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Abstract

We study analogues of FI-modules where the role of the symmetric group is played by
the general linear groups and the symplectic groups over finite rings and prove basic
structural properties such as local Noetherianity. Applications include a proof of the
Lannes—Schwartz Artinian conjecture in the generic representation theory of finite fields,
very general homological stability theorems with twisted coefficients for the general linear
and symplectic groups over finite rings, and representation-theoretic versions of homolog-
ical stability for congruence subgroups of the general linear group, the automorphism
group of a free group, the symplectic group, and the mapping class group.
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1 Introduction

The language of representation stability was introduced by Church-Farb [ChFa] to de-
scribe representation-theoretic patterns they observed in many parts of mathematics. In later
work with Ellenberg [ChEFa], they introduced FI-modules, which gave a clearer framework
for these patterns for the representation theory of the symmetric group. The key technical
innovation of their work was a certain Noetherian property of FI-modules, which they later
established in great generality with Nagpal [ChEFaNag|. This Noetherian property allowed
them to prove an asymptotic structure theorem for finitely generated FI-modules, giv-
ing an elegant mechanism behind the patterns observed earlier in [ChFa]. The theory of
FI-modules fits into the larger picture of functor categories, which play an important role in
algebraic topology and algebraic K-theory; see [FraFriPiSch, FraTo] for surveys.

In this paper, we study functor categories that can be viewed as analogues of FI-modules
where the role of the symmetric group is played by the classical finite groups of matrices,
namely the general linear groups and the symplectic groups over finite rings. We establish
analogues of the aforementioned Noetherian and asymptotic structure results. A byproduct
of our work here is a proof of the Lannes—Schwartz Artinian conjecture (see Theorem B). We
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have two families of applications. The first are very general homological stability theorems
with twisted coefficients for the general linear groups and symplectic groups over finite rings.
The second are representation-theoretic analogues of homological stability for congruence
subgroups of the general linear group, the automorphism group of a free group, the symplectic
group, and the mapping class group.

1.1 Review of FI-modules

Since our theorems parallel results about FI-modules, we begin by reviewing the theory of
FI-modules. Unless otherwise specified, all rings in this paper are commutative and contain
1. Fix a Noetherian ring k.

Configuration spaces. We start with an example. Let X be a compact oriented manifold
with 0X # (). Let

PConf, (X) = {(z1,...,2n) € X" | 2; # xj for i # j}

be the configuration space of n ordered points in X. The symmetric group &,, acts freely on
PConf, (X) by permuting points. Let

Conf,(X) = PConf,(X)/6,

be the configuration space of n unordered points in X. McDuff [Mc| proved that Conf,, (X)) sat-
isfies cohomological stability: for & > 1, we have H*(Conf,(X); k) = H*(Conf,,1(X); k)
for n > 0. For PConf, (X), easy examples show that cohomological stability does not hold.
Observe that H¥(PConf, (X); k) is a representation of &,,. Building on work of Church [Ch1],
Church-Ellenberg-Farb-Nagpal [ChEFaNag] proved that H*(PConf, (X);k) stabilizes as a
representation of G,, in a natural sense. The key to this is the theory of FI-modules.

Basic definitions. Let FI be the category of finite sets and injections. An FI-module over
a ring k is a functor M : FI — Mody. More concretely, M consists of the following.
e For each finite set I, a k-module M.
e For each injection f: I < J between finite sets I, J, a homomorphism M;y: M — M.
These homomorphisms must satisfy the obvious compatibility conditions.
For I € FI, the FI-endomorphisms of I are exactly the symmetric group &7, so &7 acts on
M. In particular, setting [n] = {1,...,n} and M,, = M, the group &,, acts on M,,.

Example 1.1. Given a finite set I (with the discrete topology), let Emb(Z, X') be the space
of injective functions I — X. There is an FI-module M with M; = H*(Emb(I, X); k) for
I € FI. Observe that M,, = H*(PConf,(X); k). O

General situation. More generally, let C be any category. A C-module over a ring k
is a functor M from C to Mody (see [FraFriPiSch, FraTo] for surveys). For each C' € C,
we thus have a k-module M¢, and for each C-morphism f: C — C’ we have a k-module
morphism M;: Mo — Mcr. These morphisms satisfy compatibility conditions coming from
the composition law in C. The class of C-modules over k forms a category whose morphisms
are natural transformations. A morphism ¢: M — N of C-modules thus consists of k-module
morphisms ¢¢c: Mo — N for each C € C such that the diagram

Mo —2°4 Ng

Mfl le

MC’ L NC’
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commutes for all C-morphisms f: C — C’. We will often omit the k and simply speak of
C-modules.

Notions such as C-submodules, surjective/injective morphisms, etc. are defined pointwise.
For example, a C-module morphism ¢: M — N is surjective/injective if for all objects C, the
linear map ¢¢c: Mo — Ng is surjective/injective. A C-submodule is the image of an injective
morphism of C-modules. A C-module M is finitely generated if there exist Cy,...,C, € C
and elements x; € M, such that the smallest C-submodule of M containing the z; is M itself.
We will say that the category of C-modules over k is locally Noetherian if all submodules
of finitely generated C-modules over k are finitely generated. We will say that the category of
C-modules is locally Noetherian if the category of C-modules over k is locally Noetherian
for all Noetherian rings k.

Asymptotic structure. Let M be a finitely generated FI-module over a Noetherian ring.
Church—Ellenberg—Farb—Nagpal [ChEFaNag| proved that the category of FI-modules is lo-
cally Noetherian, and used this to prove three things about M. For N > 0, let FIV be the
full subcategory of FI spanned by I € FI with |I| < N.
e (Injective representation stability) If f: I — J is an FI-morphism, then the homomor-
phism My: M; — M is injective when |I| > 0.
e (Surjective representation stability) If f: I — J is an FI-morphism, then the & j-orbit
of the image of My: M; — M spans M; when |I| > 0.
e (Central stability) For N > 0, the functor M is the left Kan extension to FI of the
restriction of M to FI'.
Informally, central stability says that for I € FI with |I| > N, the k-module M can be
constructed from My for [I'| < N using the “obvious” generators and the “obvious” relations.
It should be viewed as a sort of finite presentability condition.

Remark 1.2. The statement of central stability in [ChEFaNag] does not refer to Kan ex-
tensions, but is easily seen to be equivalent to the above. The original definition of central
stability in the first author’s paper [Pu2] appears to be very different: it gives a presentation
for M7 in terms of those M with |I'| € {|I|—1,|I|—2}. One can show that this is equivalent
to the above statement. We will prove a more general result during the proof of Theorem F
below. O

Conclusion. The upshot is that the locally Noetherian property implies that to describe how
H*(PConf,(X);k) changes as n — 0o, it was enough for Church-Ellenberg-Farb-Nagpal to
prove that the FI-module in Example 1.1 is finitely generated. Our goal is to generalize this
kind of result to other settings.

Remark 1.3. In a different direction, Wilson [Wi] has generalized the theory of FI-modules
to the other classical families of Weyl groups. O

1.2 Introduction to the rest of the introduction

It will take some time to state our results, so to help orient the reader we give a brief outline
of the rest of the introduction and provide a summary of our four main families of results. We
begin in §1.3 by introducing the four main categories we study in this paper. They take as
input a commutative ring R and are called VI(R), V(R), V/(R), VIC(R, ), and SI(R). This
section states our first main family of theorems.
e Theorems A/B/C/D/E: When R is a finite commutative ring, the categories of
VI(R)-, V(R)-, V/(R)-, VIC(R,{)-, and SI(R)-modules are locally Noetherian.



Remark 1.4. Our proofs of Theorems A—E use analogues of the theory of Grébner bases.
Such techniques are developed systematically by Sam—Snowden in [SamSn4]; however, the
results of this paper can not be proved using the main result of [SamSn4|. See Remark 2.16
for more on this. O

Remark 1.5. The condition that R is finite is necessary; indeed, in Theorem N we prove
that none of the above categories of modules are locally Noetherian when R is infinite. [

In §1.4, we introduce the language of complemented categories, which provides a common
framework for stating and proving our results. Examples include FI and VIC(R, ) and SI(R)
(though not VI(R) or V(R) or V/(R); we will explain how to handle these in Remark 1.18
below). This section states our second main theorem:

e Theorem F: If C is a complemented category such that the category of C-modules is lo-
cally Noetherian, then finitely generated C-modules have a simple asymptotic structure
analogous to Church—Farb’s theorem from the previous section.

The next section (§1.5) provides large numbers of examples of finitely generated C-modules to
which we can apply the previous result and obtain interesting asymptotic structure theorems.
Letting Ok be the ring of integers in an algebraic number field, the main theorems of this
section are as follows:

e Theorems G/H/I/J/K: The homology groups of congruence subgroups in GL, (Ok),
SL,(Ok), the automorphism group of a free group, Sp,,, (O ), and the mapping class
group form finitely generated modules over appropriate categories.

Combining these theorems with Theorem F, we obtain a version of representation stability
for these homology groups.

Remark 1.6. The proofs of Theorems G-K all use a machine we develop later in this paper.
The key input to this machine is an appropriate local Noetherianity theorem (like Theorems
A-E above). See Theorem 5.13 for a statement of how this machine works. O

The final section (§1.6) of our introduction concerns twisted homological stability. Its
main theorems can be summarized as follows:
e Theorems L/M: If R is a finite commutative ring, then the twisted homology groups
of GL,(R), SL,(R), and Sp,,(R) with coefficients in a finitely generated module over
an appropriate category stabilize.

Remark 1.7. The proofs of Theorems L. and M both use another machine we develop
later in this paper to prove twisted homological stability theorems from appropriate local
Noetherianity theorems. See Theorem 4.2 for a statement of how this machine works. O

Remark 1.8. Some readers may notice a parallel between Theorems 5.13 and 4.2 and a
program outlined independently by Church (in lectures and personal communication, but
never published). Church’s program had similar inputs and would have obtained these same
conclusions (finite generation for homology of congruence subgroups, and stability for twisted
homology), but with one key difference: if successful, it would have yielded effective quanti-
tative bounds (on the degree of generators in the former case, and on the stable range in the
latter). However, Church informs us that technical difficulties arose that mean his proposed
program cannot be carried out, and so it will not appear. He points out that, although
the results in this paper were obtained independently, they can be viewed after the fact
as a demonstration that the framework of his approach can be salvaged by using our local
Noetherianity theorems to avoid these technical difficulties, at the cost of giving up effective
bounds. O



The introduction closes with some comments and questions together with an outline of
the remainder of the paper. This last section also contains Theorem N, which is the non-
Noetherian result discussed in Remark 1.5.

1.3 Categories of free modules: VI, V, V', VIC, and SI

We now introduce the categories we will consider in this paper. Fix a ring R (assumed as
always to be commutative).

The category VI. A linear map between free R-modules is splittable if it has a left inverse.
Let VI(R) be the category whose objects are finite-rank free R-modules and whose morphisms
are splittable injections. For V' € VI(R), the monoid of VI(R)-endomorphisms of V is GL(V).
Thus if M is a VI(R)-module, then My is a representation of GL(V') for all V€ VI(R). The
category VI(R) was introduced by Scorichenko in his thesis ([Sco]; see [FraFriPiSch| for a
published account). Our main theorem about VI(R) is as follows.

Theorem A. Let R be a finite ring. Then the category of VI(R)-modules is locally Noethe-
rian.

Remark 1.9. In contrast, VI(Z) is not locally Noetherian, and in fact VI(R) is not locally
Noetherian whenever R is an infinite ring; see Theorem N below. O

Remark 1.10. While preparing this article, we learned that Gan and Li [GanLi] have recently
independently shown that the category of functors VI(R) — Mody is locally Noetherian when
R is a finite field and k is a field of characteristic 0. For our applications, it is important that
both R and especially k be more general. O

A variant: the Artinian conjecture. Define V(R) to be the category whose objects are
finite-rank free R-modules and whose morphisms are all splittable linear maps (not necessarily
injective). We then have the following.

Theorem B (Artinian conjecture). Let R be a finite ring. Then the category of V(R)-modules
1s locally Noetherian.

Theorem B generalizes an old conjecture of Jean Lannes and Lionel Schwartz which
asserts that the category of V(IF,)-modules over F, is locally Noetherian. This is often stated
in a dual form and is thus known as the Artinian conjecture. It first appeared in print
in [Kul, Conjecture 3.12] and now has a large literature containing many partial results
(mostly focused on the case ¢ = 2, though even there nothing close to the full conjecture was
previously known). See, e.g., [Ku2, Pol, Po2, Po3, Djl, Dj2]. See also [Sch, Chapter 5] for
connections to the Steenrod algebra. A proof of this conjecture also appears in [SamSn4], see
Remark 2.17.

A variant of V(R) is the category V/(R) whose objects are finite-rank free R-modules and
whose morphisms are all linear maps (not just the splittable ones). Of course, V(R) = V/(R)
if R is a field, but they differ in general. For V/(R), we have the following theorem.

Theorem C. Let R be a finite ring. Then the category of V'(R)-modules is locally Noetherian.

Problems with VI. The category VI(R) is not rich enough to allow many natural construc-
tions. For instance, the map V +— GL(V) does not extend to a functor from VI(R) to the
category of groups. The problem is that if V' is a submodule of W, then there is no canonical
way to extend an automorphism of V' to an automorphism of W. We overcome this problem
by introducing a richer category.



The category VIC, take I. Define VIC(R) to be the following category. The objects of
VIC(R) are finite-rank free R-modules V. If V,W € VIC(R), then a VIC(R)-morphism from
V to W consists of a pair (f,C) as follows.

e f:V — W is an R-linear injection.

e C C W is a free R-submodule such that W = f(V) @ C.

If (f,C): V. — W and (¢9,D): W — X are two VIC(R)-morphisms, then the composition
(9,D) o (f,C) equals (go f,g(C) ® D).

The monoid of VIC(R)-endomorphisms of V' € VIC(R) is GL(V'). Observe that in contrast
to VI(R), the assignment V — GL(V') extends to a functor from VIC(R) to the category of
groups: if (f,C): V — W is a morphism, then there is an induced map GL(V) — GL(W)
which extends automorphisms over C' by the identity, and this assignment is functorial. The
category VIC(R) was first introduced by Djament [Dj3].

Remark 1.11. We will sometimes use an alternative description of the morphisms in VIC(R)
which works whenever all stably free R-modules are free (for instance, when R is a finite
commutative ring). Namely, the data (f,C') which defines a morphism V' — W is equivalent
to a pair of R-linear maps V. — W — V whose composition is the identity. Here the first
map is f and the second map is the projection W — V away from C. O

The category VIC, take II (cheap). Let { C R* be a subgroup of the group of multi-
plicative units of R and let SL*(V) = {f € GL(V) | det(f) € 4}. For our applications, we
will need a variant of VIC(R) whose automorphism groups are SL*(V) rather than GL(V).
The category VIC(R) is equivalent to the full subcategory generated by {R™ | n > 0}. Define
VIC(R,4) to be the category whose objects are {R™ | n > 0} and whose morphisms from R"
to R" are VIC(R)-morphisms (f,C): R — R" such that det(f) € & if n = n/. Thus the
monoid of VIC(R, {)-endomorphisms of R™ is SLY(R) := SL¥(R").

Orientations. For many of our constructions, it will be useful to extend VIC(R,{) to
a category whose objects are all finite-rank free R-modules rather than just the R™. An
orientation of a rank n free R-module V is a generator for the rank 1 free R-module A"V
The group of units of R acts transitively on the set of orientations on V', and a {{-orientation
on V consists of an orbit under the action of 4. A il-oriented free R-module is a finite-
rank free R module V equipped with a $l-orientation. If W; and Wy are U-oriented free
R-modules, then Wy @ W5 is in a natural way a -oriented free R-module. A {-oriented
free R-submodule of V' is an R-submodule V' of V' which is a free R-module equipped with
a Y-orientation; if V/ = V, then the U-orientations on V’ and V must be the same, and if
V' SV then there is no condition on the {l-orientation of V.

The category VIC, take II (better). The category VIC(R,4l) can now be defined as
follows (this yields a category equivalent to the previous one). The objects of VIC(R,4l) are
{l-oriented free R-modules V. If V. W € VIC(R, ), then a morphism of VIC(R, i) from V to
W consists of a pair (f,C) as follows.

e f:V — W is an R-linear injection.

e C C W is a Y-oriented free R-submodule such that W = f(V) & C.
In the second bullet point, f(V') is equipped with the i-orientation f.(w), where w is the
{l-orientation on V, and the direct sum decomposition f(V) @ C is as U-oriented free R-
modules. Note that when C is nonzero, there is a unique i-orientation on C such that the
{l-orientations on f(V) @ C and W are the same, so the morphisms in VIC(R, ) and VIC(R)
are only different when dim(V) = dim(W). The monoid of VIC(R, {l)-endomorphisms of
V € VIC(R,4) is SL*(V). Observe that VIC(R, ) C VIC(R) with equality when 4 is the



entire group of units. Our main theorem about VIC(R,4l) is as follows. For VIC(F) with F a
finite field, this theorem was conjectured by Church [Ch2].

Theorem D. Let R be a finite ring and let 4 C R be a subgroup of the group of units. Then
the category of VIC(R, it)-modules is locally Noetherian.

Remark 1.12. Just like for VI(R), it is necessary for R to be finite; see Theorem N. O

Symplectic forms. We now turn to the symplectic analogue of VI(R)-modules. A sym-
plectic form on a finite-rank free R-module V is a bilinear form 7: V' x V — R which is
alternating (i.e., i(v,v) = 0 for all v € V) and which induces an isomorphism from V to its
dual V* = Homp(V, R). A symplectic R-module is a finite-rank free R-module equipped
with a symplectic form. A symplectic R-submodule of a symplectic R-module V is an
R-submodule W such that the symplectic form on V restricts to a symplectic form on W.
A symplectic map between symplectic R-modules is an R-linear map that preserves the
symplectic form. Observe that symplectic maps must be injective.

The category SI. Define SI(R) to be the category whose objects are symplectic R-modules
and whose morphisms are symplectic maps. The monoid of SI(R)-endomorphisms of V' &
SI(R) is Sp(V), i.e., the group of R-linear isomorphisms of V' that preserve the symplectic
form. Just like for VIC(R), the map V — Sp(V) extends to a functor from SI(R) to the
category of groups: a symplectic map f: V' — W induces a map Sp(V) — Sp(W) which
extends automorphisms over f(V)* by the identity. We then have the following.

Theorem E. Let R be a finite ring. Then the category of SI(R)-modules is locally Noetherian.

Remark 1.13. Just like for VI(R), it is necessary for R to be finite; see Theorem N. O

1.4 Complemented categories and their asymptotic structure

Our next result says that finitely generated modules over the above categories have a simple
asymptotic structure (like the one for FI-modules we discussed earlier). To avoid having to
give separate proofs for all our categories, we introduce an abstract framework.

Complemented categories. A weak complemented category is a monoidal category
(A, ®) satisfying:
e Every morphism in A is a monomorphism. Thus for all morphisms f: V — V’, it makes
sense to talk about the subobject f(V') of V.
e The identity object 1 of (A,®) is initial. Thus for V,V’ € A there exist natural mor-
phisms V -V ® V' and V' — V ® V/, namely the compositions

VESVel-—VeV and V Si1eV —VelV.

