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Abstract

We prove a general homological stability theorem for certain families of groups
equipped with product maps, followed by two theorems of a new kind that give infor-
mation about the last two homology groups outside the stable range. (These last two
unstable groups are the ‘edge’ in our title.) Applying our results to automorphism
groups of free groups yields a new proof of homological stability with an improved
stable range, a description of the last unstable group up to a single ambiguity, and a
lower bound on the rank of the penultimate unstable group. We give similar applica-
tions to the general linear groups of the integers and of the field of order 2, this time
recovering the known stability range. The results can also be applied to general linear
groups of arbitrary principal ideal domains, symmetric groups, and braid groups. Our
methods require us to use field coefficients throughout.

Mathematics Subject Classification Primary 20J06; Secondary 20F28 - 57M07 -
55R40

1 Introduction

A sequence of groups and inclusions G; — G| — G3 < --- is said to satisfy
homological stability if in each degree d there is an integer 4 such that the induced map
H;(G,-1) - Hyi(G,) is anisomorphism for n > n,4. Homological stability is known
to hold for many families of groups, including symmetric groups [21], general linear
groups [4,22,29], mapping class groups of surfaces and 3-manifolds [14,18,25,30],
diffeomorphism groups of highly connected manifolds [12], and automorphism groups
of free groups [16,17]. Homological stability statements often also specify that the last
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map outside the range n > ng is a surjection, so that the situation can be pictured as
follows.

w++ = Hy(Gpy—3) = Ha(Gpy—2) = Ha(Gny—1) - Hy(Gpy) = Hq(Gpyq1) = -+

edge of the stable range stable range

The groups Hy(Gp,), Hi(Guy 1), - . ., which are all isomorphic, are said to form
the stable range. This paper studies what happens at the edge of the stable range, by
which we mean the last two unstable groups Hy(Gp,—2) and H;y(Gp,—1). We prove a
new and rather general homological stability result that gives exactly the picture above
with ny = 2d + 1. Then we prove two theorems of an entirely new kind. The first
describes the kernel of the surjection Hy (G, 1) — Hy(Gp,),and the second explains
how to make the map H;(G,,—2) — Hy(G,,—1) into a surjection by adding a new
summand to its domain. These general results hold for homology with coefficients in
an arbitrary field.

We apply our general results to general linear groups of principal ideal domains
(PIDs) and automorphism groups of free groups. In both cases we obtain new proofs
of homological stability, recovering the known stable range for the general linear
groups, and improving upon the known stable range for Aut(F),). We also obtain
new information on the last two unstable homology groups for Aut(F},), GL, (Z) and
GL, (F»), in each case identifying the last unstable group up to a single ambiguity.

Our proofs follow an overall pattern that is familiar in homological stability. We
define a sequence of complexes acted on by the groups in our family, and we assume
that they satisfy a connectivity condition. Then we use an algebraic argument, based
on spectral sequences obtained from the actions on the complexes, to deduce the result.
The connectivity condition has to be verified separately for each example, but it turns
out that in our examples the proof is already in the literature, or can be deduced from it.
The real novelty in our paper is the algebraic argument. To the best of our knowledge
it has not been used before, either in the present generality or in any specific instances.
Even in the case of general linear groups of PIDs, where our complexes are exactly the
ones used by Charney in the original proof of homological stability [4] for Dedekind
domains, we are able to improve the stable range obtained, matching the best known.

1.1 General results

Let us state our main results, after first establishing some necessary terminology. From
this point onwards homology is to be taken with coefficients in an arbitrary field I,
unless stated otherwise.

A family of groups with multiplication (G p) >0 consists of a sequence of groups
Go, G1, G2, ... equipped with product maps G, x G; — G p44 for p, g > 0, subject
to some simple axioms. See Sect. 2 for the precise definition. The axioms imply in
particular that @ p>0 H«(Gp) is a graded commutative ring. Examples include the
symmetric groups, braid groups, the general linear groups of a PID, and automorphism
groups of free groups.
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On the edge of the stable range 125

To each family of groups with multiplication (G ) »>0 Wwe associate the splitting
posets SP, forn > 2. If we think of G, as the group of symmetries of an ‘object of size
n’, then an element of SP,, is a splitting of that object into two ordered nontrivial pieces.
See Sect. 3 for the precise definition. The stabilisation map s : Hy(G,—1) — H.(Gp)
is the map induced by the homomorphism G,_; — G, that takes the product on the
left with the neutral element of G 1. Our first main result is the following homological
stability theorem.

Theorem A Let (G ) p>0 be a family of groups with multiplication, and assume that
|SP,| is (n — 3)-connected for all n > 2. Then the stabilisation map

syt Ho(Gr—1) — Hyo(Gy)

is an isomorphism for x < % and a surjection for x < % Here homology is taken
with coefficients in an arbitrary field.

We do not know whether a stronger connectivity assumption on |SP,| would lead
to a stronger result, but we expect this not to be the case without further input, as
is typical in homological stability. For example, Theorem A of Randal-Williams and
Wahl’s paper [26] proves a homological stability result based on connectivity of a
certain semi-simplicial set: an assumption of ”k;z-connectedness leads to homological
stability in a stable range i <  —r, solong as k > 2, but improving the connectivity
assumption to the case k = 1, or even to contractibility, does not improve the stable
range (see after Lemma 5.21 of [26]).

In a given degree m, Theorem A gives us the surjection and isomorphisms in the
following sequence.

i Hm (GZm—Z) - Hm(G2m—l) - Hm (GZm) - Hm(GZm-H) i) Hm(G2m+2) i e

edge of the stable range stable range
Our next two theorems extend into the edge of the stable range.

Theorem B Let (G ) p>0 be a family of groups with multiplication, and assume that
|SP,| is (n — 3)-connected for all n > 2. Then the kernel of the map

Sxt Hn(Gom) = Hp(Goam+1)
is the image of the product map
H(G2)®" ! @ ker[H{(G2) => H1(G3)] —> Hy(Gom).

Here homology is taken with coefficients in an arbitrary field.

Theorem C Let (G ) p>0 be a family of groups with multiplication, and assume that
|SP,| is (n — 3)-connected for all n > 2. Then there is a surjection

Hy (Gam—1) @ Hi1(G2)®" — Hy(Gom).
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126 R. Hepworth

On the summand H,, (G2y—1) this map is the stabilisation map. And on the sum-
mand Hy(G2)®" it is defined to be the composite of the cross product H\(G2)®" —
H,,(G,™) with the map Hy,,(G,") — H,,(G2n) induced by the iterated product map
G," — Gaoy. Homology is taken with coefficients in an arbitrary field.

Homological stability results like Theorem A are often combined with theorems
computing the stable homology lim,_, oc H«(G,) to deduce the value of H.(G,) in
the stable range. In a similar vein, Theorems B and C allow us to bound the last
two unstable groups H,,(G2,) and H,,(G2;,—1) in terms of lim,,_, oo Hyx(Gy,). In the
following subsections we will see how this works for automorphism groups of free
groups and general linear groups of PIDs. Note that our results do not rule out the
possibility of a larger stable range than the one provided by Theorem A. Nevertheless,
in what follows we will refer to H,,(G2,,) and H,,(G2,,—1) as the ‘last two unstable
groups’.

Remark 1.1 (On field coefficients) The restriction to field coefficients in Theorems A,
B and C is a necessary consequence of the methods we use to prove them. One
of the main tools we use is that we study the algebra @p>0 H.(Gp) using a bar
construction that we denote B,,. The terms in B,, are all tensor products of the form
H.(Gi,) x---x Hy(Gj,) over the ground field. We study B,, algebraically by equipping
it with a novel filtration. And we relate it to topology by showing that it is the E'-term
of a spectral sequence obtained from the product maps BG, x BG; — BG4y
and their iterates. In order for the passage to topology to apply, we use the Kiinneth
isomorphism to identify terms H,(G;,) x --- x Hy(G;,) with Hi,(G;, x -+ x G;,),
and this of course requires field coefficients. On the other hand, we could attempt to
use arbitrary coefficients if we built B, from terms of the form H,(G;, x - -- x G;,),
but then we do not know whether our algebraic techniques for studying B,, would go
through after the change.

Remark 1.2 (On discrete groups) We have restricted to the case of discrete groups,
rather than topological groups, because our applications all fit into this setting. It seems
very likely that our rather simple framework of families of groups with multiplication
would not be able to accommodate many interesting families of topological groups,
but that a weak or operadic version would be necessary.

1.2 Connection to the work of Galatius, Kupers and Randal-Williams

Since this paper was first posted on the arXiv, work of Galatius, Kupers and Randal-
Williams (GKRW) has appeared that is related to what we do here. Currently, this
consists of the papers [9-11], though we expect more to follow. The work of GKRW
approaches stability through a theory of cellular Ey-algebras. The general framework
is expounded in [10], and there is a useful overview in Section 2 of [11]. These general
techniques are applied to mapping class groups in [11] and to general linear groups of
finite fields in [9].

One specific area of overlap with our work is that our Theorem A is clearly very
similar to the first part of Theorem 18.1 of [10]. (Differences include: the two results
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On the edge of the stable range 127

take place in different general settings; Theorem 18.1 does not require field coef-
ficients; and Theorem A demonstrates that the maps Hy(G24—1) — Hy(Go4) are
isomorphisms in every case, while Theorem 18.1 does not).

A second specific overlap is that GKRW make extensive use of splitting complexes.
These come in various forms, and in particular an Ej-algebra of the appropriate sort has
an E,-splitting complex for each n < k. The splitting posets and splitting complexes
that appear in our paper correspond to the E1-splitting complexes, and the same basic
assumption of (n — 3)-connectedness appears more than once in the work of GKRW.

While the work of GKRW contains no direct counterpart to our Theorems B and C,
their results, both general and specific, frequently produce information that lies further
outside the (previously known) stable range than we are able to give.

The key to our work is a novel filtration of a certain bar complex associated to the
algebra p>0 Hi (G »). We do not believe that this filtration appears in, or has an
analogue in, the work of GKRW.

1.3 Applications to automorphism groups of free groups

The automorphism groups of free groups form a family of groups with multiplication
(Aut(F}y)),>0. In this case the splitting poset SP,, consists of pairs (A, B) of proper
subgroups of F, satisfying A * B = F;,. By relating the splitting poset to the poset
of free factorisations studied by Hatcher and Vogtmann in [15], we are able to show
that |SP, | is (n — 3)-connected, so that Theorems A, B and C can be applied. Our first
new result is obtained using Theorem A in arbitrary characteristic, and Theorems A,
B and C in characteristic other than 2.

Theorem D Let F be a field. Then the stabilisation map

syt Ho(Aut(Fp1); F) — Hy(Aut(F); F)

. . . n—2 .. n—1 .
is an isomorphism for * < *5= and a surjection for x < *5~. Moreover, if char(F) #

. . . n—1 Lo n
2, then sy is an isomorphism for x < 5= and a surjection for x < 7.

Hatcher and Vogtmann showed in [17] that s, : H.(Aut(F,—1)) — H.(Aut(Fy))
is an isomorphism for * < % and a surjection for * < % where homology is
taken with arbitrary coefficients. Theorem D increases this stable range one step to
the left in each degree when coefficients are taken in a field, and two steps to the left
in each degree when coefficients are taken in a field of characteristic other than 2. (In
characteristic O this falls far short of the best known result [16].) In particular we learn
for the first time that the groups H,, (Aut(F2,,+1); [F) are stable.

By applying Theorems B and C when ' = F,, we are able to learn the following

about the last two unstable groups H, (Aut(F2,,); F2) and H,, (Aut(Fa,—1); F2).
TheoremE Let t € Hi(Aut(F,); Fy) denote the element determined by the transfor-
mation x| > X1, X +> x1x2, and let m > 1. Then the kernel of the stabilisation

map
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128 R. Hepworth

Syt Hy (Aut(Fop); F2) — Hy (Aut(Fop1); F2)
is the span of t™*, and the map
Hy (Aut(Fa—1); F2) @ F2 — Hp(Aut(Fo); F2),  (x, 9) > s(x) +y - 1"

is surjective.

This theorem shows that the last unstable group H,, (Aut(F>,,); IF») is either iso-
morphic to the stable homology lim;,—, oo Hy,, (Aut(F;,); IF»), oris an extension of itby a
copy of F» generated by ™. It does not state which possibility holds. Galatius [8] iden-
tified the stable homology lim,—, oo Hx(Aut(Fy,)) with H,(25°5°), where 7°S>
denotes a path-component of Q°°S*>° = colim,_, 5, 2" S". Thus we are able to place
the following bounds on the dimensions of the last two unstable groups for m > 1,
where € is either O or 1.

dim(Hy (Aut(Fam); F2)) = dim(H, (Q5°S®; F2)) + €
dim (Hy (Aut(Fam—1); F2)) > dim(Hy, (2575 F2))

1.4 Applications to general linear groups of PIDs

The general linear groups of a commutative ring R form a family of groups with
multiplication (GL, (R)),>0. When R is a PID, the realisation |SP,| of the splitting
poset is precisely the split building [R"] studied by Charney, who showed that it is
(n — 3)-connected [4]. Theorems A, B and C can therefore be applied in this setting.

Theorem A shows that H,(GL,,—1(R)) — H.(GL,(R)) is onto for x < % and
an isomorphism for * < %, where homology is taken with field coefficients. This
exactly recovers homological stability with the range due to van der Kallen [29], but
only with field coefficients. Theorems B and C then allow us to learn about the last two
unstable groups H,,(GLy;,,—1(R)) and H,,(GL>,,(R)), where little seems to be known
in general. In order to illustrate this we specialise to the cases R = Z and R = [ and
take coefficients in [F; this is the content of our next two subsections.

1.5 Applications to the general linear groups of 7Z
We now specialise to the groups GL,(Z) and take coefficients in . Theorems B
and C give us the following information about the final two unstable groups

Hy (GLow (Z); F2) and Hy (GLom—1(Z); F2).

TheoremF Let t denote the element of H|(GL2(Z); F) determined by the matrix
((1) { ) and let m > 1. Then the kernel of the stabilisation map

sx: Hy(GLow (2); F2) — Hy(GLowy1(Z); F2)
is the span of t™, and the map
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On the edge of the stable range 129

Hy(GLon—1(2); F2) @ Fo — Hpu(GLow(Z); F2),  (x,y) > si(x) +y - 1"

is surjective.

This theorem shows that the last unstable group H,,(GL2,,(Z); F>) is either iso-
morphic to the stable homology lim,_, oo H;, (GL,(Z); F>), or is an extension of
it by a copy of [, generated by . It does not guarantee that ™ # 0, and so
does not specify which possibility occurs. The theorem also gives us the follow-
ing lower bounds on the dimensions of the last two unstable groups in terms of
dim(lim,—, oo H;, (GL,(Z); F>)), and in particular shows that they are highly non-
trivial.

dim(Hy, (GLo (2); F2)) = dim ( lim_Hyy(GLy(Z); F2)) + €

dim(Hy (GLay -1 (Z); F2) > dim ( lim_H, (GLy(Z); F2))
Here € is either O or 1.

1.6 Applications to the general linear groups of I,

Now let us specialise to the groups GL, (IF2). Quillen showed that in this case the stable
homology lim,,—, oo H«(GL,(IF2); IF2) vanishes [22, Section 11]. Combining this with
Maazen’s stability result shows that H,,, (GL, (F2); F2) = Oforn > 2m+1.1tis natural
to ask for a description of the final unstable homology groups H,, (GL>,, (F2); F»).
These have long been known to be nontrivial for m = 1 and m = 2, the latter case
being due to Milgram and Priddy (Example 2.6 and Theorem 6.5 of [20]), but to the
best of our knowledge nothing further was known at the time of first writing of the
present paper, though Szymik’s recent paper [28] confirms nontriviality in the case
m = 3. By applying Theorem B we obtain the following result, which determines
each of the groups H,,(GL2,, (F2); F2) up to a single ambiguity.

