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ON FINITENESS PROPERTIES OF THE JOHNSON FILTRATIONS

MIKHAIL ERSHOV AND SUE HE

ABSTRACT. Let I' denote either the automorphism group of the free group of rank n > 4
or the mapping class group of an orientable surface of genus n > 12 with 1 boundary com-
ponent, and let G be either the subgroup of I A-automorphisms or the Torelli subgroup
of T', respectively. We prove that any subgroup of G containing [G,G] (in particular,
the Johnson kernel in the mapping class group case) is finitely generated. We also prove
that if N < 1+ {5 and K is any subgroup of G' containing y~G, the N* term of the

lower central series of G (for instance, if K is the N*" term of the Johnson filtration of
@), then the abelianization K/[K, K] is finitely generated. Finally, we prove that if H
is any finite index subgroup of I" containing vy G, then H has finite abelianization.

1. INTRODUCTION

Let F,, denote the free group of rank n, and let I A,, C Aut (F},) denote the subgroup of
automorphisms of F,, which act as identity on the abelianization; equivalently, I A,, is the
kernel of the natural map Aut (F},) — Aut (F%) = GL,(Z). More generally, for each k € N
define T A, (k) to be the kernel of the natural map Aut (F,,) — Aut (F,/vk+1Fn). The
filtration [A,, = IA,(1) D IA,(2) D ... was first introduced and studied by Andreadakis
in [An|. It is easy to see that I A, C IA,(k) for each k, and in [Ba] it was shown that

The filtration {I A, (k)}ren is often referred to as the Johnson filtration and owes its
name to the corresponding filtration in mapping class groups whose study was initiated by
Johnson [Jod4]. Let E}] be an orientable surface of genus g > 2 with 1 boundary component
and Mod; its mapping class group. The fundamental group m = 77(2;) is free of rank 2g,
and for each k € N there is a natural homomorphism Mod; — Aut (7/7k117). Denote the
kernel of this homomorphism by Z} (k). The subgroups Z) = Z;(1) and J} = Z;(2) are
well known as the Torelli subgroup and the Johnson kernel, respectively, and the filtration
{Z; (k)} ren is called the Johnson filtration of Mod;. Again one has 1 Z, C Z, (k) for each
k, but this time the inclusion is known to be strict already for k = 2.

The mapping class group Mod 4 of a closed orientable surface of genus g is a quotient
of Mod;, and the Johnson filtration {Z,(k)}ren of Mod, is defined to be the image of
{Z} (k) }ren in Mod |,

A basic open question about Johnson filtrations is which of their terms are finitely
generated (it is easy to see that if some term is not finitely generated, then so are all
the subsequent terms in the same filtration). A complete answer is known for the first
terms: already in 1930s Magnus [Ma] proved that A, = I'A,(1) is finitely generated for
all n > 2, and in 1980 Johnson [Job] proved that the Torelli group Igl (and hence also its
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quotient Zj) is finitely generated for g > 3, while 7y is infinitely generated by [MM] (hence
the same is true for Zy(k) and Z3 (k) for all k). Our first theorem settles in the positive
the finite generation problem for the second terms in sufficiently large rank:

Theorem 1.1. Let G be either 1A, forn > 4 or Igl for g > 12. Then [G,G] is finitely
generated.

Since G in Theorem [I.] is itself finitely generated, it follows that any subgroup of G
containing [G,G] is finitely generated; in particular, the Johnson kernel Ig1(2) and its
quotient Z,(2) are finitely generated for g > 12.

Theorem [I.T] generalizes recent breakthrough results of Dimca and Papadima [DP] and
Papadima and Suciu [PS2] who established finite dimensionality of the first rational ho-
mology H1(Z4(2),Q) for g > 4 and H1(IA,(2),Q) for n > 5, respectively.

The finite generation question remains open for the third and higher terms of the John-
son filtrations, but we will prove that at least several terms (beyond the second one) have
finitely generated first integral homology:

Theorem 1.2. Let N > 2 be an integer, and let (G, K) be one of the following pairs of
groups.
(a) G=1A, and K = yNIA, wheren >4 if N =2 andn > 12(N —1) if N > 2.
(b) G =1, and K = yNI, where g > 12(N —1).
Then the quotient G/|K, K] is nilpotent. In particular, for any subgroup G 2 L O K, the
abelianization L/[L,L] = H,(L,Z) is finitely generated.