We will call these the canonical morphisms.

e For V.V/,W € A, the map Homy(V ® V', W) — Hom, (V, W) x Homy (V’, W) obtained
by composing morphisms with the canonical morphisms is an injection.

e Every subobject C of an object V' has a unique complement, that is, a unique sub-
object D of V such that there is an isomorphism C' ® D =, V where the compositions
C -C®D S VandD = C®D = V of the isomorphism with the canonical
morphisms are the inclusion morphisms.

e The canonical map &, Aut(X) — Aut(XP) is injective. (Here ! denotes wreath prod-
uct.)



A complemented category is a weak complemented category (A, ®) whose monoidal struc-
ture is symmetric (more precisely, which is equipped with a symmetry).

Remark 1.14. Things like complemented categories go back to work of Quillen; see [Gr, p.
3]. After a version of this paper was distributed, Nathalie Wahl (and later with Oscar Randal-
Williams) posted her paper [WahRW], which uses an axiomatization similar to complemented
categories to prove homological stability results of a more classical flavor than ours. A related
axiomatization also appears in work of Djament—Vespa [DjVel]. O

Generators for a category. If (A, ®) is a monoidal category, then a generator for A is an
object X of A such that all objects V' of A are isomorphic to X* for some unique ¢ > 0. We
will call ¢ the X-rank of V.

Example 1.15. The category FI of finite sets and injections is a complemented category
whose monoidal structure is the disjoint union. A generator is the set {1}. O

Example 1.16. The category VIC(R) is a complemented category whose monoidal structure
is the direct sum. The subobject attached to a morphism V' — V' can be interpreted as
the pair (W, W’) where W is the image of the linear injection V' — V' and W' is the chosen
complement. The complement to this subobject is the pair (W', W). A generator is R'. [

Example 1.17. The category SI(R) is a complemented category whose monoidal structure
is the orthogonal direct sum. The complement of a symplectic submodule W of a symplectic
R-module (V,7) is W+ = {v €V | i(v,w) = 0 for all w € W}. A generator is R? equipped
with the standard symplectic form. O

Remark 1.18. The category VI(R) is not a complemented category. However, there is a
forgetful functor W: VIC(R) — VI(R). If R is a finite ring and M is a finitely generated
VI(R)-module, then the pullback ¥*(M) is a finitely generated VIC(R)-module (see the proof
of Theorem A in §2.4) which can be analyzed using the technology we will discuss below. A
similar remark applies to V(R) and V/(R). O

Asymptotic structure theorem. The following theorem generalizes the aforementioned
asymptotic structure theorem for FI-modules.

Theorem F. Let (A,®) be a complemented category with generator X. Assume that the
category of A-modules is locally Noetherian, and let M be a finitely generated A-module. Then
the following hold. For N > 0, let AN denote the full subcategory of A spanned by elements
whose X -ranks are at most N.

o (Injective representation stability) If f: V- — W is an A-morphism, then the homomor-
phism My: My — My is injective when the X -rank of V is sufficiently large.

o (Surjective representation stability) If f: V — W is an A-morphism, then the orbit
under Auty(W) of the image of My: My — My spans My when the X -rank of V is
sufficiently large.

o (Central stability) For N > 0, the functor M is the left Kan extension to A of the
restriction of M to AN.

Remark 1.19. See Theorem 3.7 below for a concrete description of the presentation for
M implied by central stability; the proof of Theorem F immediately follows the proof of
Theorem 3.7. O



1.5 Representation stability for congruence subgroups

Our next theorems apply the above technology to prove representation-theoretic analogues
of homological stability for certain kinds of congruence subgroups.

GL over number rings. Let O be the ring of integers in an algebraic number field
K. Charney [Chal] proved that GL,(Ofk) satisfies homological stability. Rationally, these
stable values were computed by Borel [Bo]. Let a C O be a proper nonzero ideal. The
level o congruence subgroup of GL,,(Of), denoted GL,,(Ok, «), is the kernel of the map
GL,(Ok) — GL,(Ok/a). It follows from Borel’s work [Bo] that Hy(GL,,(Ok, a); k) stabi-
lizes when k = Q; however, Lee—-Szczarba [LeSz] proved that it does not stabilize integrally,
even for £k = 1. Few of these homology groups are known, and the existing computations
do not seem to fit into any pattern. However, they have an important additional piece of
structure: for each n > 1, the conjugation action of GL,(Ok) on GL,(Ok, «) descends to
an action of SL¥(Ok /) on Hi(GL,(Ok, a); k), where { C O /o is the image of the group
of units of Ok. Our goal is to describe how this representation changes as n increases.

Congruence subgroups of GL as VIC-modules. As we discussed above, there is a
functor from VIC(Ok) to the category of groups that takes V' to GL(V'). Similarly, there is
a functor GL(Ok, a) from VIC(Ok) to the category of groups defined by the formula

GL(Ok,a)y = ker(GL(V) — GL(V ®0, (Ok/a))).
Passing to homology, we get a VIC(O )-module H(GL(Ok, «); k) with
Hi(GL(Ok, a);k)vy = Hg(GL(Ok, a)v; k) (V € VIC(Ok)).

Since Oy is infinite, the category of VIC(Ok)-modules is poorly behaved. However, we will
prove in §6.1 that Hi(GL(Ok,a); k) actually descends to a VIC(Og/a,i)-module, where
I C Ok/« is the image of the group of units of Ok. Since O/« is finite, our theorems
apply to VIC(Og /o, 4l). All that is necessary is to prove that the VIC(Og/a, {)-module
Hi(GL(Ok, a); k) is finitely generated.

Relation to FI-modules. It turns out that the needed finite generation follows from
known results. The conjugation action of the set of permutation matrices on GL,(Ok, «)
turns Hy(GLy,(Ok,a); k) into a representation of &,. In [Pu2], the first author proved
that if k is a field whose characteristic is sufficiently large, then the &, -representations
Hy(GLy,(Ok, «); k) satisfy a version of central stability. This was generalized to arbitrary
Noetherian rings k by Church—Ellenberg—Farb—Nagpal [ChEFaNag], who actually proved
that the groups Hx(GL,(Ok, «); k) form a finitely generated FI-module. More precisely, the
following defines an embedding of categories ®: FI — VIC(Ox/a,il).
e For I € FI, set ®(1) = (Ok/a)l.
e For an FI-morphism o: I — J, set ®(0) = (f,,Cy), where f,: (O /a) — (Ox/a)’
is defined by f;(b;) = by for i € I and C, = (b; | j ¢ o(I)). Here {b; | i € I'} and
{b; | j € J} are the standard bases for (Ok /a)! and (Ok/a)”, respectively.
Then [ChEFaNag] proves that the restriction of VIC(Ox/a, i) to ®(FI) C VIC(Ok /a, i) is
finitely generated, so the VIC(Ox /o, U)-module Hy(GL(Ok, r); k) is finitely generated:

Theorem G. Let Ok be the ring of integers in an algebraic number field K, let o C Ok be
a proper nonzero ideal, let 4 C O/« be the image of the group of units of O, and let k
be a Noetherian ring. Then the VIC(Og /o, i)-module Hi(GL(Ok, a); k) is finitely generated
for all k> 0.



We can therefore apply Theorem F to Hy(GL(Og, a); k). The result is an asymptotic struc-
ture theorem for Hy(GL,(Ok,a);k). This partially verifies a conjecture of Church-Farb
[ChFa, Conjecture 8.2.1]. As a simple illustration of our machinery, we will give a direct
proof of Theorem G in this paper.

Remark 1.20. Church-Ellenberg-Farb—Nagpal’s theorem gives a central stability descrip-
tion of Hi(GL,(Ok,a); k) as an FI-module; however, the central stability conclusion from
Theorem F gives more information than this since it deals with Hy(GL,(Ok,a);k) as a
representation of SLY (O /a) and not merely as a representation of &,,. O

Remark 1.21. The other examples that we discuss also form FI-modules, but it seems very
hard to prove that they are finitely generated as FI-modules. O

Remark 1.22. One could also consider congruence subgroups of SL, (R) for other rings R.
In fact, the first author’s results in [Pu2] work in this level of generality; however, we have
to restrict ourselves to rings of integers so we can cite a theorem of Borel-Serre [BoSe] which
asserts that the homology groups in question are all finitely generated k-modules. This is
the only property of rings of integers we use, and our methods give a similar result whenever
this holds (another example would be R a finite commutative ring). O

Variant: SL. We can define SL, (O, «) C SL,(Ok) in the obvious way. The homology
groups Hy(SL,(Ok, a); k) are now representations of SL,, (O /a) = SL.(Ok/a). Similarly
to GL,(Ok, a), we will construct a VIC(O /a, 1)-module Hy(SL(Ok, a); k) with

Hi(SL(Ok, a); k)or. = Hg(SLn(Ok, @); k) (n>0)
and prove the following variant of Theorem G.

Theorem H. Let Ok be the ring of integers in an algebraic number field K, let o« C Ok
be a proper nonzero ideal, and let k be a Noetherian ring. Then the VIC(Og /o, 1)-module
Hi(SL(Ok, a); k) is finitely generated for all k > 0.

Remark 1.23. Just like for Theorem G, this could be deduced from work of Church—
Ellenberg—Farb—Nagpal [ChEFaNag], though we will give a proof using our machinery. [

Automorphism groups of free groups. Our second example of a VIC(R,{)-module
comes from the automorphism group Aut(F),) of the free group F,, of rank n. Just like for
GL,(Ok), work of Hatcher [Hat] and Hatcher—Vogtmann [HatVol] shows that Aut(F,) sat-
isfies homological stability. These stable values were computed by Galatius [Ga], who proved
in particular that they rationally vanish. For ¢ > 2, the level ¢ congruence subgroup of
Aut(F,), denoted Aut(F,,£), is the kernel of the map Aut(F,) — SLE!(Z/¢) arising from
the action of Aut(F,) on Hy(F,;Z/¢). Satoh [Sat] proved that Hj(Aut(F,,¢);Z) does not
stabilize. Similarly to SL,(Ok, «), few concrete computations are known.

Remark 1.24. Unlike for SL,, (O, ) it is not known in general if Hy(Aut(F),, ¢); Q) stabi-
lizes, though this does hold for k < 2 (see [DPu]). O

The conjugation action of Aut(F,) on Aut(F,,¢) descends to an action of SLE¥'(Z/f) on
Hy(Aut(Fy, £); k). In §6.2, we will construct a VIC(Z/¢, £1)-module Hy(Aut(¢); k) with

Hi(Aut(£); k) z/0n = Hy(Aut(F,, £); k) (n>0).

Our main theorem about this module is as follows.
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Theorem I. Fiz some ¢ > 2, and let k be a Noetherian ring. Then the VIC(Z/{,+1)-module
Hi(Aut(0); k) is finitely generated for all k > 0.

Applying Theorem F, we get an asymptotic structure theorem for Hy (Aut(F,, ¢); k), partially
verifying a conjecture of Church-Farb (see the sentence after [ChFa, Conjecture 8.5)).

Remark 1.25. The kernel of Aut(F,,) — GL,(Z) is denoted IA,, and its homology forms a
module over VIC(Z). It would be interesting to understand this module; however, this seems
to be a very difficult problem. Our techniques cannot handle this example because Z is an
infinite ring (c.f. Theorem N). O

Symplectic groups over number rings. Let Ox and K and a C Ok be as above. The
level a congruence subgroup of Sp,,(Ok), denoted Sp,,, (Ok, «), is the kernel of the map
Spy, (Ok) — Spy,, (Ok /a). The groups Sp,,, (Ok) and Sps, (Ok, «) are similar to GL,,(Ok)
and GL,(Ok, «). In particular, the following hold.
e Charney [Cha3| proved that Sp,,, (Ok) satisfies homological stability.
e Borel [Bo| calculated the stable rational homology of Sp,, (Ok). He also proved that
Hy(Spsy, (Ok, a); k) stabilizes when k = Q.
e For general k, an argument similar to the one that Lee-Szczarba [LeSz| used for
SL,(Ok, a) shows that Hy(Sp,,,(Ok, @); k) does not stabilize, even for k = 1.
e The conjugation action of Sp,,, (Ok) on Sp,, (O, «) induces an action of Spy,, (Ox /)
on Hy(Spy, (Ok, a); k).
In §6.3, we will construct an SI(Ok /a)-module Hy(Sp(Ok, «); k) such that

’Hk(Sp((’)K, Ct); k)(OK/a)Q” = Hk(Spgn(OK, Od); k) (n > 0).
Our main result concerning this functor is as follows.

Theorem J. Let Ok be the ring of integers in an algebraic number field K, let a C Ok
be a proper nonzero ideal, and let k be a Noetherian ring. Then the SI(Ok/a)-module
Hi(Sp(Ok, «); k) is finitely generated for all k > 0.

Applying Theorem F, we obtain an asymptotic structure theorem for H(Sp,, (Ok, @); k).
This partially verifies a conjecture of Church-Farb [ChFa, Conjecture 8.2.2].

The mapping class group. Let Sg be a compact oriented genus g surface with b boundary
components. The mapping class group of Sg, denoted MCGZ, is the group of homo-
topy classes of orientation-preserving homeomorphisms of Sg that restrict to the identity on
883. This is one of the basic objects in low—dimensional topology; see [FaMar] for a survey.
Harer [Har] proved that the mapping class group satisfies a form of homological stability. If
7: Sg — Sg; is a subsurface inclusion, then there is a map i,: MCG{’7 — MCGSI/ that extends
mapping classes by the identity. Harer’s theorem says that for all £ > 1, the induced map
Hk(MCGZ; k) — Hk(MCGZ/; k) is an isomorphism for g > 0. For k = Q, the stable homology
of the mapping class group was calculated by Madsen—Weiss [MadWe].

Congruence subgroups of MCG. Fix some ¢ > 2. The group MCGZ acts on Hj (Sg; 7]0).
This action preserves the algebraic intersection pairing i(-,-). If b = 0, then Poincaré duality
implies that i(-,-) is symplectic. If instead b = 1, then gluing a disc to the boundary compo-
nent does not change Hl(Sg; Z]0), so i(-,-) is still symplectic. For g > 0 and 0 < b < 1, the
action of MCGg on Hl(Sg; 7./¢) = (Z./£)?9 thus induces a representation MCGZ — Spoy(Z/1).
It is classical [FaMar, §6.3.2] that this is surjective. Its kernel is the level ¢ congruence
subgroup Modlg’ (0) of MCGZ. It is known that Hy (MCGS (£); k) does not stabilize, even for
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k =1 (see [Pul, Theorem H]). Also, the conjugation action of MCGg on MCGS(E) induces
an action of Spy,(Z/f) on Hi(MCG!(¢); k).

Remark 1.26. For b > 1, the algebraic intersection pairing is not symplectic, so we do not
get a symplectic representation. We will not discuss this case. O

Stability. We will restrict ourselves to the case where b = 1; the problem with closed surfaces
is that they cannot be embedded into larger surfaces, so one cannot “stabilize” them. In §6.5,
we will construct an SI(Z/¢)-module Hi(MCG(¢); k) such that

He(MCC(0): K) 202 = Hu(MCCh(0):k) (9> 0).
Our main theorem concerning this module is as follows.

Theorem K. Fiz some { > 2, and let k be a Noetherian ring. Then the SI(Z/{)-module
Hi(MCG(¥); k) is finitely generated for all k > 0.

Applying Theorem F, we get an asymptotic structure theorem for Hk(MCG;(ﬁ);k). This
partially verifies a conjecture of Church-Farb [ChFa, Conjecture 8.5].

Remark 1.27. The kernel of MCG; — Spgy(Z) is the Torelli group, denoted Igl, and its
homology forms a module over SI(Z). Just like for IA,,, we would like to understand this
module but cannot do so with our techniques since Z is an infinite ring. O

1.6 Twisted homological stability

We now discuss twisted homological stability. We wish to thank Aurélien Djament for his
help with this section.

Motivation: the symmetric group. A classical theorem of Nakaoka [Nak] says that &,
satisfies classical homological stability. Church [Ch2] proved a very general version of this
with twisted coefficients. Namely, he proved that if M is a finitely generated FI-module and
My, = M, then for all k > 0 the map Hy(&,; M) — Hy(Spy1; Mpy1) is an isomorphism
for n > 0 (in fact, he obtained linear bounds for when stability occurs). We remark that
this applies to much more general coefficient systems than earlier work of Betley [Be]. The
key to Church’s theorem is the fact that the category of FI-modules is locally Noetherian.
We will abstract Church’s argument to other categories (though our results will be weaker in
that we will not give bounds for when stability occurs); the possibility of doing so was one
of Church’s motivations for conjecturing Theorem D.

General linear group. In [Va], van der Kallen proved that for rings R satisfying a mild
condition (for instance, R can be a finite ring), GL, (R) satisfies homological stability. The
paper [Va] also shows that this holds for certain twisted coefficient systems (those satisfying
a “polynomial” condition introduced by Dwyer [Dw]; see [WahRW] for a general framework
for arguments like Dwyer’s using the language of functor categories). The arguments in [Va]
also work for SL¥(R) for subgroups {4 C R of the group of units. We will prove the following
generalization of van der Kallen’s result (at least for finite commutative rings). If M is a
VIC(R,U)-module, then denote by M,, the value Mpn.

Theorem L. Let R be a finite ring, let 4 C R be a subgroup of the group of units, and let
M be a finitely generated VIC(R,)-module over a Noetherian ring. Then for all k > 0, the
map Hy,(SLY(R); M,,) — Hy(SLY, 1 (R); My 1) is an isomorphism for n > 0.
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Remark 1.28. This is more general than van der Kallen’s result: if k is a field, then his
hypotheses on the coefficient systems M,, imply that dimy (M,,) grows like a polynomial in 7,
which need not hold for finitely generated VIC(R, {l)-modules. For instance, one can define a
finitely generated VIC(R,{)-module whose dimensions grow exponentially via

M, = k[HOmVIc(R,u)(R1> R™)]. u

The symplectic group. Building on work of Charney [Cha3], Mirzaii-van der Kallen
[MirVa] proved that for many rings R (including all finite rings), the groups Sp,, (R) sat-
isfy homological stability. In fact, though Mirzaii—van der Kallen do not explicitly say this,
Charney’s paper shows that the results of [MirVa] also apply to twisted coefficients satisfy-
ing an appropriate analogue of Dwyer’s polynomial condition. We will prove the following
generalization of this. If M is an SI(R)-module, then denote by M,, the value Mpon.

Theorem M. Let R be a finite ring and let M be a finitely generated SI(R)-module over a
Noetherian ring. Then for all k > 0, the map Hy(Spg, (R); My) — Hi(Spo, o(R); Mpi1) is
an isomorphism for n > 0.

Remark 1.29. Examples similar to the one we gave after Theorem L show that this is more
general than Mirzaii-van der Kallen’s result. O

1.7 Comments and future directions

We now discuss some related results and open questions.