Theorem G Let t denote the element of H{(GLy(IFy); Fy) determined by the matrix
((1) { ) Then H,,(GLy,, (F2); Fy) is either trivial, or is a copy of Fy generated by the
class t™.

Since this paper first appeared on the arXiv, Galatius, Kupers and Randal-Williams
posted their paper [9]. It proves a much improved stable range for the groups
H,(GL, (F;); F3), and this new range shows in particular that H,,, (GL2,,(F»); F2) =0
for m > 3. They also show that H3(GL¢(IF2); F2) # 0. This resolves the questions
about the groups H™ (GLy,, (F2); F2) raised by Milgram and Priddy in [20, p.301],
and posed explicitly by Priddy in [3, section 5].

1.7 Connection to the work of Randal-Williams and Wahl
The paper [26] of Randal-Williams and Wahl gives a very general framework for

proving homological stability results, including with twisted coefficients, and applies
it in many existing and new cases.
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130 R. Hepworth

The general setup is to take a monoidal category € and objects A and X of €, and
then prove homological stability for the sequence of groups Aut(A @ X®"). Thus one
is studying the automorphism groups of a sequence of objects that begins with A and
grows by X each time. These objects are subject to a variety of different axioms that
ensure that the ensuing constructions go through.

The main general result of [26] is its Theorem A, which states that the groups
Aut(A @ X®") satisfy homological stability, with coefficients if desired, and with
specified stable ranges, so long as several assumptions are satisfied, the main assump-
tion being that a certain space |W, (A, X),| is at least %—connected. (Here k > 2,
and different choices of k lead to different stable ranges.) In the case of constant
coefficients [26] has a slightly stronger result, Theorem 3.1, which requires the same
connectivity assumption on |W, (A, X).|. We are interested in the cases A = 0 and
A = X, which arerelated by the fact that |W,,_1 (X, X),.|isatruncation of |W, (0, X),|,
so that if |[W,,(0, X),| is %-connected then |W, (X, X).| is %-connected.

In Sect. 13 we will show (using an argument explained to us by Nathalie Wahl)
that by making an appropriate choice of X above, then the groups G, = Aut(X®")
form a family of groups with multiplication (Proposition 13.1). We then show that
if the realisations |SP,,| of the associated splitting posets are (n — 3)-connected for
all n > 2, then the spaces |W,(0, X),| are %-connected (Theorem 13.2), so that
the spaces |W, (X, X),| are %-connected and Theorem A and Theorem 3.1 of [26]
apply.

Suppose now that we have a family of groups with multiplication (G ) >0 obtained
from a homogeneous category € as described above, and that the associated spaces
|SP,| are all (n — 3)-connected. Then our Theorem A applies, as does Theorem 3.1
of Randal-Williams and Wahl. So how do they compare? Under the assumption that
W,(X, X) is "—gl-connected, Theorem 3.1 of [26] states that the stabilisation map

H.(G,-1) - H.«(Gy) is an isomorphism for * < % and an epimorphism for

* < "—52, with arbitrary constant coefficients. Thus Theorem A gives an improved
stable range when one uses field coefficients. And indeed, Theorem A implies that,
with arbitrary constant coefficients, H,(G,—1) — H.(G,) is an isomorphism for
* < % and an epimorphism for * < % So even with arbitrary coefficients,
Theorem A offers a mild improvement.

Nevertheless, it may happen that we are in a situation where our Theorem A and The-
orem 3.1 of [26] both apply, but where our result that | W,, (0, X),| is ”—53-connected is
not optimal. Indeed, in the case of symmetric groups, | W,, (0, X),| is (n —2)-connected.
However, in the case of automorphism groups of free groups the connectivity result
we obtain from Theorem 13.2 matches the that found in [26, Proposition 5.3], and for

general linear groups of PIDs it matches or improves the the resultin [26, Lemma 5.10].

1.8 Decomposability beyond the stable range

Let (Gp)p>0 be a family of groups with multiplication, and consider the bigraded
commutativering A = »>0 H+(G p). Homological stability tells us that any element
of Hy(Gp) that lies in the stable range decomposes as a product of elements in the
augmentation ideal of A. (In fact it tells us that such an element decomposes as
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On the edge of the stable range 131

a product with the generator of Hy(G1).) We believe that connectivity bounds on
the splitting complex can yield decomposability results far beyond the stable range.
The following conjecture was formulated after studying explicit computations for
symmetric groups and braid groups [5], in which cases it holds.

Conjecture H Let (Gp)p>0 be a family of groups with multiplication. Suppose that
|SP,| is (n — 3)-connected for all n > 2. Then the map

w: €D Hi(G,) ® Hi(Gy) — Hi(Gn)

ptq=n
p.q=1

is surjective in degrees x* < (n — 2), and its kernel is the image of

a: P H(Gp)® Hi(Gy) ® Hi(Gy) — P Hu(Gp) ® Hu(Gy)

ptq+r=n ptq=n
p.q.rz1 p.g=>1

indegrees * < (n—3). Here pand o are definedby u(x®y) = x-yanda(x@yQ®z) =
X Y®z—x®(y-2).

We are able to prove the surjectivity statement in degrees * < 7 and the injectivity
statement in degrees x < %, both of which are half a degree better than the stable
range (Lemmas 11.3 and 11.4), and Theorems B and C are the ‘practical’ versions of
these facts. We hope that in future work we will be able to obtain information further
beyond the stable range.

1.9 Organisation of the paper

In the first half of the paper we introduce the concepts required to understand the
statements of Theorems A, B and C and then, assuming these theorems for the time
being, we give the proofs of the applications stated earlier in this introduction. Section 2
introduces families of groups with multiplication, and introduces four main examples:
the symmetric groups, general linear groups of PIDs, automorphism groups of free
groups, and braid groups. Section 3 introduces the splitting posets SP, associated to
a family of groups with multiplication, and identifies them in the four examples. In
Sect. 4 we show that for these four examples, the realisation |SP,| of the splitting
poset is (n — 3)-connected. Finally, in Sect. 5 we give the proofs of Theorems F, G,
D and E.

In the second half of the paper we give the proofs of our three general results,
Theorems A, B and C. Section 6 introduces the splitting complex, an alternative to the
splitting poset that features in the rest of the argument. Section 7 introduces a graded
chain complex B,, obtained from a family of groups with multiplication. In Sect. 8 we
show that, under the hypotheses of Theorems A, B and C there is a spectral sequence
with E!-term B,, and converging to 0 in total degrees < (n — 2). Section 9 introduces
and studies a filtration on B,,. The filtration allows us to understand the homology of
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132 R. Hepworth

B, inductively within a range of degrees. Then Sects. 10, 11 and 12 give the proofs
of the three theorems.

Finally, Sect. 13 gives an account of the connection to the work of Randal-Williams
and Wahl described in Sect. 1.7.

2 Families of groups with multiplication

In this section we define the families of groups with multiplication to which our
methods will apply, and we provide a series of examples.

Definition 2.1 A family of groups with multiplication (G ) p>0 is a sequence of dis-
crete groups Go, G1, G2, ... equipped with a multiplication map

GpxGyg—>Gpiq, (&N F—>gDh

for each p, g > 0. We assume that the following axioms hold:

(1) Unit: The group Gy is the trivial group, and its unique element eg acts as a unit
for left and right multiplication. In other wordseg @ g = g = g e forall p > 0
and all g € G.

(2) Associativity: The associative law

(gdh k=g (hk).

holds for all p,g,r > O0andall g € G, h € G4 and k € G,. Consequently, for
any sequence pi, ..., pr = 0 there is a well-defined iterated multiplication map

GPI X oo X Gpr —> GP1+"'+[7r'

(3) Commutativity: The product maps are commutative up to conjugation, in the sense
that there exists an element 7,4 € G 14 such that the squares

Gp X Gq —_— Gp+q

Gq X Gp —_— Gp+q

commute, where ¢, denotes conjugation by 7p,. (We do not impose any further
conditions upon the t,,.)

(4) Injectivity: The multiplication maps are all injective. It follows that the iterated
multiplication maps are also injective. Using this, we henceforth regard G, x
-+ X Gp, as asubgroup of G, 4...4p, foreach py, ..., p, > 0.

(5) Intersection: We have

(Gpiq X G N(Gp x Ggir) = Gy x Gy % G,
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On the edge of the stable range 133

forall p,q,r > 0, where Gpiy x Gy, Gp X Gyyyr and G, x G4 x G, are all
regarded as subgroups of G p4 g4

We denote the neutral element of G, by e.

Remark 2.2 We could delete the intersection axiom from Definition 2.1, at the expense
of working with the splitting complex of Sect. 6 instead of the splitting poset. See
Remark 6.5 for further discussion.

Example 2.3 (Symmetric groups) For p > 0 we let X, denote the symmetric group
on n letters. Then we may form the family of groups with multiplication (X3,) >0,
equipped with the product maps

Xp X Bg = Ypigs (f,9r— fug

where f U g is the automorphismof {1,..., p+¢q}={1,..., p}u{l,..., g} given
by f on the first summand and by g on the second. Then the axioms of a multiplicative
family are all immediately verified. In the case of commutativity, the element 7, is
the permutation that interchanges the first p and last ¢ letters while preserving their
ordering.

Example 2.4 (General linear groups of PIDs) Let R be a PID. For n > 0, let GL,,(R)
denote the general linear group of n x n invertible matrices over R. Then we may form
the family of groups with multiplication (GL,(R)),>0, equipped with the product
maps

GL,(R) x GLy(R) > GLy14(R), (A, B) > (3 g)

given by the block sum of matrices. The unit, associativity, commutativity, injectivity
and intersection axioms all hold by inspection. In the case of commutativity, the

. . . I
element 7,4 is the permutation matrix = ( ,(j 0 ) (It would have been enough to

assume that R is an arbitrary ring here. However, as we will see later, we will only be
able to apply our results when R is a PID. Indeed, in Proposition 3.4 we will identify
the realisation of the splitting poset with Charney’s split building, and this is only
possible when R is a PID.)

Example 2.5 (Automorphism groups of free groups) For p > 0 we let F;, denote the
free group on p letters, and we let Aut(F,) denote the group of automorphisms of F,.
Then we may form the family of groups with multiplication (Aut(F)) >0, equipped
with the product maps

Aut(Fp) x Aut(Fy) — Aut(Fpyy), (f,9)+— fxg.
Here f * g is the automorphism of F 1, = F), x F, given by f on the first free factor

and by g on the second. Then the unit, associativity and commutativity axioms all hold
by inspection. In the case of commutativity, the element 7, is the automorphism that
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interchanges the first p generators with the last g generators. The injectivity axiom
is also clear. We prove the intersection axiom as follows. Suppose that f), * f, 1, =
Sfpaq * fr where each f, lies in Aut(Fy). We would like to show that f,, = f, * f;
for some f; € Aut(Fy). Let x; be one of the middle g generators. Then f 1, sends x;
to a reduced word in the first p 4+ g generators and to a reduced word in the last g + r
generators. Since an element of a free group has a unique reduced expression, it follows
that x; is sent to a word in the middle g generators. Thus f,,, = f; * f, for some
fq: Fy — F,. By inverting the original equation we see that in fact f; € Aut(F).

Example 2.6 (Braid groups) Given p > 0, let B, denote the braid group on p strands.
This is defined to be the group of diffeomorphisms of the disk D? that preserve the
boundary pointwise and that preserve (not necessarily pointwise) a set X, C D? of
p points in the interior of D?, arranged from left to right, all taken modulo isotopies
relative to dD? and X .

D2

The product maps are

B, x By — Bpiy, B,y) = Buy

where 8 LI y denotes the braid obtained by juxtaposing 8 and y. More precisely, we
choose an embedding D? L1 D> < D? that embeds two copies of D? ‘side by side” in
D?, in such a way that X, U X, is sent into X .+, preserving the left-to-right order.

©)

Then B U y is defined to be the map given by 8 and y on the respective embedded
punctured discs, and by the identity elsewhere. Then the unit, associativity and injec-
tivity axioms are immediate. The commutativity axiom holds when we take 7, to be
the class of a diffeomorphism that interchanges the two embedded discs, passing the
left one above the right. The intersection axiom follows from the fact that we may
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identify the subgroup B, x Byi, € Bpi44+, With the set of isotopy classes of dif-
feomorphisms that fix an arc that cuts the disc in two, separating the first p punctures
from the last ¢ + r punctures, and similarly for B,,, x B, and B, x B; x B,.

Example 2.7 (Mapping class groups) Here we will briefly discuss without proofs one
further example that will not be investigated in the present paper.

Let ¥, 1 denote a surface of genus g with a single boundary component. Let I'y 1
denote the mapping class group of diffeomorphisms of X ; that fix a neighbourhood
of the boundary pointwise, modulo isotopies relative to the boundary. The boundary
connect sum operation gives Xg 1#3X, 1 = gy 1, and a resulting map 'y 1 x
g1 — Dgyer,1. This makes the I'y 1 into a family of groups with multiplication.

This family of groups is studied, not as a family with multiplication but as an E;-
algebra, by Galatius, Kupers and Randal-Williams in [11]. The associated splitting
poset and splitting complex are studied there in detail. See Remarks 3.7 and 4.13.

3 The splitting poset

In this section we define the splitting posets associated to a family of groups with
multiplication, and identify them in the case of symmetric groups, braid groups, general
linear groups of PIDs, and automorphism groups of free groups. Conditions on the
connectivity of these posets are the key assumptions in all of our main theorems.

Definition 3.1 (The splitting poset) Let (G ) ,>1 be a family of groups with multipli-
cation. Then for n > 2, the nth splitting poset SP, of (Gp),>1 is defined to be the
set

Gy G, Gy Gn

SPn = [l L---u L
G xGu1 GaxGuo G, 2xGy Gp1xGy

equipped with the partial ordering < with respect to which
8(Gp x Gu_p) < h(Gy X Gug)
if and only if p < ¢ and there is k € G, such that
8(Gp xGyp) =k(Gp x Gy—p) and (G4 X Gy—g) = k(G4 X Gp—y).

Lemma 3.2 verifies that the relation < is transitive.

Lemma 3.2 Given an arbitrary chain

gO(Gpo X Gn—pg) < gl(Gp1 X Gn—pl) << gr(Gpr X Gn—p,) (D

in SP, we may assume, after possibly choosing new coset representatives, that go =
<o = g At follows that gi (G p, X Gp—p,) < 8j(Gp; X Gu—p;) foranyi < j.
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Proof We prove by induction on s = 1, 2, ..., r that given an arbitrary chain (1) we
may assume, after choosing new coset representatives, that gg = --- = g, = g for
some g € G, the case s = r being our desired result.

When s = 1, the claim is immediate from the definition of <.

For the induction step, suppose that the claim holds for s. Take an arbitrary chain (1)
and use the induction hypothesis to choose new coset representatives so that gg =
co= gy = g.Since g(Gp, X Gpp,) < gs+1(Gp,y X Gpop,,,) We may assume,
after replacing g1 if necessary, that g(Gp, X Gp—p,) = gs+1(Gp, X Gp—p,). Then
there are y € G, and § € G,_p, such that g~'g,11 = ¥ @ 8. Since e, ® § lies in
Gp, x Gy_p, fort < s, we may replace g with g(ep,, ®5). And since y @ e, p, liesin
Gp,, X Gup,,,, we may replace gs 1 with gH_l(y—1 @ en—p,). Butthen gs11 = g.
So gop = - - - = gs+1 as required. O

Now we will identify the splitting posets associated to the symmetric groups, general
linear groups of PIDs, automorphism groups of free groups, and braid groups.