Thus, each of the following groups has finitely generated abelianization:
TA,(2) for n >4, TA,(N) for n > 12(N — 1), and Z;(N) and Zy(N) for g > 12(N —1).

Remark. The assertion that G/[K, K] is nilpotent is equivalent to saying that K/[K, K| &
H,(K,Z) considered as a G/K-module is unipotent in the sense that is annihilated by some
power of the augmentation ideal of Z[G/K]. In the case G = Z, and K =Z4(2), g > 4, it
has already been proved in [DHP] that H; (K, Q) is a unipotent G/ K-module.

Both Theorems [I.1] and will be deduced from certain properties of representations
of G that we discuss below. Let G be an arbitrary group. By a character of G we will
mean a homomorphism y : G — R. Two characters x and x’ will be considered equivalent
if they are positive scalar multiples of each other. The equivalence class of a character
x will be denoted by [x], and the set of equivalence classes of nonzero characters will be
denoted by S(G). In [BNS], Bieri, Neumann and Strebel introduced certain subset ¥(G)
of S(G), now known as the BNS invariant which, in the case when G is finitely generated,
completely determines which subgroups of G containing [G, G] are finitely generated:

Theorem 1.3 ([BNS]). Let G be a finitely generated group, and let N be a subgroup of G
containing [G,G]. Then N is finitely generated if and only if ¥X(G) contains [x| for every
non-trivial x which vanishes on N. In particular, [G,G) is finitely generated if and only

if X(G) = S(G).
Thus, Theorem [[.1]is a direct consequence of Theorem [[.3] and the following result:

Theorem 1.4. Let G be as in Theorem [ . Then %(G) = S(G).
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The set ¥(G) admits many different characterizations. In order to prove Theorem [[.4]
we will use the characterization in terms of actions on real trees due to Brown [Bi].

Note that characters of a group G are in natural bijection with one-dimensional real
representations of G whose image lies in R+ (. In order to prove Theorem we consider
irreducible representations of G which vanish on K (with G and K as in Theorem [[.2)),
although, somewhat surprisingly, this time we will deal with representations over finite
fields, in fact fields of prime order. Theorem will be obtained as a direct combination
of Theorems and below, just like Theorem [Tl follows from Theorems [[.3] and [T.41

Definition. Let K be a normal subgroup of a group G and F' a field. We will say that
the triple (G, K, F') is nice if the following holds: let V' be a non-trivial finite-dimensional
irreducible representation of G over F' such that K acts trivially on V. Then

HYG,V)=0.

Theorem 1.5. Let G be a finitely generated group, and let K be a normal subgroup of G
such that Q = G/K is nilpotent. Assume that (G, K, F) is nice for any finite field F of
prime order. Then the quotient G/[K, K] is nilpotent, so in particular the abelianization
K% = K/|K, K] is finitely generated.

Theorem 1.6. Let (G, K) be as in Theorem[L2 Then (G, K, F) is nice for any field F.

We now briefly comment on how Theorems [L.4] and will be proved. Both results
easily follow from the existence of a p-centralizing generating set in G where p is a non-
trivial irreducible representation of G' (over an arbitrary field) with Ker p O K (in the case
of Theorem [[L4] we set K = [G,G]). The precise definition of a p-centralizing set will be
given in § 3. An important special case of a p-centralizing set is a set S which contains a
subset T of pairwise commuting elements such that every element of S commutes with at
least one element of T" and such that p(t) is a non-trivial central element of p(G) for each
t € T. Note that by our hypotheses we will always deal with representations p such that
p(G) is nilpotent (and non-trivial) and hence always contains non-trivial central elements.

The group IA, has a very simple generating set constructed by Magnus already in
1930s (see § 4 for its definition). A generating set for I; which is in many ways analogous
to Magnus’ generating set for IA, was constructed in a recent paper of Church and
Putman [CP], which made use of an earlier work of Putman [Pu2] and the original work of
Johnson [Jo5] (see § 7.1). We will refer to these generating sets as standard. We will show
that if p is a “sufficiently random” representation of G which vanishes on K (with G and K
as above), then the existence of a p-centralizing generating set in G easily follows from the
basic relations between the standard generators; in this case a p-centralizing generating
set we construct will be an overset of the standard generating set. In the general case
we will use the fact that G is a normal subgroup of I' (with I' = T A, or Mod;), and
precomposing p by the conjugation by a fixed element of I" does not affect the existence
of a p-centralizing generating set.