Remark 1.30 (Homological stability). The examples in Theorems G, H, I, J, K can be
interpreted when ¢ = 1 or when « is the unit ideal. In this case, we interpret the categories
VIC(0) = SI(0) as follows: there is one object for each nonnegative integer n > 0 and there
is a unique morphism n — n’ whenever n’ > n. Then representation stability of the relevant
homology groups is the usual homological stability statements: for example, for each ¢ > 0,
and n > 0 the map H;(SL,,(Z); k) — H;(SL,+1(Z); k) is an isomorphism. O

Infinite rings. We have repeatedly emphasized that it is necessary for our rings R to be
finite. Our final theorem explains why this is necessary.

Theorem N. Let R be an infinite ring. For C € {VI(R),VIC(R),SI(R)}, the category of
C-modules ts not locally Noetherian.

This naturally leads to the question of how to develop representation stability results for
categories such as VIC(R), etc. when R is an infinite ring,.

Bounds. Our asymptotic structure theorem does not provide bounds for when it begins.
This is an unavoidable artifact of our proof, which make essential use of local Noetherianity.
The results of the first author in [Pu2] concerning central stability for the homology groups
of congruence subgroups (as representations of &,,) are different and do give explicit bounds.
It would be interesting to prove versions of our theorems with explicit bounds.

Orthogonal and unitary categories. It is also possible to include orthogonal versions of
our categories, i.e., finite rank free R-modules equipped with a nondegenerate orthogonal form.
This is a richer category than the previous ones because the rank of an orthogonal module
no longer determines its isomorphism type. While many of the ideas and constructions of
this paper should be relevant, it will be necessary to generalize them further to include the
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example of categories of orthogonal modules. Similarly, one can consider unitary versions.
We have omitted discussion of these variations for reasons of space.

Twisted commutative algebras. The category of FI-modules fits into the more general
framework of modules over twisted commutative algebras (these are commutative algebras
in the category of functors from the groupoid of finite sets) and this perspective is used in
[SamSnl, SamSn2, SamSn3] to develop the basic properties of these categories. Similarly,
the categories in this paper fit into a more general framework of modules over algebras which
generalize twisted commutative algebras where the groupoid of finite sets is replaced by
another groupoid (see Remark 3.5). When k is a field of characteristic 0, twisted commutative
algebras have alternative concrete descriptions in terms of GLo(k)-equivariant commutative
algebras (in the usual sense) thanks to Schur—Weyl duality. For the other cases in our paper,
no such alternative description seems to be available, so it would be interesting to understand
these more exotic algebraic structures.

1.8 Outline and strategy of proof

We now give an outline of the paper and comment on our proofs. Let C be one of the categories
we discussed above, i.e., VI(R), V(R), V/(R), VIC(R, ), or SI(R). The first step is to establish
that the category of C-modules is locally Noetherian, i.e., that the finite generation property
is inherited by submodules. This is done in §2, where we prove Theorems A, B, C, D, E, and
N. We then prove our asymptotic structure result (Theorem F) in §3. The brief §4 shows
how to use our locally Noetherian results to prove our twisted homological stability theorems
(Theorems L and M). We then give, in §5, a framework (adapted from the standard proof
of homological stability due to Quillen) for proving that C-modules arising from congruence
subgroups are finitely generated. Finally, §6 applies the above framework to prove our results
that assert that modules arising from the homology groups of various congruence subgroups
are finitely generated, namely Theorems G, H, I, J, and K.

Acknowledgments. We wish to thank Tom Church, Yves Cornulier, Aurélien Djament,
Jordan Ellenberg, Nicholas Kuhn, Amritanshu Prasad, Andrew Snowden, and Nathalie Wahl
for helpful conversations and correspondence. We also thank some anonymous referees for
their careful reading of the paper and numerous suggestions and improvements.

2 Noetherian results

The goal of this section is to prove Theorems A, B, C, D, E, and N, which assert that modules
over the various categories discussed in the introduction are locally Noetherian. We begin in
§2.1 with some preliminary results. Next, in §2.2 we introduce the category OVIC(R) and in
§2.3 we prove that the category of OVIC(R)-modules is locally Noetherian. We will use this
in §2.4 to prove Theorems A, B, C, and D. These cover all of our categories except SI(R),
which we deal with in §2.5. We close in §2.6 by proving Theorem N, which asserts that our
categories are not locally Noetherian when R is an infinite ring.

Since it presents no additional difficulties, in this section we allow k to be an arbitrary
ring (unital, but not necessarily commutative). By a k-module, we mean a left k-module, and
Noetherian means left Noetherian. However, we emphasize that R will always be a (unital)
commutative ring. Also, in this section we will denote the effects of functors by parentheses
rather than subscripts, so for instance if M : C — D is a functor and x € C, then we will write
M (z) € D for the image of z under M.
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2.1 Preliminary results

We first discuss some preliminary results. Let k be a fixed Noetherian ring.

Functor categories. Let C be a category. A C-module (over k) is a functor C — Mody
where Mody is the category of left k-modules. A morphism of C-modules is a natural
transformation. For x € C, let P, denote the representable C-module generated at z, i.e.,
Pe . (y) = k[Home(x,y)]. If M is a C-module, then a morphism FPc, — M is equivalent to a
choice of element in M (x). The category of C-modules is an Abelian category, with kernels,
cokernels, exact sequences, etc. calculated pointwise. A C-module is finitely generated if it
is a quotient of a finite direct sum of P, (allowing different choices of ). This agrees with
the definition given in the introduction.

Lemma 2.1. Let C be a category. The category of C-modules is locally Noetherian if and
only if for all x € C, every submodule of P, is finitely generated.

Proof. Immediate since Noetherianity is preserved by quotients and finite direct sums. [

Functors between functor categories. Let ®: C — D a functor. Given a D-module
M : D — Mody, we get a C-module ®*(M) = M o ®. Note that ®* is an exact functor from
D-modules to C-modules. We say that ® is finite if ®*(F ) is finitely generated for all y € D.
Recall that ® is essentially surjective if every object of D is isomorphic to an object of the
form ®(x) for z € C.

Lemma 2.2. Let ®: C — D be an essentially surjective and finite functor. Assume that
the category of C-modules is locally Noetherian. Then the category of D-modules is locally
Noetherian.

Proof. Pick y € D and let My C M C --- be a chain of submodules of . By Lemma 2.1,
it is enough to show that the M, stabilize. Since ®* is exact, we get a chain of submodules
O* (M) C ®*(M3) C --- of ®* (P ). Since P is finite, ®*(Fp ) is finitely generated, so since
C is locally Noetherian there is some N such that ®*(M,,) = ®*(My+1) for n > N. Since ® is
essentially surjective, it preserves strict inclusions of submodules: if M, ;Cé My, 41, then there
is some z € D such that M, (z) G M,;1(2) and we can find x € C such that ®(z) = z, which
means that ®*(M,)(x) & ®*(My,11)(z). Thus M,, = M1 for n > N, as desired. O

Remark 2.3. In all of our applications of Lemma 2.2 in this paper, essential surjectivity will
be obvious, as the objects of our categories are indexed by natural numbers. O

‘Well partial orderings. A poset P is well partially ordered if for any sequence x1, xs, . ..
in P, there exists ¢ < j such that x; < ;. See [Kr] for a survey. The direct product Py x P
of posets is in a natural way a poset with (z,y) < (2/,¢) if and only if z < 2’ and y < /.
The following lemma is well-known, see for example [SamSn4, §2| for a proof.

Lemma 2.4. (a) A subposet of a well partially ordered poset is well partially ordered.
(b) If P is well partially ordered and x1,x2,... is a sequence, then there is an infinite
increasing sequence i1 < tg < --- such that x;; <z, < ---
(¢) A finite direct product of well partially ordered posets is well partially ordered.

Posets of words. Let ¥ be a finite set. Let X* be the set of words s; - --s,, whose letters
come from X. Define a poset structure on X* by saying that sq---s, < s} -, if there is
an increasing function f: [n] — [m] such that s; = s’f(i) for all i. The following is a special

case of Higman’s lemma.
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Lemma 2.5 (Higman, [Hi]). ¥* is a well partially ordered poset.

We will also need a variant of Higman’s lemma. Define a partially ordered set * whose
objects are the same as X* by saying that s;---s, < s}---s/, if there is an increasing
function f: [n] — [m] such that S/f(i) =s;fori=1,...,n and for each j = 1,...,m, there
exists i such that f(i) < j and s’ = s’f(i).

Lemma 2.6. X* is a well partially ordered poset.

See [SamSn4, Prop. 8.2.1]; a different proof of this is in [DrKu, Proof of Prop. 7.5].

2.2 The category OVIC

Fix a finite commutative ring R.

Motivation. Let 4 C R* be a subgroup of the group of multiplicative units. For the purpose
of proving that the category of VIC(R,l)-modules is locally Noetherian, we will use the
“cheap” definition of VIC(R, ) from the introduction and use the alternate description of its
morphisms from Remark 1.11. Thus VIC(R, i) is the category whose objects are {R™ | n > 0}
and whose morphisms from R" to R" are pairs (f,f"), where f: R™ — R" and f': R" — R"
satisfy f'f = 1gn and det(f) € U if n =n’.

We will introduce yet another category OVIC(R) that satisfies OVIC(R) C VIC(R,4l) (the
“O” stands for “Ordered”; see Lemma 2.13 below). We emphasize that OVIC(R) does not
depend on l. The objects of OVIC(R) are {R" | n > 0}, and the OVIC(R)-morphisms from R"
to R" are VIC(R, {)-morphisms (f, f') such that f’ is what we will call a column-adapted map
(see below for the definition). The key property of OVIC(R) is that every VIC(R)-morphism
(f,f): R" — R™ (notice that we are using VIC(R) and not VIC(R,{)) can be uniquely
factored as (f, ) = (f1, f1)(fo, ), where (f1, f|): R* — R" is an OVIC(R)-morphism and
(f2, 15): R" — R" is an isomorphism; see Lemma 2.11 below. This implies in particular that
the category OVIC(R) has no non-identity automorphisms. We will prove that the category of
OVIC(R)-modules is locally Noetherian and that the inclusion functor OVIC(R) < VIC(R, L)
is finite. The key point here is the above factorization and the fact that Autyrc(g)(R") is finite.
By Lemma 2.2, this will imply that the category of VIC(R, il)-modules is locally Noetherian.

Column-adapted maps, local case. In this paragraph, assume that R is a commutative
local ring. Recall that the set of non-invertible elements of R forms the unique maximal ideal
of R. An R-linear map f: R” — R" is column-adapted if there is a subset S = {51 <
c- < spt C{1,...,n'} with the following two properties. Regard f as an n x n’ matrix and
let by,..., b, be the standard basis for R".

e For 1 <i <n, the st* column of f is b;.

e For 1 <i<mnand1l<j<s;, the entry in position (i,5) of f is non-invertible.
The set S is unique and will be written S.(f).

Example 2.7. An example of a column-adapted map f: R® — R? is the linear map repre-
sented by the matrix

* 1 0 % 0 =
* 0 1 = 0 =
* 0 0 x 1 =
Here * can be any element of R, while x can be any non-invertible element of R. O

The following observation might clarify the nature of column-adapted maps. It follows
immediately from our definitions.
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Observation 2.8. All column-adapted maps are surjective, and the only column-adapted
map f: R™ — R™ is the identity.

Column-adapted maps, general case. Now assume that R is an arbitrary finite commu-
tative ring. This implies that R is Artinian, so there exists an isomorphism R = Ry x--- X R,
where the R; are finite commutative local rings [AtMac, Theorem 8.7]. For the remainder of
this section, we fix one such isomorphism. Observe that

Homp(R™, R") = Hompg, (R}, R}) x - x Hompg, (R, RY),

so given f € Homg(R"™, R") we can write f = (fi,..., f,) with f; € Homp, (R, R?). We
will say that f is column-adapted if each f; is column-adapted.

Lemma 2.9. Let R be a finite commutative ring and let f: R* — R and g: R® — R® be
column-adapted maps. Then gf: R* — R is column-adapted.

Proof. Tt is enough to deal with the case where R is a local ring. Write S.(f) = {s1 < -+ < sp}
and Sc(g) = {t1 < --- < t.}. For1 <i <¢, let u; = st;. We claim that gf is a column-
adapted map with S.(gf) = {u1 < -+ < u.}. The first condition is clear, so we must verify
the second condition. Consider 1 < i <n and 1 < j < u;. We then have

(9f)ij = gnfij + giafoj + - + ginfoj-

By definition, g;;, is non-invertible for 1 < k£ < t;. Also, for ¢; < k < b the element f; is
non-invertible since j < u; = s¢; < s. It follows that all the terms in our expression for
(9f)ij are non-invertible, so since the non-invertible elements of R form an ideal we conclude
that (gf)i; is non-invertible, as desired. O

Lemma 2.10. Let R be a finite commutative ring and let f: R" — R™ be a surjection.
Then we can uniquely factor f as f = faofi1, where fi: R" — R" is column-adapted and
fa: R™ — R™ is an isomorphism.

Proof. 1t is enough to deal with the case where R is a local ring. Since R" is projective,
we can find g: R" — R™ such that fg = 1gs. We can view f and g as matrices, and the
Cauchy—Binet formula says that

1= det(fg) = Zdet fin),r) det(gr n))

where I ranges over all n-element subsets of [n'] = {1,...,n'} and f;,; means the minor of f
with rows I and columns J. Since R is local, the non-units form an ideal, so there exists at
least one I such that det( I, 7) is a unit. Let I be the lexicographically minimal subset such
that this holds. There is a unique h € GL(R") with (hf),); = 1rn. This implies that hf is
column-adapted with S.(hf) = I, and the desired factorization is fi = hf, fo = h™%. O

The category OVIC. Continue to let R be a general finite commutative ring. Define
OVIC(R) to be the category whose objects are {R" | n > 0} and where Homgy1c(g)(R", R™)
consists of pairs (f, f/) as follows.

e f € Homp(R",R") and f' € Hompg(R", R").

e f'f =1gn, so f is an injection and f’ is a surjection.

e f’is column-adapted.
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For (f, f) € Homgyze(r) (R", RB"') and (g, ¢') € Homgyro(r) (R, B""), we define (g,9')(f, f')
to be (gf, f'g’) € Homgyre(r)(R", R™). Lemma 2.9 implies that this makes sense. The key
property of OVIC(R) is as follows.

Lemma 2.11. Let R be a finite commutative ring and let (f, f') € HomVIC(R)(R”,R”,).
Then we can uniquely write (f, f") = (f1, f1)(f2, f3), where (f2, f3) € Autyier)(R") and
(f1, f1) € Homgyre(ry(R", R™).

Proof. Letting f' = f4f] be the factorization from Lemma 2.10, the desired factorization is
(") = (Ff5, f1)((f3) 1, f3). To see that this first factor is in Homgyre(g) (R, R™), observe
that fiffs = (f3) 7' f'ffs = (f5)""f5 = 1gn. O

Free and dependent rows. Assume that R is local. The condition f’f = 1z~ in the defi-
nition of an OVIC(R)-morphism implies that the rows of f indexed by S.(f’) are determined
by the other rows, which can be chosen freely. So we will call the rows of f indexed by S.(f’)
the dependent rows and the other rows the free rows.

Example 2.12. Assume that R is a local ring, that f’': R® — R3 is a column-adapted map
with S.(f') = {2,3,5}, and that f: R® — RS satisfies f'f = 1ps. The possible matrices
representing f’ and f are of the form

ko ok ok

x 1 0 % 0 = o °
ff=1%x 01 % 0 * amdf:<><><>
x 0 0 % 1 * o

S 0 0

ko ok ok

Here % can be any element of R, while x can be any non-invertible element of R and each ¢
is completely determined by the choices of * and * plus the fact that f'f = 1ps. 0

2.3 The category of OVIC-modules is locally Noetherian

The main result of this section is Theorem 2.14 below, which says that the category of
OVIC(R)-modules is locally Noetherian when R is a finite commutative ring.

A partial order. We first need the existence of a certain partial ordering. For d > 0, define

oo
Pr(d) = |_| HomOVIC(R)(Rdan)'

n=0
To apply the results of Sam-Snowden in [SamSn4], we would need to find a total ordering
of the set Pr(d) which is invariant under left composition. However, constructing such an
ordering seems difficult. Our solution is to construct a total ordering which is invariant under
left composition with “enough” morphisms to make an argument in the style of [SamSn4]
go through (see Remark 2.16 for some discussion of this). The following lemma gives this
ordering and is the key to the proof of Theorem 2.14, which asserts that the category of
OVIC(R)-modules is locally Noetherian when R is a finite commutative ring.

Lemma 2.13. Let R be a finite commutative ring, and fix d > 0. There exists a well partial
ordering < on Pgr(d) together with an extension < of = to a total ordering such that the
following holds. Consider (f,f') € HomUVIC(R)(Rd,R”) and (g,9') € HomDVIC(R)(Rd,R”/)
with (f, f') 2 (g9,9'). Then there is some (¢, ') € HomOVIC(R)(R”,R”/) with the following
two properties.
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1. We have (g,9") = (¢, ") (f, /). )
2. If (f17 f{) € HomUVIC(R)(Rd7 R" ) Satisﬁes (fla f{) < (f) f/)) then (¢a ¢,)(f17 f{) <
(9.9')-
Since the proof of Lemma 2.13 is lengthy, we postpone it until the end of this section and
instead show how it can be used to prove local Noetherianity.

Noetherianity. We now come to our main result.

Theorem 2.14. Let R be a finite commutative ring. Then the category of OVIC(R)-modules
1s locally Noetherian.

Proof. Fix a Noetherian ring k. For d > 0, define P; to be the OVIC(R)-module Fyyic(g), g,
where the notation is as in §2.1, so Py(R") = k[HomDVIC(R)(Rd,R”)]. By Lemma 2.1, it is
enough to show that every submodule of P; is finitely generated.

Let < and < be the orderings on Pr(d) given by Lemma 2.13. For an element (f, f') €
Homygyg( R)(Rd7 R™), denote by ey s the associated basis element of Py(R™). Given nonzero
x € Py(R"), define its initial term init(x) as follows. First, set init(0) = 0. For x # 0, write
x = aypesp with af g € k, and let (fo, fj) be the <-largest element such that Qo gl #0.
We then define init(x) = oy, £3€f0.f;- Next, given a submodule M C Py, define its initial
module init(M) to be the function that takes n > 0 to the k-module k{init(z) | x € M(R")}.
Warning: init(M) need not be an OVIC(R)-submodule of P;, see Remark 2.16.

Claim. If N, M C P; are submodules with N C M and init(N) = init(M), then N = M.

Proof of Claim. Assume that M # N. Let n > 0 be such that M(R") # N(R"). Pick
y € M(R")\ N(R"™) such that init(y) = ae; where ¢t is <-minimal. By assumption, there
exists z € N(R™) with init(z) = init(y). But then y—z € M(R™)\N(R") and init(y—z) = fey
where ' < t, a contradiction. O

We now turn to the proof that every submodule of P; is finitely generated. Assume
otherwise, so there is a strictly increasing sequence M ; My ; -+ of submodules. By the
claim, we must have init(M/;) # init(M;_1) for all i > 1, so we can find some n; > 0 and some
Aieg, g € init(M;)(R™) with ey, o ¢ init(M;—1)(R"™). Since < is a well partial ordering,
we can apply Lemma 2.4(b) and find ig < ¢; < --- such that

(fimfi/o) = (fil?fi,l) = (fi27fi/2) =

Since k is Noetherian, there exists some m > 0 such that ); ., is in the left k-ideal generated

by Aigs- .., N, 1€, we can write A;,, , = >7LgciAi; with ¢; € k. Consider some 0 <

j < m. Let x; € M;(R") be such that init(z;) = Aj;es, ;. By Lemma 2.13, there
7705

eXiStS so1me (¢J7¢_/7) € HomUVIC(R)(Rnij7RninL+l) SuCh tha‘t (fim+1’ i,m+1) = (¢]’¢;)(flj7 ’L/])
Setting y = > cj(qu,gb;-)xj, an element of M;, ,_1(R"m+1), Lemma 2.13 implies that

init(y) = )‘imﬂefimﬂ’f{mﬂ’ a contradiction. O

Insertion maps. For the proof of Lemma 2.13, we will need the following lemma.

