced.
By Theorem [2.5.10.1] the component functor Cx of X is, at the level of
species, isomorphic to a pre-component functor C. In particular, for all 5,
the number of Sym(S)-orbits on Cx(S) equals the number of Sym(S)-orbits
on C(S). By Theorem this number is a quasipolynomial in |S| for
all sufficiently large S. This proves the Main Theorem and concludes the
chapter. O



Chapter 3

Image closure of symmetric
wide-matrix varieties

This chapter is based on the paper [DEFM22] with Jan Draisma, Rob Egger-
mont, and Leandro Meier.

3.1 Introduction

Recall from Section that the space of k x N-matrices equipped with the
natural action of Sym(N) is topologically Sym(N)-Noetherian but the space
of N x N-matrices equipped with the natural action of Sym(N), or even with
the action of Sym(N) x Sym(N), is not equivariantly Noetherian, and it gets
only worse for higher-dimensional tensors. This is problematic because many
varieties of relevance to applications, such as the k-factor model [Dral0] and
hierarchical models [HS12] naturally live in matrix or tensor spaces and are
preserved by (copies of) the symmetric group.

Hence it is interesting to find Sym(N)-stable subvarieties of N x N-matrices,
or N x -+ x N-tensors, that are defined by finitely many orbits of equations
and Sym(N)-Noetherian. In this chapter, we study such subvarieties that arise
as image closures of Sym(N)-equivariant polynomial maps from the space of
k x N-matrices, and we show that these are always defined, set-theoretically, by
finitely many Sym(N)-orbits of equations, as well as themselves topologically
Sym(N)-Noetherian.

T



3.1.1 Main theorem

Recall from Chapter 1 that an FI-algebra A is finitely generated in width at
most 1 if A is generated by A()) and A({1}), and both of these are finitely
generated. This is equivalent to the statement that A can be realised as a
quotient (in the category of FI-algebras over K) of an algebra of the form

SHK[I‘ZJ |’L€ [C},j GSL

see(l.4.4.11] Geometrically, Spec(A) is then an FI°P-subscheme over K of the
scheme that sends S to k x S-matrices.

Theorem 3.1.1.1 (Main Theorem). Let ¢ be a morphism of FI-algebras B —
A, where A and B both are finitely generated FI-algebras over a Noetherian
ring K. Suppose, moreover, that A is generated in width at most 1. Then
the Zariski closure Im(p*) of the image of Spec(A) under the dual map @* is
defined, as a set, by finitely many elements in B. Equivalently, there exists
a finitely generated ¥1-ideal I in B such that the radical of I is equal to the
radical of the kernel Ker .

Moreover, Im(p*) is topologically Noetherian, that is, it satisfies the de-
scending chain condition on reduced closed subschemes.

An immediate consequence of the Main Theorem is the following.

Corollary 3.1.1.2. For any Sym(N)-equivariant morphism ¢ of K-schemes
from the scheme of k x N-matrices to the scheme of N x --- x N-tensors, the
image closure Im(yp) of p is defined, set-theoretically, by finitely many Sym(N)-
orbits of equations. Furthermore, it is topologically Sym(N)-Noetherian: any
descending chain

of reduced, closed subschemes stabilizes.
We do not know whether ker ¢ itself is necessarily finitely generated.

Conjecture 3.1.1.3. Let ¢ be the FI-algebra homomorphism defined in the
Main Theorem|[3.1.1.1] Then the FI-ideal Ker ¢ is finitely generated.

A particular case of the above conjecture was stated in [AHO07, Conjecture
5.10] and proved in [DEKL16] when generators of the FI-algebra B are mapped
under ¢ to monomials in A.

On the other hand, in the setting of the Main Theorem, there are exam-
ples where Im(p*) is not scheme-theoretically Noetherian, i.e., has an infinite




strictly descending chain of closed (but non-reduced) FI®P-subschemes: in
IDKK|, Theorem 43] it is proved that the cone over the Grassmannian of 2 x S-
spaces, with S € FI, has this bad behavior in characteristic 2 (but not in
characteristic zero due to the existence of Reynolds operators, see [Dral0]).

To illustrate the strength of our Main Theorem, we explain how it imme-
diately implies the main result in [Dral0].

Example 3.1.1.4. In [DSS06] the question was raised whether the ideal of
polynomial relations among the entries of a matrix of the form ¥ = AAT 4 D,
with A running through R"** and D running through the (positive-definite)
diagonal matrices, is generated by a finite number of Sym([n])-orbits for n —
00. The set of all such matrices is the Gaussian k-factor model. This question
remains open to this date. However, in [BD11] an affirmative answer was given
for k = 2, and in [Dral0] an affirmative answer for a set-theoretical version was
established for arbitrary k. The latter also follows from the Main Theorem,
because the map that sends the matrix entry o;; to the entry Zle azag +
d;j - di; is a homomorphism from the FI-algebra S — R[o;; | i,j € S] to the
FI-algebra S — Rla;,d;; | 1 € [k],i € S], and the latter is generated in width
<1 ¢

Recently our Main Theorem has been used by Yulia Alexandr, Joe
Kileel, and Bernd Sturmfels in [AKS23, Theorem 10] to prove the set-theoretic
finiteness for moment varieties of conditionally independent mixture distribu-
tions on R™.

3.1.2 Organisation of this chapter

In Section 2 we recall elementary properties of finitely generated FI-algebras.
Section 3 is devoted to the reduction of the Main Theorem B.I.1T.1] to the case
of free FI-algebras. In Section 4 we prove our Main Theorem. To this end, we
prove that the image of the map ¢* lies in the closed subscheme of Spec(B)
defined by off-diagonal (I + 1) x (I + 1)-subdeterminants of flattenings, see
Lemma This subscheme is defined by finitely many equations (Lemma
and is contained in the image of a topologically Noetherian space, see
Proposition |3.4.2.10 and Lemma [3.4.2.8

A result of potentially independent interest is the following tensor comple-
tion result: a tensor labeled by the tuples in S x --- x S in which no entry
appears more than once (an off-diagonal tensor) and of which all the meaning-
ful (I+1) x (I4+1)-subdeterminants of flattenings are zero, can be completed to
a full tensor (including the diagonal) of some bounded rank; see Proposition

B42T10



3.2 Finitely generated FI-algebras

The following (class of) FI-algebra By is a building block for FI-algebras that
are finitely generated in width < d.

Definition 3.2.0.1. For a non-negative integer d, denote by By the FI-algebra
over a ring K that maps a finite set S to the K-algebra

Bd(S) = K[yh,iz,...,id : il,ig, ...,id S S and ij }é il Whenj }é l]

and for an injection o : S — T, the K-algebra homomorphism By(o) is deter-
mined by Ba(0)(Yi is,....ia) = Yo(ir),0(iz),....o(1)- 1t is easy to see that Bg is
generated by the single element y1 2, 4 € Ba([d]), of width d.

Remark 3.2.0.2. 1. We think of the elements of Spec By as S XS x ... X S-
tensors of which only the entries outside the big diagonal {(i1, 2, ..., %4) :
35 < l,i; =14} are given. We call these tensors “off-diagonal tensors”.

2. It is easy to show that the tensor product of such algebras is again finitely
generated in width at most the largest of the relevant d.

3. For fixed non-negative integers d, ko, k1, k2, ..., kd,
Blko, k1, k2, ..., kq] denotes the FI-algebra @, B®*, which is finitely
generated in width at most d.

2

We record the following lemmas for later use.

Lemma 3.2.0.3. Let A be an FI-algebra. Then any homomorphism ¢ : Bg —
A of FI-algebras is completely determined by the image of y12...q4 € Ba([d]).
Moreover, By has the following universal property: if a € A([d]) is any ele-
ment of A, then there exists a unique homomorphism ¢ : By — A such that
o(y12,..4) = a.

Proof. Let yi, i,....i, be a variable in By(S) where i1,i2,...,9¢ € S. Let o :
[d] — S be the injection that sends j to i;. Then we have

OWirig,ia) = P(Ba(0)y1,2,....a) = A(0)e(y1,2,...d)-

Thus the image of y1,2,... ¢ completely determines the map ¢.

To prove the last statement, for i1, . .., 14 € S distinct, define (Y4, 4y,....iy) =
A(o)a, where o : [d] — S is the map that sends j to i;, and extend this to a
homomorphism B4(S) — A(S) in the unique manner. A straightforward com-
putation shows that this does, indeed, define an FI-algebra homomorphism
B — A with ¢(y1,...4) = a. O



Remark 3.2.0.4. Lemma(3.2.0.3|implies that the FI-algebra Blko, k1, k2, ..., k4]
has the same universal property when a is replaced by a tuple in ngo A([e])Fe.

Lemma 3.2.0.5. Let A be an FI-algebra that is finitely generated in width at
most d. Then there exists a surjective homomorphism ¢ : Blko, k1, k2, ..., kq] —
A for some non-negative integers kg, k1, ko, ..., kq.

Proof. Let k; be the number of generators of width 7. Assume hgi), hg)7 e hlg) €
A([i]) are generators of width ¢. Consider the unique FI-algebra homomor-
phism ; : BE¥ — A that sends y{') ;€ Bi([i))®* to h(" for | =1,2,....k;.
Then ¢; is surjective by construction. Then the tensor map

d

) @i : Blko, k1, ka, ..., ka] — A
=0

is the required surjective morphism. O

Remark 3.2.0.6. Dually, Spec(A) embeds in a finite product of affine spaces
of off-diagonal tensors. &

Recall from Section that Shp, A denotes the shift over a finite set
Ty of an FI-algebra A and Shp, X denotes the FI°P-scheme Spec(Shr, A).
Furthermore, Shy, ¢ denotes the morphism Shy, A — Shy, B that sends T to
o(To UT) for a morphism ¢ : A — B of FI-algebras.

Lemma 3.2.0.7. For a fized finite set Ty, Shr, Blko, k1, ka2, ..., ka] is isomor-
phic to Blky, ki, k5, ..., k|, ka] for some non-negative integers kg, ki, ..., k.

Proof. We have Shy, (A ® C) = (Shy, A) ® (Shy, C), for any FI-algebras A
and C. So it suffices to show that By is isomorphic to Bk, ki, ..., k;_1,1].
Note that

Shr, B4(T)
= KYiy ia,...iq * 11,02, ...y iq € ToUT and 4; # 4,, when [ # m]

d—1
~ <® Be(T)®(§)x|To|x(T0|—1)x...x(|To—d+e+1)> ® (Ba(T)),
e=0

where the exponent counts the number of ways of filling d — e of the d index
positions with elements of Ty. Thus Shy, By = Blky, k1, kb, ..., k1, 1]. O



3.3 Reduction to the case of free FI-algebras

This section is devoted to the reduction of our main theorem to the case of
free FI-algebras.

3.3.1 Making B free

Here we introduce the following useful notations. Let A be an FI-algebra. By
f € A we mean that there exists S € FI such that f € A(S). Similarly, by
p € Spec A we mean that there exists T € FI such that p € Spec A(T). By
f(p) = 0 we mean that for all o : S — T injections, (¢ f)(p) = 0.

Proposition 3.3.1.1. Let 7 : C — B and ¢ : B — A be homomorphisms
of FI-algebras, where m is surjective. If the image closure Im(w* o ©*) of
7™ 0 v* : Spec A — SpecC is defined by finitely many elements in C, then
the image closure Im(¢*) of ©* : Spec A — Spec B is also defined by finitely
many elements in B. If, moreover, Im(m* o ¢*) is topologically Noetherian,
then Im(p*) is also topologically Noetherian.

Proof. Suppose f1, fo,..., fm € C define the image closure

Im(7* o *). We claim that their images 7 f1, 7 fo,...,7f, € B define the
image closure Im(y*). First note that Im(7* o p*) = 7*(Im(p*)) as 7* is a
closed embedding. Let p € Im(¢*), then 7 f;(p) = fi(7*p) = 0. Thus for all
i=1,2,...,m we have that 7 f; vanishes on Im(¢*).

Conversely, pick p € Spec B such that p is in the closed subset defined by
7 f1, T fo, ..., W fm, then 7*p lies in the variety defined by f1, fa2, ..., fm, that is,
by our supposition, 7*p € Im(7* o ¢*). Now let g be an element of Ker (¢). By
the surjectivity of 7, there exists ¢’ € C such that g’ = g, which implies that
g’ € Ker (pom). Hence g’ vanishes on 7*(p). So g(p) = n¢’(p) = ¢'(7*(p)) = 0.
Hence p € Im(p*).