Proposition 3.3 (Splitting posets for symmetric groups) For the family of groups with
multiplication (X)) p>0, the nth splitting poset SP, is isomorphic to the poset of proper
subsets of {1, ..., n} under inclusion.

Proof We define a bijection ¢ from SP,, to the poset of proper subsets of {1, ..., n}
by the rule

0] (g(zp X 2:n—p)) ={g),...,g(p}

This ¢ is a well-defined bijection, and we must show that

8(Ep X Ep—p) S h(Eg X Ep—yg) = {g(D),....g(p)} S {h(D),... . h(g)}.

If the first condition holds then p < ¢ and we may assume that g = h, so that the
second condition follows immediately. If the second condition holds then p < ¢ and,
replacing & by h o (k x Id) and g by g o (Id x I) for an appropriate k € X, and
l € ¥, p, we may assume that g = h, so that the first condition holds. O

Let R be a PID. To identify the splitting posets associated to the family
(GL,(R))p>0, recall that Charney in [4] defined Sg(R") to be the poset of ordered
pairs (P, Q) of proper submodules of R" satisfying P & Q = R", equipped with the
partial order < defined by

(P,Q)<(P',Q) &= PC P andQ 2.

Charney then defined the split building of R", denoted by [R"], to be the realisation
|Sr(R™)|. (Note that Charney worked with arbitrary Dedekind domains. We work with
PIDs only in order to relate the splitting poset with the split building. We do not know
what happens to the connectivity of |SP,,| in the case that R is not a PID.)

Proposition 3.4 (Splitting posets for general linear groups of PIDs) Let R be a PID.
For the family of groups with multiplication (GLy(R)), >0, the splitting poset SP,, is
isomorphic to Sg(R"), so that |SPy,| is isomorphic to the split building [R"].
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Proof Define sy, ...,s,_1 € SP,andty,...,t,_1 € Sr(R"™) by
sp = en(GLy(R) x GLy—p(R)), tp = (span(xy, ..., Xp), span(xpt1, - - -, Xn)),

where e, € GL, (R) denotes the identity element and x1, . . ., x, is the standard basis
of R". Then the following three properties hold for the elements s; € SP,, and their
analogues hold for the t; € Sg(R").

(1) s1,...,s,—1 are a complete set of orbit representatives for the GL, (R) action on
SP,,.

(2) The stabiliser of s, is GL,(R) x GL,_,(R).

(3) x < y if and only if there is g € GL,(R) suchthatx = g-s,andy = g - 54
where p < g.

It follows immediately that there is a unique isomorphism of posets SP, — Sgr(R")
satisfying s; — t; for all i.

The three properties hold for s; € SP,, by definition. We prove them for#; € Sg(R™)
as follows. For (1), the fact that R is a PID guarantees that if (P, Q) € Sg(R") then
P and Q are free, of ranks p and ¢ say, such that p + g = n. If we choose bases of P
and Q and concatenate them to form an element A € GL,(R), then A -7, = (P, Q)
as required. Property (2) is immediate. For (3), suppose that (P, Q) < (P’, Q') and
let p = rank(P) and p’ = rank(P’), so that p < p’. Then

R'=P®P' NOY®Q, PP NO=P, (PPNOGQO =0

Let g denote the element of GL, (R) whose columns are given by a basis of P, followed
by a basis of (P’ N Q), followed by a basis of Q’. Again this is possible since R is a
PID. Then (P, Q) = g - t, and (P’, Q') = g - t,y where p < p’, as required. O

Let us now identify the splitting posets for automorphism groups of free groups. The
situation is closely analogous to that for general linear groups. Define S(F,,), for each
n > 2, to be the poset of ordered pairs (P, Q) of proper subgroups of F;, satisfying
P % Q = F,. Itis equipped with the partial order under which (P, Q) < (P’, Q")
if and only if (P, Q) = (Jo, J1 * J2) and (P’, Q") = (Jy * J1, Jo) for some proper
subgroups Jo, J1, J2 of F, satisfying Jo x J1 * Jo = F;. (Note that the condition in
the definition of < is stronger than assuming that P C P’ and Q' 2 Q). The proof of
the following proposition is similar to that of Proposition 3.4, and we leave the details
to the reader.

Proposition 3.5 (Splitting posets for automorphism groups of free groups) For the
Sfamily of groups with multiplication (Aut(F,)),>0, the splitting poset SP,, is isomor-
phic to S(Fy).

Let us now identify the splitting posets associated to the family (B)) >0 of braid
groups. See Example 2.6 for the relevant notation. Givenn > 2, letus define a poset A,
as follows. The elements of A,, are the arcs embedded in D?\ X,,, starting at the ‘north
pole’ of the disc and ending at the ‘south pole’, such that X, meets both components of
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their complement, all taken modulo isotopies in D\ X,, that preserve the endpoints.

Given «, B € A,, we say that « < B if ¢ and S have representatives a and b that
meet only at their endpoints, and such that a lies ‘to the left’ of b. (More precisely, a
and b must meet the north pole in anticlockwise order and the south pole in clockwise
order).

Again, the proof of the following is similar to that of Proposition 3.4, and we leave
the details to the reader.

Proposition 3.6 (Splitting posets for braid groups) For the family of groups with mul-
tiplication (Bp) p>0, we have SP, = A,.

Remark 3.7 (Mapping class groups) As mentioned in Example 2.7, Galatius, Kupers
and Randal-Williams [11] have studied the mapping class groups I'g 1 of isotopy
classes of diffeomorphisms of X, ; that fix the boundary pointwise using the tech-
niques discussed in Sect. 1.2. They identify the resulting splitting poset with a poset
of arcs travelling between distinct marked points on the boundary of X, much as we
have done in Proposition 3.6. See Sections 3 and 4 of [11], especially Definition 3.3,
Proposition 4.4 and Definition 4.5.

4 Examples of connectivity of |SP|

Our Theorems A, B and C apply to a family of groups with multiplication only when
the associated splitting posets satisfy the connectivity condition that each |SP,| is
(n — 3)-connected. In this section we verify this condition for our main examples:
symmetric groups, where the result is elementary; general linear groups of PIDs,
where the result was proved by Charney in [4]; automorphism groups of free groups,
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where we make use of Hatcher and Vogtmann’s result on the connectivity of the poset
of free factorisations of F, in [15]; and for braid groups, where the claim is a variant
of known results on arc complexes.

Let us fix our definitions and notation for realisations of posets. If P is a poset, then
its order complex (or flag complex or derived complex) A(P) is the abstract simplicial
complex whose vertices are the elements of P, and in which vertices po, ..., p, span
an r-simplex if they form a chain pyp < --- < p, after possibly reordering. The
realisation |P| of P is then defined to be the realisation |A(P)| of A(P). We will
usually not distinguish between a simplicial complex and its realisation. So if P is a
poset, then the simplicial complex A(P) and topological space |A(P)| will both be
denoted by | P|. When we discuss topological properties of a poset or of a simplicial
complex, we are referring to the topological properties of its realisation as a topological
space.

4.1 Symmetric groups

The result for symmetric groups is elementary.

Proposition 4.1 (Connectivity of |SP;,| for symmetric groups) For the family of groups
with multiplication (X)) p>0 we have |SP,| = "2 and in particular |SP, | is (n—3)-
connected.

Proof Let d A"~ ! denote the simplicial complex given by the boundary of the simplex
with vertices 1, ..., n. Then the face poset F(9A" ) of dA" ! is exactly the poset
of proper subsets of {1, ..., n} ordered by inclusion. But we saw in Proposition 3.3
that the latter is isomorphic to SP,,. Thus |SP,| = |F(A" 1) = [d A" = "2 as
required.

4.2 General linear groups of PIDs

Let R be a PID. In Proposition 3.4 we saw that for the family of groups with multipli-
cation (GL,(R)) >0 there is an isomorphism SP, = Sg(R"), where Sg(R") is the
poset whose realisation is the split building [R"]. Since R is in particular a Dedekind
domain, Theorem 1.1 of [4] shows that [R"] has the homotopy type of a wedge of
(n — 2)-spheres. So we immediately obtain the following.

Proposition 4.2 (Connectivity of |SP,| for general linear groups of PIDs) Let R be a
PID. For the family of groups with multiplication (GL,(R)) >0, and for any n > 2,
ISP, | has the homotopy type of a wedge of (n — 2)-spheres, and in particular is
(n — 3)-connected.

4.3 Automorphism groups of free groups

Now we give the proof of the connectivity condition on the splitting posets for auto-
morphism groups of free groups. This is the most involved of our connectivity proofs.
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Definition 4.3 Let F be a free group of finite rank. Define P(F) to be the poset of
ordered tuples H = (Hy, ..., H,) of proper subgroups of F such that r > 1 and
Hy *---x H. = F.Itis equipped with the partial order in which H > K if K can be
obtained by repeatedly amalgamating adjacent entries of H.

Theorem 4.4 [f F has rank n, then |P(F)| has the homotopy type of a wedge of
(n — 2)-spheres.

Corollary 4.5 (Connectivity of |SP,| for automorphism groups of free groups) For the
Sfamily of groups with multiplication (Aut(Fp)) >0, the splitting poset |SP,| has the
homotopy type of a wedge of (n — 2)-spheres, and in particular is (n — 3)-connected.

This result has been obtained independently, and with the same proof, as part of
work in progress by Kupers, Galatius and Randal-Williams.

Proof of Corollary 4.5 If P is a poset then we denote by P’ the derived poset of chains
po < --- < pr in P ordered by inclusion. This is the same thing as the face poset of
A(P), and its realisation satisfies |P’| = | P]|.

Recall from Proposition 3.5 that SP,, is isomorphic to the poset S(F},) defined
there. So it will suffice to show that P (F,) is isomorphic to S(F,)’, for then |SP,| =
IS(F)| = |S(Fy)'| 2 | P(Fy)| and the result follows from Theorem 4.4. Consider the
maps

A P(Fp) — S(Fy)'.  w: S(Fy) — P(F,)
defined by
A(Ho,...,H,+1>=[(HO,H1*~-~*H,+1)<~-~<(H0*---*H,,H,+1)]
and
M[(Ao, Bo) < - < (A, B,)] - (Ao, A N By, AN By, ..., A N B, _y, B,).

Then one can verify that A and p are mutually inverse maps of posets. The verification
requires one to use the fact that if (X1, Y1) < (X2, Y2) < (X3, Y3), then X * (X2 N
YI) =X, o x (Y1 NXp) =Y and (X, NYy) % (X3NY2) = X3N Yy, which follow
from the definition of the partial ordering on S(F;,). O

We now move towards the proof of Theorem 4.4. In order to do so we require
another definition.

Definition 4.6 Let F be a free group of finite rank. Define Q(F) to be the poset of
unordered tuples H = {Hy, ..., H,} of proper subgroups of F' such that » > 1 and
Hy *---x H, = F. Give it the partial order in which H > K if K can be obtained by
repeatedly amalgamating entries of H, adjacent or otherwise. Let f: P(F) — Q(F)
denote the map that sends an ordered tuple to the same tuple, now unordered.
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The poset Q(F,) is exactly the opposite of the poset of free factorisations of F,,.
This poset was introduced and studied by Hatcher and Vogtmann in Section 6 of [15],
where it was shown that its realisation has the homotopy type of a wedge of (n — 2)-
spheres. It follows that if F is a free group of rank n then |Q(F)| has the homotopy
type of a wedge of (n — 2)-spheres.

We will now prove Theorem 4.4 by deducing the connectivity of | P (F')| from the
known connectivity of |Q(F')|. In order to do this we will use a poset fibre theorem
due to Bjorner, Wachs and Welker [2]. Let us recall some necessary notation. Given a
poset P and an element p € P, we define P, to be the poset {g € P | g < p}. We
define Pg,, P~ and P>, similarly. The length £(P) of a poset P is defined to be the
maximum £ such that there is a chain pg < p; < --- < p¢ in P, and is defined to be
oo otherwise. The length of the empty poset is defined to be —1. We let * denote the
join of topological spaces.

Theorem 4.7 (Bjorner—Wachs—Welker [2]) Let P and Q be posets where £(Q <q) <
ocoforallg € Q. Let f: P — Q be amap of posets such that for all g € Q the fibre
[f1 (Ol is e(f! (Q<g))-connected. Then so long as | Q| is connected, we have

1PI =101V \/ 1F71(Q<q)l %1054l
qeQ

This result appears as Theorem 1.1 of [2], under the additional assumption that P
and Q are finite. However, the same proof applies to give the more general statement
where P is arbitrary and £(Q«,) < oo for all g € Q, so long as one chases the
references far enough to see that the stronger assumptions are not required. Let us
explain in detail. The proof of [2, Theorem 1.1] requires the use of [2, Theorem 2.5],
but does not require any finiteness assumptions beyond that. So it is enough to explain
why [2, Theorem 2.5], which is only stated for P and Q finite, in fact applies to
arbitrary P and to Q with £(Q) < oo. The proof of [2, Theorem 2.5] requires the
finiteness assumptions only in the following places:

e The proof relies on the notion of arrangement of subspaces and the associated
result [2, Corollary 2.4]. Such an arrangement is defined to be a finite collection of
subspaces, and [2, Corollary 2.4] is only stated under that assumption. However,
one may instead define an arrangement of subspaces to be a possibly-infinite
collection that forms a poset A satisfying £(Ag,) < oo for all @ € A. Then one
may re-prove [2, Corollary 2.4] in this generality by referring not to [2, Lemma 2.3]
but instead to [1, Proposition 6.9]. The latter is again only stated for finite posets,
but [1, Remark 6.10] explains that it also holds for posets of finite length.

e The arrangement of subspaces appearing in the proof is indexed by Q, so with the
generalisation in the above bullet point, this aspect of the proof holds under the
assumption that £(Q,) < oo forallg € Q.

e The proof also relies on [2, Lemma 2.2], which is only stated for finite posets.
But that is a restatement of [31, Lemma 4.9], which is in fact stated for arbitrary
posets.

e Finally, the proof uses [2, Lemma 2.1], which is a restatement of [31, Lemma 4.6],
which is stated for arbitrary posets.
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In conclusion, Theorem 4.7 holds in the stated generality.

Proof of Theorem 4.4 The proof is by induction on the rank of F. When rank(F) = 2
we need only observe that P(F') is an infinite set with trivial partial order, so that
| P(F)| is an infinite discrete set, and in particular is a wedge of 0-spheres. Suppose
now that rank (F') > 3 and that the claim holds for all free groups of smaller rank than
F. We consider the map f: P(F) — Q(F) that forgets the ordering of tuples. Since
rank(F) > 3, |Q(F)| is connected. Suppose that H = {Hy, ..., H,} € Q(F). Then
Lemmas 4.8, 4.9, 4.10 and 4.11 tell us the following.

o L(fTNQWF) <) =7 =2

o If N QF)<mI =5

o |Q(F)p| =\ 8" 72
Since §" ! is (r — 2)-connected, and since L(O(F)<{Hy,...H,}) = (r — 1) < oo for
all {Hy, ..., H,} € Q(F), we may apply apply Theorem 4.7, which tells us that

PO =10V \/ (I (QF) <) *1Q(F)-ul).

HeQ(F)
~ \/ Sn—2 v \/ ((\/ Sn—r—2) * Sr—l)
HeQ(F)
~ \/Sn—Z Vv \/ \/ (Sn—r—Z % Sr—l)
HeQ(F)

SV EMAVAVES
HeQ(F)
:\/S"_2

as required. O

Lemma 4.8 Let F be a free group of finite rank and let H = {Hy, ..., H,} € Q(F).
Then £(f~ (Q(F)<m)) =r —2.