Lemma 2.15. Let R be a commutativf local ring. Fixz some 1 < k < { <n and some S =
{s1<s2<---<sqb C{1,...,n}. Set £ =max({i | s; <L}U{0}). Letv = (v1,...,vq) € R4
be such that v; is non-invertible for all i > £. Define

T={s1<-<s;<sp+1<---<sg+1}C{l,...,n+1}.

There exists (¢, ¢") € Homgyre(ry (R", R with the following properties.
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e Consider (f,f') € HomOVIC(R)(Rd, R™) with S.(f') = S.

— The matriz f'¢' is obtained from f' by inserting the column vector v between the
(¢ — 1)t and " columns. Observe that S.(f'¢') = T.

— Let w € R be the k™ row of f. Then ¢f is obtained from f by inserting w between
the (£ — 1)t and (™ rows (observe that this new row is a free row!) and then
modifying the dependent rows so that (¢f, f'¢') € HomOVIC(R)(Rd,R"H). More
precisely, the §fh row of ¢f is the th row of f minus v;w.

e Consider (g,9") € Homgyre(p) (R, R™) with S.(g') < S in the lexicographic order. Then
Sc(¢g'd’) < T in the lexicographic order.

Proof. Define ¥ € R™ to be the column vector with v; in position s; for 1 < i < d and zeros
elsewhere. Next, define ¢': R"*! — R™ to be the matrix obtained from the n x n identity
matrix Idgs by inserting © between the (£ — 1)%* and ¢** columns. The condition on the v;
ensures that ¢’ is a column-adapted map. The possible choices of ¢: R™ — R™! such that
(¢,¢') € Homgyre(r)(R", R™1) have a single free row, namely the ¢*!. Let that row have a
1 in position k and zeros elsewhere. The other dependent rows are determined by this. For
a formula for this matrix, letting e be the k*" standard basis row vector, the matrix ¢ is the
result of inserting e between the ™" and (£+1)%* rows of Idgn —e. We have thus constructed
an element (¢, ¢') € Homgyre(g) (R, R"*1); that it satisfies the conclusions of the lemma is
an easy calculation. O

Constructing the orders, local case. We now prove Lemma 2.13 in the special case where
R is a local ring.

Proof of Lemma 2.13, local case. Let R be a finite commutative local ring. The first step
is to construct <. Consider (f, f) € HomUVIC(R)(Rd,R") and (g,¢") € HomUVIC(R)(Rd,R”/).
We will say that (f, f') < (g,¢’) if there exists a sequence

(f, £1) = (o, f0), (F1: 1), -+ (o o) = (9,9)

with the following properties:
e For 0 <i<n/—n, wehave (f;, f/) € Homgyre(r)(R?, R™1Y).
e For 0 < i < n’—n, the morphism (fij11, fi, ) is obtained from (f;, f;) as follows. Choose
some 1 < k < ¢ < n+isuchthat k ¢ S.(f]). Then f{, , is obtained from f; by inserting
a copy of the k'™ column of f/ between the (£ —1)%* and ¢! columns of f/. Also, fii1 is
obtained from f/ by first inserting a copy of the k™™ row of f; (observe that this is a free
row!) between the (£ —1)% and £ rows of f; (this new row is also a free row!) and then
modifying the dependent rows to ensure that (fiy1, fi, 1) € Homgyre(r) (R, R+,
This clearly defines a partial order on Pr(d).

Claim. The partially ordered set (Pr(d), =) is well partially ordered.

Proof of Claim. Define
5= (Rdﬂ {.y.}) x (RdH {4}) :

where & and # are formal symbols. We will prove that (Pr(d), =) is isomorphic to a subposet
of the well partially ordered poset ©* from Lemma 2.6, so by Lemma 2.4(a) is itself well
partially ordered. Consider (f, f') € Homgye(r) (R, R™). For 1 <i <mn,let (r;,¢;) € ¥ be
as follows.

o If i € S.(f'), then (r;,¢;) = (&, #). Observe that in this case the i row of f is a

dependent row.
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e If i ¢ S.(f'), then r; is the i*" row of f and ¢; is the i*® column of f’. Observe that in
this case the i*" row of f is a free row.

We get an element (r1,¢1)--- (rn, ¢,) € £*. We claim that the map taking the pair (f, f')
to (r1,c1) - (rn,cn) is an injection from Pgr(d) to ¥*. To see this, consider an element
(r1,¢1) - (Tn,cn) € 5* in its image. Our goal is to reconstruct (f, f'). First, we can read
off all the free rows of f. Second, if the i*" row of f is free, then we can also read off the
ith column of f’. The other columns of f’ are determined by the fact that they are precisely
the standard basis vectors in R?, appearing in their natural order. But now that we have all
of f/ and the free rows of f, the dependent rows of f are determined since f'f = 1za. The
claim follows. That this injection is order-preserving is immediate from the definitions. The
only subtle point is the reason we required that k ¢ S.(f/) in the second case of the definition
of the ordering on Pr(d). This is needed to ensure that no dependent rows of f are copied
when producing a larger element. O

We now extend < to a total order <. Fix some arbitrary total order on Rd, and con-
sider (f, f') € Homgye(r) (R*, R™) and (g,9') € HomDVIC(R)(Rd,R”/). We then determine if
(f, ') < (g,4") via the following procedure.

e If n<n/, then (f, f') < (g9,9)-

e Otherwise, n =n'. If S.(f’) < Sc(¢’) in lexicographic ordering, set (f, f') < (g,9').

e Otherwise, S.(f') = S.(¢'). If f' # ¢, then compare the sequences of elements of R?
which form the columns of f’ and ¢’ using the lexicographic ordering and the fixed total
ordering on R?.

e Finally, if f' = ¢/, then compare the sequences of elements of R? which form the free
rows of f and ¢ using the lexicographic ordering and the fixed total ordering on RZ.

It is clear that this determines a total order < on Pgr(d) that extends <.

It remains to check that these orders have the property claimed by the lemma. Consider
(f.f) € HomOVIC(R)(Rd7Rn> and (g,9') € HomOVIC(R)(Rd7Rn/> with (f, f') < (9.¢'). By
repeated applications of Lemma 2.15, there exists (¢,¢") € Homgyrc(r) (R™, R") such that
(9,9") = (o,8")(f, ["). Now pick (f1,f]) € HomOVIC(R)(Rd7Rn) such that (f1, f1) < (f, f).
We want to show that (¢, &) (f1, f1) < (&, 0")(f, f). If Sc(f]) < Sc(f’) in the lexicographic
order, then this is an immediate consequence of Lemma 2.15, so we can assume that S.(f]) =
Sc(f"). In this case, it follows from Lemma 2.15 that f{¢’ and f’'¢’ are obtained by inserting
the same columns into f{ and f’, respectively. If f{ # f’, then it follows immediately
that (¢, ¢ )(f1, f1) < (o,&)(f, f"). Otherwise, it follows from Lemma 2.15 that ¢f; and
¢f are obtained by duplicating the same rows in f; and f, respectively, and it follows that

(¢, 90")(f1, f1) < (&,8")(f, ), as desired. O

Remark 2.16. The total ordering that we define for the proof of Lemma 2.13 need not be
compatible with all compositions in the sense that f' < f implies that gf’ < gf for all g.
This assumption is in place in [SamSn4]| which is why we cannot use the machinery from that
paper. To see this, consider the example R = 7Z/16 and define

f=<(1’>, fi=(2 1), i=(6 1),

8 , (210 ,
17 g1 = 0017 92
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Then (f) fz,) € HomOVIC(R) (R17 R2) and (gvg;) € HomDVIC(R) (R27 RB) for i = ]-7 2. AISO)

gfi=(4 2 1), difs=(12 6 1),
afi=(12 2 1), his=(1 6 1).

Using our ordering, we need to fix a total ordering on Z/16. If we choose 2 < 6, then we
would have f{ < f4. This forces 4 < 12 by considering ¢} f1 < ¢} f5, but it also forces 12 < 4
by considering ¢4 f{ < g4 f5. Hence our ordering is not compatible with all compositions.

In particular, we cannot guarantee that init(M) is an OVIC(R)-submodule of Py. It is
possible that there exist total orderings that are compatible with all compositions. O

Constructing the orders, general case. We finally come to the general case.

Proof of Lemma 2.13, general case. Let R be an arbitrary finite commutative ring. As we
mentioned above, R is Artinian, so we can write R = Ry x --- x R, with R; a finite local
ring [AtMac, Theorem 8.7]. Indeed, we have fixed one such isomorphism. For all n,n’ > 0,
we then have

Homp(R", R") = Hompg, (R}, RY') x - - x Hompg, (R, RY).
The set Pr(d) can thus be identified with the set of tuples

((flvf{)av(fqvfz;)) € PR1(d) XX PRq(d)

such that there exists some single n > 0 with (f;, f/) € HomDVIC(Ri)(RZd, R?) forall1 <i<gq.
Above we constructed the desired orders < and < on each Ppg,(d). Define a partial order <
on their product using the product partial order and define a total order < on their product
using the lexicographic order. This restricts to orders < and < on Pg(d). Lemma 2.4 implies
that < is well partially ordered, and the remaining conclusions are immediate. O

2.4 The categories of VI-, V-, V'-, and VIC-modules are locally Noetherian

We now prove several of our main theorems.

Proof of Theorem D. We wish to prove that the category of VIC(R,{l)-modules is locally
Noetherian. By the discussion at the beginning of §2.2 (and Theorem 2.14), it is enough
to show that the inclusion functor ®: OVIC(R) — VIC(R,4) is finite. Fix d > 0 and set
M = Pyepgsy,pe, so M(R") = k[Homyre(p g (R?, R™)]. Our goal is to prove that the
OVIC(R)-module ®*(M) is finitely generated. For every ¢ € SLY(R), we get an element
(¢, 71) of ®*(M)(R?), and thus a morphism Povic(r),re — ®*(M). For ¢ € GL4(R) and
(f,f") € Homgyre(ry(RY, R¥™Y), the element (f, f')(¢, ") is in ®*(M)(R%*!), and thus
determines a morphism Pyyro(g) patt — @*(M). Lemma 2.11 implies that the resulting map

P Puicryre | © D Povie(r),per | —> ©7(M)
SLY(R) GLg4(R)xHomgyre(ry (R, R4TT)
is a surjection. Since R is finite, this proves that ®*(M) is finitely generated. O
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Proof of Theorem A. We wish to prove that the category of VI(R)-modules is locally Noethe-
rian. The forgetful functor VIC(R) — VI(R) is essentially surjective since it is the iden-
tity map on the objects. To see that it is finite, consider the pullback of Pyy(g) rn to
VIC(R). Since it is generated as a VI(R)-module by the identity map idgn € Pyy(g),pn(R") =
k[homyy g (R", R")], the same is true as a VIC(R)-module since the forgetful map is surjec-
tive on morphism sets. This surjectivity uses the fact that R is finite. Indeed, this implies
that every stably free R-module is free, so the cokernel of a splittable R-linear map R™ — R"
is free. The desired statement now follows from Lemma 2.2 and Theorem D. O

Proof of Theorem B. We wish to prove that the category of V(R)-modules is locally Noethe-
rian. By Lemma 2.2 and Theorem A, it is enough to prove that the inclusion functor
t: VI(R) — V(R) is essentially surjective and finite. Essential surjectivity is clear, so we
must only prove finiteness. Let V' be a free R-module. By considering its image, every split-
table R-linear map canonically factors as a composition of a surjective map followed by a
splittable injective map. So we have the decomposition of VI(R)-modules

FPyry)= B Pumw
V—-W—=0

where the sum is over all free quotients W of V. O

Proof of Theorem C. We wish to prove that the category of V/( R)-modules is locally Noethe-
rian. By Lemma 2.2 and Theorem A, it is enough to prove that the inclusion functor
t: VI(R) — V/(R) is essentially surjective and finite. Essential surjectivity is clear, so we
must only prove finiteness. Consider some d > 0. We must prove that .*(FPy (g ga) is a
finitely generated VI(R)-module. Let N be the number of elements of R%. Consider some
n > N and some V'(R)-morphism f: R? — R™. Viewing f as an n x d matrix, there are at
most N distinct rows occurring in f. This implies that there exists some g € GLg4(R) such
that the last (n — V) rows of f o g are identically 0. From this, we see that f can be factored
as ) ,
R L RN L g
where f” is splittable and f’ is arbitrary. This implies that we have the decomposition of
VI(R)-modules
C(Porygrt) = B Prrryry's

Rd—RN'

where the sum is over all R-linear maps B¢ — RN with N’ < N. O

Remark 2.17. A shorter proof of Theorem A (and hence of Theorems B and C) is given in
[SamSn4, §8.3] that deduces it from the locally Noetherian property of the opposite of the
category of finite sets and surjective functions. We include the proof above since it follows
easily from Theorem D which is the result that we actually need for our applications, and
because the ideas for the proof were only made possible by work from both projects. O

2.5 The category of SI-modules is locally Noetherian

Fix a finite commutative ring R. Our goal in this section is to adapt the proof that the
category of VIC(R)-modules is locally Noetherian to prove that the category of SI(R)-modules
is locally Noetherian. The proof of this is immediately after Theorem 2.20 below.

Row-adapted maps. An R-linear map f: R” — R™ is row-adapted if the transpose
ft of the matrix representing f is column-adapted in the sense of §2.2, in which case we
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define S,.(f) = S.(f!). Lemma 2.9 implies that the composition of two row-adapted maps is
row-adapted.

The category OSI. Define 0SI'(R) to be the category whose objects are pairs (R>",w),
where w is a symplectic form on R?", and whose morphisms from (R?",w) to (R2”/,w’ ) are
R-linear maps f: R*" — R?" which are symplectic and row-adapted. Also, define 0SI(R)
to be the full subcategory of 0SI'(R) spanned by the (R?",w) such that w is the standard
symplectic form on R?", i.e., if {by,...,bg,} is the standard basis for R?", then

w(bai—1,baj—1) = w(ba;, byj) =0 and w(bg;_1,ba;) = d;; (1<i,j<n),

where d;; is the Kronecker delta. We will frequently omit the w from objects of 0SI(R).

Factorization of SI-morphisms. The following is the analogue for SI(R) of Lemma 2.11.

Lemma 2.18. Let R be a finite commutative ring and [ € HomSI(R)((RZ”,w),(RQ"I,w')).
Then we can uniquely write [ = f1f2, where fo € ISOSI(R)((R2TL,W), (R?™,\)) for some sym-

plectic form X on R*™ and fi € Homggp(r)((R?", X), (R* W')).

Proof. Applying Lemma 2.10 to the transpose of f and then transposing the result, we can
uniquely write f = fifo, where fo: R — R?" is an isomorphism and fi: R — R¥ is a
row-adapted map. There exists a unique symplectic form A on R?" such that fo: (R*™, w) —
(R?,\) is a symplectic map. Since f: (R?*",w) — (RZ”/,w’ ) is a symplectic map and f; =
ffo L, it follows that fi: (R*™,\) — (R?" ') is a symplectic map, as desired. O

A partial order. Our goal now is to prove Theorem 2.20 below, which says that the
category of 0SI(R)-modules is locally Noetherian. This requires the existence of a certain
partial ordering. For d > 0 and w a symplectic form on R?¢, define

PR(daw) = |_| HomOSI’(R)((RQdaw)ngn);
n=0

here we are using our convention that R?" is given the standard symplectic form.

Lemma 2.19. Let R be a finite commutative ring. Fix d > 0 and a symplectic form w on
R2d. There exists a well partial ordering < on Pgr(d,w) together with an extension < of <
to a total ordering such that the following holds. Consider f € HomDSI/(R)((R2d,w), R?*™) and

g € HomOSI/(R)((RQd,w),RQ"/) with f < g. Then there is some ¢ € HomOSI(R)(R%,RQ"I)
with the following two properties.

1. We have g = ¢f.

2. If f1 € HomDSI/(R)((R2d,w),RQ””) satisfies f1 < f, then ¢f1 < g.
We postpone the proof of Lemma 2.19 until the end of this section.

Noetherian theorems. For d > 0 and w a symplectic form on R?>?, define Q4. to be the
0SI(R)-module obtained by pulling back the 0SI'(R)-module Pogy/(p) (p2d ), SO

Qd,w(RQn) = k[HomOSI’(R)((R2d7 w), Rzn)]-
The main consequence of Lemma 2.19 is as follows.

Theorem 2.20. Let R be a finite commutative ring. Then the category of 0SI(R)-modules is
locally Noetherian. Moreover, for d > 0 and w a symplectic form on R*?, the 0SI(R)-module
Qay s finitely generated.
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Proof. The proof of Theorem 2.14 can easily be adapted to prove that in fact every submodule
of Qg is finitely generated (replace Lemma 2.13 with Lemma 2.19). If w is the standard
symplectic form on R??, then Qg = Post(r),r2e- We can thus use Lemma 2.1 to deduce that
the category of 0SI(R)-modules is locally Noetherian. O

We now use Theorem 2.20 to deduce Theorem E, which asserts that the category of SI(R)-
modules is locally Noetherian when R is a finite commutative ring.

Proof of Theorem E. By Lemma 2.2 and Theorem 2.20, it is enough to show that the inclu-
sion functor ®: 0SI(R) — SI(R) is finite. Fix d > 0 and w a symplectic form on R??. Set
M = Pyy(p) (g2 ), SO M(R*™) = k[HomSI(R)((RQd,w), R?")]; here we remind the reader of
our convention that R?" is endowed with its standard symplectic form. Our goal is to prove
that the 0SI(R)-module ®*(M) is finitely generated. For every symplectic form \ on R2?
and every element of Isogy(g) ((R*%,w), (R*, X)), we get a morphism Qg — ®*(M) in the
obvious way. Lemma 2.18 implies that the resulting map

s> D Qax | — (M)
A a symplectic \ Isogy(g) ((124,w),(R??,X))
form on R2¢
is a surjection. Theorem 2.20 implies that each Qg is a finitely generated 0SI(R)-module.
Since R is finite, this proves that ®*(M) is finitely generated. O

Insertion maps. For the proof of Lemma 2.19, we will need the following analogue of
Lemma 2.15.