The last statement is straightforward. Every descending chain of closed
subsets in Im(¢*) maps under 7* to a descending chain of closed subsets in
Im(7* o ¢*) because 7* is a closed embedding. The latter chain stabilizes, and
when it does, so does the former chain. This completes the proof. O

Remark 3.3.1.2. Let B be an FI-algebra that is finitely generated in width
at most d and ¢ : B — A be a homomorphism of FI-algebras. Then, by
Lemma there exists a surjective map 7 from Blko, k1, ..., k4] to B.
Thus Proposition implies that it suffices to prove the main theorem for
the FI-algebra Blkg, k1, ..., kg instead of B, i.e. without loss of generality, in
the main theorem, we can assume that B is free. &



3.3.2 Making A free, as well

Proposition 3.3.2.1. Let o: B — A, ¢ : B — A’ and w: A’ — A be homo-
morphisms of finitely generated FI-algebras such that wo = . If the closure
Im(v*) of the image of ¥* is topologically Noetherian, then the closure Im(p*)
of the image of ©* is also topologically Noetherian. If, moreover, Im(i*) is
defined by finitely many elements in B, then Im(p*) is also defined by finitely
many elements in B.

Proof. The first statement is a straightforward implication of the fact that a
closed subspace of a topologically Noetherian space is topologically Noetherian.
Since Ker (1) is contained in Ker (¢), we have

Im(¢*) = Vspee p(Ker (p)) = Vspee 5(Ker (7 0 ¢))
is a closed subset of Vgpec g(Ker (¢)) = Im(¢p*). The latter is topologically
Noetherian, hence so is the former.

For the last statement, observe that Im(¢*), being a closed subset of a
topologically Noetherian space Im(z)*), is defined by finitely many elements
in the coordinate ring K[Im(y*)] = B/I, where I = I(Im(¢*)) is an ideal
generated by finitely many elements in B. This implies that Im(¢*) is defined
by finitely many elements in B. U

Remark 3.3.2.2. Let A be an FI-algebra that is finitely generated in width
at most 1 and let ¢ : Blko, k1, ..., k4] — A be a morphism. Then by Lemma
there is a surjective map w : B[k{,ki] — A. By universality of
Blko, k1, ..., ka] (see Remark, there exists (not necessarily unique) map
¢ : Blko, k1, ..., ka] — B[k{, k}] such that ¢ = 7 o ¢. Thus Proposition [3.3.2]]
implies that it suffices to prove the main theorem for Blk(, k]| instead of A
i.e. without loss of generality, in the main theorem, we can assume that A is

free. &
3.4 Proof of the main theorem

3.4.1 Flattening

For a more detailed description of flattening see [DK14].



Definition 3.4.1.1. Let V = ®?:1 V; be a tensor product of vector spaces
V; over a field L. Then for each ¢ € [n], there is a natural isomorphism

bi: V= | QV; | @V
J#i

For a ¢t € V the image b;(¢) is a 2-tensor called a flattening of t. &

A tensor has rank 1 if it can be written as a tensor product of vectors
v; € V;. A tensor t has rank [ if [ is the minimum number of rank 1 tensors
that sum to t. For 2-tensors, the tensor rank is equal to the ordinary matrix
rank.

Remark 3.4.1.2. Flattening does not increase the rank of a tensor, i.e.

rk(bi(t)) < rk(t). ¢

3.4.2 Tensors

Define an FI-algebra Cy over a ring K that sends a finite set S to the K-
algebra,

Cd(S) = K[yil,iz,m,id : i17i2a "'aid € S]a

and an injection o : S — T to Cy(o) : Cy(S) — Cq(T) maps yi, i,,...i, t0
Yo (i1),0(i2),...,0(ia)"

Remark 3.4.2.1. For a finite set S, Spec Cy(S) is the set of S x S x ... x S-
tensors, now including entries on the big diagonal. &

There is a natural inclusion ¢ : By — Cy. Dually, we have the projection
map ¢* : SpecCy — Spec By. For a tensor ¢t € Spec Cy(S) we think of the
flattening b;(¢) as a matrix whose rows and columns are labeled by tuples in
Sl and elements in S respectively.

Definition 3.4.2.2. A tuple (7;);c|q in S? is called a distinct value tuple if
z; # x; when i # j. Denote by DS? the set of distinct value tuples in S¢. ¢

Definition 3.4.2.3. An off-diagonal [ x | sub-matrix of b;(¢) is a u3 X ug-sub-
matrix where u; C DS9™1, uy C S such that uy x up € DS? and |u1| = |us| =
[. By an off-diagonal [ x I-sub-determinant of b;(¢), we mean the determinant
of an off-diagonal | x I-sub-matrix of b;(t). &



Fix non-negative integers [ and d. Let Z;; be the subset of Spec By defined
as follows: for all S € FI, Z;,(S) is the variety defined by all off-diagonal
(I+1) x (I 4+ 1)-sub-determinants of b;(y), for all ¢ € [d] and y € Spec By(S).
The following lemma shows that Z;; is defined by finitely many equations in
By.

Lemma 3.4.2.4. The subset Zq,; of Spec By is defined by finitely many equa-
tions in By.

Proof. Let S be a finite set, let y € Spec By (S) and i € [d] be arbitrary. Let h
be an arbitrary off-diagonal (I 4+ 1) x (I 4+ 1)-subdeterminant of the flattening
b; (y). The subdeterminant h is given by indices i1,...,4;+1 € S and distinct
value tuples aq,...,q4+1 € DS94 such that none of the indices i; occur in
any of the aj and such that all the oy, are distinct.

Let S” be the subset of S consisting of all the entries of the i; and ay. Then
/< (d—=1)-(I4+1)+1+1=d-(I+1). Set n =|5’| and choose a bijection
p: [n] = S’ Define oy = p~' 0 aj and i; = p~'(i;) for all j € [l 4 1], where
we consider the «; as maps from [d — 1] to S’.

Then h = By (p) b/, where I’ is the off-diagonal subdeterminant of the flat-

tening b; ((yﬁ)BeD[n]dfl) given by columns #},...,i;,, and rows a},...,a; ;.
Since n can take on at most d - (I + 1) values, this construction yields finitely
many polynomials &’. These polynomials define Zg ;. O

Lemma 3.4.2.5. Let p: By — B?k be an FI-algebra homomorphism. Then
Im(¢*) C Zq, for some l.

Proof. By Lemma [3.2.0.3] the map ¢ is determined by the image of y12....a €
By([d]). First we suppose that y12...4 € Bq([d]) is mapped under ¢ to a
monomial M = [[;cp e xf‘]’ € BY*([d]). Dually, a = (aij)icjes €

Spec B1(S)®* is mapped to the projection (via ¢*) of the following tensor:

k

a1 a2 aqd
ah,]z’ -J I |a‘ i1 I | i,52 Haz]d J1,92,--.Ja €S
i=

d
- ® Ha1757 ses € SpeCBd(S)7

j=1 i=1

that is, ¢*(a) is the projection of a rank < 1 tensor. Thus Im(¢*) is contained
in the projection of rank < 1 tensors.



yeen

sum of, say !/, monomials in the variables x; ; where 1 <i <k and 1 <j <d,
then the subadditivity of tensor rank implies that Im(y*) lies in the projection

1" of tensors having rank at most [. Since flattening does not increase rank,
this implies Im(p*) C Zg;. Hence Im(p*) C Zy;. O

Remark 3.4.2.6. Let ¢ : Blko, k1, ..., kq] — Bi@k be an FI-algebra homo-
morphism. By universality of Blko, k1, ..., ka], © = ®Z=0(®f;1 ©e,i) Where,
@ei : Be — BP* for all e and for all i, and Im(pf ;) C Zey,, for some I ;.

Let ! be the maximum of the set {l.; : 0 < e < dand 0 < i < k.}. Then
(") € [T0y 255 ¢

For a commutative ring R with 1, and a prime ideal p € Spec R, k(p)
denotes the fraction field of the integral domain R/p.

Lemma 3.4.2.7. Let Y be a subset of SpecCy. Suppose that there exists
N € Z>q such that for all S, for all p € Y(S), the tensor rank of p over
the field k(p) is at most N. Then there exist an FI-algebra A that is finitely
generated in width at most 1 and a map ¢y : Spec A — SpecCq such that
Y C Im(py).

In this lemma, Y (S) is an arbitrary subset of Spec(C(S)), in such a manner
that for any 7 € Homp1(S,T), the map C(7)* maps Y (T) into Y (.9).

Proof. Define a homomorphism of FI-algebras pn : Cg — A = C1® [NTx{d] by
sending yi, i,,....iy toO Zjvzl Xj1,i,%5,2,i5 " Tj,dig- By assumption, for each S
and for every

P = (Diyin..sia)iv in,....iges € Y (S),

there exists (g;j,1,4,)(j,1,i)e[N]x[d]xs € Spec C?[N]X[d] (S)(k(p)) such that

N
Piyig,yia = E 45,1,i195,2,i0 " 4j,dig-
j=1

Hence Y C Im(e%,). O

Lemma 3.4.2.8. Let Z be a subset of Spec By. Suppose that there exists N €
Z>q such that for all S € FI and for all p € Z(S) there exists p € Spec Cy(S)
such that the tensor rank of p over the field k(p) is at most N and t*(p) = p
where v : By — Cy is the inclusion map. Then there exists a map ¢ : By — A
such that Z C Im(v*), where A is an FI-algebra that is finitely generated in
width at most 1.



Remark 3.4.2.9. The condition on the off-diagonal tensor p is that it can be
completed to a (full) tensor p of rank < N, where N does not depend on p or

S. ¢
Proof. We define

Y :={pe (i*)7HZ): tensor rank of j over x(p) < N}.

By Lemma [3.4.2.7 Y C Im(p}y) and by construction, Z = ¢*(Y). Then
1 = N o1 is the required map such that Z C Im(¢*). O

Proposition 3.4.2.10. Let Z;; be the subset of Spec By defined above, by the
vanishing of off-diagonal (1+1) x (14 1)-subdeterminants of flattenings. Then
there exists N € Z>o such that for all S € FI and for all p € Z4,(S) there
exists p € Spec Cq(S) such that the tensor rank of p over the field x(p) is at
most N and t*(p) = p where v : Bg — Cy is the inclusion map.

Proof. We will prove this by a double induction: an outer induction on d and
an inner induction on [. For d = 0 and d = 1, we have By = Cy4, and every
element of Spec Cy(S) has tensor rank at most 1, regardless of [. Assume the
proposition is true for < d—1. When I = 0 note that Z4 contains only a zero
tensor. Take N = 0 and we are done. Fix [ > 0 and assume the proposition is
true for all smaller values. Write Zg;(S) = Zg—1(S) U (Z4,1(S) \ Za,i—1(95)).
By the inner induction hypothesis, there exists Ny such that for every p €
Z4,1-1(S) there exists p € Spec Cy(S) such that the tensor rank of p over the
field x(p) is at most Ny and i*(p) = p.

Now take p € Zg([n]) \ Z4,—1([n]). This implies that there exists i € [d]
such that there is an ! x l-sub-determinant h of b;,(p) which is non-zero. The
sub-determinant h involves at most < I(d — 1) +1 =[-d indices. Split [n] into
S U T such that S consists of indices that appear in h and T = [n] \ S; i.e.,
T is the set of indices that do not appear in h. For each fixed subset I C [d]
and fixed distinct value tuple o € DS\ | consider the off-diagonal tensor
Pa = (Pa,8)geprr- We regard p, as an element of Spec By(T).

Case 1: If I # [d], then the outer induction hypothesis applies to p,.
Indeed, flattening b;(p,) for i € I yields a sub-matrix of b;(p) and by the
induction hypothesis, p, = i*(ga), where ¢, € Spec C|7|(T') has rank < N,,.