Thus, we are reduced to the problem of showing that an arbitrary p (satisfying the above
restrictions) can be conjugated to a sufficiently random one. In the case G = I 4,, and
K = [IA,,IA,] this can be done fairly explicitly (see § 6). In the general case an explicit
calculation may be possible, but would be cumbersome, so we take a more conceptual
approach. First it is not hard to see that the relevant information about the conjugation
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action of I on G is captured by the induced action of I'/G on L(G) = @ G /¥n+1G,
n=1

the Lie algebra of G with respect to the lower central series. Second, in both cases
(T',G) = (Aut (F,),IA,) and (Mod},Z!), the quotient T'/G contains a natural copy of
SL,(Z). In § 4 we will state our main criterion for the existence of a p-centralizing
generating set in a group G (see Theorem [A.3]). One of the hypotheses in Theorem [1.3]
is that G is a normal subgroup of a group I' such that I'/G contains a copy of SL,(Z)
for suitable n and such that the abelianization G® = G/[G,G] is a regular SL,(Z)-
module, another technical notion which will also be introduced in § 4. Note that while the
proof of Theorem [£.3] will deal with the action of SL,(Z) on the entire Lie algebra L(G),
its hypotheses only involve the action on G, the degree 1 component of L(G). This
is very important since while the structure of G as an SL,(Z)-module is completely
understood and easy to describe (for G = I A,, or Igl), this is not the case with higher
degree components of L(G).

At the end of the paper we will show that Theorem also yields new results on the
abelianization of finite index subgroups in Aut (F,), I A,, Mod; and Iglz

Theorem 1.7. Let (G, K) be as in Theorem [L2, and let T' = Aut (F,) if G = I A, and
I'= Mod; if G = I;. The following hold:
(1) If H is a finite index subgroup of G which contains K, then the restriction map
HY(G,C) — H'(H,C) is an isomorphism
(2) If H is a finite index subgroup of T' which contains K, then H has finite abelian-
1zation.

In the case I' = Mod ;, G =1, and K = Z,(2) both assertions of Theorem [L7 have been
previously proved by Putman (see [Pu3, Thm B] and [Pull, Thm B]) by a different method.
It is interesting to note that while we will use Theorem to prove both Theorem and
Theorem [[7], an opposite implication was used in [DHP] where [Pu3l Thm B] was one of
the tools in the proofs of special cases of Theorem and Theorem

Finally, let us comment on the restrictions on n,g and N in the statements of Theo-
rems [L.T] [[2] and [[7] (where we set N = 2 in Theorem [LT]). If n = 2, the assertions
of all four theorems are easily seen to be false already for N = 2 since [ A, is a free group
of rank 2. As shown in [GL, Prop 6.2] (see also [BV]), Aut (F3) contains a finite index
subgroup H such that [TAs: HNIAs] =2 (so H D [[A3,1A3]) and H has infinite abelian-
ization. This result combined with the proof of Theorem [[.7 implies that Theorem [I.6] and
both parts of Theorem [T are false for n = 3 and N = 2. We expect that Theorems [I.1]
and do not hold in this case as well, but as far as we know these questions have not
been settled. The restriction g > 12 in the mapping class group case is likely the drawback
of our method, and we expect that the result remains true for all g > 4 (and possibly even
for g = 3). It may be possible to slightly improve the bound g > 12 using the same method
and more delicate calculations, but it is unlikely that one can push it all the way to g = 4.
More generally, in the cases n > 4 and g > 3 it is possible that some (or even all) of the
above theorems remain true for arbitrary N, but the proof of such a result would almost
certainly require new ideas.