Lemma 2.21. Let R be a commutative local ring. Fiz d > 0, a symplectic form w on R%*,
and some f € Hompgy(g)((R*,w), R*") and g € HomUSI/(R)((RQd,w),RQ”/). Assume that
there exists some I C {1,...,n'} \ {i | either 2i — 1 € S,(g) or 2i € S;(g9)} such that f can
be obtained from g by deleting the rows J := {2i — 1, 2i | i € I} (observe that this implies
that Sy (f) is equal to Sy(g) after removing J from {1,...,2n'} and renumbering the rows in
order). Let the rows of g be r1,...,72,. Then there exists ¢ € Homggy(p) (R2", R?" with, the
following properties.
o We have g = ¢f.
o Let h € Homggy(g)((R*?,w), R?™) be such that S.(h) = S,(f). Then ¢h is obtained
from h by inserting the row r; in position j of h for all j € J.
o Leth e HomDSI(R)((R2d,w), R?™) be such that S,(h) < S.(f) in the lexicographic order.
Then Sy(¢h) < Sy(g) in the lexicographic order.

Proof. Set J' = {1,...,2n'} \ J, and write J = {j1 < -+ < Jopw_pn)} and J' = {j; <
oo < Jon}. Next, write S,(f) = {s1 < --- < s2q¢} C {1,...,2n}, and for 1 < i < 27/, let
= (7"2-1, el r?d). Define 7; € R?™ to be the element that has 7! in position s; for 1 < j < 2d
and zeros elsewhere. Finally, define ¢: R?® — R?" to be the map given by the matrix defined
as follows.

e For 1 <k < 2(n' —n), the 5t row of ¢ is 7.

e For 1 <k < 2n, the (j},)' row of ¢ has a 1 in position k and zeros elsewhere.
The fact that g is row-adapted implies that ¢ is row-adapted, and the three listed conclusions
of the lemma are easy calculations. The only non-trivial fact that must be proved is that
¢: R — R g symplectic with respect to the standard symplectic forms w, and w,s on
R?" and R?" | respectively.
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Let 21,..., %2, € R?" be the columns of ¢. To prove that ¢ is symplectic with respect
to wy, and w,y is equivalent to proving that

Wnp! (x2i—17«752j—1) = Wy (xgi,xgj) =0 and Wnp/! ($2i—17 Jrzj) = 5ij (1 S i,j S n) (2.1)

For 1 <i < 2n, let o} € R?" e the element obtained by replacing the j,tch entry of x; with
a0for 1 <k<2(n —n)and let 2/ = x; — x}. By construction, z1,...,z5, is the standard
basis for R?" with the basis vectors indexed by J removed, so

Wit (X1, ;1) = Wy (T, 25;) =0 and  wy (21, T;) = 0y (1<4,5<n).
1

Also, by construction we have w,, ($§,:L‘j) =0 forall 1 <i,57 < 2n. It follows that (2.1) is

equivalent to showing that w,(z},27) =0 for all 1 <i,j < 2n.

The only 2/ that are nonzero are m’s’l for 1 < ¢ < 2d, so it is enough to show that
that wy (25, 25) = 0 for 1 < i,j < 2d. Let y1,...,y24 € R*" be the columns of g. For

1<i<2dlety, € R?" be the element obtained by replacing the j,tgh entry of y; with a 0 for
1 <k <2(n'—n)and let y; = y; — y;. By construction, we have z¥, = y; for 1 <i < 2d, so

]

we must show that w,/(y;,y7) =0 for 1 <i,j < 2d.
Let 21,..., 24 € R®™ be the columns of f and let by, ..., byg be the standard basis for
R?. Since f: (R*,w) — R?" and g: (R**,w) — R*" are symplectic maps, it follows that

wn(2i, 2j) = w(bi, b;)  and  wy (ys,y;) = w(bs, bj) (1<i,j<2d). (2.2)
Using the fact that f is obtained by deleting appropriate pairs of rows of g, we see that
wn('zia Zj) = Wy (y{,y;) (1 <1i,7< 2d) (23)

Combining (2.2) and (2.3), we see that wy (yi,y;) = ww(y,y;) for all 1 < 4,5 < 2d. By
construction, we have

W (Ui ¥5) = wn (U5 95) = we (i 5) (1 <4, < 2d).
We conclude that for 1 <i,j < 2d we have wa,/ (y/,y;) equal to
Wi (Wi — Vi ¥ — Y5) = wnr (Wis y5) — e Wi 45) — e Wiy U) + o (U35 5)
= 2w (Y3, Y5) — 2w (yi ;) = 0,

as desired. O

Constructing the orders. We now prove Lemma 2.19.

Proof of Lemma 2.19. The general case of Lemma 2.19 can easily be deduced from the case
where R is a local ring (the argument is identical to that for Lemma 2.13), so we can assume
that R is a local ring. The first step is to construct <. Consider f € HomUSI/(R)((RQd, w), R?")

and g € HomOSI/(R)((RQd,w), R?). We will say that f < g if f can be obtained from g by
deleting the rows {2i — 1, 2i | i € I} for some set

Ic{1,....,n'}\ {i| either 2i — 1 € S,(f) or 2i € S,.(f)}.
This clearly defines a partial order on Pr(d,w).

Claim. The partially ordered set (Pr(d,w), =) is well partially ordered.
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Proof of Claim. Define
2= (Rdﬂ {4}) x (Rdu {Q}) :

where # is a formal symbol. We will prove that (Pr(d,w), <) is isomorphic to a subposet
of the well partially ordered poset ¥* from Lemma 2.5, so by Lemma 2.4(a) is itself well
partially ordered. Consider f € Homggy/( R)((R2d,w), R?®™). For 1 <i < 2n, let

. the ith row of f if i ¢ S,(f),
R if i € S,(f).

Thus r; € R 11 {#}. For 1 < i < n, let 6; = (roi_1,72) € ¥. We thus get an element
01---6, € ¥*. We claim that the map taking f to 0 --- 6, is an injection from Pr(d,w) to
>*. To see this, consider an element 67 - - -6, € ¥* in its image. Our goal is to reconstruct
f. Write 0; = (ro;—1,72;), and set S = {1 <i<2n | r; = &}. We can read off all the rows
of f except for those whose index lies in S. But we know that S = S,(f), so rows whose
index lies in S are precisely the standard basis vectors in R?, appearing in their natural order.
We have thus reconstructed all of f, as claimed. That this injection is order-preserving is
immediate from the definitions. The only subtle point is the reason we used the # rather
than just using the basis vectors in R¢. The point here is that in the definition of the partial
order on Pr(d,w), we were not allowed to delete rows in S,(f), so we have to distinguish
them in X. O

We now extend =< to a total order <. Fix some arbitrary total order on de, and consider
f e HomUSI/(R)((de,w),RM) and g € HomOSI/(R)((R2d,w),RZ”/). We then determine if
f < g via the following procedure. Assume without loss of generality that f # g.

e If n <7/, then f < g.

e Otherwise, n =n'. If S,.(f) < S,(g) in the lexicographic ordering, then f < g.

e Otherwise, S,(f) = S.(g). Compare the sequences of elements of R?? which form the

rows of f and ¢ using the lexicographic ordering and the fixed total ordering on R??.
It is clear that this determines a total order < on Pg(d,w) that extends <.

It remains to check that these orders have the property claimed by the lemma. Consider
fe HomUSI/(R)((R2d,w),R2”) and g € HomUSI/(R)((RQd,w),RQ"I) with f < g. By Lemma
2.21, there exists some ¢ € HomDSI(R)(RQ”,RQn/) such that ¢ = ¢f. Now consider f; €
HomDSI/(R)((RQd,w),R%) such that f; < f. We want to show that ¢f; < of. If S.(f1) <
Sy(f) in the lexicographic order, then this is an immediate consequence of Lemma 2.21, so
we can assume that S,.(f1) = S-(f). In this case, it follows from Lemma 2.21 that ¢f; and
¢f are obtained by inserting the same rows into the same places in f; and f, respectively. It
follows immediately that ¢ f1 < ¢f, as desired. O

2.6 Counterexamples

In this section, we prove Theorem N, which asserts that the category of C-modules is not
locally Noetherian for C € {VI(R),VIC(R),SI(R)} when R is an infinite ring. This requires
the following lemma.

Lemma 2.22. Let k be a nonzero ring and I' be a group that contains a non-finitely generated
subgroup. Then the group ring kK[I'] is not Noetherian.

Proof. Given a subgroup H C T, the kernel of the surjection k[I'] — k[I'/H] is a left ideal
Iy Ck[I']. Clearly H G H' implies Iy G Iy, so the existence of an infinite ascending chain

27



of left ideals in k[I'] follows from the existence of an infinite ascending chain of subgroups
of I'. The existence of this is an immediate consequence of the existence of a non-finitely
generated subgroup of I'. O

Proof of Theorem N. For all of our choices of C, the group I' := Autc(R?) contains SLa(R).
We claim that SLo(R) contains a non-finitely generated subgroup. There are two cases. If
Z C R, then SLy(R) contains a rank 2 free subgroup. For instance, one can take the subgroup

generated by
1 2 10
(0 1) and (2 1).

This free subgroup contains a non-finitely generated subgroup. If Z ¢ R, then the additive
group of R is annihilated by some positive integer £. Since R is infinite, this implies that the
additive group of R is not finitely generated. The claim now follows from the fact that the
additive group of R is a subgroup of SLy(R) via the embedding

'_>17"
r 01/

By Lemma 2.22, the claim implies that k[I'] is not Noetherian. Define a C-module M via
the formula
{k[Autc(V)] if V=72
My =

0 otherwise.

The morphisms are the obvious ones. It is then clear that M is finitely generated but contains
non-finitely generated submodules. O

3 Partial resolutions and representation stability

This section contains the machinery that we will use to prove our asymptotic structure
theorem. It contains three sections. Recall the definition of a (weak) complemented category
from §1.4. In §3.1, we will discuss automorphisms of complemented categories. Next, in
§3.2 we will state Theorem 3.7, which gives a certain partial resolution for finitely generated
modules over a complemented category. Theorem 3.7 is proven in §3.3. At the end of §3.3,
we will derive our asymptotic structure theorem (Theorem F) from Theorem 3.7.

The arguments in this section are inspired by [ChEFaNag]. The formal manipulations in
§3.1 are also reminiscent of some of those appearing in [WahRW].

3.1 Automorphism groups of complemented categories

Objects in complemented categories equipped with a generator have rich automorphism
groups. For instance, we have the following.

Lemma 3.1. Let (A,®) be a complemented category with generator X. For V,V' € A, the
group Auty (V') acts transitively on the set Homy(V, V).

Proof. Without loss of generality, V' = X* for some k > 0. Consider morphisms f,g: V —
X%, Let C and D be the complements to f(V) and g(V), respectively, and let ¢: V@ C — X*
and ¢': V ® D — X* be the associated isomorphisms. Writing V = X*, we then have
C,D = X*=%, in particular, there is an isomorphism n: C' — D. The composition

XL vec i vep  xk
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is then an isomorphism ¥: X* — X% such that Vo ¢: V ® C — X is an isomorphism that
restricts to g: V — X¥, so Wo f =g. ]

Lemma 3.2. Let (A, ®) be a complemented category, let V,V' € A, and define p: Auty (V) x
Auty (V') — Auty(V @ V') by the formula o(f,g9) = f ® g. Then the following hold.

(a) The homomorphism ¢ is injective.

(b) Leti: V-V @&V andi: V' -V ® V' be the canonical maps. Then

e Auty,(Ve V') | noi’ =i’} = p(Auty (V) x idy) = Auty(V),
e Aut, (Ve V') | noi=i} = @(idy x Auty(V')) = Auty (V).

Proof. (a) Consider fy € Autpy(V) and go € Auty(V’) such that ¢(fo,g90) = idygys. The
proofs that fo = idy and go = idy~ are similar, so we will only give the details for fy. Let 1
be the identity of (A, ®) and let u: 1 — V' be the unique map (by assumption, 1 is initial).
Since gg o u = u, we have a commutative diagram

Vel e vey

lfo@idn lfo@go (3.1)

Vel e ey

Since fo® go = idy gy, we deduce that (idy ® u) o (fo®idy) = idy ® u. Like all A-morphisms,
idy ® u is a monomorphism, so fy ® idy = idy g1, and hence fo = idy, as desired.
(b) The isomorphisms are a consequence of (a). We next show that

o(Auty (V) xidy/) C {n € Auty(V@® V') | noi =i},
(p(ldv X AutA(V')) C {77 S AutA(V ® V’) ‘ noi = Z}

The proofs are similar, so we will only give the details for ¢(idy x Auty(V’)). Consider
g1 € Auty(V’). The map ¢(idy, g1) o ¢ is the composition of the canonical isomorphism
V 2V ® 1 with the composition
Vel Y8 yvey Yy e
The uniqueness of v implies that this composition equals idy ®(g;ou) = idy ®u, so p(idy, g1)o
i = 1, as desired.
We next show that

e(Auty (V) xidy/) D {n € Auty(V @ V') | noi =i'},

o(idy x Auta (V) D {n € Autya(V @ V') | noi=1i}.
The proofs are similar, so we will only give the details for ¢(idy x Auty(V’)). Consider
he € Auty(V ® V') such that hg oi = i. We wish to find some go € Auty(V’) such that
(idy, g2) = ho. Observe that (V') is a complement to (V') and hg 0’ (V') is a complement

to hg 0i(V) =i(V). By the uniqueness of complements, there must exist go € Auty(V”) such
that hg o4’ =4’ o go. Under the injection

Homy (V@ V',V ® V') < Homy(V,V ® V') x Homy(V',V ® V'),

both hg and idy ® go map to the same thing, namely (i,7 o g2). We conclude that hy =
idy ® g2 = (idy, g2), as desired. O
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3.2 Recursive presentations and partial resolutions

Fix a complemented category (A, ®) with a generator X and fix an A-module M. We wish to
study several chain complexes associated to M.

Shift functor. Consider some p > 0 and some V € A. Define
Jv,p = Homy (XP, V).

This might be the empty set. The groups Aut(X)? and &, and the wreath product &,
Aut(X) = &, x Aut(X)? all act on X? and induce free actions on Jy,. Set

Jvp = Tvp / Aut(X)P, Wp =Tvp /Sy, Wy =Tvp /(6p L Aut(X)).

For h € Ty, let W), C V be the complement of h(X?). We then define an A-module ¥, M
via the formula
S, M)y = P Mw, (Vea).

h€Tv,p

As far as morphisms go, consider a morphism f: V — V' and some h € Jy,. We then
have f o h € Jy . Moreover, letting C' C V' be the complement of f(V'), there is a natural
isomorphism V &® C' = V’. Under this isomorphism, we can identify Wy, with W}, ® C. The
canonical morphism Wj; — W, ® C thus induces a map Mw, — MWfoh‘ This allows us
to define (component by component) a morphism (X, M)¢: (£, M)y — (X, M)yr. We will
identify 3o M with M in the obvious way. As notation, we will write (X, M)y, for the term
of (3, M)y associated to h € Jy,.

Define ¥, M and ¥ M and X' M by summing over Jy,, and J7,,, and J7/,,, rather than
Jv,p. These are quotients of Jy,, as A-modules by the submodules spanned by (z,(—1)%x)
where # € My, and (—1)9z € My oy for g € Aut(X)? or g € 6, or g € &, Aut(X),
respectively, and (—1)9 refers to the sign of the &)-component of g in the second and third
case (and is defined to be 1 in the first case).

Lemma 3.3. If (A,®) is a complemented category with generator X and if M is a finitely
generated A-module, then ¥, M and Z;,M and EZM and E;”M are finitely generated A-
modules for all p > 0.

Proof. It is enough to prove this for ¥, M since this surjects onto the others.

There exist Vi,...,V,, € A and x; € My, for 1 < ¢ < m such that M is generated
by {z1,...,x;m}. For all V € A let hy: XP — V ® XP be the canonical morphism, so
(X, M)vexrh, = My. For 1 <i <m, define 7; € (£, M)y,exr to be the element

zi € (Bp M)v,exv,hy, C (Xp M)v,exe.

We claim that ¥, M is generated by Z1,...,T,,. Indeed, let N be the submodule of X, M
generated by the indicated elements. Consider V' € A. Our goal is to show that Ny =
(BpM)y. If (3, M)y # 0, then V = X7 for some ¢ > p, and it is enough to show that
Nxa = (Xp M)xa. It is clear that (X, M)xa-rexrh,, , C Nxe. Lemma 3.1 implies that
Auty(X?) acts transitively on Jxq,. We conclude that Nxq contains (X, M)xa ) for all
h € jqup, so Nxq = Mxq. ]

Remark 3.4. The operation ¥, is an exact functor on the category of A-modules: given a
morphism f: M — N, there is a morphism ¥, f: ¥, M — ¥, N defined in the obvious way,
and the same is true for ¥, and X7 and ¥'. Note that X, can be identified with the pth
iterate of 1, and a similar statement holds for ¥, but not for ¥ or %77, O
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Chain complex. For p > 1, we now define a morphism d: ¥, M — ¥, 1 M of A-modules
as follows. Comnsider V € A. For 1 < i < p, let t;: X — XP be the canonical morphism of
the " term and let s;: XP~!1 — XP be the morphism that corresponds to the (p — 1)-tuple
(t1,. .. Li. .. ,tp) under the isomorphism

Hom, (XP~1, XP) 2 Hom,y (X, XP) x - - - x Homy (X, XP)

from the definition of a complemented category. For h € Ty, we have hos; € Jyp_1.
Moreover, we can identify Wjes, with W), ® (h o t;(X)). Define dj: ¥, M — X,_1 M to
be the morphism that takes (3, M)y, = M, to (Xp—1 M)vhos; = Mw, @(hot;(x)) Via the

map induced by the canonical morphism W; — Wj, & (h o t;(X)). We then define d =

le(—l)i_ldi. The usual argument shows that d o d = 0, so we have defined a chain

complex of A-modules:
XeM: oo — X3 M — YoM — X1 M — M.
The differentials factor through the quotients ¥, M and %7 M and X}’ M, so we get complexes

SIM oo — XM —SOM — XM —M,
SIM o~ SIM Y M — S M —M,
UM — XYM — M — X M —M.

Remark 3.5. Let A° be the underlying groupoid of A, i.e., the subcategory where we take all
objects of A and only keep the isomorphisms. Using the complemented structure of A, there
is a natural symmetric monoidal structure on A°-modules defined by

Fea)(V)= @ FV)exGV").
v=v'@Vv"

So we can define commutative algebras and their modules. Define an A°>-module A; by V' — k
if V' is isomorphic to the generator of A and V' + 0 otherwise and set A = Sym(A;) where
Sym denotes the free symmetric algebra. Then

A(V) = P k
{Li,....Ln}
V:L1®"'®Ln

where the sum is over all unordered decompositions of V' into rank 1 subspaces. There is a
quotient A of A given by V — k for all V' (identify all summands above), and the category
of A-modules is equivalent to the category of A-modules: a map A ® M — M is equivalent
to giving a map M (V') — M (V) for each decomposition V =V’ ® V", and the associativity
of multiplication is equivalent to these maps being compatible with composition.

Under this interpretation, X, M becomes

e AP M = APP QM — Ay @ M — M,

while $” M is the Koszul complex of M thought of as an A-module:

.--—>/\3A1®M—>/\2A1®M—>A1®M—>M. O

Relation to finite generation. We pause now to make the following observation.
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Lemma 3.6. Let (A,®) be a complemented category with generator X and let M be an
A-module over a ring k. Assume that My is a finitely generated k-module for all V € A.
Then M is finitely generated if and only if there exists some N > 0 such that the map
d: (X1 M)y — My is surjective for all V € A whose X -rank is at least N.