Case 2: If I = [d], then we want to find ¢y € Spec Cy(T) such that py =
i*(gp) and the tensor rank of gy over the field k(p) is at most some Ny. Then
we will have

p= i*(Z(qa padded with zeros))

I«
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Figure 3.1: Flattening

such that the tensor rank of p over the field x(p) is at most Ny = > Na.
Without loss of generality, assume that 7o = d. We have an off-diagonal [ x [-
sub-matrix M of the matrix by(p) such that det(M) = h # 0. Define ¢y as
follows:

qp = Z (M™);.0q(1 ® a

JEuU2 and a€uq

=> a4 @Y (M )0 qa)

JjEu2 acuy

where rk(qg;y) < Nyjy and 7E(Y e, (M7 )jia - 4a) < 1. Hence rk(qgp) <
N@ = ZjEug N{J}

Notations used in Figure 3.1} Rows and columns of the matrix are labeled
by tuples in (S U T)%! and elements in S U T respectively. M is a u; X ug-
submatrix where u; C DS uy C S such that u; x up C DS? and |ui| =
|U2| =1

We want to show that i*(¢p) = py. Straightforward computations (from
linear algebra) show that the matrix in Figure has rank = [. In particular,
all off diagonal (I+1) x (I + 1)-sub-determinants in positions (u; U{a}) x (ugU
{i}) are zero where & € DT9"1 and i € T. The same holds, by assumption
for p. Hence, since M is invertible and for all j € ua, i*(qq;1) = py;} and for
all a € uy, i*(ga) = Pa, we find that (pp)a.i = (¢p)a,i, for all @« € DT4"! and
for all i € T such that (a,i) € DT, Hence i*(qp) = pp. N = maxz{ Ny, N1} is
the required N. This completes the proof. O



Recall from Remark(3.2.0.2|that for any nonnegative integers e, ko, k1, ..., ke,
Blko, k1, ..., ke] denotes the following FI-algebra @¢_, BX*".

Lemma 3.4.2.11. For any morphism ¢ : B = Blko,k1,....,ke] — A = Bi@k
there exist a closed subset Z C Spec B defined by finitely many equations in B,
an FI-algebra A’ that is finitely generated in width at most 1, and a morphism
¥ : B — A’ such that Im(p*) C Z C Im(¢*).

Proof. We will prove this by induction on the number of FI-algebras appearing
in the tensor product B = Blko, k1, ..., ke].

For the base case, suppose that B = By for some nonnegative integer d.
Then by Lemma there exists a positive integer | such that Im(¢*) is
a closed subset of Z;;. By Lemma [3.4.2.4) Zy, is defined by finitely many
equations in Bq. We take Z = Z4;. By Proposition [3.4.2.10] and Lemma
there exists a homomorphism v : By — A’ of FI-algebras such that
Z = Zg4, is contained in the image ¢*(Spec A’), where A’ is an FI-algebra that
is finitely generated in width at most 1.

Now suppose that B = By, ® By, ® - - - ® By, . Here d;’s are not necessarily
distinct. We write B = C' ® By, where C = By, ® By, ® --- ® Bg, ,. We
think of C and By, as subalgebras of B via the natural inclusions. Denote by
1 and o the restrictions of the map ¢ : B — A to C and By, respectively.
Then by the induction hypothesis, there exist closed subsets Z; C spec C' and
Zy C Spec By, defined by finitely many equations in C' and in By, respectively,
FI-algebras A; and Ay both are finitely generated in width at most 1, and
homomorphisms ¢, : C — Aj, ¥2 : By, — Ay such that

Im(p3) C Z; C Im(97) and Im(ps) C Z; C Im(93).

We now have Im(p*) C Im(p3) x Im(¢%) and Im(¢p]) x Im(¢03) = Im((¢p1 ®
12)*), where 91 ® 15 is the FI-algebra homomorphism C ® By, — A1 ® Az
obtained as the tensor product of 1 and s.

Note that the FI-algebra A; ® Ao, being the tensor product of FI-algebras
that are finitely generated in width at most 1, is itself also finitely generated in
width at most 1. Further, the product Z := Z; X Z5 is defined by the union of
the finite sets of equations defining Z; and Z5. Thus this Z, and A’ := A1 ® A,,
and v := 11 ® 19 have the required property Im(p*) C Z C Im(¢*). O

Proof of the Main Theorem. Recall from Section [3.3] that without loss of gen-
erality we can assume that both FI-algebras B and A are free, that is, B =
Blko, k1, ..., k.| and A = Bi@k for some nonnegative integers k, kg, k1, ..., ke.
From Lemma Im(p*) is contained in a closed subset Z C Spec B
which is defined by finitely many equations in B, moreover, Z is contained



in the image Im(¢*) of a width-one FI°P-scheme of finite type. Recall from
Corollary that width-one FI°P-schemes of finite type are topologically
Noetherian and from Lemma [1.4.6.7] that the image of a topologically Noethe-
rian space is topologically Noetherian. By Lemma [T.4.6.7] the subset Z, being
a subset of the topologically Noetherian space Im(1)*), is topologically Noethe-
rian. Thus Im(¢*) is topologically Noetherian being a closed subset of Z and
defined by finitely many equations in the coordinate ring of Z. Since Z is
defined by finitely many equations in B, this implies that Im(¢*) is defined by
finitely many equations in B. This completes the proof. O




Chapter 4

Sym-Noetherianity for
powers of GL-varieties

This chapter is based on the paper [Chi+22] with Christopher Chui, Alessandro
Danelon, Jan Draisma, and Rob Eggermont.

4.1 Introduction

A significant amount of contemporary literature delves into investigating the
finiteness properties of algebraic varieties with infinite dimensions, that have
an accompanying action from either the infinite symmetric group or the infinite
general linear group. In this chapter, we explore a shared extension where both
groups act on spaces with infinite dimensions. Our result demonstrates that
these spaces are topologically Noetherian under this joint action.

4.1.1 Sym-Noetherianity and GL-Noetherianity

It has been well-established since the 1980s that if Z is finite-dimensional va-
riety, then the topological space Z¥, equipped with the inverse-limit topology
of the Zariski topologies, has the property that if

X12Xo2X32 ...

is a descending chain of closed subsets, each stable under the infinite symmetric
group Sym permuting the copies of Z, then X,, = X, 41 for all n > 0. We say

91



that ZY is Sym-Noetherian; see |Coh67; Coh87; AHO7; HS12| for the relevant
literature.

On the other hand, in [Dral9] Draisma proved that if Z is a GL-variety: a
(typically infinite-dimensional) affine variety equipped with a suitable action
of the infinite general linear group GL—see below for precise definitions—then
7 is topologically GL-Noetherian. See [BDES22| for the structure theory of
GL-varieties.

4.1.2 Our result: SymxGL-Noetherianity

Given a GL-variety Z, the group Sym x GL acts naturally on ZV, and our
main goal in this chapter is to prove the following theorem.

Theorem 4.1.2.1 (Main Theorem). Let Z be a GL-variety over a field of
characteristic zero. Then ZN is topologically Sym x GL-Noetherian. In other
words, every descending chain

X12XeD ...

of Sym x GL-stable closed subsets of ZV stabilises eventually. Equivalently,
any Sym x GL-stable closed subset of ZN is defined by finitely many Sym x GL-
orbits of polynomial equations.

4.1.3 A generalisation: Sym*x GL-Noetherianity

We prove the Main Theorem by establishing first the following more general
result.

Theorem 4.1.3.1. Let Z, ..., Zy be GL-varieties over a field of characteristic
zero. Then the variety Z) x -+ x Z}:I 18 topologically Noetherian up to the
natural action of Sym” x GL.

Here there is one copy of GL that acts diagonally, and there are k copies
of Sym that act on separate copies of N. We believe it is impossible to prove
the Main Theorem without considering multiple copies of Sym. Indeed, the
need for this generalization comes from the fact that, in order to cover a proper
closed Sym x GL-stable subset of ZN, we often need to partition N into finitely
many parts, such that for the indices ¢ in one of these parts, the points in Z
labeled by those indices behave in a similar fashion. The following example
illustrates this point.



Example 4.1.3.2. Let Z be the space of N x N-matrices over a field of char-
acteristic zero, equipped with the GL-action given by (g, A) — gAgT. Let
X be the closed Sym x GL-stable subvariety of ZN consisting of all infinite
matrix tuples (Aj, As,...) such that each A; is either symmetric or skew-
symmetric. It is easy to see that X is defined by the Sym x GL-orbit of the
equation (z112 + 2121)(z112 — T121), where ;5 is the (j, k)-entry of the ith
matrix. We will see that the Sym x GL-Noetherianity of X follows from the
Sym? x GL-Noetherianity of the “smaller” variety 7Y x ZY where Z, C Z is
the GL-subvariety of symmetric matrices, and Z; C Z is the GL-subvariety
of skew-symmetric matrices. Here the term “smaller” refers to the fact that
both Z; and Z5 are quotients of Z. The exact meaning of smaller varieties is
given in Section [4.2.§ O

4.1.4 Relation to existing literature

The Main Theorem generalizes the results mentioned in Section taking
for Z a finite-dimensional affine variety with trivial GL-action, one recovers
the Sym-Noetherianity of ZV; and on the other hand, if Z is a GL-variety,
then considering chains X; O X5 D ... in which each X; is of the form Z%\I
with Z; C Z a GL-subvariety, one recovers the GL-Noetherianity of Z.

The proof of the Main Theorem will reflect these two special cases. We
will use the proof method from [Dral9| for the GL-Noetherianity of Z, and
similarly, we will use methods for Sym-varieties from [DEF22|. In fact, we do
not explicitly use Higman’s lemma in our proofs as is classically done [AHOT}
HS12; Drald], and en passant we give a new proof of the Sym-Noetherianity
of ZN for a finite-dimensional variety Z. However, our proof only yields a set-
theoretic Noetherianity result, while in the pure Sym-setting (much) stronger
results are known: the increasing chains of Sym-stable ideals stabilize [Coh67}
Coh87; |AHO7; [HS12|, and even finitely generated modules over such rings with
a compatible Sym-action are Noetherian [NR19]. In the pure GL-setting, how-
ever, such stronger Noetherianity results are known only for very few classes
of GL-varieties [NSS16; [SS22].

Partitions of N into finitely many subsets also feature in the classification
of symmetric subvarieties of infinite affine space (A*)Y [NS21b|, and while our
proofs do not logically depend on this classification, that paper did serve as
an inspiration.



4.1.5 Organisation of this chapter

This chapter is organized as follows. In Section [£.2] we reformulate the Main
Theorem and Theorem in the more convenient language of affine va-
rieties over the categories FI°P x Vec and (FI°P)* x Vec, respectively. We
introduce a category PM with morphisms between such varieties, in which,
for the reasons explained in Example [£.1.3.2] and above it, k varies. Then in
Section [£.3] we formulate and prove the Parameterisation Theorem, the core
technical result of this chapter. The statement roughly says that if X is a
proper closed (FI°P)* x Vec-subvariety of a variety Z of product type

Z (V;Sl,...,Sk) — HZZ(V)Slﬂ

where the Z; are Vec-varieties, then X is covered by finitely many morphisms
in PM from (FI°P)! x Vec-varieties of product form that are, in a suitable
(and very subtle!) manner, smaller than Z. In Section [2.5| we use this to prove
that all (FI°P)*¥ x Vec-varieties of product type are Noetherian, and obtain
Theorem [£1.3.9] and the Main Theorem as corollaries.

4.1.6 Notation and conventions

e Let S be a finite set. We denote by |S| the cardinality of S.

e Throughout this chapter, we work over a field K of characteristic zero.
e Sym denotes the infinite symmetric group Sym(co).

e GL denotes the infinite general linear group GL4.

e The category of schemes over K is denoted by Schg. A product X xY
of two schemes will always mean a product in this category.

e A wvariety X here is a reduced affine scheme of finite type over K. By
K[X] we denote its coordinate ring, so X = Spec K[X]. If Y is a subvari-
ety of X, then we write Z(Y') C K[X] for the (radical) ideal of functions
on X vanishing on Y.

o If f € K[X] then we write X[1/f] := Spec(K[X];).

e Let ¢ : X — Y be a morphism of varieties. We denote by ¢ : K[Y] —
K[X] the induced morphism on coordinate rings.



e By a point x of a variety X we always mean a closed point of X, i.e. an
element of X (K). Recall that, for example, (X xY)(K) =2 X (K)xY (K)
and that a morphism of varieties X — Y is surjective if and only if the

map X(K) — Y(K) is.

4.2 The category of (FI°P)* x Vec-varieties

4.2.1 Polynomial functors

Let K be a field of characteristic zero, and let Vec be the category of finite-
dimensional vector spaces over K with K-linear morphisms.