Organization. The paper is organized as follows. In § 2 we will prove Theorem [[L5l In
§ 3 we will introduce the notion of a p-centralizing generating set and reduce Theorems [I.4]
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and to the problem of existence of p-centralizing generating sets for suitable p (see
Proposition 3.4)). In § 4 we will introduce the notion of a regular SL, (Z)-module, discuss
basic examples and properties of such modules and state Theorem [£.3] which gives a
criterion for the existence of a p-centralizing generating set. At the end of § 4 we will show
that the hypotheses of Theorem [£.3] are satisfied for G = I A,, with n > 12(N —1). The
corresponding verification for G = Igl and g > 12(N —1) will be made in § 7. Theorem (4.3
will be proved in § 5. The results mentioned in the last three sentences imply Theorem [T.4]
except when G = [A,, 4 < n < 12 and Theorem except when G = TA,, N = 2,
4 < n < 12. The proof of those theorems in the remaining cases will be given in § 6.
Finally, in § 8 we will prove Theorem [[.7] and also give a summary of previously known
results of the same kind.

Acknowledgments. We are extremely grateful to Andrei Rapinchuk who encouraged
us to take on this project and suggested the general approach to the proof of Theorem [I.71
We are also indebted to Andrei Jaikin who proposed a tremendous simplification of our
original proof of Theorem[L.5l Finally, we would like to thank Andrew Putman and Zezhou
Zhang for helpful comments on earlier versions of this paper.

Notation. When considering cohomology of a group G with coefficients in some mod-
ule, we will sometimes use the notation H k(G, M) where M is the underlying space of
the module and sometimes H*(G, p) when p is the action of G on M. We hope that this
inconsistency will not cause a confusion.

2. THE ABELIANIZATION OF THE KERNEL OF A HOMOMORPHISM TO A NILPOTENT
GROUP

In this short section we prove Theorem using the following results of Roseblade
and Robinson. A major part of the argument below (including the use of Theorem [2.2])
was suggested to us by Andrei Jaikin who substantially simplified our original proof. The
latter was inspired by the proof of [PS2, Thm 3.6].

Theorem 2.1 (Roseblade). Let Q be a virtually polycyclic group. Then

(a) Every simple Z]|Q]-module is finite and thus is an F,[Q]-module for some prime p.

(b) Assume now that @Q is nilpotent, let 0 be the augmentation ideal of Z[Q] and V
a finitely generated Z[Q]-module. If QM = 0 for every simple quotient M of V,
then QNV =0 for some N € N.

Parts (a) and (b) of Theorem 2.1 are special cases of [Ro, Cor A] and [Ro, Thm B],
respectively.

Theorem 2.2 (Robinson [Rb]). Let Q be a nilpotent group, and let M be a Q-module.
Assume that either Ho(Q, M) = 0 and M is Noetherian or HY(Q,M) = 0 and M is
Artinian. Then H'(Q, M) =0 and H;(Q, M) =0 for all i > 0.

Proof of Theorem [L3. First we claim that K is finitely generated as a Z[Q]-module. We
know that K contains 7, G for some n, and it suffices to prove that (y,G)® is finitely
generated as a Z[G]-module. Let X be a finite generating set for G. Then (v,G)® is
generated as an abelian group by left-normed commutators in X of length at least n.

But if ¢ is such a commutator and 2 € X, then (c,z) = ¢ 'z~ lcx is equal to z71.c — ¢ in
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(7 G)®, so by straightforward induction (7, G)® is generated by left-normed commutators
in X of length exactly n as a Z[G]-module.

Now let Q denote the augmentation ideal of Z[Q]. To prove the theorem it suffices to
show that QNVK® = {0} for some N € N (in fact, the two statements are equivalent).
Indeed, the equality QY K® = {0} means that [K,G,...,G] C [K,K], so if K D 7,G,

5/—/
N times
then [K, K| O v,+~nG and G/[K, K] is nilpotent.

Let V = K%, and assume that QVK® £ {0} for any N € N. By Theorem 2.I(b) there
is a simple @Q-module M which is a quotient of V' such that QM # 0, so @ acts on M
non-trivially. Moreover, by Theorem 2.1l(a), M is a finite F[Q]-module for some finite field
F of prime order, so H'(G, M) = 0 by the hypotheses of Theorem

Since K acts trivially on V and hence on M, we have a natural isomorphism

HY(K, M) = Hom(V, M)

Under this isomorphism H'(K, M)®, the subspace of Q-invariant elements of H' (K, M),

maps to Homg(V, M), the subspace of @-module homomorphisms from V' to M. Since

M is a quotient of V as Q-module, we have Homg(V, M) # 0 and hence H' (K, M)% # 0.
On the other hand, we have the inflation-restriction sequence

0— HYQ,M) — HY (G,M) - HY(K,M)? — H*(Q,M) — H*(G, M).