Proof After fixing an ordering of the tuple H, one can amalgamate (r — 1) adja-
cent entries before obtaining a 2-tuple. This shows that £( f “Lo(F Y<u)) =r — L
Since any maximal chain must include H itself (with some ordering) it follows that

Q) <) =1~ 2. O
Lemma 4.9 Let F be a free group of finite rank and let H = {Hy, ..., H,} € Q(F).
Then | f~(Q(F)<m)| = 871,

Proof The poset f‘l(Q(F)gH) is the subposet of P(F) consisting of tuples K =
(Ko, ..., Ky) where each K is an amalgamation of some of the H;. It is isomorphic
to the poset X, of sequences F' = (Fp C F; C --- C Fy_1) of proper subsets of
{0,...,r}, where F/ < F if F’ can be obtained from F by forgetting terms of the
sequence. The isomorphism

X, = FUQF)<n)
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sends F = (Fp C --- C Fy_1) to K = (Ko, ..., Ky) where fori < s — 1, K; is
the subgroup generated by the H; for i € F;\F;_1, and where K is the subgroup
generated by the H; for j ¢ Fy_1. Now X, is isomorphic to the poset of faces of
the barycentric subdivision of d A", as we see by identifying Fo C --- C Fs—; with
the face whose vertices are the barycentres of the simplices spanned by the F;. So
X, = A" = §"! as claimed. O

Lemma 4.10 Let F be a free group of finite rank and let H = {Hy, ..., H;} € Q(F).
Then

|Q(F)>n| = |Q(Ho)| * - - -+ [Q(H,)|.

Proof Given a poset P, let C P denote the poset obtained by adding a new minimal
element 0. There is an isomorphism

Q(F)>n =CQ(Hp) x --- x CQ(H,).

It simply takes a tuple K = {KJ, ..., K} and sends it to the element of C Q (Hp) x
.-+ x CQ(H,) whose C Q(H;)-component is the tuple consisting of those K ; which
are contained in H; if there are more than one such, and which is 0 otherwise, in which
case H; itself appears as one of the K ;. This isomorphism identifies H itself with the
tuple (0, ..., 0), so that we obtain a restricted isomorphism

Q(F)>n = CQ(Hp) x --- x CQ(H)\(O, ..., 0).

Now the realisation of the right hand side is exactly |Q(Hp)| * --- x |Q(H,)| (see
Proposition 1.9 of [23] for instance), and so the result follows. O

Lemma 4.11 Let F be a free group of finite rank and let H = (Hy, ..., H;) € Q(F).
Then |Q(Hp)|*- - -x|Q(H,)| has the homotopy type of a wedge of (n —r — 2)-spheres.

Proof Write s; for the rank of H;, so that | Q (H;)| has the homotopy type of a wedge of
(s; —2)-spheres. Since wedge sums commute with joins up to homotopy equivalence,
it follows that |Q(Hp)| * - - - % |Q(H,)| has the homotopy type of a wedge of copies
of §%072 % ... % §~2, But then

§5072 4 L g §5 72 o g0=2)t (s =2)+r _ gGotts) =20+ DAr _ gn—r=2
as required. O

4.4 Braid groups
Now we investige the connectivity of the realisations of the splitting posets for braid

groups. In this case we will appeal to well-known connectivity results for complexes
of arcs.
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Proposition 4.12 (Connectivity of |SP,| for braid groups) For the family of groups
with multiplication (Bp) p>0, and for any n > 2, |SP,| has the homotopy type of a
wedge of (n — 2)-spheres, and in particular is (n — 3)-connected.

Proof Recall from Proposition 3.5 that we identified SP,, with the poset of arcs A,
defined there. Thus |A,| is (the realisation of) the simplicial complex with vertices
the elements of A,,, in which vertices «, . .., & span a simplex if and only if, after
possibly reordering, op < --- < o. Now o9 < --- < o holds if and only if the
a; have representatives g; that are disjoint except at their endpoints, and such that
ap, . - ., a, meet the north pole in anticlockwise order. Thus |A,| is the realisation of
the simplicial complex whose vertices are isotopy classes of nontrivial (they do not
separate a disc from the remainder of the surface) arcs in D?\ X,, from the north pole to
the south, where a collection of vertices form a simplex if they have representing arcs
that can be embedded disjointly except at their endpoints. In the notation of Section 4
of [30], this is exactly the complex B(S, Ag, A1) where S = D2\Xn, Ag C aD? is
the set containing just the north pole, and A; C dD? is the set containing just the
south pole. Now, replacing S with the complement of n open discs in D? does not
change the isomorphism type of the complex. But in that case, Lemma 4.7 of [30]
applies to show that |A,| has connectivity (n — 2) greater than that of |A3|, which is
(—1)-connected since it is a simply a nonempty set. O

Remark 4.13 (Mapping class groups) In Example 2.7 and Remark 3.7 we mentioned
that in [11], Galatius, Kupers and Randal-Williams introduce a splitting poset (and
splitting complex) for the mapping class groups I'g 1. Theorem 3.4 of their paper
shows that it is (n — 3)-connected, as with the complexes appearing here. Comparing
that result, which holds for surfaces with arbitrary genus and no marked points, with
Proposition 4.12, which holds for surfaces of genus 0 with arbitrarily many marked
points, we expect that these results generalise to the case of surfaces with marked
points and arbitrary genus.

5 Proofs of the applications
In this section we will assume that Theorems A, B and C hold, and we will prove the
remaining theorems stated in the introduction. We begin with three closely analogous

lemmas about the groups GL,(Z), GL,(FF») and Aut(F},).

Lemma 5.1 Define elements of GL,,(Z), n = 1, 2, 3 as follows
1

S]=(—1), S2=<_11), §3 = 1 s t=<(1)i)
1

Use the same symbols to denote the corresponding elements of H\(GL,(Z); 7) =
GL,,(Z)ab. Then H\(GL1(Z); 7)), H| (GLy(Z); Z) and H1(GL3(Z); Z) are elementary
abelian 2-groups with generators s1 € H1(GL(Z); Z), s2,t € H{(GL>(Z); Z) and
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53 € H{(GL3(Z); 7). The stabilisation maps have the following effect.

H\(GLy(Z); Z) —=— H\(GLy(Z); Z) —>— H\(GL3(Z); Z)

N A $3

t 0

Proof There are split extensions

det

SL,(Z) — GL,(Z) — {£1}
with section determined by —1 > s, so that we have isomorphisms
H\(GLy(Z); Z) = H\(SLn(Z); Z)ix1y © Z/2Z,

where Z /27 is generated by the class of s,,. This isomorphism respects the stabilisation
maps. Now H{(SL1(Z); Z) obviously vanishes, and H;(SL3(Z); Z) vanishes since
SL,(Z) is perfect for n > 3. So it suffices to show that H(SL>(Z); Z){+1y is a group
of order 2 generated by ¢.

Let us write
_(0-1 (01
“=\11 ) VT\-10)

Then H(SL2(Z); Z) = Z/127Z, where v <> 3 and u <> 2 [19, p.91]. One can verify
that szvs2_l = v~ and szusz_l = v~ 'y, so that {£1} acts on H;(SLy(Z)) by
negation. Consequently H1 (SL2(Z); Z)+1y = (Z/12Z){+1y has order 2 with generator
t = vu as required. O

Lemma5.2 H{(GL,(F,)) = GL,(F2)ya, is trivial for n = 1, 3, and is generated by
the element t determined by the matrix ((1) { ) forn =2.

Proof For n = 1 this is trivial, and for n = 3 it follows from the fact that GL3(F,) =
SL3(IF,) is perfect. For n = 2, we simply observe that GL,(F») is a dihedral group of
order 6 generated by the involutions

11 01
(1) = (o)
so that the abelianization is a group of order 2 generated by either of the involutions.
O

Lemma 5.3 Define elements of Aut(Fy,), n = 1,2,3 as follows. Forn = 1,2,3
let s; denote the transformation that inverts the first letter and fixes the others. And
let t € Aut(F») denote the transformation x| +— X1, xa +— x1x2. Use the same
symbols to denote the corresponding elements of Hi(Aut(Fy,); Z) = Aut(Fy)ab.
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Then Hi(Aut(F1); Z), Hi(Aut(F2); Z) and Hi(Aut(F3); Z) are elementary abelian
2-groups with generators s1 € H{(Aut(F1);Z), s2,t € Hi(Aut(F2); Z) and s3 €
Hi(Aut(F3); Z). The stabilisation maps have the following effect.

Hy(Aut(F)); Z) —— Hy(Aut(Fy); Z) ——= Hy(Aut(Fs); Z)

N A $3

¢ 0

Proof We claim that the linearisation map Aut(F,) — GL,(Z) is an isomorphism on
abelianisations for all n. Since the linearisation map sends the generators sy, s2, 53,
listed here to the corresponding generators from Lemma 5.1, the result then follows
from Lemma 5.1. It remains to prove the claim.

In the case n = 1 the claim holds because the linearisation map map itself is an
isomorphism.

In the case n = 2 the claim holds because the map Out(F;) — GL3(Z) is an
isomorphism (see Theorem 2.3.4 of [6] and the references there) so there is an extension
F, — Aut(F2) — GL>(Z) of groups, and a corresponding exact sequence

((F2)ab) 6Ly (z) —> Aut(F2)ap — GL2(Z)ap — 0

where ((F2)ab)GL,(z) denotes the coinvariants of (F3)a, with respect to the GL>(Z)-
action. (The existence of this exact sequence follows for example from the Lyndon—
Hochschild—Serre spectral sequence.) Now the action of GLy(Z) on (F2)ap = 72 isthe
tautological one, so that the coinvariants ((F2)ab)Gr,(z) vanish, and the claim follows
in this case.

For n > 3 the claim holds because SL,(Z) is perfect, as is the subgroup SA, of
Aut(F),) consisting of automorphisms with determinant one. (For the last claim we
refer to the presentation of SA, given in Theorem 2.8 of [13]).

Proof of Theorem F Let F be a field of characteristic 2. We will use the Kiinneth iso-
morphism H{(—; F) = H|(—; Z) ® F without further mention, and in this proof all
homology groups will be taken with coefficients in F. We will use the fact that the
stabilisation map s, is induced by multiplication with the neutral element of GL{(Z).
Thus, if we let 0 € Hy(GL1(Z)) be the class of a point, then s,(y) = o - y for any
y € GL,(Z).

Theorem B states that the kernel of the map

S« t Hpy (GLom (Z)) — Hy(GLom41(Z)) (2)
is the image of the product map

Hy(GLy(Z))®"~" @ ker[H| (GLy(Z)) <> H\(GL3(Z))] —> Hyp(GLaw(Z)). (3)
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By Lemma 5.1, H{(GL(Z)) is spanned by the classes s> and ¢, and the kernel of
s« H1(GL2(Z)) — H1(GL3(Z)) is spanned by ¢, so that (3) becomes

span{s2, 1}*" =" @ span{t} —> Hy(GLaw ().
However, any product involving both s, and ¢ vanishes, since
syt =84(51)t=(0-51) - t=s51-(0-1t)=s51-5:0)=51-0=0.

Here we have used associativity and commutativity of the product. So it follows that
the image of the product map (3) is precisely the span of #™*, which gives us the claimed
description of of kernel of (2).

Next, Theorem C states that the map

Hy(GLow—1(2)) @ Hi(GLy(2)®" — Hp(GLow (Z))

is surjective. The second summand of the domain is span{s,, t}®". However, any word
involving s; lies in sy (H,, (GL2,—1(Z))), since

sz~s§’~tﬂ=s*(s1)-sg-tﬁz(a-sl)-sg-tﬁ=0~(s1-sg-tﬁ)zs*(sl~s§”~t’3).

Thus the image of the given map is in fact spanned by the image of H,,(GL2,,—1(Z))
and of ", as required. O

Proof of Theorem G Since H,;,(GLy;;+1(F2); F2) vanishes, Theorem B shows that
H,,(GLy,, (F3); ) is spanned by the image of

H(GLy(F2); F)® "~ D @ ker[s,: Hi(GLy(F2); F2) — Hy(GL3(F2); F2)].

But by Lemma 5.2, this image is precisely the span of . O

Proof of Theorem D The first claim is immediate from Theorem A. For the second
claim, when char(F) # 2 we have Hj(Aut(F>); F) = 0 by Lemma 5.3, so that
Theorem B shows that s,: H.(G,—1) — H«(G,) is injective for x = ”T_l, and

Theorem C shows that s,: H.(G,—1) — H.(G,) is surjective for x = % O

Proof of Theorem E This is entirely analogous to the proof of Theorem F, this time
making use of Lemma 5.3. O

6 The splitting complex

In this section we identify the realisation of the splitting poset SP, with the realisation
of a semisimplicial set that we call the ‘splitting complex’. It is the splitting complex,
rather than the splitting poset, that will feature in our arguments from this section
onwards. In this section we will make use of semisimplicial sets; see Section 2 of [24]
for a general discussion of semisimplicial sets (and spaces) and their realisations.
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We have borrowed the name ‘splitting complex’ from the work of of Galatius,
Kupers and Randal-Williams (see Sect. 1.2).

Definition 6.1 (The splitting complex) Let n > 2. The nth splitting complex of a
family of groups with multiplication (G p) >0 is the semisimplicial set SC,, defined
as follows. Its set of r-simplices is

scor= | G

Gy x---xG
qo+--+qri1=n q0 qr+1
qo;---» gr+1221

if r < n — 2, and is empty otherwise. And the ith face map
di: (SCp)r —> (SCp)r—1,
is defined by
di(g(Ggy X -+ X Gy, 1)) = 8(Ggy X -+ X Ggiagiyy X+ X Ggppy)

for g € G,.

Example 6.2 Figure 1 illustrates the splitting complex SC4. Taking the disjoint union
of the terms in each column gives the 0-, 1- and 2-simplices. And the arrows leaving
each term represent the face maps on that term, ordered from top to bottom.

Remark 6.3 In the expression G4, X --- x Gy, , appearing in Definition 6.1, we can
imagine the symbols x as being labelled from O, ..., r, so that the ith face map d;
simply ‘erases the ith x’.

G4 do G4
GgXGl GQXG1XG1

\
G4 G4 dy G4

GQXGQ GIXGQXGl G1XG1XG1XG1

/
G4 G4

G x Gs d G x G x Gy
Fig. 1 The splitting complex SCy

/
A

\
N
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Let P be a poset. The semisimplicial nerve N P of P is defined to be the semisim-
plicial set whose r-simplices are the chains pg < --- < p, of length (r + 1) in P,
and whose face maps are defined by di(pg < - < py) = po < - Pi -+ < pr.
The realisation || N P|| of the semisimplicial nerve is naturally homeomorphic to the
realisation | P| of the poset.

Proposition 6.4 Let (G ) p>0 be a family of groups with multiplication and let n > 2.
Then SC,, = N (SP,). In particular |SP,,| = ||SCy]|.