Definition 4.2.1.1. A polynomial functor is a functor P : Vec — Vec such
that for each U,V € Vec the map P : Homvyec(U, V) = Homvec (P(U), P(V))
is polynomial, and such that the degree of this polynomial map is upper-
bounded independently of U, V. The minimal such bound is called the degree
of P. &

Example 4.2.1.2. The functor Vec — Vec that maps every vector space to
a fixed finite-dimensional vector space V and every linear map to the iden-
tity map idy;, is a polynomial functor of degree zero. We call it a constant
polynomial functor. O

Example 4.2.1.3. The functor Vec — Vec that maps all vector spaces and
linear maps to themselves is a polynomial functor of degree one. O

Example 4.2.1.4. Let i € N be a positive integer. The functor T? : Vec —
Vec that maps a vector space V to the i-th tensor power V® of V and a
linear map f: V — W to the map f®: V® — W% sending v®' to f(v)®" is
a polynomial functor of degree 3. O

Definition 4.2.1.5. Let P and @ be two polynomial functors. We define the
direct sum of P and @), denoted by P ® @, as the polynomial functor given
by (P® Q)(V) = P(V) ® Q(V), where @& denotes the direct sum of vector
spaces and the map (P @ Q)(f) : P(V) & Q(V) — P(W) @ Q(W) for a linear
map f:V — W is defined by (P ® Q)(f)(v1,v2) = (P(f)(v1),Q(f)(v2)). The
degree of P @& @ is the maximum of the degrees of P and Q. &

Remark 4.2.1.6. The direct sum of a finite collection of polynomial functors
is defined in a natural manner. &



We will also regard a polynomial functor P as a functor Vec — Schg by
composing with the embedding Vec — Schy given by V +— Spec Sym (V*),
the spectrum of the symmetric algebra on V*. Every polynomial functor P
equals Py @ - - - @ Py, where d is the degree of P and P; is defined as

P(V):={ve P(V)|Vtc K:P(tidy)v = t'v}.

Considering P as a functor Vec — Schg we have P(V) = Py(V) x...x Py(V).
We note that Py is a constant polynomial functor, which assigns a fixed vector
space P(0) € Vec to all V' € Vec and the identity map to each linear map.
We call P pure if Py = {0}.

4.2.2 Vec-varieties

This subsection presents the concept of Vec-varieties, which serve as the finite-
dimensional, functorial counterpart to GL-varieties. See Remark for the
connection with GL-varieties.

Definition 4.2.2.1. Let X, Y : Vec — Schg be functors. A closed immersion
t: X — Y is a natural transformation such that (V) : X(V) — Y(V) is a
closed immersion for all V' € Vec. In particular, X is then a subfunctor of

Y. &

Definition 4.2.2.2. An affine Vec-scheme is a functor X : Vec — Schy
that admits a closed immersion X — P with P : Vec — Schg a polynomial
functor. A Vec-variety is an affine Vec-scheme X such that X (V') is reduced
for all V' € Vec. The category of affine Vec-schemes is the full subcategory
of the functor category Sch}éec whose objects are affine Vec-schemes. &

Spelled out explicitly, a Vec-variety X can be described by the data of a
polynomial functor P and a subvariety X (V) C P(V) for each V € Vec such
that, for each ¢ € Homvec (U, V'), the linear map P(y) maps X (U) into X (V).
A morphism of Vec-varieties 7 : X — Y consists of a morphism of varieties
7(V): X(V) = Y (V) for each V' € Vec such that, for each ¢ € Homvec(U, V),
we have 7(V) o X (¢) =Y () o 7(U).

Remark 4.2.2.3. The subcategory of Vec-varieties is closed under taking
closed immersions and finite products. To see the latter, note that the product
of X,Y : Vec — Schg in Schy*® is given by V — X (V) x Y(V); and
furthermore, given closed immersions X — P, Y < @ the assignment

X(V)x Y(V) = P(V) x Q(V)



defines a closed immersion of the product X x Y into the polynomial functor

P& Q. %
Lemma 4.2.2.4. The category of affine Vec-schemes admits fiber products.

Proof. First note that for morphisms of affine Vec-schemes X — Y, Z — Y
the fibre product X Xy Z of X and Z over Y exists in the functor category
SchY®® and is given by

(X xy Z)(V) = X(V) xy) Z(V).

Moreover, since Y (V) is affine (or more generally since Y (V) is separated, see
[Sta20, Tag 01KR]) the natural morphism

X(V) %y vy Z(V) 5 X(V) % Y(V)
is a closed immersion. The statement follows by Remark [£.2.2.3] O

The main result of [Dral9| says that Vec-varieties are topologically Noethe-
rian.

Theorem 4.2.2.5 ([Dral9, Theorem 1]). Let X be a Vec-variety. Then every
descending chain of Vec-subvarieties

X=X02X12Xy2D...

stabilizes, that is, there exists N > 0 such that for each n > N we have
Xp = Xn+1-

Remark 4.2.2.6. If X is a Vec-variety, then the inverse limit X, = lim, ,, X (K™)
is a GL-variety in the sense of [BDES22|. This yields an equivalence of cate-
gories between Vec-varieties and GL-varieties. Most of our reasoning will be
in the former terminology but could be rephrased in the latter. &

4.2.3 (FI°P)* x Vec-varieties
Recall that FI denotes the category of finite sets with injections.

Definition 4.2.3.1. Let k € Z>o. An (FI°P)* x Vec-variety is a covariant
functor X from (FI°P)¥ to the category of Vec-varieties. O

Explicitly, an (FI°P)* x Vec-variety is given by the following data: for any
k-tuple (S1,...,Sk) we have a Vec-variety X (S, ..., Sk), and for any k-tuple
of injective maps

L:(Ll251—>T1,...,Lk15k—)Tk>7


https://stacks.math.columbia.edu/tag/01KR

we have a corresponding morphism X (¢) : X(T1,...,T) — X(S1,...,Sk) of
Vec-varieties and the usual requirements that X (7 o¢) = X(¢) o X(7) and
X(id817 R ,idsk) = idX(Sl,...,S’k,)~

Again, there are natural notions of morphism and closed immersion of
(FI°P)¥ x Vec-varieties, and we call an (FI°P)¥ x Vec-variety Noetherian if
every descending chain of closed (FI°P)¥
x Vec-subvarieties stabilizes.

Remark 4.2.3.2. In particular, any contravariant functor from F1T to finite-
dimensional affine varieties, i.e., an FI°P-variety, is trivially an FI°P x Vec-
variety. In this generality, FI°P-varieties are certainly not Noetherian: see
[HS12, Example 3.8].

However, we will be largely concerned with (FI°P)* x Vec-varieties defined
as follows. Let Z1,..., Zr be Vec-varieties, define

X(S1,..,Sk) =27 x - x Z2k (4.1)

and for ¢ = (¢1,..., k) : (S1,...,Sk) = (T4,...,T)) define X (1) as the product
of the natural projections Z7# — Z9% associated to ;. We will prove that
(FI°P)* x Vec-varieties of this form are, indeed, Noetherian. &

Note that we may also regard a (FI°P)* x Vec-variety as a functor (FI°P)* x
Vec — Schy. For fixed k, the (FI°P)* x Vec-varieties thus form a category
by considering it as the full subcategory in the corresponding functor category.

Remark 4.2.3.3. If X is an (FI°P)* x Vec-variety, then the group Sym"* x GL
acts on the inverse limit

Jim X([na], ..., [ng]) (K™).

N1,k M

This gives a functor from (FI°P)* x Vec-varieties to (infinite-dimensional)
schemes equipped with a Sym’C x GL-action. Unlike in Remark this
is not quite an equivalence of categories (even under reasonable restrictions
on the Sym” x GL-action). For example, X ([n1],...,[nx]) could be empty for
large n; and a fixed nontrivial GL-variety for smaller n;. We will consider an
explicit example of this type later in Example In that case, the inverse
limit is empty but the (FI°P)* x Vec-variety is not trivial. Our theorems will
be formulated in the richer category of (FI°P)¥ x Vec-varieties. &

4.2.4 Partition morphisms and the category PM

Suppose that we are given a point p in some X (S1,...,S%)(V), where X is as
in (4.1). Then the components of p labelled by one of the finite sets S; may



exhibit different behaviours, which prompts us to further partition S; into
subsets labelling components where the behaviour is similar. In that case, p
will be in the image of some partition morphism, a notion that we define now.

Definition 4.2.4.1. Let X be an (FI°P)* x Vec-variety and let Y be an
(FI°P)! x Vec-variety. A partition morphism Y — X consists of the following
data:

1. amap 7 : [I[] = [k]; and

2. for each I-tuple of finite sets (71,...,7;) a morphism
o(Ty, ..., 7)) : Y(T,...,T}) = X L] &, | T

of Vec-varieties in such a manner that for any I-tuple ¢; € Homg1(S;, T})
the following equality holds:

X |_| Ljy e, |_| v | op(Th,...,Ty)

jem—1(1) jen=1(k)

= (,O(Sl,...,Sl)OY(Ll,...,Ll).

¢
Remark 4.2.4.2. Note that if we take k = [ and 7 = id[y), then a partition
morphism is just a morphism of (FI°P)* x Vec-varieties. O

There is a natural way to compose partition morphisms: if (7, ¢) is a
partition morphism Y — X as above and (p, ) is a partition morphism Z —
Y, where Z is an (FI°P)™ x Vec-variety, then (m, ) o (p,t) is the partion
morphism given by the data w0 p : [m] — [k] and the morphisms

el ] Ba.oos || BRa) o ¢(Ri,....Ru):
nep—1(1) nep=1(l)
Z(Ry,...,Rp) = X || Ba.... || B
ne(mwop)=1(1) ne(mwop)=1 (k)

A tedious but straightforward computation shows that partition morphisms
turn the class of (FI°P)¥ x Vec-varieties, with varying k, into a category. We
call this category PM.



Definition 4.2.4.3. Let X be an (FI°P)* x Vec-variety, Y an (FI°P)! x Vec-
variety, and (m,¢) : Y — X a partition morphism. Let Si,...,S; € FI and
V € Vec. The (set-theoretic) image of (m, ) in X(S1,...,Sk)(V) is defined
as the set of all points of the form (X(¢q,...,t)(V) o @o(Th,...,T))(V))(q)
where Ti,...,T; are finite sets, ¢ is a point in Y (71,...,T;)(V), and each
t; is a bijection from S; to |_|j€7r,1(i) T;. The partition morphism (m,¢) is
called surjective if its image in X (S1,...,S;)(V) equals X (S1,...,Sk)(V) for
all choices of Sq,...,S; and V. &

Remark 4.2.4.4. In the previous definition, each bijection ¢; induces a par-
tition of the set S;. Furthermore, if a partition morphism (7, ) is surjective
and for every ¢ the Vec-variety

X@,...,0,{x},0,...,0),

where {x} is a singleton in the i-th position, is nonempty, then the map =
is automatically surjective, so that 7 induces a partition of [I] into k labeled,
nonempty parts. This is our reason for calling the morphisms in PM partition
morphisms. &

The following example rephrases Example in the current terminol-
ogy.
Example 4.2.4.5. Let Z be the Vec-variety that maps V to V ® V, and
let Zy,Z5 be the closed Vec-subvarieties consisting of symmetric and skew-
symmetric tensors, respectively. Consider the FI°P x Vec-variety defined by
S + Z%, and for every finite set S let X(S) be the closed Vec-subvariety
given by the points = (25)ses € Z(V)? such that each component z, is

either symmetric or skew-symmetric. Note that X is a closed FI°P x Vec-
subvariety. Let Y be the (FI°P)? x Vec-variety defined by

Y(Sl,Sg) = Zisl X 2252

We now construct a partition morphism ¢ : Y — X as follows. The map
7 : [2] — [1] is the only possible, and for every V € Vec and (Si, Ss) € FI°P?
the map

©(81,82) (V) : Y (S1,8) (V) = Z1 (V)5 x Zo(V)52 — X(S; U S,)(V)
is defined by:

((x51)516317 (x82)82652) = (mS)SESN—’Sz'



Note that the partition morphism ¢ is surjective. In particular, we say that
X is covered by Y, and, as we have already hinted in Example Y is
in some sense smaller than the assignment S + Z°. The fact that we can do
this, in general, is the content of the Parameterisation Theorem[[.3.1.1 &

The following lemma is immediate.