Since M is finite, simple and non-trivial, it is both Artinian and Noetherian, and both
H°(Q, M) and Hy(Q, M) are trivial. Thus, using either condition in Theorem 2.2 we
conclude that H'(Q, M) = H*(Q, M) =0, so H'(G, M) = H' (K, M)®? # 0, a contradic-
tion. ]

3. CENTRALIZING GENERATING SETS

Let G be a finitely generated group. In this section we will introduce the technical
notion of a p-centralizing set in G where p is an irreducible representation of G over some
field F'. We will show that

(i) the existence of a p-centralizing generating set implies that H'(G, p) = 0;

(i) in the case F' = R and p = eX for some non-trivial character x : G — R, the
existence of a p-centralizing generating set implies that [x] lies in X(G), the BNS
invariant of G.

We will start with briefly recalling Brown’s characterization of ¥(G) in terms of actions
on R-trees [Br] and establishing a very simple property of group 1-cocycles.

We will need only very basic properties of group actions on R-trees (see, e.g. |AB] for
the proofs). Let X be an R-tree with metric d, and suppose that a group G acts on X by
isometries; denote the action by a. For each g € G define I(g) = inf e x d(a(g)z, x) (it is
known that the infimum is always attained), and let A; = {z € X : d(a(g)z,z) = 1(9)}.
An element g € G is called elliptic (with respect to «) if [(g) = 0, in which case A, is the
fixed point set of g. If [(g) > 0, then g is called hyperbolic. In this case A, is a line, called
the axis of g, and g acts on Ay as a translation by [(g); moreover, A, is the unique line
invariant under the action of g.

An action « is called
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o abelian if there exists a character x : G — R such that I(g) = |x(g)| for all g € G.
If such yx exists, it is unique up to sign, and we will say that « is associated with
X-
e non-trivial if it has no (global) fixed points and no (global) invariant line.
The following characterization of the BNS invariant ¥(G) was obtained by Brown [Bi]:

Theorem 3.1. Let G be a finitely generated group, and let x : G — R be a non-trivial
character. Then [x] € X(G) if and only if G has no non-trivial abelian actions associated
with x. Thus, by Theorem [L3, [G,G] is finitely generated if and only if G has no non-
trivial abelian actions.

Now let (p, V') be a non-trivial irreducible representation of a group G over a field F.
Recall that H'(G, p) = ZY(G, p)/B'(G, p) where

ZYG,p) ={f: G =V : f(zy) = f(x) + p(x)f(y) for all 2,y € G}
BYG,p) ={f:G — V : there exists v € V s.t. f(x) = p(x)v — v for all x € G}.

Lemma 3.2. Let G,p and V be as above, and let C,(G) be the set of all g € G such
that p(g) is a non-trivial central element of p(G). Let f € ZY(G, p) be a cocycle, and let
g € C,(G). The following hold:

(i) There exists a coboundary b € BY(G, p) with f(g) = b(g)
(ii) Suppose that f(g) = 0. Then f(x) =0 for every x € G such that f(gx) = f(zg);
in particular, f(z) =0 for every x € G which commutes with g.

Proof. (i) Since g € C,(G), by Schur’s Lemma the operator p(g) — 1 is invertible. Thus,
if v = (p(g) — 1)1 f(g), then the map b(z) = p(x)v — v is a coboundary with the required
property.

(ii) We have f(zg) = f(z) + p(z)f(g9) = f(z) and f(gz) = f(9) + p(9)f(z) = p(9) [ (2),
so (p(g) —1)f(z) = 0 and hence f(z) = 0. O

Definition. Let G, p and C,(G) be as above. Let S = {g1,92,...,9r} be a finite ordered
subset of G, and for each 1 < i < k let G; = (g1,...,9;). We will say that S is a
p-centralizing set if g1 € C’p(G) and for each 2 < ¢ < k there exists j < ¢ such that
gj € Cyo(G) and [g;, gj] € Gi—1.