Proof Let¢: SC, — N (SP,) denote the map that sends an r-simplex g(Ggy X - - - X
Gy, ) of SC, to the r-simplex

8(Ggo X Gg+-+g,41) < 8(Ggotqr X Ggrttgr) <o+ < 8(Ggottg, X Ggpyy)

of N(SP,). One can verify that ¢ is indeed a semi-simplicial map. Surjectivity follows
from Lemma 3.2. Let us prove injectivity. Suppose that

d(8(Ggy X -+ x Gy, ))) = (p(g/(Gq(/) X +e- X G’I;H))

so that

8(Gyy X Ggpptgyy) = g/(Gq() X qu+--~+q£+1)

/
g(qu+q1 X Gq2+'“+Qr+l) =8 (Gq6+qi X Gq§+~~+q;+|)

8(Ggot-tq, X Ggppy) = g/(G’16+"'+‘1; x Gq','ﬂ)

in SP,. Then g/ = g; for all i, and g g € Ggot-tq X Ggpyy4tgry foralli. Thus

r
-1 _7
8§ & € m Gf10+"'+!1i X qu+1+'“+11r+1'
i=0

But it follows by induction from the intersection axiom that
r
m Gaottai X Ggiprtotgr = Ggg X o0 X G,y
i=0
sothat g(Ggy X -+ X Gg,,) = &' (Gyy X -+ x Gg,,,) as required. O

Remark 6.5 (Splitting posets or splitting complexes?) The results of this section show
that if we wish we could replace |SP,| with ||SC, || in the statements of Theorems A,
B and C. In doing so, we could jettison the intersection axiom from Definition 2.1,
possibly admitting more examples in the process. However, it is arguably simpler to
work with the splitting poset, and that was certainly the case in Sects. 3 and 4 where
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we studied specific examples. Moreover, the examples of interest to us here all satisfy
the intersection axiom. We therefore decided to write our paper with splitting posets
at the forefront.

7 A bar construction

In this section we introduce a variant of the bar construction which takes as its input
an algebra like €D >0 H,(Gp) and produces a graded chain complex (that is, a chain
complex of graded vector spaces) called B,,. We will see in the next section that B,,
is the E'-term of the spectral sequence around which all of our proofs revolve.

For the purposes of this section we fix a field F and a commutative graded F-algebra
A equipped with an additional grading that we call the charge. Thus

A=Pa,

p=0

where A, is the part of A with charge p. We will call the natural grading of A the
topological grading, and we will suppress it from the notation wherever possible.
We require that the multiplication on A respects the charge grading, and that each
charge-graded piece A, is concentrated in non-negative topological degrees. We fur-
ther require that A is a copy of IF concentrated in topological degree 0 and (necessarily)
generated by the unit element 1. In particular, A is augmented. Finally we assume that
(A1)o, the part of A of charge 1 and topological degree 0, is a copy of I generated by
an element o.
Throughout this section, all tensor products will be taken over .

Example 7.1 Our only examples of such algebras will be

A=EP H.(G))

p=0

where (G ) p>0 is afamily of groups with multiplication. Here the topological grading
is the grading of homology, and the charge grading is obtained from the multiplicative
family. The element o € (A})g = Ho(G1) is defined to be the standard generator.

Definition 7.2 (The chain complex B,,) Let A be an F-algebra as described at the start
of the section. For n > 1 we define B,, to be the chain complex of graded F-vector
spaces whose bth term is

By= P Ay A4,
qo++qp=n
40,--,qp 21
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and whose differential is defined by
b—1 .
dpar(X0 ® - - ® xp) = Z(—l)lx()@"-@xz' “Xip1 ® - ® Xp.
i=0

For n = 0 we define By by letting all groups vanish except for (Bg)g, which consists
of a single copy of IF.

Note that B, is bigraded. Its homological grading is the grading that is explicit in the
definition, and which is reduced by the differential dj,,. Its fopological grading is the
grading obtained from the topological grading of A, and is preserved by the differential
dpar- We say that the part of B, with homological grading b and topological grading
d lies in bidegree (b, d), and we write it as (B,,)p 4. We write (B,,);, for the part of B,
that lies in homological degree b.

Remark 7.3 (B, and the bar complex) Recall that A is augmented via the projection
map A — (Ag)o = FF. This allows us to regard I as a left and right A-module, and to
form the augmentation ideal A of A. We may now form the two-sided normalised bar

complex B(IF, A, F)
FF« FRQAQF« FRQAQAQF «— FRAQARAQF---
or, more simply,
F+— A« AQA«— AQAQRA «— ---

where all tensor products are over IF. This is naturally trigraded: there is the homo-
logical grading explicit in the expressions above, together with charge and topological

gradings inherited from A. Writing [B(IF, A, IF) [charge=» for the homogeneous piece
with charge grading n inherited from A, then we have the following:

(Bn)p = [B(F, Av ]F)b+l]charge=n-
See Remark 8.2 for further discussion.

Example 7.4 Here is a diagram of Bg.

A3 A1 =— A2 QA1 QA

e

Ag=— A Q@ A AR AR A =—A1QAI®AI® A

NS

AlQA3=—AIRAI® A
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The first column of the diagram represents (B4), the direct sum of the terms in the
next column represent (B4), and so on. The effect of the differential dj, on an
element of one of the summands is the alternating sum (taken from top to bottom)
of its images under the arrows exiting that summand. The arrows are all constructed
using the product of A in the evident way.

Remark 7.5 (Field coefficients) The use of field coefficients throughout will allow
us to identify the terms of B, in the case A = >0 H,(G)) using the Kiinneth
isomorphism:

Agy X -+ X Agy = Hi(Ggy) ® - @ Hy(Gy,) = He(Gyy X -+ X Gyy)

This will be important in the next section.

8 The spectral sequence

The complex B, is our main tool in proving the theorems stated in the introduction.
The aim of the present section is to prove the following result, which demonstrates the
connection between B,, and the splitting poset. Throughout this section we fix a family
of groups with multiplication (G ) »>0 and the algebra A = P H.(G p), which is of
the kind described at the start of Sect. 7. Throughout this section homology is to be
taken with coefficients in an arbitrary field FF.

Theorem 8.1 Let (G ) >0 be a family of groups with multiplication such that |SP,|
is (n — 3)-connected for alln > 2. Let A = @p>o Hy(Gp). Then there is a first

quadrant spectral sequence with E'-term
(E',d") = (By, dpar)

(so that E bd = = (Bn)p.a and d': E})d — Eb 1.d coincides with dpar: (Bp)pa —
(Bn)b—1.4), and whose E*°-term vanishes in bidegrees (b, d) satisfying b +d <
(n—2).

Remark 8.2 (The spectral sequence and Tor) In Remark 7.3, we identified B,, in terms
of a two-sided bar complex. It follows that we may therefore identify the E2-term of
the above spectral sequence in terms of a Tor group:

2
E = T0r1+1(F F) charge=n
topological=j

This observation offers the potential to use the machinery of derived functors to under-
stand the E2-term of our spectral sequence, although that is not what we do in the
present paper.

The rest of the section is devoted to the proof of Theorem 8.1, which follows directly
from Propositions 8.5 and 8.6. To begin, we introduce a topological analogue of B,,.
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Observe that the multiplication map G, x Gp — G,y induces a map of classifying
spaces BG, x BGp — BG,yp. We call it the product map on classifying spaces
and denote it by (x, y) +— x - y. We will use the product maps on classifying spaces
to create an augmented semisimplicial space from which we can recover B,. See
Section 2 of [24] for conventions about semisimplicial spaces, augmented semisim-
plicial spaces, and their realisations. We introduce the following notation. Given an
augmented semisimplicial space X consisting of a semisimplicial space X, and an
augmentation € : Xo — X_1, we obtain the induced map ||€]|: || X] — X_; as in
section 2.3 of [24], and we write || X||aug for the mapping cone of €],

llell
1X laug = cone(|| Xo|| —> X_1).

Definition 8.3 (The augmented semisimplicial space TB, ) Given a family of groups
with multiplication (G ) >0, and given n > 2, we let B, denote the augmented
semisimplicial space whose r-simplices are

TBur= || BGy x:-x BG,,,,
qo+--tgrp1=n
qo0;---» qry121

forr = —1, ..., (n —2), and which is empty otherwise. The face map d; : (T7B,), —
(TBp)r—1 is defined by

di(-x()s ) xr+1) = ()CO, e Xj Xy e ey -xr+1)a
where - denotes the product map on classifying spaces.
Example 8.4 Here is a diagram of TB4.

BG3xBG) <— BG2xBG1xBG

ST

BG4y <=— BG2xBG» BG1xBGy;xBGy <=— BG1xBG1xBG1xBG

NS

BG1xBG3; <— BG1xBG1xBG,

The four columns correspond to the r-simplices of TB4 for r = —1, 0, 1, 2 respec-
tively, the disjoint union of the terms in a column being the space of simplices of the
relevant dimension.

The next proposition shows the sense in which TB,, is a topological analogue of B,,.
This is the only place in our paper where the use of field coefficients is essential, though
we believe it would take a good deal of work to avoid the assumption. See Remark 1.1.
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Proposition 8.5 (From TB,, to B,,) There is a spectral sequence with E|-term
(E',d") = (B, dpar)

and converging to H.(|TB, llaug)-

Proof We apply the spectral sequence (AsSS) of Section 2.3 of [24] to the augmented
semisimplicial space TB, and shift the horizontal grading by +1. The result is a
spectral sequence, converging to H(||T7B, ||laug), and whose E L_term is given by

E{, = H((TBu)s-1)

with d! given by the alternating sum of the maps induced by the face maps of TB,,.
Writing each (TB,);—1 as a disjoint union of products of spaces and applying the
Kiinneth isomorphism (which applies because homology is taken with coefficients in
the field IF) we see that this is isomorphic to B,, equipped with the differential dp,,. O

Proposition 8.6 Suppose that the realisation of the nth splitting poset SP,, is (n — 3)-
connected. Then the realisation || TB, ||aug is (n — 2)-connected.

Proof In order to give this proof, we must be precise about our construction of clas-
sifying spaces. Given a group G, we define EG to be the realisation of the category
obtained from the action of G on itself by right multiplication. (So it is BG in the
notation of [27].) Then we define BG = EG/G. The map EG — BG is a locally
trivial principal G-fibration, and E G is itself contractible. The assignment G — EG
is functorial, and respects products in the sense that if G and H are groups then the
map E(G x H) — EG x E H obtained from the projections is an isomorphism. We
can therefore construct a homotopy equivalence as follows.

EG EG
BGqOX"-XBqu_H: qox...xﬁ
G‘]O qu+l
~ EGgy X -~ X EGy,,

Ggo X -+ %X G,y

~ E(Ggy X+ %xGyg,
= ( q0 q:-H)

Gy X - x G,y
EG,

N
Gy X=X Ggy

1

Here the homeomorphism on the third line comes from the compatibility with products.
And the map on the fourth line comes from from the iterated product map G4, x - - - X
Gy, — Gy, and it is a homotopy equivalence because it lifts to a map of principal
(Ggy X -+ x Gg,,,)-bundles whose total spaces are both contractible. There is an
isomorphism

EG,
Gy x---xG

=, EG G
—_— X
" Gn G‘IO XX G[Ir+1

qr+1
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sending the orbit of an element x to the orbit of (x, ¢, (G4, X - - - X G4, )). Combining
the two maps just constructed gives us a homotopy equivalence:

~ Gy
BG -+ X BG EG 4
@ ¥ X P nXGn<Gq0X"'XGq,_H> “)

Recall the splitting complex SC,, from Definition 6.1. Let SC; denote the augmented
semisimplicial set obtained from SC,, by adding a single point as a —1-simplex. The
maps (4) then form the components of a homotopy equivalence

(TB.)r — EG, xg, (SC}),.
These equivalences in turn assemble to a levelwise homotopy equivalence
TB, — EG, xg, SC;
and consequently induce a weak homotopy equivalence
17Bnllavg —> 1EGn %G, SC; llavg-

(See Theorem 2.2 of Ebert and Randal-Williams’ paper [7] for the fact that a levelwise
weak homotopy equivalence of semisemisimplicial spaces induces a weak homotopy
equivalence of realisations.) Next, we have

IEG, XG, SC;f laug = cone(| EG,, X, SCull = EG, X, %)
= cone(EG, xg, ISCull = EG, Xg, *)
EG, xg, cone(||SCy|| — *)
EGn XG, *
_ EG, xg, ISChllaug
B EGy xg, *

~

Combining the last two results gives a weak homotopy equivalence

we. EGp xXG, ISCyllaug
EG, xg, *

1TBn ”aug

By assumption, |SP, | is (n —3)-connected, so that ||SC, || (to which it is isomorphic
by Proposition 6.4) is also (n — 3)-connected. Consequently ||Sle‘|| aug, Which is
just the suspension of ||SCy||, is (n — 2)-connected. Equivalently, the inclusion of
the basepoint x < ||SC;F|| aug 18 an (n — 2)-equivalence. It follows that the map
EG, xg, * = EG, xg, ||SC,J{||aug is also an (n — 2)-equivalence, so that the
quotient
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EG, XG, ||SC,T||aug
EG, xg, *

is (n — 2)-connected. But then ||TB, ||aug is also (n — 2)-connected as required. O

9 Relating B, to the stabilisation maps

Let A be an F-algebra of the kind described at the start of Sect. 7. Thus A has a
topological grading with respect to which it is graded-commutative, it has an additional
charge grading A = P »>0 Ap» Ao consists of a single copy of F in topological degree
0, (A1)o is a copy of IF generated by an element o, and each piece A, is concentrated
in non-negative topological degrees.

Definition 9.1 (The stabilisation map) The stabilisation map s: A,—1 — A, is
defined by s(a) = o - a.

Example 9.2 In the case A = (P> H«(G)) where (G ) >0 is a family of groups
with multiplication, we take o to be the standard generator of (A1)g = Hp(G1), and
then s: A,_1 — A, is nothing other than the stabilisation map s,: H.(G,—1) —
H,(G,) defined in the introduction.

The aim of this section is to relate the complex B, to the stabilisation maps. In
order to do so, we introduce complexes 8,, whose homology quantifies the injectivity
and surjectivity of the stabilisation maps.

Definition 9.3 (The complex 8,) For n > 1, let 8, denote the graded chain complex
defined as follows. If n > 2, then §,, is the complex.

L —

Ay <———— Ani

concentrated in homological degrees 0 and 1. And for n = 1, 8 is the complex
concentrated in homological degree 0, where it is given by the part of A; lying in
positive topological degrees, which we denote by (A1)~0.

In the case where A = P »>0 H« (G p) comes from a family of groups with multi-
plication (G,),>0, the complex §,, for n > 2 is simply

Hy(Gp) «—— Hy(Gp_1),

so that injectivity and surjectivity of the stabilisation map s, in certain ranges of
degrees can be expressed as the vanishing of the homology of §, in certain ranges
of bidegrees. All of our results on the stabilisation map are proved from this point of
view.

Our aim now is to relate the stabilisation maps, via the complexes §,,, to the complex
B,. We do this using the following filtration.
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Definition 9.4 Given n > 2, define a filtration

F0§F1§-~-§Fn—1=3n

of B, by defining F,,_; = B,,, and by defining F, for r < (n—2) to be the subcomplex
of B, spanned by summands of the form A,_; ® — and (A1) ® A,—s—1 ® — for
s < r. Note that (A1)g denotes the part of A lying in charge 1 and topological degree
0. Here it is considered as a graded submodule of A;.

Example 9.5 Let us illustrate the above definition in the case n = 3, i.e. for the filtration
Fy € F1 € F, = Bs.

Ar®A Ar®A|
Az F() F1 (ADo®AI1®A] A3 AIQRAI®A
(A1)o®A2 (A)o®A2 A1®A,

Example 9.6 In the case n = 4, we can depict By as follows.
A3QA] <— A2®A10A4;
A <— A®A2 A1RAI®A] <— AIQAIRAI1RA]
AI®A3; <— AI1QRAI1RA2

Then we can depict the filtration

FoCFICF CF;=384
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symbolically in the form

o“ - o/.\\\o - oé:g:lo - oé:;\:lo
\Oﬁ.i o \O;f. o \050/ - \.E./

where a bullet o indicates that the relevant summand of By is included in that term of
the filtration, a circle o indicates a summand A; ® — of By that has been replaced by
(A1)o ® —, and a dot - indicates an omitted summand.