Lemma 4.2.4.6. Let X be an (FI°P)* x Vec-variety, X' a closed (FI°P)* x
Vec-subvariety of X, and let (7, ) be a partition morphism from an (FI°P)! x
Vec-variety Y to X. Then Y’ = (m,¢) 1 (X') defined by

Y'(Ty,....T)) = @(Ty,..., 7)) " | X’ Ll .., | 5
jer=1(1) jem=1(k)

is a closed (FI°P)! x Vec-subvariety of Y, and the data of 7 together with the
restrictions of the morphisms (T4, ..., T}) gives a partition morphism from
Y’ to X. Moreover, if (m, ) is surjective, then so is its restriction to Y’ — X'.

The following easy proposition is crucial in our approach to the main the-
orem.

Proposition 4.2.4.7. If (7,¢) is a surjective partition morphism from'Y to
X, and Y is a Noetherian (FI°P)! x Vec-variety, then X is a Noetherian
(FI°P)* x Vec-variety.

Proof. Let X1 D X5 D ... be a descending chain of closed (FIOP)}C x Vec-
subvarieties. By Lemma the preimages Y; == (m, )~ !(X;) are closed
(FIOp)l X Vec-subvarieties of Y. Hence the chain Y; O Y5 D ... stabilises by
assumption. The surjectivity of (7, ¢) implies the surjectivity of its restriction
to Y; — X;. This implies that X; is uniquely determined by Y;, and hence the
chain X; O X5 D ... stabilizes at the same point. O

4.2.5 Product type

We now introduce the (FI°P)* x Vec varieties of product type. Essentially,
these are the varieties from Remark but for our proofs, we will need
finer control over these products. Therefore, we will work over a general base
Vec-variety Y, and keep track of the “constant parts” B; of the Vec-varieties
whose products we consider.

Definition 4.2.5.1. Let Y be a Vec-variety and k,n1,...,n, € Z>(. For each
i € [k], let B; be a Vec-subvariety of Y x A" and @; be a pure polynomial



functor. By construction each Vec-variety B; X @Q; has a morphism to Y
induced by the projection Y x A" — Y. We define the (FI°P)* x Vec-variety
Z =1Y;By x Q1,...,Br x Q] via

Z(Sl,...,Sk) = (Bl X Ql) Xy ... Xy (Bl X Ql) Xy (BQ X QQ)
Xy ... Xy (Bk X Qk),

where for every index i € [k] the fibre product over Y of B; x Q; with itself is
taken |S;| times, and these copies are labelled by the elements of S;; and where
the morphism Z(Ti,...,Tx) — Z(S1,...,Sk) corresponding to ¢ : S — T is
the projection as in Remark We also write the above product in a
more compact notation as

(Bl X Ql)il Xy -+ Xy (Bk X Qk)}S,k
We say that Z is an (FI°P)¥ x Vec-variety of product type (over Y). O
Note that Z(Si,...,Sk) is naturally a closed Vec-subvariety of

k

Y x H(A"i x Qi)

i=1

Moreover, if k = 0, then by definition Z =Y.

When we talk of (FI°P)* x Vec-varieties of product type, we will always
specify each B; together with its closed embedding in Y x A™: the reason
being that, in the proof of the Main Theorem, we aim to argue by induction
on both Y and n;.

Remark 4.2.5.2. The settings of Theorem [.1.2.1] and Theorem can
be rephrased in our current terminology as follows. Consider Vec-varieties
Z1,...,Zk. Then for every i € [k] there exist n; € Z>o, a finite-dimensional
affine variety A; C A™  and a pure polynomial functor @; such that Z; C A; x
Q;. Define Y to be a point, and B; :== Y x A;. Then the variety Z}' x -+ x ZJ
of Theorem is a subvariety of the product-type (FI°P)* x Vec-variety

[Y7Bl X Q17"'7Bk X Qk]7
with k£ = 1 being the special case addressed in Theorem &

Remark 4.2.5.3. In [DEF22|, for FI°P-varieties (no dependence on Vec),
the notion of product type is more restrictive. Essentially, there the last three



authors considered a single finite-dimensional affine variety Z with a mor-
phism to a finite-dimensional, irreducible, affine variety Y, with the additional
requirement that K[Z] is a free K[Y]-module. This then ensures that each
irreducible component of Z maps dominantly to Y. In [DEF22] this is used
to count the orbits of Sym(S) on these irreducible components. &

The following example describes the partition morphisms between product-
type varieties. It is particularly relevant as the partition morphisms we will
be dealing with in our proof of the Parameterisation Theorem [4.3.1.1| are of
this shape.

Example 4.2.5.4. Let Z' = [Y';B] x Q,...,B, x Q] and Z = [Y;B; X
Q1,...,Br x Qi) be an (FI°P)! x Vec-variety and an (FI°P)* x Vec-variety
of product type over Y’ and Y, respectively. We want to construct a partition
morphism (7, ) : Z' — Z. Consider the following data:

o let 7 : [I] — [k] be any map;
e let @ : Y’ — Y be a morphism of Vec-varieties;

e and for each j € [I] let 3; : B} x Q) — Br(j) X Qr(;) be a morphism of
Vec-varieties such that the following diagram commutes:

Bj
Bj x Qf — Br(j) X Qn(j) (4.2)
% Y.

For each (Th,...,T;) € FI' we define the morphism of Vec-varieties
o(Ty,....,T1): Z(Ty,...,T)) = Z Ll ... || T
jem=1(1) jen=1(k)
as follows. Let S; :==||;c.-1(; T}, then for any V' € Vec the element

(V4 @5 )eer, e € (By x Q)Y (V) xyr - xyr (Bl x Q)3 (V)

is mapped to the element

(B (V) (V)45 4 4))ter;) jen—1())iem) € (B1 X Q)5+ (V) xy -+ xy (B, x Qk)f,"‘(V).



By construction, the pair (m, ¢) is a partition morphism Z’ — Z. Conversely,
every partition morphism Z’ — Z is of this form. Indeed, from a general
partition morphism Z' — Z, « is recovered by taking all T; empty and §; is
recovered by taking 7} a singleton and all T}, with j/ # j empty. That
commutes then follows by applying the commuting diagram from the definition
of a pzartition morphism to the morphism (0,...,0,...,0) = (0,...,{x},...,0)
in FT'.

4.2.6 The leading monomial ideal

We introduce a size measure for a closed subvariety B CY x A”.

Definition 4.2.6.1. Let Y be a Vec-variety, n € Z>( and B a closed Vec-
subvariety of Y x A™. For V' € Vec consider the ideal Z(B(V)) of

K[Y(W)][x1,...,2z5]

defining B(V). We fix the lexicographic order on monomials in x1,...,%,,
and denote by LM(B) the set of those monomials that appear as leading
monomials of monic polynomials in Z(B(V)), i.e., those with leading coefficient
1€ K[Y(V)]. O

The following lemma shows that LM (B) is well-defined.
Lemma 4.2.6.2. The set LM(B) does not depend on the choice of V.

Proof. Let V € Vec and consider the linear maps ¢ : 0 — V and 7 : V — 0. If
f € Z(B(V)) is monic with leading monomial z*, then applying Y (:)# to all
coefficients of f yields a polynomial in Z(B(0)) which is monic with leading
monomial z*%. This shows that the leading monomials of monic polynomials
in Z(B(V)) remain leading monomials of monic elements in Z(B(0)). One
obtains the converse inclusion by applying Y (m)#. O

The following lemma monitors the size of LM of the constant parts after a
base change in product-type varieties. See Proposition

Lemma 4.2.6.3. Let Y/ — Y be a morphism of Vec-varieties, let B be a
closed Vec-subvariety of Y x A", and define B' :=Y' xy B CY’' x A™. Then
LM(B’) 2 LM(B).

Proof. Pulling back a monic equation for B(V') along Y/(V)x A™ — Y (V) x A"
yields a monic equation for B/(V') with the same leading monomial. O



4.2.7 Shifting over tuples of finite sets

We now introduce an operation that has had much fortune to prove results in
the infinite-dimensional setting via the functorial language. The third author
first used it in [Dral9] to prove what became “The Embedding Theorem”
for GL-varieties in [BDES22, Theorems 4.1, 4.2]. Afterward, the last three
authors performed this operation in the FI-world [DEF22]. Here we describe
this operation in the context of (FI°P)* x Vec-varieties.

Definition 4.2.7.1. Let X be an (FI°P)* x Vec-variety and let S = (S,...,Sk) €
FI*. Then the shift Shg X of X over S is the (FI°P)* x Vec-variety defined
by

(Sth)(Tl, e ,Tk) = X(Sl uti,...,S |_|Tk)

and, for injections ¢; : T; — T7,
(Shs X)(Ll, ey Lk) = X(idsl Ui, ..., idg, ULk). &

Remark 4.2.7.2. Consider an tuple S = (Sy,...,Sk) in (FI°P)* and define
the covariant functor Shg : (FI°P)* x Vec — (FI°P)* x Vec by assigning to
each tuple (71, ...,T)) the tuple (S UTy,..., S, UTy) and to each morphism

vy ytr) s (Thy .o Tx) — (T4, ... T
the morphism ¢ Llidg. In particular Shg X is the composition X o Shg. &

Remark 4.2.7.3. Let V be a finite-dimensional vector space. While, as sets,
She X(T4,...,T)(V) and X(S1 UTy,..., Sk UTy)(V) coincide, the action of
the k copies of the symmetric group on them is different. Indeed, the groups
Sym(S; UTy) x -+ x Sym(Sx U Tx) and Sym(7y) x --- x Sym(Tj) act by
functoriality on the latter and on the former, respectively. O

With the following proposition, we describe what happens when the shift
operation is performed on product-type varieties.

Proposition 4.2.7.4. The shift Shs Z over S = (S1,...,Sk) of an (FI°P)* x
Vec-variety Z == [Y; B1 X Q1, . .., Br X Qx| of product type is itself isomorphic
to a variety of product type:

Shs Z = [Y'; By X Q1, ..., By x Q4]

with Y' == (By x Q1)y" Xy ... Xy (B x Q1)3*, and B} =Y xy B;.
Furthermore, each B] is naturally a Vec-subvariety of Y' x A™, and we
have LM(B]) D LM(B;).



Proof. Straightforward; for the last statement use Lemma [4.2.6.3 O

In analogy with [Dral9, Lemma 14] and |[DEF22, Section 3.3], the shift
operation doesn’t increase the “complexity” of product-type varieties. Indeed,
we will have Shg Z < Z according to the order in Section [4.2.8

4.2.8 Well-founded orders

By a pre-order < on a class, we will mean a reflexive and transitive relation.
We also write B = A for A < B. Furthermore, write A < B or B = A to
mean that A < B but not B < A. The pre-order is well-founded if it admits
no infinite strictly decreasing chains A; > Ag > .. ..

In this section, we first recall a well-founded pre-order on polynomial func-
tors. Building on it, we define well-founded pre-orders

e on varieties appearing in the definition of (FI°P)* x Vec-varieties of
product type,

e on product-type varieties, and

e on closed subvarieties of a fixed product-type variety.

Order on polynomial functors

Definition 4.2.8.1. For polynomial functors P, Q, we write P < Q if P = Q
or else, for the largest e with P. 2 Q., P. is a quotient of Q.. &

This is a well-founded partial order on polynomial functors, see |[Dral9,
Lemma 12].

Order on Vec-varieties of type B x

Consider Vec-varieties Y,Y”, integers n,n’, pure polynomial functors @, Q’,
and Vec-subvarieties B C Y x A", B’ C Y/ xA™ . We say that B’ xQ’ < BxQ
if:

1. @' < @ in the order of Definition or
2. @' =@, n =nand LM(B’) D LM(B).

This is a pre-order on Vec-varieties of this type.



Remark 4.2.8.2. We remark that < is defined on Vec-varieties with a spec-
ified product decomposition B X Q where B is a Vec-variety with a specified
closed embedding into a specified product Y x A™ of a Vec-variety Y and some
n. It is not a pre-order on Vec-varieties without further data. &

Lemma 4.2.8.3. The pre-order on Vec-varieties defined above is well-founded.

Proof. Suppose we had an infinite strictly decreasing chain
Bl><Q1>BQXQ2>...

with B; CY; x A™. Then we have Q1 = @2 = .... By the well-foundedness of
> on polynomial functors, there exists a j > 1 such that both @); and n; are
constant for ¢ > j. But then LM(B;) € LM(B;4+1) € ..., which contradicts

=

Dickson’s lemma. O

Order on product-type varieties

Consider an (FI°P)* x Vec-variety Z := [Y;B; x Q1,...,Br x Q], and an
(FI°P)! x Vec-variety Z' == [Y'; B} x Q}, ..., B] x Qj]. We say that Z’ < Z if
there exists a map 7 : [I] — [k] with the following properties:

1. Bj x Q% 2 Br(jy X Qr(j) holds for all j € [I], and
2. for all j whose m-fibre 77! (7 (j)) has cardinality at least 2 we have B} x
@ = Ba(j) X Qn(y)-

3. If 7 is a bijection, then either at least one of the inequalities in (1) is
strict, or else Y is a closed Vec-subvariety of Y.