The following straightforward observation describes a particularly simple instance where
G has a p-centralizing generating set:

Lemma 3.3. Let G,p and V be as above. Suppose that C,(G) contains a subset T such
that elements of T commute with each other and the union of the centralizers of elements
of T generates G. Then G admits a p-centralizing generating set.

Proposition 3.4. Let G be a finitely generated group. The following hold:

(a) If (p,V) is an irreducible representation of G over some field and G admits a
p-centralizing generating set, then H' (G, p) =0

(b) Let x : G — R be a non-trivial character and p = eX the corresponding 1-
dimensional representation. If G admits a p-centralizing generating set, then
[X] € 2(G). In particular, if G admits a mw-centralizing generating set for every
non-trivial 1-dimensional R-representation m, then |G, G| is finitely generated.
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Proof. In both parts of the proof we let S = {g1,...,9x} be a p-centralizing generating
set of G and G; = (g1,...,g;) for 1 <1i <k (so that Gy = G).

(a) Take any f € Z'(G, p). By Lemma B.2l(i), after modifying f by a coboundary, we
can assume that f(g;) = 0. Then f = 0 on G, and we will now prove that f = 0 on G;
for all 1 <7 < k by induction on 1.

Take ¢ > 2, and assume that f = 0 on G;_1. By hypothesis there exists 7 < i and
r € Gi_1 such that g; € C,(G) and g;g; = gjgir. Then f(gig;) = f(959:) + p(g;9:) f(r) =
f(9;gi), whence f(g;) = 0 by Lemma B.2(ii). Since G; = (Gi—1,gi), we have f(G;) =0 as
desired.

(b) The following argument is similar to the proof of the main theorem in [OK]. By
Theorem [3.1] we need to show that if (o, X) is an abelian action of G on an R-tree X
associated to x, then « is trivial. By assumption g; is hyperbolic (with respect to a)). We
claim that its axis A = Ay, is invariant under the entire group G (which will finish the
proof). We will prove that A is invariant under G; for all 1 <4 < k by induction on i.

Take ¢ > 2, and assume that A is invariant under G;_; (in particular, A is the axis
for any hyperbolic element in G;_1 by the uniqueness of the invariant line of a hyperbolic
element). By hypothesis there exists j < ¢ and r € G;—; such that g; is hyperbolic and
gi_lgjg,- = g;r. The element gi_lgjgi is also hyperbolic (being a conjugate of g;), and its
axis is a(gi_l)(.A). On the other hand gi_lgjgi = gjr € Gi_1, so A is the axis of gi_lgjg,-.
Thus, a(g; ')(A) = A, so A is gi-invariant and hence G-invariant. O

4. n-GROUPS AND REGULAR SL,(Z)-MODULES
For the rest of the paper, given n € N, denote by n the set {1,2,...,n}.

Definition. Let n € N. An n-group is a group G endowed with a collection of subgroups
{Gr1}rcn such that
(i) Gh =G

(ii) G € Gy whenever I C J
We will say that G is a good n-group if the following extra condition holds:

(i) Gy and Gy commute (elementwise) whenever INJ = () and I consists of consecutive

integers, that is, I = {i,i+1,...,i+ |I| — 1} for some i € n.

Given d € N, we will say that G is generated in degree d if G = (Gy : |I| = d).

The basic example of a good n-group that we will use in this paper is G = SL,(Z)
with {G} defined as follows. Let eq,...,e, be the standard basic of Z". Given I C n, let
7! = ®ic1Ze;, and let

(4.1) Gr={9€G:g(Z") CZ and g(e;) = e for all j & I}.

Clearly, SL,,(Z) is generated in degree 2, and G; commutes with G; for any disjoint
subsets I and J (in particular, condition (iii) holds). As we will explain at the end of this
section, 1A, has a natural structure of a good n-group generated in degree 3 and also
satisfying a stronger form of condition (iii). The unnatural restriction that I consists of
consecutive integers in (iii) is imposed so that the Torelli group I; satisfies the definition
of a good g-group for g > 3 — this easily follows from the results of [CP] and will be
explained in § 7.
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Next we introduce another slightly technical concept, that of a regular SL,,(Z)-module.
Informally speaking, a regular SL,(Z)-module is a graded (in a somewhat unconven-
tional sense) SL,(Z)-module which satisfies some key properties of an R-form of a finite-
dimensional SL,(C)-module (where R is some commutative ring).