The next proposition will describe the filtration quotients of the filtration we have
just defined. In order to state it we need the following definition.

Definition 9.7 Let C be a chain complex of graded F-vector spaces (such as B, or §,,).
The homological suspension of C, denoted Xj,,C, is defined to be the chain complex
of graded FF-vector spaces obtained by increasing the homological grading of each
term by 1. In other words

(ZparCp.a = Cp_1,0

for b, d > 0. The differential of ¥, C is obtained directly from that of C, so that the
differential

ds,,.c: (Zpar®pad = (ZparCp—1.d

is precisely de: Cp—1,4 = Cp—2.4.

Proposition 9.8 Forr > 1 there is an isomorphism

Fr/Fr—l = z:bar[Sn—r ® Br]v

while

Fo

12
&
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Example 9.9 Let us illustrate the result of of Proposition 9.8 in the case n = 4 and
r = 2. Following on from Example 9.6, we see that F>/F] can be depicted like this:

[A2]®[A1®A1]

[A2]®[A2] [(ADo®AIR[A1®A]]

[((ADo®A11®[A2]

The signs on the arrows indicate whether the arrow is the one obtained from the obvious
multiplication map, or is the negative of that map. Observing now that

82 = (A <= A1) = (A «— (A1) ® A))
and that
‘Bz = (A2 < Al ®A1)a

where the unmarked arrows are obtained from multiplication maps, we see that F>/ F
is isomorphic to the complex depicted as follows.

(82)0®(B2)1

(82)0®(B2)o (82)19(B2)

(82)18(B2)o

The signs on the arrows now indicate whether the arrow is equal to the tensor product
of a differential from 8, or B, with an identity map, or to the negative of such. On the
other hand, ¥p,,[82 ® B;] is exactly the same, but where now the signs are governed
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by the Koszul sign convention.

(82)0®(B2)

(82)0®(B2)o (82)18(B2)

(82)1®(B2)o

The last two complexes are isomorphic via the identity map on the summands (82)¢ ®
(B2)o and (82)1 ® (B2)o, and via the negative of the identity map on the summands
(82)0 ® (B2)1 and (82)1 ® (B2)1, as claimed in Proposition 9.8.

Proof of Proposition 9.8 For the purposes of the proof, for m > 1 we define a chain
complex of graded F-modules §,, as follows. For m > 2, §,, is

dy

(gm)O (Sm)l

Am é (Al)O X Am—l

concentrated in homological degrees 0 and 1. Form = 1, we define 8 to be the graded
submodule (A1) of A; consisting of the terms in positive degree. Observe that Sm
is isomorphic to §,, via the identity map A,, — A,, in homological degree 0, and via
the isomorphism

11

(Ao ® Ap—1 = Am—1, CRX > X
in homological degree 1. We will prove the result with S,, in place of S,,,.
We begin with the case r < n — 2. By definition, (F,/F._1)} is the direct sum of
the terms
Agy ® - ® Ay,
where g0+ ---+¢gp =n,q1,...,q9» = 1, go = n — r, together with the terms

(A1)0®Aq1 ®®Aqb

where l +¢q1+---+qgp =n,q1,...,q95 = 1,and g = n —r — 1. In other words,
(Fy/Fr—1)p is the direct sum of the terms

Anfr ® [Aq() ® tee ® Aqh,1]
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where go 4 -+ 4+ qp—1 =7, qo, . . ., gp—1 > 1, which is exactly (S,_,)o ® (B,)p—1,
together with the direct sum of the terms

(Ao ®@ An—r—1]1 @ [Agy ® - ® Ay, ,]

where go+- - -+gp—2 = 1,490, - .., gp—2 = 1, whichis exactly (Sn_r)l ®(B,)p_».But
that is exactly (gn_,@)B,)b_l = (Ebm[gn_r(@Br])b.Thus we may construct a degree-
wise isomorphism between F,/F,_; and Ebar[gn_r ® B,] by simply identifying
corresponding direct summands. However, the map constructed this way respects
the differential only up to sign. To correct this, we map from E;W[Sn,r ® B,] to
F,/F,_; by taking (—1)?2 times the identity map on the summands coming from
(gn_,)h =1 ® (Br)p,. One can now check that this gives the required isomorphism of
chain complexes.

The proof in the case » = n — 1 is similar, and the details are left to the reader. O

10 Proof of Theorem A

Recall the statement of Theorem A:

Theorem A Let (G ) p>0 be a family of groups with multiplication, and assume that
ISP, | is (n — 3)-connected for all n > 2. Then the stabilisation map

Sy: Hy(Gpo1) —> Hi(Gp)

is an isomorphism for x < % and a surjection for x < % Here homology is taken
with coefficients in an arbitrary field.

For the purposes of this section, we let (G ) >0 be a family of groups with multipli-
cation satisfying the hypotheses of this theorem, and we define A = @n>0 H.(Gp).
In this section we will prove the following.

Theorem 10.1 The complexes S, forn > 1, and B, forn > 2, are acyclic in the range
b<n-—2d—1.

Here and in what follows, the phrase “in the range” should be understood to mean
“in the range of bidegrees (b, d) for which”. So for example, the theorem states that
for n > 2 the complexes §,, and B, are acyclic in all bidegrees (b, d) for which
b<n—2d—1.

The theorem implies that the homology of 8, vanishes in bidegrees (0, d) for
d < % and in bidegrees (1, d) for d < % Unwinding the definition of §, and A,
we see that this states that s, : H.(G,—1) = H.(Gp) is surjective in degrees * < ”—51,
and injective in degrees * < % In other words, it exactly recovers the statement of
Theorem A.

Our proof of Theorem 10.1 will be by strong induction on n. The case n = 1
simply states that the homology of 8 is concentrated in positive degrees, which holds
by definition. The case n = 2 is immediately verified since it states that the maps
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sx: Hi(G1) — Hy(G2) and H«(G1) ® H«(G1) — H,(G>) are isomorphisms in
degree x = 0. For the rest of the section we will assume that Theorem 10.1 holds for
all integers smaller than n, and will will prove that it holds for 7.

Lemma 10.2 Assume that Theorem 10.1 holds for all integers smaller than n. Then
the composite

F]C—)F2<—>---’-—>Fn_2‘-—>Fn_1=3n

is a surjection on homology in the range b < n — 2d and an isomorphism in the range
b<n-2d—-1.

Proof For r in the range n — 1 > r > 2, the inductive hypothesis tells us that
S8p—r and B, are acyclic in the ranges b < (n —r) —2d —land b < r —2d — 1
respectively. Consequently S,_, ® B, is acyclic in the range b < n — 2d — 1, so
that Fy/Fr_1 = Ypar(Sp—r ® B,) is acyclic in the range b < n — 2d. 1t follows that
F,_1 — F, is asurjection on homology in the range b < n —2d and an isomorphism
intherange b <n —2d — 1.

(The estimate for the acyclic range of §,,—, ® B, is seen as follows. The Kiinneth
Theorem tells us that the homology of S, ® B is the tensor product of the homologies
of §,,_, and B,. Nonzero elements x and y of these respective homologies must lie in
bidegrees (b1, dq) and (b3, dy) satisfying by > (n —r) — 2dy and by > r — 2d>, so
that x ® y lies in bidegree (b1 + b>, d1 + d») satisfying (b1 + b2) > n — 2(dy + d»),
so that §,,_, ® B, is acyclic in the range b < n — 2d — 1, as claimed.) O

Lemma 10.3 Assume that Theorem 10.1 holds for all integers smaller than n. Then
the inclusion Fy — F\ is an isomorphism in homology in the range b < n —2d — 1.

Proof Recall that F; and Fj are given by the subcomplexes

An—l ® Al

Ay (Al)() ®A2®A; Ay

/

(ADo® Ayt (Ao ® Ap—q
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of B, respectively. Consider now the chain complex corresponding to the square

A1 ® (Ar)o

N

(Ao ® A2 ® (A1)

N

(Ao ® Ap—q

in which the arrows are induced by the multiplication maps of A. This is a subcomplex
8¢, of B,, and indeed of Fi, and moreover Fy C 8¢,. Thus we have a commutative
diagram with short exact rows:

0 Fy Sqn 8qn/Fo —0
0 Fy F Fi/Fp ——0

The right-hand vertical map is an injection with cokernel

2:bar[Sn—l ® H*}l(Gl)]-
Since 8,—1 is acyclic in the range b < (n — 1) — 2d — 1, this cokernel is acyclic in
therange b < [(n —1) —2(d —1) — 1]+ 1 = n —2d + 1, so that the right-hand map
in the diagram is a surjection in homology in the same range.

The connecting homomorphism for the top row is zero, as we now explain. The
complex 8¢, is isomorphic to the chain complex obtained from the square

7\
N
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in which each map is multiplication by o € (A;)o. To work out the connecting
homomorphism we may therefore write out the short exact sequence

0— Fy — Sqn — 8¢,/ Fyp — 0

explicitly as follows.

Ap—2 Apy ——

0
\L \L(S’_S) is
0,1) 140

Ap—i A1 @A) — Ay ————

l [ l

n Ay 0

O<—O=<—0O
O<—O=<—0O

Here each column corresponds to one of the chain complexes in the short exact
sequence, with the rows corresponding to degrees 0, 1 and 2. The vertical arrows
are the boundary maps of the complexes. The horizontal arrows are the components of
the chain maps between these complexes. Terms coming from the columns of a square
are written with the term from the top of a column on the left, and from the bottom
of a column on the right. Then the connecting homomorphisms of the corresponding
long exact sequence are maps

ker(Ap—n — An_1) — ker(Ap_1 > A,)
and
coker(A;_» LN A,—1) — coker(A;_1 N Ap).

By unwinding the definitions, one sees immediately that the first of these vanishes,
while the second is induced by s: A,_; — A,, so that it too vanishes after passing to
the cokernel.

The connecting homomorphism for the bottom sequence is therefore zero in the
range (of bidegrees for its domain) b < n — 2d + 1. It follows that in the range
b < n — 2d we have short exact sequences

0 — Hy(Fy) - H.(F1) — H.(F1/Fp) — 0.

Now F1/Fy = Xpar[Sn—1 ® B1], and by the induction hypothesis S, _1 is acyclic in
the range b < (n — 1) —2d — 1, so that F/Fy is acyclic in the range b < n —2d — 1.
Therefore the third term of the short exact sequence above vanishes in the smaller
range b < n —2d — 1, so that H,(Fp) — H,(F1) is an isomorphism in this range, as
claimed.
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We can now complete the proof of Theorem 10.1. It follows from the last two
lemmas that in the range b < n — 2d — 1 the inclusion §, = Fy — B, is an
isomorphism in homology. The homology of §,, is concentrated in the range b < 1,
so that the homology of B, vanishes in the range 2 < b < n — 2d — 1. It remains to
prove that H,(S,) = H.(B,) = 0in the range where b < n —2d — 1 and b < 1 both
hold.

In order to proceed we use the spectral sequence of Theorem 8.1, which has
H.(B,) = Ef* No nonzero differentials d”, r > 2, of the spectral sequence affect
terms in the range b < n —2d — 1, b < 1. This is because any differential with source
in this range has target outside the first quadrant. And any differential " with target
in this range has source E; rderils where

b+r<n—-2d—14+r<n—-2d-r+1)—1,
so that EZJrr’dfrH = 0. Thus H.(8,) = Hy«(By) = E°, intherange b <n—2d —1,
b < l.RecallthatEjf?* =0intheranged <n—2—b.Nowforn >3 andb =0, 1
we have
n—>b—1

dgT = d<n—-2-b

(The case d > 1 must be treated separately from the case d = 0, which is vacuous.)
Thus H.(S,) = H.(B,) = E,‘Zo = 0 as required.

. =

11 Proof of Theorem C

Recall the statement of Theorem C:

Theorem B Let (G ) p>0 be a family of groups with multiplication, and assume that
ISP, | is (n — 3)-connected for all n > 2. Then there is a surjection

Hy(Gopy—1) © Hl(G2)®m — Hyy (Gom)-

On the summand H,,(G2y,—1) this map is the stabilisation map. And on the sum-
mand Hy(G2)®™ it is defined to be the composite of the cross product Hi(G2)®" —
H,, (G,™) with the map Hy, (G,™) — Hyy(Gap) induced by the iterated product map
G," — Gay. Homology is taken with coefficients in an arbitrary field.

For the purposes of this section, we let (G ) p>0 be a family of groups with multi-
plication satisfying the hypotheses of Theorem C, and we define A = @n>0 H.(Gp).
In this section we will prove Theorem C, essentially by extracting a little extra data
from the proof of Theorem A, and then exploiting a cheap trick (Lemma 11.4).

Lemma 11.1 For m > 1, the graded chain complex By, 41 is acyclic in the range
3<h<(2m+1)—2d.

@ Springer



166 R. Hepworth

Proof Lemma 10.2 shows that the inclusion F; < B, is a surjection on homology in
therange b < n—2d. However, F| is concentrated in homological degrees b = 0, 1, 2,
and so is acyclic in the range b > 3. Combining the two facts gives the result. O

Lemma 11.2 In the spectral sequence of Theorem 8.1, for n = 2m + 1, there are no
differentials affecting the term in bidegree (1, m) from the E* page onwards.

Proof Certainly there are no such differentials with source in this bidegree, since
the spectral sequence is concentrated in the first quadrant. Since E' = By,41,
Lemma 11.1 shows that E2 vanishes in the range

3<b<<2m+1)—2d.

If r > 2, then any differential d” with target in bidegree (1, m) has source in bidegree
(b,d)y =1 +r,m—r+ 1), so that

b=CQm+1)—2d —(r—2) < 2m+1) —2d,

and consequently the source term vanishes. (One sees thatb = 2m+1) —2d — (r —2)
by substituting d = m — r + 1 into the right hand side, which then simplifies to 1 4-r,
which is b.) O

Lemma 11.3 Let m > 2. Then the complex By, is acyclic in bidegree (1, m).

Proof Theorem 8.1, in the case n = 2m + 1, gives us a spectral sequence (E”, d") in
which (E!, d") = (Bom+1, dpar), and whose E° term vanishes in the range b + d <
(2m + 1) — 2. We know that Elzm = Eixjn by Lemma 11.2, and that E‘l’f’m = 0 since
m > 2 guarantees that 1 +m < 2m + 1) — 2. So E12m = 0, but this is simply the
homology of By, +1 in bidegree (1, m). O

Lemma 11.4 Let m > 2. Then By, is acyclic in bidegree (0, m).

Proof Consider the following composite.

0 ¢ v
Zpar Aom — B2m—&-1 — 2:bar(B2m X B1) — EharBZm

Here 0 is the map that sends x € Ay, tothe element x ® 0 — o0 Q@ x € (Boyu41)1- To
check that 0 is a chain map, we need only check that the differential vanishes on its
image, which holds because

dx®oc —0cQ®x)=x-0—0-x =0.

Next, Xpar(Bom ® B1) can be identified with the submodule of B, 11 consisting
of summands of the form — ® Aj, and ¢ is the projection onto these summands. It
is a chain map. Finally, ¢ is the map that projects B; = A; onto its degree 0 part
(A1)o = F. In homology in bidegree (1, m) the composite above is zero since it
factors through the homology of By, 1, which vanishes in that bidegree. On the other
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hand, the composite is simply the suspension of the map Ay, — Bo,, which is a
surjection in homological degree b = 0. It follows that the target of this map, which
is the homology of B, in bidegree (0, m), is zero.