Lemma 4.2.8.4. Suppose Z' <X Z is witnessed by w : [l] — [k] and suppose
that at least one of the following holds:

o [ +£Ek, or
e at least one of the inequalities in (1) is strict.
Then we have Z' < Z.

Proof. Assume, on the contrary, that o : [k] — [I] witnesses Z < Z’. Construct
a directed graph I' with vertex set [I] U [k] and an arrow from each j € [I] to
7(7) and an arrow from each ¢ € [k] to o(i). Like any digraph in which each
vertex has out-degree 1, I" is a union of disjoint directed cycles (here of even
length) plus a number of trees rooted at vertices in those cycles and directed



towards those roots. Moreover, those cycles have the same number of vertices
in [I] as in [k].

The assumptions imply that at least one of the vertices of I" does not lie
on a directed cycle. Without loss of generality, there exists an ¢ € [k] not in
any cycle such that j := o (i) lies on a cycle. Let n be half the length of that
cycle, so that (om)"™(j) = j. Then we have

B} x Q) X Br(j) X Qu(j) X -+ 2 Br(omn-1(j) X Qu(om)n-1(j)
/ ’ _ /
= Blomyn () X Qomyn(j) = Bj X @

where the strict inequality holds because o~!(j) has at least two elements:
i and w(ow)""1(j). By transitivity of the pre-order from Section we
find B; X Q;- < Bé- X Q;-, which however contradicts the reflexivity of that
pre-order. O

Lemma 4.2.8.5. The relation = is a well-founded pre-order on varieties in
PM of product type.

Proof. For reflexivity, we may take 7 equal to the identity. For transitivity,
if w: [l] — [k] witnesses Z’ < Z and o : [k] — [m] witnesses Z < Z", then
T = 0 o witnesses Z’ < Z”—here we note that if |[771(7(j))| > 1 for some
j € [l], then either |7=1(w(5))| > 1 or else o1 (a(m(j)))| > 1; in both cases
we find that B} x Q) < B;’(j) X Q’T’(j).

For well-foundedness, suppose that we had a sequence Zy = Zs = Z3 > ...,
where

Z;=1Yi;Bi1n X Qiny.., Big, X Qikl,

and where m; : [k;y1] — [k:] is a witness to Z; > Z;11. We note that k; > 0
for all . Otherwise 0 = k; = k;y1 =...andthen Z;, =Y; > Z; 11 = Y41 >~ ...
implies that Y; D Y;41 2 ..., which contradicts the Noetherianity of the Vec-
variety Y;, see Theorem

From the chain, we construct an infinite rooted forest with vertex set [k;]U
[k2] U ... as follows: [kq] is the set of roots, and we attach each j € [k;11] via
an edge with m;(j); the latter is called the parent of the former. We further
label each vertex j € [k;] with the product B, ; x Q; ;.

We claim that 7; is an injection for all 7 > 0, i.e., that there are only finitely
many vertices with more than one child. Indeed, if not, then by Konig’s lemma
the forest would have an infinite path starting at a root in [k1] and passing
through infinitely many vertices with at least two children. By construction,
the labels B x @ decrease weakly along such a path and strictly whenever



going from a vertex to one of its more than one child, a contradiction to
Lemma
For even larger i, the k; are constant, say equal to k, and hence the 7; are
bijections. After reordering, we may assume that the m; all equal the identity
on [k]. Moreover, for all such ¢ we still have B; ; X Q;; = Biy1,j X Qit1,5 =
. for all j € [k], and all these chains stabilise. When they do, we have
Y; 2 Y11 2 ..., which is a strictly decreasing chain of Vec-varieties—but this
again contradicts the Noetherianity of Vec-varieties. O

Order on closed subvarieties of product-type varieties in PM

Consider the (FI°P)* x Vec-variety Z = [Y; By x Q1, ..., By, x Q1] and let X
be a closed (FI°P)¥ x Vec-subvariety of Z; X is not required to be of product
type. We define

Ox = Sil+ X(S1,...,9 Z(S51,...,8
X= g qul;lemk{zl | : 1 k) # Z(51 k)}
Let X and X’ be closed (FI°P)* x Vec-subvarieties of Z, then we say X’ < X
if 6x: < dx. This is a well-founded pre-order on the (FI"F’)}C x Vec-subvarieties
of Z.

Remark 4.2.8.6. If f is a nonzero equation for X (Si,...,S;)(V) with >, |S;| =
dx, then f may still “come from smaller sets”. More specifically, there might
exist a k-tuple (S7,...,S},) with |S;| < |S;| for all ¢ € [k] and with strict in-
equality for at least one i, an FI*-morphism ¢ := (b1, stk) 2 (S1,---,5;) —
(S1,...,5k), and an element f' € K[Z(Sq,...,S;) (V)] such that Z(.)(V)#( f') =
f. This is related to Remark [£:2.3:3] The following example demonstrates this
phenomenon. O

Example 4.2.8.7. Consider the FI°P x Vec-variety Z = [{0}; K]. The co-
ordinate ring K[Z(S)] is isomorphic to the polynomial ring over K in |S]
variables. Let n € Z~( and define the proper closed variety X of Z by

X(8) = {Z(S) for |S] < m;

0 otherwise.

Then dx is equal to n and computed by the element 1 € K[Z([n])], which is
the image of 1 € K[Z(()] under the natural map K[Z(0)] — K[Z([n])]. O



4.3 Covering (FI°P)* x Vec-varieties by smaller
ones

4.3.1 The Parameterisation Theorem

The goal of this section is to prove the following core result, which says that
any proper closed subset of an (FI°P)* x Vec-variety of product type is covered
by finitely many smaller such varieties.

Theorem 4.3.1.1 (Parameterisation Theorem). Consider an (FI°P)* x Vec-
variety Z of product type and let X C Z be a proper closed (FI°P)¥ x Vec-
subvariety. Then there exist a finite number of quadruples consisting of:

o anl € Z>y;

e an (FI°P)! x Vec-variety Z' of product type with Z' < Z;
o ak-tuple S = (S1,...,5;) € FI*; and

e a partition morphism (7,¢) : Z' — Shg Z;

such that for any Ty, ..., T, € FI¥, anyV € Vec, and any p € X(Ty,...,Tx)(V)
there exist: one of these quadruples; finite sets Uy,...,Uy; and bijections
o; + Ty — S; UU;; such that p lies in the image under Z(o1,...,05)(V) of
the image of (m,p) in She(Z)(Uy,...,Uk)(V) = Z(S1 U Uy, ..., S U Uk)(V).

Remark 4.3.1.2. Recall Definition of the image of a partition mor-
phism. Explicitly, the conclusion above means that there exist finite sets
Ui,...,U] and, for each i € [k], a bijection ¢; : U; — | | Uj, and a point
qe Z'(U{,...,U])(V) such that

jem—1(3)

(Z(o1,...,08)(V) o (Shg Z)(e1,...,u)(V) o p(Uy,...,U)(V))(q) = p.

Informally, we will say that all points in X are hit by finitely many partition
morphisms from varieties Z’ in PM of product type with Z/ < Z. &

4.3.2 A key proposition

The proof of Theorem[4.3.1.1]uses a key proposition that we establish first. The
reader may prefer to read only the statement of this proposition and postpone
its proof until after reading the proof of Theorem in Section



Proposition 4.3.2.1. Let Y be a Vec-variety; n € Z>o; B a closed Vec-
subvariety of Y x A™; Q a pure polynomial functor; and X a proper closed
Vec-subvariety of Bx Q CY x A™ x Q.

Then there exist a proper closed Vec-subvariety Yy of Y, a Vec-variety Y’
together with a morphism « : Y' — Y ; k € Z~qo and, for each | = 0,...,k,
integers n; € Z>o; closed Vec-subvarieties By C'Y' x A™; pure polynomial
functors Q;; and morphisms B; : By X Q; — B X Q such that the following
properties hold:

1. Foreachl=0,...,k, B xQ; < BxQ in the preorder from Section[{.2.8,
and the following diagram commutes:

leQlLBxQ

L

Y’ Y.

2. Let m € Z>o, V € Vec, and points p1,...,pm € X(V) C Y(V) X
A" x Q(V) whose images in Y (V') are are all equal to the same point
y € Y(V)\Yo(V). Then there exist indices I; € {0,...,k} for j € [m]
and points p; € B, (V) x Qi (V) whose images in Y'(V') are all equal to
the same point y' and such that By, (V) (p}) = p; for all j € [m].

Remark 4.3.2.2. The condition £, (V)(p}) = p;, together with the commut-
ing diagram in , implies a(y’) = y. &

To apply Proposition in the proof of Theorem we will do
a shift over an appropriate k-tuple of finite sets. After this shift, we deal
with the points of X lying over Y by induction, while we cover those in
the complement by a partition morphism constructed with the morphisms o
and B3;’s, and whose domain is a product-type variety strictly smaller than

Z. Before proving Proposition in Section we demonstrate its
statement in two special cases.

Example 4.3.2.3. Consider the case where Y = Spec K and n = 0; then
B C Y x A™ is also isomorphic to Spec K. Let @) be an arbitrary polyno-
mial functor. In this case, X is a proper closed Vec-subvariety of ) and by
[BDES22] there exist k € Zx>o, (finite-dimensional) varieties By, ..., By, pure
polynomial functors @1,...,Qr < @ and morphisms 3; : B; X @; — @ such
that X is the union of the images of the 8;. This is an instance of Proposi-
tionwith Yo=0,Y" =Y, and o = idy. Note that then B; x Q; < Q
since Q; < @, so the specific choice of embedding B; C A" is not relevant. <



Example 4.3.2.4. Consider the case where Y is constant, that is, just given
by a (finite-dimensional) variety, and @ = 0. Since X is a proper closed
subvariety of B C Y x A", there exists a VV € Vec and a nonzero function
f € K[B(V)] that vanishes identically on X (V).

Then f is represented by a polynomial in K[Y (V)][z1,...,z,], also denoted
by f. We may reduce f modulo Z(B(V)) in such a manner that its leading
term ¢ - 2" has the property that ¢ € K[Y (V)] is nonzero and z* ¢ LM(B).
Then we take for Yy the closed subvariety of Y defined by the vanishing of
¢ and for Y’ the complement Y \ Yy, with @ : Y’ — Y being the inclusion.
Furthermore, we take k = 1, and B to be the intersection of B with Y/ x A"
and with the vanishing locus of f in Y x A™. Then LM(B;) 2 LM(B) and
since ¢ is invertible on Y’ and f vanishes on By, z* € LM(By) \ LM(B). To
verify (2) of Proposition we observe that the p; all map to the same
point in Y’ = Y \ Y, ie., p; lies in the set By C B, and we can just take
p;- = p; for all j. &

4.3.3 Iterated partial derivatives

The main idea for proving Proposition comes from

Lemma below that is an extension (or better an iteration) of [Dral9l
Lemma 18]. Indeed, the proof of topological Noetherianity for polynomial
functors in [Dral9] states that we can find an equation f for X C P, an
irreducible component R of P, and a direction ro such that 9f/9rg is not
identically zero on X. The lemma below shows that we can iterate this process.

Lemma 4.3.3.1. Let B be a Vec-variety and QQ a pure polynomial functor.
Decompose

Q=Ri® &Ry,

where the R; are irreducible objects in the abelian category of polynomial func-
tors, arranged in weakly increasing degrees. Denote with R<s the functor
@le R;, so that R<g = 0. Let X be a proper closed Vec-subvariety of B x @
and choose Uy € Vec such that X (Uy) € B(Up) x Q(Up). Then there exist

° akGZZO;

e vector spaces Uy, ..., Uy with partial sums U<s = @;_,U; for s > 0
(note that Uy is included in each of these);

e indices 0 = 59 < 51 < -+ < Sp;



o for each 1 € {0,...,k} a nonzero function hy € K[B(U<;) X R<s,(U<1)];
and

o foreachl € {1,...,k}, a nonzero coordinate x; € R(Uy,)* and a function
r; in K[P'(U<;) X R<s,(U<1)/Rs,(Up)] such that

hy = - hy—y + 113

and such that, moreover, the function hy vanishes on X (U<y).