Proof. If M is generated by elements z1,...,x} with x; € My, then we can take N to be
the maximal X-rank of Vi,...,V; plus 1. Indeed, if V' € A has X-rank at least N, then every
morphism V; — V factors through W for some W C V whose X-rank is one less than that
of V, which implies that the map d: (X1 M)y — My is surjective. Conversely, if such an N
exists, then for a generating set we can combine generating sets for My: for 0 <¢ < N —1
to get a generating set for M. ]

Partial resolutions and representation stability. We finally come to our main theorem
which will be used in the proof of Theorem F.

Theorem 3.7. Let (A, ®) be a complemented category with generator X. Assume that the
category of A-modules is locally Noetherian, and let M be a finitely generated A-module. Fix
some q > 1. If the X-rank of V € A is sufficiently large, then the chain complex

(EqM)V — (Eq—lM)V —_— s — (ZlM)V — My — 0
is exact. The same holds if we replace ¥, by Z;) or E;’ or Eg'.
The proof of Theorem 3.7 is in §3.3 after some preliminaries.

Remark 3.8. The different resolutions given by Theorem 3.7 are useful in different contexts.
The resolution ¥, will be used in our finite generation machine in §5 (though the other
resolutions could also be used at the cost of complicating the necessary spaces). For A = FI,
the resolution ¥/ is a version of the “central stability chain complex” from [Pu2]; this also
played an important role in [ChEFaNag]. Finally, the resolution ¥ is the “most efficient” of
our resolutions in the sense that the terms are smallest. O

3.3 Proof of Theorem 3.7

We begin with some preliminary results needed for the proof of Theorem 3.7.

Torsion submodule. If M is an A-module, then define the torsion submodule of M,
denoted T'(M), to be the submodule defined via the formula

T(M)y = {x € My | there exists a morphism f: V — W with My(z) = 0}.

Lemma 3.9. Let (A,®) be a complemented category with generator X and let M be an
A-module. Then T'(M) is an A-submodule of M.

Proof. Fix V € A. It suffices to show that T(M)y is closed under addition. Given x,z’ €
T(M)y, pick morphisms f: V — W and f’: V. — W’ such that M(z) =0 and My (2') = 0.
Let g: W — W&W'and g': W — W &®W' be the canonical morphisms. Lemma 3.1 implies
that there exists some h € Auty(W ® W) such that hogo f = ¢’ o f’. This morphism kills
both x and 2/, and hence also = + 2’ O

Lemma 3.10. Let (A,®) be a complemented category with generator X. Assume that the
category of A-modules is locally Noetherian and let M be a finitely generated A-module. Then
there exists some N > 0 such that if V € A has X -rank at least N, then T'(M)y = 0.
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Proof. Combining Lemma 3.9 with our locally Noetherian assumption, we get that T'(M)
is finitely generated, say by elements x1,...,x, with x; € T(M)y, for 1 < i < p. Let
fi: Vi = W; be a morphism such that My, (z;) = 0. Define W = Wi ®---® W), and consider
some 1 < ¢ < p. Define fz Vi — W to be the composition of f; with the canonical morphism
Wi — W. It is then clear that M}:(l’z) = 0. If N is the X-rank of W, we claim that

T(M)y =0 whenever V' € A has X-rank at least N. Indeed, every morphism g: V; — V can
be factored as

v, hw—v,
and thus Mg(x;) = 0. Since the x; generate T'(M), it follows that T'(M)y = 0. O

Torsion homology. Since ¥, M is a chain complex of A-modules, we can take its homology
and obtain an A-module Hy (X, M) for each ¢ > 0. We then have the following.

Lemma 3.11. Let (A, ®) be a complemented category with generator X. Fix some ¢ > 0, and
consider V€ A. Letv: V — V&X be the canonical morphism. Then for allx € (Hy(X, M)y,
we have (Hy(34 M)),(xz) = 0. In particular, the same is true for any morphism f that maps
V to W with larger X -rank. The same holds if we replace ¥y by X, or X7 or X7,

Proof. For ¥, the relevant map on homology is induced by a map
- — (EQM)V@BX — (ElM)VGBX — MV@X — 0
K K K
o (22 M)V E— (21 M)v — My —— 0

of chain complexes. We will prove that I is chain homotopic to the zero map. The chain
homotopy will descend to a similar chain homotopy on ¥, and X7 and X, so this will imply
the lemma.

Let t: V — V ® X be the canonical morphism. Recall that

(S, M)y = @ My, and (3, M)yex = EB My, .
heJv,p h€dvex,p

The map I: (Ep M)V — (Ep M)V@X takes (Ep M)V,h = MWh to (Ep M)V@X,Loh = MWhGBX
via the map induced by the canonical morphism W — W & X.
We now define a chain homotopy map

G: (E, M)y = Eps1 Mvex
as follows. Given h € Jy,, = Hom,(X?,V), define h: XP*!1 — V ® X to be the composition
XPH o XeXP — XPeX M@ vex,

where the first arrow flips the two factors using the symmetric monoidal structure on A. We
then have h € Jygx p+1. Since

(Ep M)V,h = (Ep-l—l M)V@X’E = MWh7

we can define G on (X, M)y, to be the identity map (X, M)y, = (Zpt1 M)y g x 7-
We now claim that dG + Gd = I. Indeed, on (X, M)y the map dG + Gd takes the form

(Zp:(_l)i—lGdi> + (%(—1)1—161]0) .

i=1 j=1
Straightforward calculations show that diG = I and that Gd; = d;1G for 1 < i <p. O
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Endgame. All the ingredients are now in place for the proof of Theorem 3.7.

Proof of Theorem 8.7. For all i > 0, Lemma 3.3 implies that the A-module ¥; M is finitely
generated. Our assumption that the category of A-modules is locally Noetherian then implies
that H;(X, M) is finitely generated. Lemma 3.11 implies that for all ¢ > 0, we have

T(H; (S, M)) = H;(Z, M).

The upshot of all of this is that we can apply Lemma 3.10 to obtain some N, > 0 such that
if V' € A has X-rank at least N, and 0 < ¢ < ¢, then H;(3, M)y = 0. In other words, the
chain complex

(EqM)V — (Eq_lM)V —_— s — (ElM)V — My — 0
is exact, as desired. For ¥/, and ¥/ and ¥, the proof is the same. O

Asymptotic structure theorem. We conclude by proving Theorem F (the main argument
here is very similar to that of [ChPu, Lemma 2.23]).

Proof of Theorem F. Injective representation stability follows from Lemma 3.10, and surjec-
tive representation stability is immediate from finite generation. All that remains to prove is
central stability. Using Theorem 3.7, choose N large enough so that the chain complex

(o M)y — (Z1 M)y — My — 0

is exact whenever the X-rank of V' € A is at least N. Define M’ to be the left Kan extension
to A of the restriction of M to AY. The universal property of the left Kan extension gives a
natural transformation : M’ — M such that 6y : (M')y — My is the identity for all V € A
whose X-rank is at most N. We must prove that 6y is an isomorphism for all V' € A. Letting
r be the X-rank of V', the proof is by induction on r. The base cases are when 0 < r < N,
where the claim is trivial. Assume now that » > N and that the claim is true for all smaller
r. The natural transformation 6 induces natural transformations 6;: ¥; M’ — ¥; M for all
i > 0, and our inductive hypothesis implies that the maps (6;)v: (X; M')y — (3; M)y are
isomorphisms for all ¢ > 1. We have a commutative diagram

(ZQM,)V e (ElM/)V e (M/)V — 0

(92)Vlg (91)vl% 9vl

(ZQM)V e (ElM)V e MV — 0

We warn the reader that while the bottom row is exact, the top row is as yet only a chain
complex. If W € A has X-rank at most N, then every A-morphism W — V factors through
an object whose X-rank is r — 1 (for instance, this is an easy consequence of Lemma 3.1).
Combining this with the usual formula for a left Kan extension as a colimit, we deduce that
the map (X1 M')y — (M')y is surjective. The fact that fy is an isomorphism now follows
from an easy chase of the above diagram. O
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4 Twisted homological stability

In this section, we prove a general theorem which allows us to deduce twisted homological sta-
bility from untwisted homological stability and local Noetherianity (see Theorem 4.2 below;
this abstracts an argument of Church [Ch2]). Using this, we will prove Theorems L and M,
which give very general twisted homological stability theorems for SLy(R) and Sps,, (R). We
remark that Wahl-Randal-Williams [WahRW] have also recently and independently proved
twisted homological stability theorems. They require their coefficients to be either “polyno-
mial” or “abelian”, but they allow much more general rings R. Their proofs are very different
from ours.

Lemma 4.1. Let (A, ®) be a complemented category with a generator X. Then for alln > r,
we have an isomorphism of Auty(X™)-representations

k[Homa (X", X™)] = k[Auty(X")/ Auta (X" 7)) 2 Indjui i) K.

Consequently, Hy(Auty(X™); k[Hom, (X", X™)]) = Hi(Auta(X"77); k).

Proof. Let i € Homy (X", X™) be the canonical morphism X" — X" ® X"~ ". By Lemma 3.1,
Auty(X™) acts transitively on the set Homy (X", X™). By Lemma 3.2(b), the stabilizer of
i in Auty(X™) is identified with Aut,(X"™ "), which establishes the first isomorphism. The
second follows from Shapiro’s lemma [Br, Proposition I11.6.2]. O

Our main theorem is then as follows. If (A, ®) is a complemented category with a generator
X and M is an A-module, then denote Mx» by M,.

Theorem 4.2. Let (A, ®) be a complemented category with a generator X and let M be a
finitely generated A-module over a ring k. Assume that the following hold.

1. The category of A-modules over k is locally Noetherian.

2. For all k > 0, the map Hy(Auty(X");k) — Hy(Auty(X"t1); k) induced by the map
Auty(X™) — Auty(X"TL) that takes f € Auty(X") to f ® idx € Autp(X™) is an
isomorphism for n > 0.

Then for k > 0, the map Hy(Auty(X™); My,) — Hi(Auty(X™); M,4q) is an isomorphism
forn > 0.

Proof. Combining Lemma 4.1 with our second assumption, we see that the theorem is true
if M is a finite direct sum of representable A-modules P, , with x € A (see §2.1). Our local
Noetherian assumption implies that there exists an A-module resolution

i —= P — P — P — M — 0,

where P; is a finite direct sum of representable A-modules for all ¢ > 0. For all n > 0, we can
combine [Br, Proposition VII.5.2] and [Br, Eqn. VIL.5.3] to obtain a spectral sequence

E,,(n) = Hp(Auty(X"); (Py)n) = Hpiq(Auta(X™); My).

This spectral sequence is natural, so there is a map El,(n) — EL (n + 1) which converges
to the map H, (Auta(X™); M,,) — Hy(Auty(X"1); M, 1). By the above, for each pair (p, q),
the map E} (n) = E} (n+1) is an isomorphism for n >> 0. This implies that for each k > 0,

the map
Hy, (Auty (X™); M,,) — He(Auta(X"T); M, 41)

is an isomorphism for n > 0, as desired. O
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Proof of Theorems L and M. Theorems L and M are obtained by applying Theorem 4.2 to
the categories VIC(R, ) and SI(R), respectively. The necessary locally Noetherian theorems
are Theorem D, and Theorem E. The necessary untwisted homological stability theorems are
due to van der Kallen [Va] and Mirzaii-van der Kallen [MirVa). O

5 A machine for finite generation

This section contains the machine we will use to prove our finite generation results. We
begin with two sections of preliminaries: §5.1 is devoted to systems of coefficients, and §5.2
is devoted to the basics of equivariant homology. Finally, §5.3 contains our machine. Our
machine is based on an unpublished argument of Quillen for proving homological stability
(see, e.g., [HatWah]). The insight that that argument interacts well with central stability is
due to the first author [Pu2]. This was later reinterpreted in the language of FI-modules in
[ChEFaNag]. The arguments in this section abstract and generalize the arguments in [Pu2]
and [ChEFaNag]. Throughout this section, k is a fixed commutative ring.

5.1 Systems of coefficients

Letting A be the category whose objects are the finite sets [n];+ = {0,...,n} and whose
morphisms are strictly increasing maps, recall that a semisimplicial set X is a contravariant
functor from A to the category of sets. The image of [n]; is called the set of n-simplices and
is denoted X™. A simplex ¢/ € X™ is a face of a simplex o € X™ if ¢’ is the image of o under
the map X™ — X™ induced by some map [m]y — [n]4. The geometric realization of X is
denoted |X|. For more on semisimplicial sets, see [Fri] (where they are called A-sets).

Fix a semisimplicial set X. Observe that the set L;2 (X" forms the objects of a category
with a unique morphism ¢’ — o whenever ¢’ is a face of 0. We will call this the simplex

category of X.

Definition 5.1. A coefficient system on X is a contravariant functor from the simplex
category of X to the category of k-modules. O

Remark 5.2. In other words, a coefficient system § on X consists of k-modules §(o) for
simplices o of X and homomorphisms F(¢’ — o): F(o) — F(o’) whenever ¢’ is a face of o.
These homomorphisms must satisfy the obvious compatibility condition. O

Definition 5.3. Let § be a coefficient system on X. The simplicial chain complex of X
with coefficients in § is as follows. Define

Ce(X;3%) = @ 5(o).
oeXk
Next, define a differential 9: Cp(C;F) — Cr_1(C;F) in the following way. Consider o € X*.
We will denote an element of §F(o) C Cr(X;F) by c¢- o for c € (o). For 0 <i <k, let o; be
the face of o associated to the unique morphism [k — 1]+ — [k]4+ of A whose image does not
contain i. For ¢ € §(o), we then define

k

8(0 . O') = Z(—l)ici + 0y,

=0

where ¢; is the image of ¢ under the homomorphism F(o; — 0): §(0) — §(0;). Taking the
homology of C,(X;3§) yields the homology groups of X with coefficients in §, which
we will denote by H,(X;§). O
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Remark 5.4. If § is the coefficient system that assigns k to every simplex and the identity
map to every inclusion of a face, then H,(X;§) = H.(X; k). O

5.2 Equivariant homology

A good reference that contains proofs of everything we state in this section is [Br, §VII].
Semisimplicial sets form a category SS whose morphisms are natural transformations.
Given a semisimplicial set X and a group G, an action of G on X consists of a homomorphism
G — Autgs(X). Unpacking this, an action of G on X consists of actions of G on X™ for all
n > 0 which satisfy the obvious compatibility condition. Observe that this induces an action
of G on X. Also, there is a natural quotient semisimplicial set X/G with (X/G)" = X"/G.

Remark 5.5. If G is a group acting on a semisimplicial set X, then there is a natural
continuous map |X| — |X/G| that factors through |X|/G. In fact, it is easy to see that
|X/G = |X/G|. O

Definition 5.6. Consider a group GG acting on a semisimplicial set X. Let EG be a con-
tractible CW complex on which G acts properly discontinuously and freely, so EG/G is a
classifying space for G. Define EG x¢ X to be the quotient of EG x |X| by the diagonal
action of G. The G-equivariant homology groups of X, denoted H*G(X ; k), are defined to
be H.(EG x¢ X;k). This definition does not depend on the choice of EG. The construction
of EG X X is known as the Borel construction. L]

The following lemma summarizes two key properties of these homology groups.

Lemma 5.7. Consider a group G acting on a semisimplicial set X. There is a canonical
map HY (X; k) — H.(G;k) such that if X is k-acyclic, then the map HY (X;k) — H;(G; k)
s an isomorphism for i < k.

Proof. The map HY(X: k) — H,(G;k) comes from the map EG xg X — EG/G induced by
the projection of EG x X onto its first factor. The second claim is an immediate consequence
of the spectral sequence whose E? page is [Br, (7.2), §VIL7]. O

To calculate equivariant homology, we use a certain spectral sequence. First, a definition.

Definition 5.8. Consider a group G acting on a semisimplicial set X. Define a coeflicient
system $,(G, X; k) on X/G as follows. Consider a simplex o of X/G. Let & be any lift of o
to X. Set

94(G, X;k)(0) = Hy (G5 k),

where G5 is the stabilizer of o. This does not depend on the choice of & since conjugation
induces the identity on group homology, so it defines a coefficient system on X/G. O

Our spectral sequence is then as follows. It can be easily extracted from [Br, §VIL.§].

Theorem 5.9. Let G be a group acting on a semisimplicial set X. There is a spectral
sequence

E;}’,q = CP(X/GQqu(G,X;k)) _ H§+q(X;k)

with d*: Ell,yq — Ezlj_l’q equal to the differential of C«(X/G;9H4(G, X k)).
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5.3 A machine for finite generation

We now discuss a machine for proving that the homology groups of certain congruence sub-
groups form finitely generated modules over a complemented category.

Congruence subgroups. Let ( ,®) be a weak complemented category with a generator
Y. The assignment V' Autg(V) for V € B is functorial. Indeed, given a B-morphism
f Vi — Vs, let C be the complement to f(Vl) C V, and write Vo & V) ® C; we can then
extend automorphisms of Vi to Va by letting them act as the identity on C. It is clear that
this is well-defined. Next, let (A, ®) be a complemented category and let ¥: B — A be a
strong monoidal functor (recall that this is a monoidal functor whose coherence maps are
invertible). An argument similar to the above shows that the assignment

V = ker(Autg(V) — Auty(¥(V)))  (V €B)

is functorial. We will call this functor the level ¥ congruence subgroup of Autg and
denote its value on V' by I'z(¥).

Highly surjective functors. The above construction is particularly well-behaved on certain
kinds of functors that we now define. Let (A, ®) be a complemented category with a generator
X and let (B, ®) be a weak complemented category with a generator Y. A highly surjective
functor from B to A is a strong monoidal functor ¥: B — A satisfying:

e U(Y)=X.

e For V € B, the map U, : Autg(V) — Aut,(¥(V)) is surjective.

Remark 5.10. We only assume that ¥ is a strong monoidal functor (as opposed to a strict
monoidal functor), so for all ¢ > 0 we only know that ¥(Y?) and X ¢ are naturally isomorphic
rather than identical. To simplify notation, we will simply identify ¥(Y?) and X7 henceforth.
The careful reader can insert appropriate natural isomorphisms as needed. O

Lemma 5.11. Let (A, ®) be a complemented category with a generator X, let (B,®) be a
weak complemented category with a generator Y, and let ¥: B — A be a highly surjective
functor. Then the following hold.

(a) For all V € A, there exists some V € B such that U(V) = V.

(b) For all Vi, Vs € B, the map ¥,: Homg(V1, Va) — Homy(¥(V1), ¥(V3)) is surjective.

Proof. For the first claim, we have V = X for some ¢ > 0, so U(Y9) = X9= V.