Proof of Theorem C We have seen that B,,, is acyclic in bidegree (0, m). This means
that the map

P P Ay @A)y — (Aum)m
p+q=2m p'+q'=m
pazl  p'qg'>0

is surjective. Now, suppose that p, ¢, p’, ¢’ are as in the summation above, with p’ <
P771. Then we have the commutative diagram

(Ap)p/ ® (Aq)q/ — (A2m)m

s@idT T

(Ap—l)p’ ® (Aq)q’ — (Aam—1m

in which the left-hand map is surjective by Theorem A, so that the image of (Ap) ,y ®
(Ag)q is contained in the image of s. Similarly, if q < %, then the image of
(Ap)p ® (Ag)y is contained in the image of s. The only summands to which these
observations do not apply are those indexed by p, g, p’, g’ as in the summation,
satisfying also that

Adding these inequalities shows that we have
m=p +q >m-—1.
Thus the only possibility is that p’ is greater than pT_l by exactly 1/2, and similarly

for ¢’. In other words, we must have p = 2p’ and ¢ = 2¢’. So we have shown that
the map

Ao ® P (A2p)p ® (Arg)g — (Azm)m
p'+q'=m
P>l

is surjective. In the case m = 2 this proves the claim. For m > 2 the claim now follows
by induction. For example, when m = 3 we have that the map

(A5)3 D [(A4)2 @ (A2)1] B [(A2)1 ® (A4)2] — (A6)3
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is a surjection. Applying the case m = 2 to the terms (A4), gives us a surjection
(As5)3 ® [[(A3)2 ® (A2)1 ® (A2)1]1 ® (A2)1] @ [(A2)1 ® [(A3)2 ® (A2)1 ® (A2)1]] = (Ap)3.
The domain of this map is a sum of terms of the form

(As)z,  (A3)2®(A2)1,  (A2)1®(A3)2,  (A2)1 ® (A2)1 ® (A2

and on each term it is given by the appropriate combination of product and stabilisation
maps. If the terms (A3)2 ® (A2)1 and (Az); ® (A3z), were absent from the domain,
then the result would follow for m = 3. However, the composite

(A3)2 ® (A2)1 — (A4)2 ® (A2)1 — (Ap)3

factors through the stabilisation map (As)3 — (Ag)3, and so removing it from the
domain will not change the image of the map. Similarly for the term (A2)1 ® (A3)2,
and the result follows for m = 3.

We now leave it to the reader to fill in the details of the induction in general. O

12 Proof of Theorem B

Recall the statement of Theorem B:

Theorem C Let (G ) >0 be a family of groups with multiplication, and assume that
|SP,| is (n — 3)-connected for all n > 2. Then the kernel of the map

Sy Hy(Gom) = Hy(Gomy1)
is the image of the product map
Hi{(G)®" ™! @ ker[H1(G2) = H1(G3)] —> Hy(Gom).

Here homology is taken with coefficients in an arbitrary field.

For the purposes of this section, we let (G ) >0 be a family of groups with multi-
plication satisfying the hypotheses of Theorem B, and we define A = @n>0 H.(Gp).
The aim of this section is to prove Theorem 12.1 below, and to show how Theorem B
follows from it.

Theorem 12.1 Let m > 1. Then the images of the maps
Ker[s.: Huo1(Gan—2) = Hu-1(G2n-1)| ® Hi(G2)
—> Ket[s,: Hu(Gan) = Hn(Gans) | )
Hy1(Gan-2) @ ker[ s Hi(G2) > Hi(Go)]

— ker[s*: H, (Gom) — Hm(G2m+1)] (6)
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together span ker [s*: H,(Gy,) — Hy, (G2m+1)].

Proof of Theorem B We prove the result by induction on m, the initial case m = 1
being trivial. So suppose that Theorem B holds for all integers smaller than m. We
will show that the images of the maps (5) and (6) are both spanned by the image of
the map

H(G2)®" ' @ ker [s,: H1(G2) — Hi(G3)] > Hyp(Gm). (N

and this will prove the result.
First we consider (5). By the induction hypothesis, the image of this map is the
image of the composite

ker[H1(G2) 5 H1(Ga)] @ Hi(G2)®" 2 @ Hi(Ga)
> ket Hp1(Gan-2) > Hp-1(Gan-1)| ® Hi(G2)

— ker[ Hu(Gan) > Hn(Gansn) |,
which is
ker[H1(G2) > H1(G3)| @ Hi(G2)® "™ — ker|[ Hu(Gan) > Hyn(Ganin) .

and after rearranging the tensor factors this is exactly the map (7).
Now we consider the map (6). By Theorem C, the image of (6) is spanned by the
images of the composites

HI(G)®" ! @ ker[ Hi(G2) %> Hi(G3)]
—> Hy-1(Gan2) @ ker[ H1(G) = Hi(G3)]

—> ker[Hm(sz) LN Hm(G2m+1)]
and

Hy1(Gom—3) @ ker| H1(G2) > Hi(Gy) |

55+®1 Sx
225 Hye1(Gan-) @ ke[ H1(Go) 5 H1(Go)]

—> ket Hn(Gan) > Hy(Gans) |-

Now the first composite is exactly (7). The second composite vanishes since that it
sends x ® y withx € H,,,_1(Go,—3) and y € ker [Hl (Gp) 2 H1(G3)] tose(x)-y =
(0-x)-y=x-(0-y)=x-54) =0. This completes the proof. O

The rest of the section will deal with complexes like B,, which have a homological

and topological grading. Given such a complex C, we will write H; ;(C) for the part
of H;(C) that lies in topological grading j, in other words H; ;(C) = H;(C);.
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The main ingredient in the proof of Theorem 12.1 is Lemma 11.3, which states that
Him(Bam+1) = 0form > 1, and of which it is an entirely algebraic consequence.
However our argument is significantly more unpleasant than we would like. Here is
the general outline: Theorem 12.1 is a statement about Hj ;,(82,,+1), which is by
definition the kernel ker [s* s Hy(Gow) = Hpy(Gop+ 1)]. We will use the filtration

Somt1 =Fo S F1 S+ C Fopy = Boy
from Definition 9.4 to get from what we know about H; ,,(B2,+1) to what we need

to know about Hj ;,(82,,+1). We will do this by using the spectral sequence arising
from the filtration in topological degree m.

El; =Hiyjw(Fi/Fi)) = Hiyjm(Bomi1)
The point is to identify the differentials affecting the term Eé,l = Hi n(S2m+1) with
the maps (5) and (6).

Let us begin the proof in detail. We are interested in the values of H, , (F;/F;—1)
in the cases r = 0, 1, 2. Recall from Proposition 9.8 that fori > 1 we have

Fi/Fi—1 = Zpar[Som+1-i ® Bil
so that

Hrm(Fi/Fi)) Z Hr wlSoms1-i ® B1Z @D Hryomy Soms1-) ® Hry oy (Bi).

ri+ry=r—1
mi+moy=m
We have the following.
Lemma122 For r = 0,1,2 and i = O0,...,2m, the only nonzero groups

H, ,,(F;/F;_1) are as follows.

Hym(Fo) = Him (S2m+1)

Hy  (Fo) = Ha i (S2m+1)
Hy o (F1/Fo) = Hom(82m) ® Ho,0(B1)
Hy u (F1/Fo) = Hy n(82m) @ Ho,o(B1)
Hym(F2/F1) = Hyym—1(82m—1) ® Ho,1(B2)
Hy i (F3/F2) = Hom—1(82m—2) ® Hi,1(B3)

Proof Case i = 0. In this case we have H; ,,(Fo) = Hy n(Sam+1), and by Theo-
rem 10.1 this is nonzero only for r > 1.
Case i = 1. In this case we have

Hy (F1/Fo) = Hy ju (Zpar[S2m @ B1]) = Hy—1,m(S2m @ B1)
= @ Hy_1,m, (Som) ® Ho m, (B1)

mi+moy=m
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since B is concentrated in homological degree b = 0. Now by Theorem 10.1 the
term Hy_1 ;, (82m) vanishes for m; < m —r/2. So for r = 0 we require m| > m,
which is impossible, and for » = 1, 2 the only possibility is m; = m, my = 0. So the
possible terms are

Hy . (F1/Fo) = Hom(S2m) ® Ho,o(B1)
and

Hy i (F1/Fo) = Him(S2m) ® Ho,o(B1).
Case 2 < i < 2m. In this case we have

Hr,m(Fi/Fi—l) = Hr,rn(zbar[82m+l—i & Bl])
= Hr—l,m(82m+l—i ® 31)

= B Hym Somi1-i) @ Heyuy (Bi).

ri+ra=r—1
mij+my=m

Now from Theorem 10.1 we know that H,, ,;,(B;) = 0 for r, < i —2my — 1 while

Hy\ my (82m41-i) = 0forry < 2m+1—i—2m — 1. Thus a nonzero group appearing
in the direct sum above must have

rn=2m—i—2m;y+d8andr, =i —2my —1+¢

for §, € > 0. Then the constraints 1 +r, =r—landm|+my = m giveusr = §+e€.
Thus, to find a nonzero group wheni > 2 and r = 0, 1, 2, the only possibility is that
r=2and§ = € = 1. Butthen (r1, ) = (1,0) or (r1, r2) = (0, 1), in which case we
have two possible summands, only one of which is possible at a given time, namely

Hom—i—1),282m+1-i) ® Hi i—1y,2(B;) fori odd,

Hom(Fif Fi1) = { Hym—i/2(Som+1-i) ® Ho,ij2(Bi) for i even.

However, Lemmas 11.3 and 11.4 guarantee that the second factors vanish fori > 4.
Thus the only contributing factors are

Hy i (F3/F2) = Hom—1(S2m—2) ® Hi 1(B3)
and
Hy p (F2/ F1) = Him—1(S2m) ® Ho,1(B2).
This completes the proof. O
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Thus the spectral sequence associated to the filtration Fy € --- C Fy,, described
on page 48 is as follows.

j=2 Hym(Sam+1) . . . °
j=1 Him(Somt1)  Him(S2m)®Ho,0(B1) . . °
j=0 0 ~Hom (82m)®Ho,0(B1) -+ Him—1(82m—D)®Ho,1(B2) -+ . .
Jj==1 0 0 0 Ho,m—1(S2m—-2)®H1,1(B3) .
j==2 0 0 0 0 0
i=0 i=1 =2 i=3 i=4

We will now investigate the differentials affecting Hi , (S2m+1). This splits into
three cases depending on the domain of the differentials.

Lemma 12.3 The differential d' : Ell’1 — Eé,l’ which has the form

d': Hym(Som) ® Hoo(B1) — Him(Samt1),
vanishes.

Proof An element / of the domain can be represented by a cycle /j = x ® ¢ in
S8om ® B, where x € ker[s: (Azm)m — (Azm+1)m] and o € (A1) is the stabilising
element. Then under the isomorphism of Proposition 9.8, /1 corresponds to the element
Ih =0 ®x ® o of F1/Fy. We lift this to the element I3 = 0 ® x ® o of Fi. Then
d(l3) =0-x®0 —0 ® x -0 = 0. Thus all differentials d” vanish on /. (In fact there
is only one possibility, d'.) O

Lemma 12.4 The differential d" E;’O — E},o’ which has form

d': Him—1(8am—1) ® Ho,1(B2) — Hom(S2m) ® Hoo(B1),

vanishes, and consequently E%O = E2l o The image of the differential d*: E%,() —
E(%,lr which has form

d*: Hi m—1(S2m—1) ® Ho.1(B2) = Hym(Sam+1),
is precisely the image of (5).

Proof An element/ of the domain can be represented by a linear combination of cycles
of the form x ® y in 82,1 ® By, where x € ker[s: (Azyn)m—1 = (A2m—1)m—1] and
y € (A2)1. Let us assume without loss that [ is in fact represented by I} = x ® y.
Then under the isomorphism of Proposition 9.8, I corresponds to the element I, =
o ®x @y of F/F;, which we lift to the element I3 = 0 ® x ® y of F,. Now
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dilz3) =0 - x®y—0®x-y = —0 ®x -y, which lies in Fy. Thus d'(1) = 0,
while d?(l) is the class represented by —o' ® x - y, which under the isomorphism
of Proposition 9.8 corresponds to the element —x - y of (A2,)m = Hp(Gam). This
is precisely the image of —x - y under the map (5) above. Thus the image of d* is
precisely the image of (5). O

Before tackling the final set of differentials, we need the following preliminary
lemma.

Lemma 12.5 An arbitrary element of H 1(B3) has a representative of the form
CR®o—-—0Q®x)+qgQo

where x € (Az)1 and q € ker[s: (A2)1 — (A3)1], and o € (A1)g is the stabilising
element.

Proof A and A; are concentrated in non-negative degrees, and in degree O they are
spanned by o and o2 respectively. Thus an arbitrary cycle of B3 in bidegree (1, 1) has
form j® o +kQoc>+0o®I+0c>Q@mfor j,1 € (Ay); andk, m € (A1)1. By adding
dk®oc ® o —o ® 0 ® m), we may assume that k = m = 0, so that our cycle has
the form j ® o + o ® . This can be rewritten in the required form with x = —[ and
qg=j+L O
Lemma 12.6 The differential d° : E;,l — E(3),1 has the following properties:

e [ts range is the quotient of
E§ | = Ejy = HimSom1) = Kerls: Hy(Gom) = Hp(Gomt1)]
by the image of the map (5).
e Its image is the same as the image of the composite of the map (6) with the

epimorphism ker[s: Hy,, (Gom) = Hu(Goam+1)] — ES,1~

Proof By Lemma 12.5, an element / of E §,71 has a representative of the form

h=) %®(®0—0®Yyd)+ Y pp®(gp®0)
o B

where xo, pg € (Aoam—2)m—1, ya € (A2)1 and gg € ker[s: (A2)1 — (A3)1]. Under
the isomorphism of Proposition 9.8, 1 corresponds to the element

12:Z(xoz®ya®a_xa®0®ya)+2pﬂ®‘h9®a
a B

of F3/F,. We lift this to the element

l3:Z(xoz®)’a®6_xa®a®ya+a®xa®ya)+zpﬂ®ql3®U
o B
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of F3. (The apparently new terms lie in F5.) Then

dl3) =) (Xa Yo ®0 =0 @ Xy Yo) + ) Pp-dp D 0.
a B

This lies in Fy, so that d' (/) = 0, and its image in Fy/Fp is

Zxa'ya®0+zpﬁ'q/3®a
o B

so that applying the isomorphism of Proposition 9.8 shows that

O =D xa-Ya+ Y, pp-ap | ®l0] € Hom(Sam) ® Hoo(B1).
o B

Thus ! lies in the kernel of d? if and only if

Zxa-ya+ZPﬁ-6Iﬂ
o B

is zero in Hy ;,,(S2), or in other words if and only if there is w € (A2,,—1)m such that
Dy Xa Yot Zﬁ g -qp = o - w. In this case, we may again represent / by /1, which
again corresponds to the element I, of F3/F5, but which we now lift to the element
I3 — 0 ® w ® o of F3. (The additional term lies in F.)

By now we have shown that an arbitrary element of E;,—l is represented by an
element of the form 3 —o @ w®o . Butthen d (I3 —o0 @ w ® o) is precisely the element

Y o®pp-ap
5

of Fp. Applying the isomorphism of Proposition 9.8, we find that
PO = > pp-ap | € Him(Sami1)-
B
This term lies in the image of the map (6), as required. To show that all elements of
the image of (5) occur in this way, we simply choose pg and gg arbitrarily, take the

indexing set for « to be the same as for 8, and take xg = —pg and yg = g for all 8.
O
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We may now complete the proof. Since Hi ,,(Bam+1) = 0, it follows that the
infinity-page of the spectral sequence must vanish in total degree 1. So then in particular
we must have E ?,Oo = (. But we have shown that E ffo is the quotient of Hy , (S2m+1)
by the images of the maps (5) and (6). It follows that the images of these two maps
must span. This completes the proof of Theorem 12.1.