Sketch. Let f € K[B(Up) x Q(Uy)] be a nonzero function thta vanishes iden-
tically on X (Up). Choose si as the maximal index in [t] such that f involves
coordinates in R, (Up)*; if no such index exists, then k is set to zero, and we
may take hg = f € K[B(Uy)]. For a subspace Uy, of sufficiently high dimension
(at least dj = deg(Rs,) suffices), act on f with “upper triangular” elements
of the Lie algebra gl(Uy @ Uy) that transform coordinates on Ry, (Up)* to co-
ordinates on R, (U;)*. This yields a new polynomial that also vanishes on
X (Uy@Uy) but is now of the form f = - h+7, where h € K[B(Up) x Q(Up)]
is (nonzero and) of lower degree than f, and where 7 does not contain co-
ordinates in R, (Ug)*. Now let s,_; be the maximal index in such that h
involves coordinates in R, _, (Up)*. We will allow s;_1 = sj, which will be the
case if f was not linear in the coordinates in R, (Up)*. Again choose a vector
space Uy_1 of sufficiently high dimension, and act on fwith upper triangular
elements of gl(Uy @ Ui—_1) to obtain

~

F=ap (o1 -h+7)+F

where xj_1 is a coordinate in R, _, (Ux—1)*, 7 does not involve coordinates in
Rs,_, (Uk—1)*, 7 may be different from 7, but still does not involve coordinates

in R, (Uy)*, and h € K[B(Up) x Q(Up)] has smaller degree than h. Continuing
in this fashion, we eventually find a polynomial

hy = xk(xk_l(. .. (l‘g(xlho + 7“1) + 7‘2) e ) + ’I“k_l) + 7 (43)

where hy € K[B(Up)]. Now it is clear how to define the intermediate h;. O

4.3.4 Proof of Proposition 4.3.2.1

This section contains the proof of the Proposition and, for clarity’s
sake, we spell it out in a concrete example at the end.



Remark 4.3.4.1. We recall that, for any Vec-variety Z and any U € Vec, the
shift Shyy Z of Z over U is the Vec-variety defined by (Shy Z)(V) = Z(Ua V).
There is a natural morphism Shy Z — Z of Vec-varieties: for V € Vec, this
morphism (Shy Z)(V) = Z(U® V) — Z(V) is just Z(ny), where my is the
projection U ¢V — V. %

Lemma 4.3.4.2. Let Y be a Vec-variety, n € Z>g, and B a closed Vec-
subvariety of Y X A™. Then for any U € Vec, Shy B is a closed Vec-subvariety
of (Shy Y) x A™, and LM(B) = LM(Shy (B)).

Proof. This follows from Lemma O

Remark 4.3.4.3. Let X be a Vec-variety, U € Vec and f € K[X(U)]. We
define (Shy X)[1/f] to be the Vec-variety given by V — X (U®V)[1/ f], where
we identify f with its image under the natural map K[X (U)] — K[X(UaV))].
Note that the action of the group GL on the coordinate ring of Shyy X is the
identity on the element f. In particular, for every V' € Vec, (Shy X[1/f])(V) C
Shy X (V) is the distinguished open set of points not vanishing on the single
f ¢

Proof of Proposition[{.3.2.1, Since X is a proper closed subvariety of B x @Q,
there exist a Uy € Vec such that X (Uy) € B(Up) x Q(Up). As a first step, we
apply the machinery of Lemma (4.3.3.1

Decompose @ as Ry @ --- @ R;, where the Ry are irreducible polynomial
functors and deg(R;) < deg(Rst1) for all 1 < s < ¢t — 1. Write R<s =
Ri®---@®Rs and Rys = Rey1®--- @& Ry, so that R<g = {0} and R~ = {0}.

By Lemma[4.3.3.1] we can construct a sequence of vector spaces Uy, ..., Uy
with partial sums U<; = @220 U; (note that U<y = Up), indices 0 = sp <
s1 < -+ < s < t, nonzero coordinates x; € Ry, (U;)* for | € [k], nonzero
functions h; € K[B(U<;) x R<s,(U<)] for I = 0,...,k and functions r; €
K[B(U<;) x (R<s,(U<1)/Rs, (U1))] for I € [k] such that

hi =z -hi—1 + 1 (A)

for each I =1,...,k and such that h;, that vanishes on X (U<y).
Now hg € K[B(Uy)] is represented by a polynomial in

K[Y (Uo)][z1,---,xn),

and after reducing modulo Z(B(Up)), we may assume that its leading term
equals ¢ - 2% where ¢ € K[Y (Uy)] is nonzero and z* ¢ LM(B).

Now set U := U<y = Uy @ - - ® Uy. Then we construct the relevant data
as follows.



. Define Y} as the closed Vec-subvariety of Y defined by the vanishing of
¢, so that

Yo(V) ={y e Y(V) | Vo € Homvec(V,Up) : ¢(Y (¢)y) = 0}.

. Set Y’ := (Shy Y)[1/¢] with o : Y' — Y the restriction to Y’ of the
natural morphism Shy Y — Y.

. Let By be the closed Vec-subvariety of (Shyy B)[1/¢] defined by the van-
ishing of the single equation hy. Note that By is a closed Vec-subvariety
of Y’ x A" with ng :== n. Define Q¢ := Q and Sy : By X Qo — B x Q
as the identity on ) and equal to the restriction to By of the natural
morphism Shy B — B on By. Note that LM(By) D LM(B) by virtue of
Lemma [4.3.4.2] and since ho € Z(By(Up)) has leading term c-z* and c is
invertible on Y’, we have 2% € LM(By)\LM(B). Thus By x Qo < Bx Q.

. For [ € [k], set
Q1 = (St Rey))/(Rea () @ Ry) © R

Here we recall that, for any pure polynomial functor R, the top-degree
part of Shy R is naturally isomorphic to that of R, and its constant part
is isomorphic to R(U) (see [Dral9, Lemma 14] for the first statement; the
second is proved in a similar fashion). So, since we ordered the irreducible
factors R, by ascending degrees, R, is naturally a sub-object of the top-
degree part of Shy R<,,; and the constant polynomial functor R<s, (U)
is the constant part of Shy R<,,. Both are modded out, and we have

Q< Q.
. For [ € [k], we define B; as
By = (Shy B)[1/c] x R<s,(U) x A
CY' x A" x Ry, (U) x A 2 Y7 x A™,
where n; = n + dim(R<,,(U)) + 1. Note that the factor R<g, (U) is

precisely the constant term modded out in the definition of @;; the role
of the factor A! will become clear below.

. To construct 8 : By x Q; — B x Q we proceed as follows. Let X; be the
closed Vec-subvariety of B x R<,, defined by the vanishing of h;. Then
shows that, on the distinguished open subset (Shy_,_, Xi)[1/hi—1],
the coordinate z; can be expressed as a function on

ShUgl—l B x ((ShUSL—l RSSZ)/RSL)



evaluated at U;. Since Rj, is irreducible, each coordinate on it can be
thus expressed; this is a crucial point in the proof of [Dral9, Lemma 25].
This implies that the projection

ShUSL—l B x Shng—l Res — (Shng_l B) X (ShUSZ—l Rﬁsl)/RSz

restricts to a closed immersion of (Shy_, , X;)[1/h—1] into the open
subset of the right-hand side where h;_; is nonzero. This statement
remains true when we replace U<;_; everywhere by the larger space U.
After also inverting ¢, we find a closed immersion

(Sho Xi)[1/hi-1][1/€] = (Shy B)[1/¢] x (Shu R<s,)/Rs, x A,

where the map to the last factor is given by 1/h;_;. By |Bik20} Proposi-
tion 1.3.22] the inverse morphism from the image of this closed immersion
lifts to a morphism of ambient Vec-varieties

v:By x (Shy R<s,)/(R<s,(U) @ Ry,)
= (Shy B)[1/¢] x (Shy R<y,)/Rs, x A
— ShU(B X RSSL)

that hits all the points in (Shy X;)[1/hi—1][1/c]. Finally, we define 5; =
B x id R, Where B is the composition of ¢ and the natural morphism
ShU(B X RSSZ) — B x Rgsl.

Property (1) in the proposition holds by construction. We now verify property
(2). Thus let V € Vec, m € Z>g, and let p1,...,pm € X(V) C Y(V) x
A™ x Q(V). Assume that the images of pi,...,p, in Y(V) are all equal to
y, and that y € Yy(V). By definition of Yy, this means that there exists a
» € Homyec(V,U) such that ¢(Y(¢)(y)) # 0.

On the other hand, we have hy (X (¢)(p;)

) =
because hy vanishes identically on X. For j € [k

Oforall jandally : V — U,
| define

l; == min{l | V¢ € Homvec(V,U) : (X (¢)(p;)) = 0}.

Put differently, [; is the smallest index [ such that the projection of p; in
B x R<g, liesin X; C B x R<,,. Note that, if [; > 0, then there exists a linear
map ¢ : V' — U such that h;, _1(X(¢)(p;)) # 0.

Since Homvec(V,U) is irreducible, there exists a linear map p: V> U
such that both, c(Y'(¢)(y)) and hy, 1 (X (¢)(p;)) are not equal to zero for all
J with I; > 0.



We now define the p;- as follows. First, we decompose p; = (pj.1,pj,2) Where
pi1 € B(V) x Res,, (V) and pjs € R, (V). Similarly, we decompose the
point pj; = (p); 1,pj ) to be constructed.

1. Set p;-,z = pj 2 for all j. Recall that we had defined sy := 0, so that
this implies that if [; = 0, then the component p} , of p; in @ equals the
component p; o of p; in Q.

2. Ifl; = 0, then p; 1 is a point in B(V'), and pj; ! € Bo(V) C (Shy B)[1/c](V)
is defined as B(p @ idy)(pj,1). Note that p; does indeed lie in Bo(V);
this follows from the fact [; = 0, so that hO(B(zp)(pj 1)) = 0 for all
¥ : V. = Uy, and hence also for all ¢ that decompose as ¥’ o (¢ @ idy ).

Furthermore, note that 5o(V)(p}) = pj; this follows from the equality
my o (p @ idy) = idy. Also, the image of pj in Y'(V) equals Y (¢ &
idy)(y) =y

3. If I =1; > 0, then p;; € B(V) x R<s, (V) with 5, > 1, and p’;, is
constructed as follows. First apply (B x R<s,)(¢ ®idy) to p;1 and then
forget the component in Ry, (V). The morphism (] was constructed in
such a manner that £8;(V)(p};) = pj1 and therefore 5 (V)(p}) = p;.
Note that also the image of p; in Y’(V') equals y'. This concludes the
proof. O

Example 4.3.4.4. Let Y be the polynomial functor defined by Y(V) = VeV
and take B C Y x A! the closed subvariety

B(V) = {(v,tv,t) |lveV,t e K}

defined by the equation y; — sz1, where we write x;,y; for the coordinates on
Y(K™) = K™ ® K™ and s for the coordinate on Al. Note that LM(B) = 0.
Consider Q(V) := S?V, the symmetric tensors of V ® V, and let X C B(V) x
Q (V) be defined by the 2 x 2-minors expressing that, in a quadruple (v, w,t, q),
the pair w?,q is linearly dependent. Take for the original equation f one of
these 2 X 2-minors, and compute all the data as in the proof. &

Example 4.3.4.5. Write Y for the polynomial functor V.. — V & V and
write K[z;,y; | @ € [n]] for the coordinate ring of Y (K™). Consider the Vec-
subvariety B of Y x Al defined by y; — ¢ - z1, where ¢t is the coordinate of
Al. Then LM(B) = 0 and B(V) is the set of triples (v, Av, \) with v € V and
A € K. Set Q(V) == S%V, and choose coordinates z;;,i < j on Q(K™) by



writing an arbitrary element of Q(K™) as

n
§ 2 §

Zii €5 + 2Zijeiej~
i=1

1<i<j<n

Note that () is an irreducible polynomial functor, so, in the notation of Propo-
sition [4.3.2.1] we have R = R; = Q. Define the Vec-subvariety X C B x Q C
Y x Al x Q by

X(V) = {(v,w,\,q) | (v,w,A) € B(V) and

w?, ¢ are linearly dependent }.
An equation for X (K?) is the determinant
f= 2107 — z2uy1ye = 2 (2102 — zn1z122) € K[B(Uo) x Q(Up)]

with Uy = K?2. Define U; = (e3,e4) = K?, so that Uy ® U; = K*. Acting
on f equation with the (upper triangular) elements E; 3 and Es 4 of the Lie
algebra gl(Uy @ U;) gives the equation:

R 2,2 2
h,l = 234(I1t ) + (22’141‘11‘3 — 2213$1$4 - 211563134)t

that, by construction, vanishes on X (Uy @ U;). Note that z34 € Q(U1)*,
ho = 23t?> € K[B(Up)] (and we let ¢ be the leading coefficient: ¢ := z?), and
the rest belongs to K[B(Uy ® Uy) x Q(Up ® U1)/Q(U1)].