For the second claim, write Vi 2 Y9 and Vy & Y", so \11(171) = X7 and \11(172) ~ X"
If ¢ > r, then Homy (X%, X") = () and the claim is trivial, so we can assume that ¢ < r.
Consider some f € Homy (X4, X"). Let f; € Homg(YY, Y") be arbitrary (this set is nonempty;
for instance, it contains the composition of the canonical map Y¢ — Y9 ® Y" ¢ with an
isomorphism Y?® Y""7 = Y"). Lemma 3.1 implies that there exists some fo € Auty(X")
such that f = fo 0 Y( fl) Since W is highly surjective, we can find fo € Autg (Y") such that
\If(fg) = f,. Setting f = fo o f1, we then have \I/(f) = f, as desired. O

Lemma 5.12. Let (A, ®) be a complemented category with generator X, let (B,®) be a weak
complemented category with generator Y, and let V: B — A be a highly surjective functor.

Consider f fle Homg(Y?,Y") such that U(f) = U(f"). Then there exists some § € [y~ (W)
such that f' =go f.

Proof. Let C be the complement to f (Yq) CY"and h: Y™ = Y?® C be the isomorphism
such that ho f: Y9 — Y?® C is the canonical map. Define C = ¥(C), h = ¥(h), and
f= \Il(f), so ho f: X4 — X9® C is the canonical map. Lemma 3.1 implies that there exists
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some g1 € Autg(Y1 ®C~') such that ho f’ = gy oho f. Define g, = U(g1),s0 hof=gjohof.
Lemma 3.2(b) implies that there exists some g € Auty(C) such that g1 = id ® go. Since ¥
is highly surjective, we can find some gs € AutB(C) such that U(g2) = go.

Define § € Autg(Y") to equal o gy o (id®gy ) oh. Then ¥(g) = h~ 1oglo(1d®92 Joh,
which is the identity since g; = id ® gg Thus g € I'y+(¥). Finally, since ho f is the canonical
map, it follows that ho f (id® gy ) ho f Thus

gof=h"logio(d®g )ohof=h"ogiohof=h"ohof =J. O

Homology of congruence subgroups. Let (A, ®) be a complemented category with gen-
erator X, let (B, ®) be a weak complemented category with generator Y, and let ¥: B — A be
a highly surjective functor. Fixing a ring k and some k > 0, we define an A-module Hy(V; k)
as follows. Since A is equivalent to the full subcategory spanned by the X9, it is enough to
define Hy(¥; k) on these. Set

Hk(\I/, k)Xq = Hk(Fyq (\I’), k)

To define Hy(¥; k) on morphisms, consider f € Hom, (X7, X"). By Lemma 5.11, there exists
some f € Homg(Y4,Y") such that U(f) = f, and we define

Hk(\I/; k)f : Hk(Fyq (\I/), k) — Hk(Fyr(\I/); k)

to be the map on homology induced by the map T'yq(¥) — T'y-(¥) induced by f. To see
that this is well-defined, observe that if /' € Homg(Y?,Y") also satisfies (f /) = f, then
Lemma 5.12 implies that there exists some g € I'y+(V¥) such that f' = go f. Since inner
automorphisms act trivially on group homology, we conclude that f and f’ induce the same
map Hi(Tyq(V); k) — Hp(Tyr(¥); k).

Space of Y-embeddings. We wish to give a sufficient condition for the A-module Hi(P; k)
to be finitely generated. This requires the following definition. Consider V' € B. Recall that
for all £ > 0, we defined
Iy = Homg Yk V).

The space of Y-embeddings is the semisimplicial set Iy defined as follows. First, define
(35)" =35 oy For f €T3,
if [f] € (”‘7) and ¢: [(]+ — [k]+ is a morphism of A (i.e., a strictly increasing map from
[0l ={0,...,£} to [k]+ = {0,...,k}), then there is a natural induced map ¢,: Y+ — Yk+!
(here we are indexing the Y-factors starting at 0). We define the face of [f] associated to ¢
to be [f o ¢].

Finite generation, statement. We can now state our main theorem.

we will denote the associated k-simplex of J; by [f]. Next,

Theorem 5.13. Let (A, ®) be a complemented category with a generator X, let (B,®) be
a weak complemented category with a generator Y, and let V: B — A be a highly surjective
functor. Fix a Noetherian ring k, and assume that the following hold.

1. The category of A-modules is locally Noetherian.

2. For all V € A and k > 0, the k-module Hy(V;Kk)y is finitely generated.

3. For all p > 0, there exists some N, > 0 such that for all V € B whose Y -rank is at

least N, the space ’3‘7 is p-acyclic.

Then Hi(V; k) is a finitely generated A-module for all k > 0.
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We prove Theorem 5.13 at the end of this section after some preliminary results.

Identifying the spectral sequence. Let ( ®) be a weak complemented category with
generator Y. For all V € B, the group AutB(V) acts on Ji;. The following lemma describes
the restriction of this action to a congruence subgroup.

Lemma 5.14. Let (A,®) be a complemented category with a generator X, let (B,®) be a
weak complemented category with a generator Y, and let V: B — A be a highly surjective
functor. Fiz some V € B, and set V = U(V) € A. Then the group T'~ (V) acts on I3 and we
have an isomorphism J3 /T'w(¥) = Ty of semisimplicial sets.

Proof. The claimed action of I';(¥) is the restriction of the obvious action of Autg(V).
We have a I“;(‘Il)—invariant map Ji; — Jy of semisimplicial sets. This induces a map
p: Iy /TH(¥) = Jy. For all k > 0, Lemma 5.11 implies that p is surjective on k-simplices
and Lemma 5.12 implies that p is injective on k-simplices. We conclude that p is an isomor-
phism of semisimplicial sets, as desired. O

Let (A, ®) be a complemented category with a generator X and let ¥: B — A be a highly
surjective functor. Fix some V € B. Our next goal is to understand the spectral sequence
given by Theorem 5.9 for the action of I':(¥) on J. Set V = ¥(V) € A. Using Lemma 5.14,
this spectral sequence is of the form

B, = Cp(3v: 9y(Ts (0), o5 k) = H¥, " (353 K).

Recall the definition of ¥, from §3.2.

Lemma 5.15. Let (A,®) be a complemented category with a generator X, let (B,®) be a
weak complemented category with a generator Y, and let V: B — A be a highly surjective
functor. Fiz'V € B, and set V. = WU(V). Finally, fix a ring k. Then for p,q > 0 we have

Cp—1(Tv; 9(I'5(V), T35 k) = (B, He(V3 k)

Proof. Recall that the (p — 1)-simplices of Jy are in bijection with the set Jy,, and that the
simplex associated to h € Jy,, is denoted [h] It follows that

Cp-1(Iv; 9g(T5(¥), I3 K)) = P 9q(T 7 K)([h])-

thvP

Fix some h € Jy,, and let he ’J;p be a lift of h. By definition, we have

9T (0), 35 k) ([h]) = Hy(T3 () ).

We have
(Auts(V))g, = {7 € Auta(V) [ goh=h} and (Ip(¥))5 = {G € Tp(¥) [goh=h}.
Letting W~ C V be a complement to i(Y?), Lemma 3.2(b) implies that (AutB(‘N/))m =
AutB(W ). Under this isomorphism, (F;(\I/))[m goes to Fﬁ/;(\ll). Letting Wy, = ¥(W;) C V,
we have that W}, is a complement to h(XP?). By definition, we have
H (P50 k) = Hy(T (9):K) = (3 (310w

The upshot of all of this is that

Cp1(Ivi 9T (), T3 K)) = (B (Hy(T5K))w, = (Zp Ho(T3K))v- O

hejv,p
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Finite generation, proof. We finally prove Theorem 5.13.

Proof of Theorem 5.13. The proof is by induction on k. The base case k = 0 is trivial, so
assume that & > 0 and that H;/ (V;k) is a finitely generated A-module for all 0 < k' < k.
Since we are assuming that the k-module H(¥;k)y is finitely generated for all V' € A and
all £ > 0, we can apply Lemma 3.6 and deduce that it is enough to prove that if V € A has
X-rank sufficiently large, then the map

(31 Hie (Vs k))v — Hi (Vs k)v (5.1)

is surjective. Letting V € B satisfy (V) =V, we have H(¥;k)y = Hy,(I'z(¥); k). To prove
that (5.1) is surjective, we will use the action of I';(¥) on J;.
By Lemma 5.7 and our assumption about the acyclicity of J, the map

I~ ()
H,Y" "(35:k) — He(T'y k)
is an isomorphism if the Y-rank of V (which equals the X-rank of V') is sufficiently large.

Combining Theorem 5.9 with Lemma 5.15, we get a spectral sequence

I'=(v)

Ezl),q = (Eerl %q(\l'a k))V - Hp+q

(I3 k).
Moreover, examining the isomorphism in Lemma 5.15, we see that the differential d: ETIMI —
E} ,, is identified with the differential

d: (Zp1 He(ViK))v — (Zp Ho(P:k))v-

Our inductive hypothesis says that H4(¥;k) is a finitely generated A-module for 0 < g < k.
Theorem 3.7 therefore implies that if the X-rank of V is sufficiently large, we have Ef,’q =0
for 0 <g< kand1l<p<k+1. This implies that the map

()

FN
(1 He (W3 k))y = E(l),k —H," (Op:k) = He(Ty: k)

v

is a surjection, as desired. O

6 Finite generation theorems

In this section, we construct the modules claimed in the introduction and prove Theorems
G, H, I, J, and K; they are proved in §6.1, §6.1, §6.2, §6.3, and §6.5, respectively. These
theorems assert that the homology groups of various congruence subgroups form finitely
generated modules over the appropriate categories. They will all be deduced from Theorem
5.13. We also introduce the weak complemented category Surf in §6.4.

There is an interesting parallel between the complexes that appear in this section and
those that appear in the paper [WahRW] of Wahl-Randal-Williams, which proves a variety
of more traditional homological stability theorems. Our paper and theirs were written inde-
pendently (though in later revisions to save space we removed some proofs that duplicated
work of theirs).
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6.1 The general and special linear groups: Theorems G and H

Let Ok be the ring of integers in an algebraic number field K, let a« C O be a proper
nonzero ideal, let 4 C Ok /a be the image of the group of units  C Ok, and let k be a
Noetherian ring. In this section, we construct VIC(Og/a, i)-modules H(GL(Ok, a); k) as
in Theorem G for all £ > 0; see Corollary 6.2. We then prove Theorem G, which says that
Hi(GL(Ok, «); k) is a finitely generated VIC(Og /a, i1)-module for all £ > 0. Theorem H is
a similar result for the special linear group. Its proof is similar to that of the general linear
group, and we leave it as an exercise to the reader.

Categories and functors. As was noted in Example 1.16, for any ring R the category
VIC(R) is a complemented category whose monoidal structure is direct sum. We have

Autyre(r)(R") = GLn(R) (n > 0). (6.1)

Define a strong monoidal functor ¥: VIC(Ok) — VIC(Ok/a, i) by U(V) = (O /o) @0, V.
The reason for the presence of U in the target of ¥ is that objects V' of VIC(Of) are equipped
with Y-orientations (a vacuous condition since {l acts transitively on the set of orlentatlons‘)
and these induce Y-orientations on (O /a) ®o, V. The functor ¥ takes the generator O
of VIC(O) to the generator (O /a)! of VIC(Ok /a,i). Define GL(Ok,a) = I'(¥). Using
the identification in (6.1), we have GL(Ok, a)or. = GL,(Ok, ).

Lemma 6.1. The functor ¥ is highly surjective.

Proof. This is equivalent to the fact that the map GL,(Of) — SL¥(Og /a) is surjective for
all n > 0. This follows from the fact that the map SL,,(Ox) — SL,(Ok/«a) is surjective,
which follows from strong approximation (see, e.g., [PIRa, Chapter 7]; this is a special feature
of rings of integers). O

As we discussed in §5.3, Lemma 6.1 has the following corollary.

Corollary 6.2. For all k > 0, there exists a VIC(Og /o, ih)-module Hy(GL(Ok, a); k) such
that Hy(GL(Ok, @); k)0 ja)y» = Hk(GLn(Ok, @) k).

Identifying the space of embeddings. We now wish to give a concrete description of
the space of O -embeddings of O (recall the definition of the space of Y-embeddings from
§5.3). A split partial basis for O} consists of elements ((vo, wo), ..., (vp, wp)) as follows.
e The v; are elements of OF that form part of a free basis for the free Og-module O%.
e The w; are elements of Homp, (O%, Ok).
e For all 0 <i,j < p, we have w;(vj) = 6; ; (Kronecker delta).
These conditions imply that the w; also form part of a free basis for the free Og-module
Homop, (O}, Ok). The space of split partial bases for O}, denoted PB,(Ok), is the
semisimplicial set whose p-simplices are split partial bases ((vo, wo), ..., (vp, wp)) for OF.

Lemma 6.3. The space of Ok--embeddings of O% is isomorphic to PB,(Ok).

Proof. Fix some p > 0. The p-simplices of the space of Ok--embeddings of O% are in bijection
with elements of Homyco K)(O%H, O%). We will define set maps

m: HomVIc(OK)(O];(H’O?() — (PBn(Ok))*, m2: (PBn(Ok))" — HomVIc(OK)(O][)(Hv Ok)

that are compatible with the semisimplicial structure and satisfy 11 one = id and no0m = id.
The constructions are as follows.
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o Consider (f,C) € Homyrgo,) (0%, O%), so by definition f: O% " — OF is an Ok-
linear injection and C' C O% is a complement to f((’)%“). For 0 < i < p, define
v; € O% to be the image under f of the (i — 1) basis element of (’)?jl and define
w; € Homoe, (OF%, Ok) via the formulas

wi(vj) = 5ij and ’LUZ‘|C =0 (O < ] < p).

Then n1(f,C) := ((vo, wo), - - ., (vp, wp)) is a split partial basis.

e Consider a split partial basis ((vo, wo), ..., (Up41,wps1)). Define f: (’)’I?Ll — O% to be
the map that takes the i*" basis element to v;_;. Also, define C' = M_ ker(w;). Then
n2(((vo, wo), - - -, (vp, wp))) == (f,C) is an element of HomVIC(OK)((’)IIJ{H, OF). O

The space PB,,(Ok) was introduced by Charney [Cha2], who proved the following theorem.

Theorem 6.4 ([Cha2, Theorem 3.5]). The space PB,(Ok) is “5%-acyclic.

Remark 6.5. Charney actually worked over rings that satisfy Bass’s stable range condition
SR,; the above follows from her work since O satisfies SR3. Also, [Cha2, Theorem 3.5]
contains the data of an ideal « C Ok (not the same as the ideal we are working with!); the
reference reduces to Theorem 6.4 when o = 0. Finally, Charney’s definition of PB,(R) is
different from ours, but for Dedekind domains the definitions are equivalent; see [Re]. O

Putting it all together. We now prove Theorem G, which asserts that the VIC(O/«, i)-
module Hy(GL(Ok, o); k) is finitely generated.

Proof of Theorem G. We apply Theorem 5.13 to the highly surjective functor W. This theo-
rem has three hypotheses. The first is that the category of VIC(Og /a, i1)-modules is locally
Noetherian, which is Theorem D. The second is that Hi(GL,(Ok, ); k) is a finitely gener-
ated k-module for all £ > 0, which is a theorem of Borel-Serre [BoSe|. The third is that the
space of Ok-embeddings is highly acyclic, which follows from Lemma 6.3 and Theorem 6.4.
We conclude that we can apply Theorem 5.13 and deduce that Hi(GL(Ok, a); k) is a finitely
generated VIC(Og /a, H)-module for all k£ > 0, as desired. O

6.2 The automorphism group of a free group: Theorem I

Fix £ > 2, and let k be a Noetherian ring. In this section, we construct VIC(Z/¢, +1)-modules
Hi(Aut(¢); k) as in Theorem I for all £ > 0; see Corollary 6.7. We then prove Theorem I,
which says that Hg(Aut(¢); k) is a finitely generated VIC(Z/¢, +1)-module for all k > 0.

The category of free groups. Define Fr to be a category whose objects are the finite-rank
free groups and whose monoidal structure is the free product *. The Fr-morphisms from F
to F' are pairs (f,C): F — F’, where f: F — F’ is an injective homomorphism and C' C F”
is a subgroup such that F’' = f(F) x C. The category Fr is a complemented category. The
subobject attached to a morphism (f,C): F — F’ can be thought of as the pair (f(F),C)
and its complement is the subobject (C, f(F')). A generator is the rank 1 free group F; = Z,
and

Autpe (F) = Aut(Fy) (n>0). (6.2)

The category Fr was first introduced by Djament—Vespa [DjVe2] to study the twisted homol-
ogy of Aut(F,).

Functor. The category VIC(Z/¢,+1) is a complemented category whose monoidal structure
is given by the direct sum. There is a strong monoidal functor ¥: Fr — VIC(Z/¢,+1) defined
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via the formula W(F') = Hy(F;Z/¢). The reason for the 1 here is that ¥ factors through the
functor Fr — VIC(Z) that takes F' to Hy(F;Z), and elements of VIC(Z) are equipped with
+1-orientations (a vacuous condition since the group of units of Z is £1). The functor ¥ takes
the generator Fy = Z of Fr to the generator (Z/f)' of VIC(Z/¢,+1). Define Aut(f) = ().
Using the identification in (6.2), we have Aut({)r, = Aut(F),,?).

Lemma 6.6. The functor ¥ is highly surjective.

Proof. This is equivalent to the fact that the map Aut(F,) — GL,(Z) is surjective for all
n > 0, which is classical (see, e.g., [LySc, Chapter I, Proposition 4.4]). O

As we discussed in §5.3, Lemma 6.6 has the following corollary.

Corollary 6.7. For all k > 0, there exists a VIC(Z/¢, £1)-module Hy(Aut(£); k) such that
Hy(Aut(0); k)(Z/Z)n = Hi(Aut(F,, 0); k).

Identifying the space of embeddings. We now wish to give a concrete description
of the space of Fj-embeddings of F,. A split partial basis for F;, consists of elements
((vo, Co), ..., (vp, Cp)) as follows.

e The v; are elements of F,,.

e The C; are subgroups of F,, such that F,, = (v;) x C;.

e For all 0 <4,j <p with ¢ # j, we have v; € C;.
We remark that the condition F,, = (v;) x C; implies that C; = F,,_1. Also, the conditions
together imply that N?_, C; = F,,—,_1 and that the v; can be extended to a free basis for F,.
The space of split partial bases for F,,, denoted PB(F),), is the semisimplicial set whose
p-simplices are split partial bases ((vo, Co), ..., (vp, Cp)) for F,. We remark that the C; in
this space play the same role as the kernels of the w; in PB,(Of).

Lemma 6.8. The space of Fi-embeddings of F,, is isomorphic to PB(F},).

Proof. Fix some p > 0. The p-simplices of the space of Fj-embeddings of F;, are in bijection
with elements of Hompy (Fp41, F). We will define set maps

n: Homey (Fyi1, ) = (PB(E)),  m2: (PB(F,))” — Homgy (Fps1, F)

that are compatible with the semisimplicial structure and satisfy n; ony = id and ng o = id.
The constructions are as follows.

e Consider (f,C') € Homgy(Fpi1,Fy), so by definition f: Fpi1 — F, is an injective
homomorphism and C' C F,, is a subgroup satisfying F,, = f(Fp+1)* C. For 0 < i <p,
define v; € F, to be the image under f of the (i — 1)** basis element of F,4; and
define C; C F), to be the subgroup generated by {v; | i # j} UC. Then n(f,C) :=
((vo, Co), - .., (vp, Cp)) is a split partial basis.

e Consider a split partial basis ((vo,Co), ..., (Vp+1,Cpy1)). Define f: Fpp1 — F, to be
the map that takes the i*! basis element to v;_;. Also, define C = _,C;. Then
n2(((vo, Co), - - -, (vp, Cp))) == (f, C) is an element of Homg, (Fpi1, Fy). O

The space PB(F,,) appears in work of Wahl-Randal-Williams, where they prove the following
theorem (making essential use of work of Hatcher—Vogtmann [HatVo2]).