13 Connections with the work of Randal-Williams and Wahl

In this section we will explain a connection between the theory established in this
paper, and the work of Randal-Williams and Wahl in [26], previewed in Sect. 1.7.
Throughout this section we let (C, @) be a (strict) monoidal category, which is fur-
thermore symmetric, and we let X be an object of C, and we assume that C is locally
homogeneous and locally standard at (0, X), in the sense of Definitions 1.2 and 2.5
of [26]. These conditions amount to the locally homogeneous and locally standard
axioms LH1, LH2, LS1 and LS2, to which we will refer often.

Define G, = Aut(X®") and let G,, x G, — G, be the map induced by
functoriality of the monoidal structure &. We assume without loss of generality that Cis
generated by X in the sense that every object of € is isomorphic to X®' for some choice
of i > 0. If A is an object of C then we say that A has rank i, and write rank(A) = i,
if A= X% We assume that rank(A) is well-defined, and that a morphism A — B
exists only when rank(A) < rank(B). (We expect these assumptions to follow from
the locally homogeneous and locally standard properties, but have not been able to
find a proof.)

The assumptions of the previous paragraph are easily seen to hold in several cases
of interest, such as the case of the symmetric groups (where C is the category FI,
see Section 5.1 of [26]), general linear groups over PID (where C is the category of
free R-modules and split injections, see Section 5.3 of [26]), and automorphisms of
free groups (where C is the category of free groups and injections with (chosen) free
complement, see Section 5.2.1 of [26]).

In what follows we will give references to [26], though some familiarity with
homogeneous categories may be helpful.

Proposition 13.1 (G ) >0 is a family of groups with multiplication.

We are grateful to Nathalie Wahl for explaining the main steps in the proof of this
proposition.

Proof The unit axiom, stating that Gy is the trivial group, holds because local homo-
geneity includes the assumption that O is initial. The associativity axiom holds because
Cisastrict monoidal category. Commutativity follows from the fact that C is symmetric
monoidal: the braiding isomorphism X®P1T4 = X®r g x®1 = x®1 g x®P = x®at+p
is an element of G 1, satisfying the required condition.

We now prove the injectivity axiom. Suppose that (a,b) € G, x G, maps to
the identity element of G 1. Then (X®7 @ 1yeq) = (a ® b) o (X7 D 1yaq)) =
(a® (botyes)) = (a @ txeq). But by local standardness axiom LS2, the map
a — a @ tyeq is injective. So a is the identity element. Axiom LH2 guarantees that
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the map G, — G 44 is injective, and by commutativity the same holds for the map
G, — Gp1q4- Thus b is also the identity element.

Now we prove the intersection axiom. Suppose that (a,b) € G, x G44, and
(c,d) € Gpyy x G, map to the same element of G4 4+,. Then by precomposing
with X®P @ 1yeq ® tyer we see that (c o (XOP @ 1yeq)) B ixes = (a D ixoq) B Lyeq.
By axiom LS2 we have c o (X®” @ 1yeq) = a ® 1yeq or equivalently ((a~' @ X®7)o
) o (X®P @ 1ye9) = X®P @ 1xeq. Thus by axiom LH2 (or rather its analogue with
the left and right hand sides of the & interchanged, which holds thanks to symmetric
monoidality) we find that (a ! @ X ®7)oc must be in the image of the map Gy = Gpiyg»
or in other words that there is f € G, suchthatc =a ® f. Thenc € G, x G4, and
consequently (¢, d) € G, x G4 x G, as required. O

For the rest of this section we take (G ) >0 to be the family of groups with multipli-
cation obtained above, and we let SP,, and SC,, denote its splitting poset and splitting
complex.

The main theorems of [26] rely on a hypothesis LH3, which holds with slope k
if a certain space |W, (A, X),| is L"k;zj—connected. In the case where the monoidal
category is symmetric, Theorem 2.10 of [26] shows that this connectivity assumption
holds if and only if a certain simplicial complex S, (A, X) is |_”k;2J -connected for all
n.

Here we will show that if |SP,| is (n — 3)-connected for all n, then |W, (0, X)|
is L%J—connected, which implies that |W, (X, X),]| is %—connected, so that LH3
holds for (X, X) and the results of [26] can then be applied in the present setting.

For the rest of the section we will assume that the reader is familiar with the
definitions of W, (A, X), and S,,(A, X), which are Definitions 2.1 and 2.8 of [26].

Theorem 13.2 Let SP,,, n > 2 denote the splitting posets of the family of groups with
multiplication (G p) >0 obtained from the object X of C as above. If |SP,| is (n — 3)
connected for all n, then the simplicial complex S,(0, X) is L%J -connected for all
n, and consequently the same holds for |W, (0, X)|. Thus axiom LH3 holds at (X, X)
with slope 2.

We will for the rest of the section assume that the hypothesis of this theorem holds,
and we will work towards the proof. Before proceeding we establish some facts that
will be crucial for what follows.

Lemma 13.3 Let Ay, ..., A, be objects of C and suppose that each is equipped with a
morphisma;: Aj — B, for some fixed choice of B. Then there is at most one morphism
Ay ® ---® A, — B whose restriction to each summand A; is a;.

The proof of this lemma is essentially the implication (i) = (iii) of Lemma 2.7
of [26]. In that proof, each A; is taken to be X, but the proof goes through unchanged

in the present generality.

Lemma 13.4 Let A — C be a morphism of C. Then there is an object B of C and an

isomorphism A @ B = C whose restriction to A is the original morphism A — C.
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If A® B’ — C is any other such complement, then there is an isomorphism B = B’

making the triangle

APB——C

|

A® B

commute.

Proof For the first claim we may without loss assume that A = X®¢ and C = X9,
with a > c. Then by LH1 there is an automorphism of C taking A — C to the
inclusion ¢, @ X®74, so we may assume that A — C is t, @ X®°~¢. The first claim
follows by taking B = X®¢4,

For the second claim, suppose that «: A@®@ B = C and o’: A @ B’ = C are
two isomorphisms restricting to the same morphism A — C. Without loss we may
assume that A = X% B = B’ = X®0 and C = X®UtD) and our aim is to show
that & and &’ differ by an automorphism of B. But @' o &’ is an automorphism of
X ®@+b) restricting to the identity on X®¢. In other words, composing with (¢! o ')
fixes the morphism X®¢ o ¢ yes, and therefore by LH2 @ ! o &’ = X®* @ ¢ for some
automorphism ¢ of X®?. The second claim follows. O

Definition 13.5 (Splitting complexes in homogeneous categories) Given an object A €
G, we let SC(A) denote the poset whose objects are ordered tuples (Ao, ..., A,) of
objects of C, each equipped with a morphism A; — C, compatible in the sense that
there is an isomorphism Ay @ --- @ A, — A restricting to the respective morphisms
A; — C. We assume furthermore that r > 1 and that A; # 0 for each i. We will
usually not make the morphisms A; — C explicit in our notation. Two such tuples
(Ag, ..., A;) and (Af), el A;) are considered equivalent if there are isomorphisms
A; = Al fori =0,...,r intertwining the maps A; — A and A] — A. We denote the
equivalence class of such a tuple by [Ag, ..., A,]. Given such a tuple [Ag, ..., A/]
with r > 2 we can amalgamate adjacent entries A;, A;j+1 to obtain a new tuple
[Ag,..., Ai ® Ait1, ..., Ar]. The poset structure of SC(A) is defined by saying that
[Ag, ..., Ar] = [Bo, ..., Bg] if we can obtain the latter by repeatedly amalgamating
adjacent entries of the former.

The poset SCyn(A) is defined analogously, this time using unordered tuples
{Ag,..., A }and {A], ..., A} that are considered equivalent if they are equivalent
in the previous sense after possibly reordering their entries. (Note that the question of
whether the A; — A can be assembled into a map Ao @ --- @ A, — A is, thanks to
the symmetry of the monoidal structure, independent of the choice of ordering.) The
equivalence class of {Ag, ..., A} isthendenoted [Ao, ..., A, Jun- The poset structure
is defined as before, but allowing arbitrary entries to be amalgamated, not just adjacent
ones.

Lemma 13.6 Forany n, the face poset of SC,, is isomorphic to SC(X®"), and therefore
its realisation is (n — 3) connected. Consequently, SC(A) is (n — 3)-connected for
any object A of C.
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Proof Let SC/, denote the face poset of SC,. Define
f:8C, — SC(x®)

to be the map sending g(Gy, X - -+ x Gy, ) to the tuple [X®9, ... X®9r+1] where
X®4i is equipped with the morphism

®q:
Ly®a0+d; DX ®Lx®qi+1+”'+‘7"

x4 xon & xon,
Observe that [X®490, .. X®4+1] does not depend on the choice of coset representative
g. It is surjective, as we see by taking an arbitrary tuple [Ao, ..., A,] and choosing

isomorphisms A; = X% . And it is injective, for the isomorphisms witnessing an
equivalence of tuples demonstrate that the two original elements of G,, determine the
same coset of G¢, x - - - X G, . Finally, f respects the poset structures: amalgamating
the i and (i 4 1) entries of f(x) produces f(d;(x)). O

Proposition 13.7 Let rank(A) > 2. Then SCyn(A) is (rank(A) — 3)-connected.

Proof We prove this by induction on rank (A), the initial case rank (A) = 2 being clear
since SCyn (A) is non-empty. So now let rank (A) > 3 and assume that the claim holds
for all objects of smaller rank at least two.

Let f: SC(A) — SCyn(A) denote the evident surjection. An adaptation of
Lemmas 4.8 and 4.9 shows that, if [Ag,..., A;]un 1S an element of SCy,(A),
then 1 (SCun(A) [ay.... A1) 18 €(f T (SCun(A) _(4y..... A,,,))-connected. Then the
hypotheses of Theorem 4.7 hold, and show that up to homotopy equivalence SCy, (A)
is a wedge summand of SC(A), which is (rank (A) — 3)-connected. The same therefore
holds for SCyn(A). O

Definition 13.8 Let A be an object of C. Let SC1(A) denote the subposet of SCy,(A)
consisting of tuples [Ao, ..., A;] in which at least one of the entries has rank 1.

Lemma13.9 Let A be an object of C with rank(A) > 2. The inclusion map
inc: SCi(A) — SCun(A) is {%J—connected Consequently SC1(A) is
L%J -connected.

Proof Given an integer a, we will write 8 (a) = L%J , and we will write «(a) for the
remainder of (a — 3) after division by 2. Note the following:

() @) = 52 — 9 for any a.
(2) If a > 2 then (a — 3) > 6(a).
3) a(a) +a(b) < a(a+ b) + 1 forany a and b.

We will prove the claim by induction on rank(A) > 2. In the initial case rank(A) =
2 we have SC{(A) = SCun(A), which is (rank(A) — 3)-connected, and therefore
0 (rank (A))-connected by the second point above. So the claim holds in this case.
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Now suppose that rank(A) > 2 and that the claim holds for all objects of smaller
connected for each {Ag, ..., A;} € SCun(A). Then the map (;f'fealisations induced
by inc is a 6 (rank (A))-equivalence by a result of Quillen [23, Proposition 7.6].

If one of the A; has rank 1, then inc ™' (SC(A)yn >{Ao.....A,)) is contractible and there
is nothing to prove. Otherwise, all of the A; have rank at least 2, and the inductive
hypothesis applies so that each SC1(A;) is 6 (rank(A;))-connected.
product CSCyn(Ag) X -+ X CSCyp (Ar) consisting of elements for which at least one
of the factors, say the ith, lies in SC1(A4;) € SCuyn(A;) S CSCyn(A;). There are maps

A: P — SC1(Ag) % --- % SC1(A,), w:SCi(Ag)*---*SC1(A,) — P,

where p is the inclusion and the effect of A is to preserve the ith entry if it lies in
SC1(A}), and to send it to the minimum element O if not. Observe that A o u is the
identity map, while p o A satisfies w(A(x)) < x for all x. It follows that A and u
determine inverse homotopy equivalences on realisations, so that P and therefore
inc™! (SC(A)un(ay,....A,)) have the same connectivity as SC1(Ag) * - - - x SC1(A).

It remains to show that if the A; all have rank(A;) > 2,then SC{(Ag)*- - -*SC1(A;)
is O (rank (A))-connected. By hypothesis each SC(A;) is 0 (rank(A;))-connected, so
that SC1(Ag) * -+ - x SC1(A,) is

O (rank(Ag)) + --- + 6 (rank(A,)) + 2r

connected. Using the first point above, the latter quantity is equal to

r + a(rank(A)) — (x(rank(Ag)) + - - - + a(rank(A,))

6(A) + >

Repeated application of the third point above shows that («(rank(Ag)) + --- +
a(rank(Ay)) < a(rank(A)) + r, so that the quantity above is at least 6(rank(A)),
as required. O

Definition 13.10 Let S;, denote the poset in which an element is an equivalence class
of unordered tuples {Ly, ..., L,} where each L; hasrank 1 and is equipped with a map
L; — X®" and where these maps assemble to amap Lo @® --- ® L, — X®". Two
such tuples {Lg, ..., L,}and {Lj, ..., L/,} are equivalent if there are isomorphisms
L; = L/ intertwining the maps L; — X®" and L} — X®". The equivalence class of
{Log, ..., L;}is denoted by [[Lo, ..., L,]]. This is equipped with the poset structure
generated by the relations

([Lo,..., L1 >1[[Lo,...,Li,..., L]l

Lemma 13.11 There is a map of posets p: S, — SC1(X®") inducing a homotopy
equivalence on realisations. Consequently, S, is L#J—connected.
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Proof Define ¢: SC1(X®") — S;, by sending a tuple [Ao, ..., A;lun to the tuple
[[Aiy, ..., Ai, 1] consisting of all A; with rank 1. And define ¢ : S, — SC1(X®") by
Y([Lo,...,L ]l =[Lo,..., Ly, Y]y, where ¥ — X®" is the complement obtained
as in Lemma 13.4, unless Y = 0 in which case ¥[[Lg,..., L;]] = [Lo, ..., Ly]un-
Then (Y o ¢)(x) < x forall x. And (¢ o ¥)(y) > y for all y. It follows that v and ¢
induce inverse homotopy equivalences on realisations, and the claim follows. O

The next lemma completes the proof of Theorem 13.2.

Lemma 13.12 The realisation of S,(0, X) is |_”2;3J-connected. Indeed, it is weakly
Cohen—Macaulay of dimension L”Z;IJ

Proof The first part of this argument is similar to the account of S, (A, X) in [26]. We
refer especially to Definition 2.8, Theorem 2.10, Proposition 2.12 and Corollary 2.13
of that paper. Observe that S/, is evidently the face poset of a simplicial complex S,
defined analogously to S, (0, X), but with vertices given not by morphisms X — X®7,
but by equivalence classes of morphisms L — X®" with rank(L) = 1. As with

Sn(0, X), the link of a p-simplex of S/, is isomorphic to S,’l/_p_l, so that S/ is in fact

weakly Cohen-Macaulay of dimension | 25 |.

The next part of this argument uses the notion of complete join—see Definition 3.2
and Proposition 3.5 of [18]. There is an evident surjection p: S, (0, X) — S/, making
Sn(0, X) into a complete join complex over S/, so that S, is also weakly Cohen—
Macaulay of dimension L"—glJ, and this completes the proof. (Compare with the
proof of Proposition 5.3 of [26].) O
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