By acting with permutations (3,4) and (4, j) with ¢ < j on h; we find that,
where hg is nonzero, on X we have

Zij = 7%0 . (Qlel'll'i — 2211'1'1‘Tj — lexil'j)tQ. (44)
A similar expression can be found for z;;, with the same denominator hg.

In this case, Yy from the proposition is the Vec-subvariety of Y defined by
¢ = x%. This consists of all pairs (0,w) € V & V. The preimage in X consists
of all quadruples (0,0, A, ¢) with ¢ arbitrary.

Set U :=Uy @ U, Y :=Shy Y[1/¢], and let By be the vanishing locus of
ho in Shy B[1/c] C Y’ x Al. Note that we have t> € LM(Bg)—indeed, t even
vanishes identically on By. With Qg = @ we find By X Q¢ < B X @, and we
define the map:

Bo: BoXxQo—BxQ

as B(my)|p, x idg(v) for every V' € Vec. This covers all the points in X (V)
of the form (v, 0,0, ¢) with v, ¢ arbitrary.



Finally, consider the map:

Sh (B x Q)[1/ho][1/c] — Shu (B x Q)/Q x Al
= (Shy B x Q(U) x A") x (Shy Q/(Q(U) & Q))
= By x @

where the coordinate on A! is given by 1/hg. This is a closed immersion
because where hg is nonzero, coordinates on Q(V') with can be recovered from
the coordinates on the right-hand side via (4.4). We use this to construct the
map

BliBlXQl:ShU(BXQ)/QXAl%ShU(BXQ)—>BXQ.

The first arrow is given by the identity on the coordinates not in Q(V'), while
the coordinates on Q(V') are computed via . The second arrow projects
into B(V) x Q(V). This map hits points in X (V) of the form (v, Av, \, u(\v)?)
with v, A nonzero.

4.3.5 Proof of Theorem 4.3.1.1

Proof of Theorem [{.3.1.1 The (FI°P)¥ x Vec-variety Z is of product type,
hence by Definition it can be written as

Z:[Y;31XQ1,...,BkXQk]

for some Vec-subvarieties B; of Y x A™ and pure polynomial functors @);.
Furthermore, X is a proper closed (FI°P)* x Vec-subvariety of Z.

We prove, by induction on the quantity dx, that all points in X can be
hit by partition morphisms from finitely many (FI°P)* x Vec-varieties Z' of
product type with Z’ < Z. So in the proof we may assume that this is true
for all proper closed (FI°P)* x Vec-subvarieties X’ C Z with §x/ < 6x.

Let (Si,...,Sk) € FI*¥ be such that 3,|Si| = dx and X(Si,...,Sk) #
Z(S1,...,Sk). If all S; are empty, then set Y’ := X(,...,0), a proper closed
Vec-subvariety of Y, B, :=Y’'xy B;,and Z = [Y'; B{ XQ1, ..., B}, xQg]. The
partition morphism (id(), ¢) with (71, ..., T) the inclusion [,(B]xQ;)"" —
[1;(B; x Q)" has X in its image, and we have Z’' < Z because the @; remain
the same, LM(B}) 2 LM(B;) by Lemma and Y’ is a proper closed
Vec-subvariety of Y. In this case, no shift of Z is necessary.

Next assume that not all S; are empty. First, we argue that the points of
X(T1,...,Ty) where, for some i, |T;| is strictly smaller than |S;|, are hit by
partition morphisms from finitely many Z’ < Z. We give the argument for



i = k. Define the k-tuple S to be shifted over as S := (0,...,0,T}) € FI*, and
define the (FI°P)*~! x Vec- variety Z’ of product type

7' = [(Bx x Q)™ By x Qu,.... By 1 X Q-]

with B} = (B X Qx)™* xy B;. Consider the partition morphism (7, ) : Z’' —
Shg Z where 7 : [k—1] — [k] is the inclusion and (T, ..., Tk_1) is the natural
isomorphism of Vec-varieties

Z/(Tl, - ,kal) — (Shs Z)(Tl, - ,kal,w) = Z(Tl,. . ';kalaTk)'

Note that m witnesses Z’ < Z since the Q; with i < k — 1 remain the same
and LM(B}) O LM(B;) by Lemma Furthermore, since £ — 1 < k&,
we have Z' < Z by Lemma All points in X where the last index set
has cardinality |T| are hit by this partition morphism. Since there are only
finitely many values of |Tj| that are strictly smaller than |Sk|, we are done.

So it remains to hit points in X (7T,...,T)) where |T;| > |S;| for all 4. In
this phase, we will apply Proposition

As by assumption not all S; are empty, after a permutation of [k] we may
assume that S, # (). Let * be an element of S, and define Svk = S\ {*}.

Consider the Vec-varieties
Z(Sla"'ask)
= (B; X Ql)f/l Xy -+ Xy (Bg X Qk)f,’“ xy (By X Qk){*} and

Y = Z(S’l,...,Sk,l,SZ) = (Bl X Ql)f,l Xy -+ Xy (Bk X Qk);g;

Set /ka =Y xy B C Y x A™ and note that X (S1,...,Sk) is a proper closed
Vec-subvariety of ka X Q. We may therefore apply Proposition 4.3.2.1f to
Y,nk,Bk,Qk and X(Sl,...,Sk). _

First consider the proper closed Vec-subvariety Yy of Y promised by Propo-
sition and let X’ be the largest closed (FI°P)* x Vec-subvariety of Z
that intersects Z (51, ..., Sk-1, g;;) in Yy. Then X'(S54,..., S‘;) +7Z(S1,..., 5;;),
and therefore 0y < dx —1 < dx. Hence, by the induction hypothesis, all
points in X'(71,...,T) can be hit by finitely many partition morphisms from
varieties Z' < Z of product type.

Next, we consider the remaining pieces of data from Proposition
First, we have the Vec-variety Y’ with a morphism « : Y/ — Y. Further, we
have an integer s € Z>( and for each i = 0,...,s we have integers n;H_i; Vec-

varieties By ; C Y’ x A”;vﬂ'; pure polynomial functors Q;i” and morphisms
1)

and .

Brri: Bipi X Qiyy — By, x Q. satisfying the conditions (|



Define B} ==Y’ xy B; fori =1,...,k—1 and the (FI°P)*** x Vec-variety
Zl = [YI,Bi X Q17...,B];71 X Qk,hB[lc X Q;cﬂ"WBllc+s X Q?c+s]‘

Now the map 7 : [k 4+ s] — [k] that is the identity on [k — 1] and maps
[k+s]\ [k — 1] to {k} witnesses that Z' < Z; here we use that By, X Q) ; <
By, x Qy, for j € {0,...,s} by the conclusion of Proposition and also
Lemma [4.2.6.3] to show that B! x Q; =< B; x Q; for i € [k—1]. In fact, we have
Z' < Z by Lemma {4.2.8.4]
_ Now the base variety Y’ of Z’ comes with a morphism « to the base variety
Y of Shg Z; we have morphisms 8; : B x Q; — B; x Q; fori=1,...,k—1
(the natural map B — E times the identity on ;) and the morphisms
Brtj ° Bl’ﬁj X Q;Hj — ka X @y defined earlier. By Example |4.2.5.4] these
data yield a partition morphism (7, ¢) : Z/ — Shg Z. We have to show that
this partition morphism hits all points in X that are not in X’.

First we show, for a finite-dimensional vector space V, that a point p €
Shg X(T4,...,T)(V) whose projection to Y (V) is not in Yy(V) lies in the
image of (T4, ..., Ty)(V). To this end, we write

P = ((Pit) e, )ick)
with

Dit GSth(Q,...,@,{t},@,...,@)(‘/)
=Y (V) xyw) Bi(V) x Qi(V) CY(V) x A™ x Q;(V)

where the singleton {¢} is in the i-th position. We write p; ¢ = (Y, @i, bit)
with § € Y(V), a;y € A", and b, € Qi(V).

By definition of a fibre product, the p;; all have the same projection y
in ?(V) \ Yo(V), and hence we can apply of Proposition to the
points py,; with ¢ € T,. This yields integers I, € {0,...,s} and points pj , €
By, (V) x Qppy, (V) for t € T}, whose images in Y’(V) are all equal, say to
y' € Y'(V), and which satisfy Sx41, (V) () ;) = pr.¢ for all ¢. This implies that
ay’) =y.

Define .

T, = {teTh L=}

j=0,...,s and set T} =T, fori = L...,k=1.InZ(T},..., T}, ) we define
the point ¢ = ((qi,t)tET{)ie[k+s] as follows. We set ¢;; to be (v, a;4,b;,) for



i=1,...,k—1land ¢t € T}, and ¢;, :pﬁw fori=k,....,k+sand ¢t € T].
Then

(p(Tl/, s ’TI;Jrs)(q) =D

as desired.
Now, more generally, consider a point p in X (T4, ..., T)(V\X'(T1,...,Tx)(V),

where the cardinalities satisfy |T;| > |S;|. Then there exists an FI*-morphism
t = (t1y-.oyt5) + S — (Th,...,Ty) such that X(¢)(p) ¢ Yo(V). Define
T; == T; \ Im(s;) and extend ¢ to an isomorphism ¢° : S L (ﬁ, e ,ﬁ) —
(Ty,...,Ty) by defining ¢; on T; to be the inclusion. Consider X (:°)(p) €
X(SU (ﬁ, . 7T;))(V) This is also a point in Shg X(ZT’I, . ,ﬁ)(V) whose
projection to Y (V) does not lie in Y(V). We can therefore find a point ¢ as
described above showing that X (:°)(p) is in the image of (m,¢) : Z' — Shg Z;

by Definition then so is p. O

4.4 Proof of the main theorem

The most general version of our Noetherianity result is the following.
Theorem 4.4.0.1. Any (FI°P)* x Vec-variety of product type is Noetherian.

Proof. We proceed by induction along the well-founded order on objects of
product type in PM from Section

Let Z be an (FI°P)* x Vec-variety of product type and let X; D X5 D ...
be a descending chain of closed (FI°P)* x Vec-subvarieties. Then either all
X; are equal to Z, or there exists an ig such that X = X is a proper closed
(FI°P)* x Vec-subvariety of Z. In the latter case, by Theorem there
exist a finite number of objects Z1, ..., Zyx in PM of product type, along with
k-tuples Si,...,Sy € FI* and partition morphisms (mj,05) = Zj — Shg, Z
such that every point of X is hit by one of these. By the induction hypothesis,
all Z;s are Noetherian. For each j, by Lemma the preimage in Z;
of the chain (Shg; X;);>4, is a chain of closed subvarieties, which therefore
stabilizes. As soon as these IV chains have all stabilized, then so has the chain
(X;);—here we have used a version of Proposition O

To deduce from this Theorems{4.1.2.1land 4.1.3.1] we consider GL-varieties
Z1,..., Zx as well as the product Z := Z) x --- x Z}. Recall Remark [4.2.3.3

Proof of Theorem|4.1.3.1. We need to prove that any descending chain Z D
X; D ... of Sym”* x GL-stable subsets of Z stabilizes.



To each Z; is associated a Vec-variety, which by abuse of notation we
also denote Z;; see Remark Furthermore, Z; is a closed subvariety
of B; x Q; for some finite-dimensional variety B; and some pure polynomial
functor @;, and hence Z is a closed subvariety of

(By x Q)N x - x (B x Qi)N.
Now each X; defines a closed (FI°P)* x Vec-subvariety X; of
Z:=[Y;B1 X Q1,...,Bx x Qyl,

where Y is a point. By Theorem [4.4.0.1] the Z stabilize. As soon as they do,
so do the Xj;. O

Proof of the Main Theorem. Apply Theorem with k& = 1. O
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