Theorem 6.9 (([WahRW, Proposition 5.3]). The space PB(F),) is “52-connected.

Putting it all together. We now prove Theorem I, which asserts that the VIC(Z/¢, +1)-
module Hy(Aut(£); k) is finitely generated.
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Proof of Theorem I. We apply Theorem 5.13 to the highly surjective functor ¥. This theo-
rem has three hypotheses. The first is that the category of VIC(Z/¢, £1)-modules is locally
Noetherian, which is Theorem D. The second is that Hg(Aut(F},); k) is a finitely generated k-
module for all £ > 0, which is a theorem of Culler—Vogtmann [CuVo, Corollary on p. 93]. The
third is that the space of Fi-embeddings is highly acyclic, which follows from Lemma 6.8 and
Theorem 6.9. We conclude that we can apply Theorem 5.13 and deduce that Hy(Aut(¢); k)
is a finitely generated VIC(Z/¢, £1)-module for all k£ > 0, as desired. O

6.3 The symplectic group: Theorem J

Let Ok be the ring of integers in an algebraic number field K, let a« C Ok be a proper
nonzero ideal, and let k be a Noetherian ring. In this section, we construct SI(Ox/«)-
modules Hy(Sp(Ok, «); k) as in Theorem J for all k > 0; see Corollary 6.11. We then prove
Theorem J, which says that these are finitely generated modules.

Categories and functors. As was noted in Example 1.17, for any ring R the category SI(R)
is a complemented category whose monoidal structure is given by the orthogonal direct sum.
We have

Autgr(r)(R") = Spg,(R)  (n20). (6.3)
Define a strong monoidal functor ¥: SI(Og) — SI(Ok/a) by U(V) = (Ok/a)®0, V. This
functor takes the generator O% of SI(Ok) to the generator (Ok/a)? of SI(Ok/a) (both

are equipped with the standard symplectic form). Define Sp(Og,«) = I'(¥). Using the
identification in (6.3), we have Sp(Ok, Oé)o%{n = Spo, (OK, ).

Lemma 6.10. The functor ¥ is highly surjective.

Proof. This is equivalent to the fact that the map Sps,,(Ox) — Sps, (Ok /«) is surjective for
all n > 0, which follows from strong approximation (see, e.g., [PIRa, Chapter 7]). O

As we discussed in §5.3, Lemma 6.10 has the following corollary.

Corollary 6.11. For all k > 0, there exists an SI(Ok/a)-module Hy(Sp(Ok, a); k) such
that Hi(Sp(Ok, a); k)(OK/a)2" = Hy(Sp,,, (Ok, a); k).

Identifying the space of embeddings. We now wish to give a concrete description of the
space of O%-embeddings of O%. Letting 7 be the symplectic form on O%", a symplectic
basis for 07" is an ordered basis (ai,b1,...,an,b,) such that i(a;,a;) = ¥(b;,b;) = 0 and
i(a;,b5) = 6;5 for 1 < 4,5 < n, where 0;; is the Kronecker delta. A partial symplectic
basis for O?" is a sequence (a1, by, ... , ap, bp) of elements of O?" that can be extended to
a symplectic basis (ag,b1,...,an,b,). The space of partial symplectic bases for 02",
denoted PSB,,(Of), is the semisimplicial set whose (p — 1)-cells are partial symplectic bases

(@1,b1,...,ap,bp).
Lemma 6.12. The space of O%-embeddings of O3% is isomorphic to PSB,(Ok).

Proof. Fix some p > 0. The p-simplices of the space of O%-embeddings of O3 are in bijection
with elements of HomSI(oK)(O%H, 0O?7). We can define a set map

n: HomSI(OK)(Og{+17 O%l) — (PSB,(Ok))?

by letting n(f) be the image under f € HomSI(@K)(Of(H, O?7) of the standard symplectic
basis for (’)IID(H. Clearly 7 is a bijection compatible with the semisimplicial structure. O
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Figure 1: The LHS shows how to compose morphisms (f,7): S — S" and (f',7'): 8" — S”. The
picture depicts S”'. The RHS shows the identity morphism (fo,70): S — S, which pushes 9S across a
collar neighborhood.

The space PSB,,(Ok) was introduced by Charney [Cha3], who proved the following theorem.

Theorem 6.13 ([Cha3, Corollary 3.3]). The space PSB,,(Ok) is “5°-connected.

Remark 6.14. Just like for PB,,(Ok) in §6.1, the definition of PSB,,(R) is different from
Charney’s, but can be proved equivalent for Dedekind domains using the ideas from [Re]. O

Putting it all together. We now prove Theorem J, which asserts that the SI(O/«a)-module
Hi(Sp(Ok, a); k) is finitely generated.

Proof of Theorem J. We apply Theorem 5.13 to the highly surjective functor W. This the-
orem has three hypotheses. The first is that the category of SI(Ok/a)-modules is locally
Noetherian, which is Theorem E. The second is that Hg(Sps, (Ok,«); k) is a finitely gener-
ated k-module for all k£ > 0, which is a theorem of Borel-Serre [BoSe]. The third is that the
space of O%-embeddings is highly acyclic, which follows from Lemma 6.12 and Theorem 6.13.
We conclude that we can apply Theorem 5.13 and deduce that Hy(Sp(Ox, «); k) is a finitely
generated SI(Ok /a)-module for all k£ > 0, as desired. O

6.4 The category of surfaces

In preparation for proving Theorem K (which concerns congruence subgroups of the mapping
class group), this section is devoted to a weak complemented category Surf of surfaces. This
category was introduced by Ivanov [I, §2.5]; our contribution is to endow it with a monoidal
structure. It is different from previous monoidal categories of surfaces (for instance, in [Mil]),
which do not include morphisms between non-isomorphic surfaces. A related monoidal cat-
egory of surfaces was constructed independently by Wahl-Randal-Williams [WahRW, §5.6],
though their morphisms are different from ours.

The category Surf. The objects of the category Surf are pairs (5,7) as follows.
e S is a compact oriented surface with one boundary component.
e 7:[0,1] — 05 is an embedding such that S lies to the left of Im(n). We will call n the
boundary arc of S.
This endows S with a natural basepoint, namely 1(1/2) € 95. To keep our notation from
getting out of hand, we will usually refer to (S,n) simply as S, leaving n implicit. For
S, 5" € Surf, the set Homgyy£ (S, S’) consists of homotopy classes of pairs (f,7) as follows.
e f: S — Int(S’) is an orientation-preserving embedding.
e 7 is a properly embedded arc in S’ \ Int(f(S)) which goes from the basepoint of S’ to
the image under f of the basepoint of S.
If (f,7): S— S and (f',7'): S — S” are morphisms, then

(f, 7)o (f,r)=(fofir' - fi(7)): S = 5",
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Figure 2: The upper left figure is S1 ® Sa, divided into the three subsurfaces S1 and Sy and R (R is
shaded). The bottom left figure is S} ® Sh; here the rectangle is labeled R'. For i = 1,2, the morphism
(fis7i): S; = S. is depicted. The right hand figure shows how S; ® So is embedded in S ® S}.

where arcs are composed as in the fundamental groupoid (this goes from left to right rather
than right to left as in function composition; see Figure 1). The identity morphism of S is
the morphism (fy, 70) depicted in Figure 1; the embedding fy “pushes” 0S across a collar
neighborhood.

Remark 6.15. The boundary arc of an object of Surf is necessary to define the monoidal
structure on Surf. However, aside from providing a basepoint it plays little role in the
structure of Surf. Indeed, if S, S’ € Surf are objects with the same underlying surface, then

it is easy to see that there exists an isomorphism (f,7): S 59 O

Automorphisms. Ivanov proved the following theorem.

Theorem 6.16 ([I, §2.6]). Let S € Surf. Then Autsyrs(S) is isomorphic to the mapping
class group of S.

Remark 6.17. One potentially confusing point here is that Ivanov allows his surfaces to have
multiple boundary components. The theorem in [I, §2.6] is more complicated than Theorem
6.16, but it reduces to Theorem 6.16 when S has one boundary component. ]

A bifunctor. Let R = [0,3] x [0,1] C R% Consider objects S; and Sy of Surf. Define
S1 ® Sy to be the following object of Surf. For i = 1,2, let n;: [0,1] — S; be the boundary
arc of S;. Then S7 ® S5 is the result of gluing S7 and S5 to R as follows.

e For ¢ € [0,1], identify n;(¢) € S1 and (0,t) € R.

e For ¢ € [0,1], identify ny(t) € Sy and (3,1 —t) € R.
We have 1 — t in the above to ensure that the resulting surface is oriented. The boundary
arc of S ® Sy ist — (1+1¢,0) € K.

Lemma 6.18. The operation ® is a bifunctor on Surf.

Proof. For i = 1,2, let (fi,7:): S; — S} be a Surf-morphism. We must construct a canonical
morphism

(g, N\): Sl@)SQ—)Si@Sé.

The based surface S1 ® S consists of three pieces, namely S and Sy and R. Identify all three
of these pieces with their images in S7 ® Sy. Similarly, S7® S5 consists of three pieces, namely
S} and S) and a rectangle which we will call R to distinguish it from R C S; ® Sz, and we
will identify these three pieces with their images in 57 ® S5. Let g: S1 ® Sy — S| ® S be the
embedding depicted in Figure 2, so g(R) is a regular neighborhood in S ® S5 \ Int(f1(S1) U
f2(S2)) of the union of 71 and 75 and the arc t — (3t,1/2) in R’ = [0,3] x [0,1] C R2. Also,
let A be the arc shown in Figure 2. It is clear that (g, A) is well-defined up to homotopy. [
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Figure 4: The LHS shows f(S1) and T together with the arcs T and X\. The RHS shows the desired
morphism T ® S; — Ss.

Monoidal structure. We now come to the following result.

Lemma 6.19. The category Surf is a monoidal category (not symmetric!) with respect to
the bifunctor ®.

Proof. Clearly a disc (with some boundary arc; any two such boundary arcs determine iso-
morphic objects of Surf) is a two-sided identity for ®. Associativity is clear from Figure 3.
The various diagrams that need to commute are all easy exercises. O

Weak complemented category. We finally come to the main result of this section.

Proposition 6.20. The monoidal category (Surf, ®) is a weak complemented category with
generator a one-holed torus.

Proof. If S} is a one-holed torus with a fixed boundary arc and S is an arbitrary object
of Surf, then letting g be the genus of S we clearly have S = ®?_ S}. It follows that
Si is a generator of (Surf,®). Now let (f,7): S — S2 be a Surf-morphism. We must
construct a complement to (f,7) which is unique up to precomposing the inclusion map by
an isomorphism. Define T to be the complement of an open regular neighborhood in S of
0So U TU f(S1). Thus T is a compact oriented surface with one boundary component. Fix
a boundary arc of T'. As is shown in Figure 4, there exists a Surf-morphism (g, A): T — S
such that 7" is a complement to (f, 7). Uniqueness of this complement is an easy exercise. [J

6.5 The mapping class group: Theorem K

Fix ¢ > 2, and let k be a Noetherian ring. In this section, we construct SI(Z/¢)-modules
Hi(MCG(¢); k) as in Theorem K for all k& > 0; see Corollary 6.22. We then prove Theorem
K, which says that H;(MCG(¢); k) is a finitely generated SI(Z/¢)-module for all £ > 0.

Categories and functors. Let (Surf,®) be the weak complemented category of surfaces
discussed in §6.4 (see Proposition 6.20). For all g > 0, fix a boundary arc of S;. This allows
us to regard each S; as an object of Surf. By Theorem 6.16, we have

Autgure(S}) = MCG, (9> 0). (6.4)

48



fes ) s

Figure 5: The LHS shows a morphism (g,\): ®7_, St — 8. The canonical morphisms
(hj,0;): 8§ — ®2_,Si are shown, and the union of the rectangles involved in forming ®?7_,Si is

shaded. The RHS shows the associated tethered torus system.

In Example 1.17 we noted that the category SI(Z/¢) is a complemented category whose
monoidal structure is given by the orthogonal direct sum. There is a strong monoidal functor
U: Surf — SI(Z/¢) defined via the formula ¥(S) = H;(S;Z/¢); here H1(S;Z/¢) is equipped
with the symplectic algebraic intersection pairing. This functor takes the generator Si of
Surf to the generator Hy(S1;Z/¢) = (Z/¢)? for SI(Z/f). Define MCG(¢) = I'(¥). Using the
identification in (6.4), we have MCG(£) 7,729 = MCG;(K).

Lemma 6.21. The functor ¥ is highly surjective.

Proof. This is equivalent to the fact that the map MCG; — Spay(Z/L) arising from the action
of MCG; on H(8};7/¢) is surjective for all g > 0. This is classical. For instance, it can
be factored as MCG; — Spoy(Z) — Spyy(Z/f); the map MCG; — Spgy(Z) is surjective by
[FaMar, §6.3.2], and the map Spy,(Z) — Spay(Z/{) is surjective by strong approximation
(see, e.g., [PIRa, Chapter 7]). O

As we discussed in §5.3, Lemma 6.21 has the following corollary.

Corollary 6.22. For all k > 0, there exists an SI(Z/¢)-module H(MCG({); k) such that
Hi(MCG(£): k) (7020 = Hp(MCG,(£); k).

Identifying the space of embeddings. We now wish to give a concrete description
of the space of Si-embeddings of Sgl. A tethered torus system on Sgl is a sequence
((fo,70), ..., (fp, 7)) as follows (see the right hand side of Figure 5).
e Each (fi,7;) is a morphism from S} to Sj.
e After homotoping the (f;, 7;), the following hold. Let * € (‘3891 be the basepoint.
— (fi(SHum) N (f;(SH UT;) = {x} for all distinct 0 < i,j < p.
— Going clockwise, the 7; leave the basepoint * in their natural order (i.e., 7; leaves
before 7; when i < j); see Remark 6.23 below for more on this.
The space of tethered tori on Sgl, denoted T'Ty, is the semisimplicial set whose p-simplices
are tethered torus systems ((fo,70),..., (fp, 7p))-

Remark 6.23. The condition on the order in which the 7; leave the basepoint is needed
because of the fact that the monoidal structure on (Surf,®) is not symmetric; in our proof
below, a p-simplex of TT, corresponds to a morphism @fzoSll — 891, and the ordering on
the 7; reflects the ordering on the ®-factors. O

Lemma 6.24. The space of Si-embeddings of S; is isomorphic to TT,,.

Proof. Consider a morphism (g,\): ®{_, St — 8. For 0 <j <p, let (h;,d;): S} — &_;S]
be the canonical map coming from the j*® term. Then ((goho, A+ g(d0)), -, (g0 hp, A-g(5p)))
is a tethered torus system (see Figure 5). This gives an isomorphism between the space of
Si-embeddings of Sgl and the space of tethered tori. O
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Using results of Hatcher—Vogtmann [HatVo3], we will prove the following in §6.6.

Theorem 6.25. The space T'T is ggg—connected.
Putting it all together. We now prove Theorem K, which asserts that the SI(Z/¢)-module
Hi(MCG(?); k) is finitely generated.

Proof of Theorem K. We apply Theorem 5.13 to the highly surjective functor W. This the-
orem has three hypotheses. The first is that the category of SI(Z/¢)-modules is locally
Noetherian, which is Theorem E. The second is that Hy (MCG;(E); k) is a finitely generated
k-module for all £k > 0. This follows easily from the fact that the moduli space of curves is a
quasi-projective variety; see [FaMar, p. 127] for a discussion. The third is that the space of
Si-embeddings is highly acyclic, which follows from Lemma 6.24 and Theorem 6.25. We con-
clude that we can apply Theorem 5.13 and deduce that Hy(MCG(¢);k) is a finitely generated
SI(Z/¢)-module for all k > 0, as desired. O

6.6 The space of tethered tori

Our goal is to prove Theorem 6.25, which asserts that TT is £ gs—connected. We will deduce
this from work of Hatcher—Vogtmann. Recall that we have endowed each Sg1 with a basepoint
* € 88;. A tethered chain on Sgl is a triple (o, 3,7) as follows.
e « and f are oriented properly embedded simple closed curves on 891 that intersect once
transversely with a positive orientation.
e 7 is a properly embedded arc that starts at x, ends at a point of 8\ a, and is otherwise
disjoint from a U 8.
We will identify homotopic tethered chains. The space of tethered chains, denoted TCy, is
the semisimplicial set whose p-simplices are sequences ((ao, 50, 70), - - - , (0, Bp, Tp)) of tethered
chains with the following properties.
e They can be homotoped such that they only intersect at .
e Going clockwise, the 7; leave the basepoint * in their natural order (i.e., 7; leaves before
7; when i < j).
We remark that any unordered sequence of tethered chains that satisfies the first condition
can be uniquely ordered such that it satisfies the second. The complex TC, was introduced
by Hatcher—Vogtmann [HatVo3], who proved the following theorem.

Theorem 6.26 (Hatcher-Vogtmann, [HatVo3]). The space TCy is ggg—connected.

Proof of Theorem 6.25. We begin by defining a map 7°: TC(g] — TT(g). Fix once and for all
a tethered chain (4, B,T) in S}. Consider a tethered chain (o, 3,7) € TCg. Let T be a
closed regular neighborhood of o U 8. Choosing 7" small enough, we can assume that 7 only
intersects T once. Write 7 = 7/ - 7", where 7/ is the segment of 7 from the basepoint of Sg1
to OT and 7" is the segment of 7 from dT to 3. Using the change of coordinates principle
of [FaMar, §1.3], there exists an orientation-preserving homeomorphism f: S — T such
that f(A) = a and f(B) = f and f(I') = 7. By [FaMar, Proposition 2.8] (the “Alexander
method”), these conditions determine f up to homotopy. The pair (f,7’) is a tethered torus,
and we define 7°((a, 8, 7)) = (f,7') € TTg. It is clear that this is well-defined and surjective
(but not injective).

The map 7¥ extends over the higher-dimensional simplices of TCy4 in an obvious way
to define a map 7: TC, — TT,. Arbitrarily pick a set map 0 TTg — TC(g] such that
0o ¢ =id. If ((fo,70),---,(fp,7p)) is a simplex of TT, and (i, Bi, 77) = ¢°((fi, 7:)) for
0 < i < p, then by construction we have «;, 3; C Im(f;). Since the images of the f; are
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disjoint, we conclude that ((ao, Bo, 7)), - - - » (ap, Bp, 7,)) is a simplex of TCy. Thus ¢ extends
over the higher-dimensional simplices of TT, to define a map ¢: TT, — TC, satisfying
mo ¢ = id. This implies that 7 induces a surjective map on all homotopy groups, so by

Theorem 6.26 we deduce that TT is ngg—connected. O
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