Definition. Let V be an abelian group (written additively). A grading of V'is a collection
of additive subgroups {V; : I C n} of V such that

Svi-v
(note that the sum is not required to be direct). The degree of V' (with respect to the
grading {V;}), denoted by deg (V), is the smallest integer k such that Vi = 0 whenever
[I| > k (this automatically implies that }2 <, Vi = V). If no such k exists, we set
deg (V) = o0.

As usual, E;; € SLy,(Z) will denote the matrix which has 1’s on the diagonal and at the
position (7, j) and 0 everywhere else. By F;; € SLy,(Z) we will denote the matrix obtained

from the identity matrix by swapping i** and j* rows and then multiplying the ;™ row
by —1. Note that Ej = EZJEJ_ZIEU

Definition. Let {G; : I C n} be the subgroups of SL,(Z) defined by (£I]). Let V be
an SL,(Z)-module endowed with a grading {V;}. We will say that V is regular if the
following properties hold:

(1) G acts trivially on Vi if INJ =0

(2) fICn,iel, j¢I, then for any g € {Eij;l,Eﬁl} and v € V7 we have

gv = v € Vngugy T Vivgy
(3) f I C n,d,j € n with ¢ # j, then Fj;Vi = V|; j; where (i,j)I is the image of
I under the transposition (,j). In particular, if ¢« € I and j ¢ I, then Fj;V; =
Viiugy-

Condition (2) in the above definition is tailored specifically for the purposes of this
paper. Our notion of a regular SL, (Z)-module certainly has some formal similarities with
the notion of an FI-module from [CEF], but it is not clear if there are deep connections
between the two notions.

The following result provides our starting examples of regular SL, (Z)-modules.

Lemma 4.1. Let R be a commutative ring with 1, n > 2, let R™ be a free R-module of
rank n with basis ey, ..., ey, and let (R")* = Hompg(R"™, R) be the dual module, with dual
basis e7, ..., ek . Consider R" and (R™)* as SLy(Z)-modules with standard actions. Define
(R") iy = Rey, (R")”EZ.} = Re} for1 <i<nand (R"); =0, (R"); =0 for |I| # 1. Then
with respect to these gradings R™ and (R™)* are regular of degree 1.

Proof. The only non-obvious part is condition (ii) in the definition of a regular SL, (Z)-
module. Condition (ii) is vacuous if |I| # 1, so assume that I = {i} and j # 4, in which
case I\ {i} U{j} = {j} and T U {j} = {i,j}.

We have Ef;l(rei) = re;, Eﬁl(rei) —re; = Ere; € (R")y, Eﬁl(ref) =re}, Ef;l(re;‘) -
re; = Fre; € (R")’Ej}, so (ii) holds (note that in this case terms from Vi3 do not
arise). O
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Lemma 4.2. The following hold:

(a) Let V and W be regular SLy(Z)-modules.
(i) Define (Ve W) = Vi@ Wy, Then V@& W is regular and deg (V & W) =
max{deg (V'),deg (W)}.
(ii) Define (V@zW)r= > VLW, ThenV®zW is reqular and deg (V ®z
I=11UlI>
W) < deg (V) + deg (W)

(b) Let V' be a regular SLy(Z)-module and U a submodule. For I Cn set Uy =UNV;
and (V/U)r = Vi+U. Then V/U is always regular with deg (V/U) < deg (V),
and U is regular with deg (U) < deg (V') provided U = Y Uj.

ICn

(c) Suppose that SLy,(Z) acts on an N-graded Lie ring L = &5°_;L(m) by graded
automorphisms. Suppose that L is generated in degree 1 (as a Lie ring) and that
L(1) is a regular SL,(Z)-module of degree d. For each m > 1 and I C N define

L(m); = > LW)n,LM)g,..., L(1)1,] (s * %)

I=11UIU...Ul,,
Then L(m) is a regular SLy(Z)-module of degree at most md.

Proof. Parts (a)(i) and (b) are straightforward.

(a)(ii) As in the proof of LemmalLI], we only need to check condition (ii) in the definition
of a regular module. So take I Cn, i € [ and j ¢ I. It is enough to check the condition
for v of the from v = 2 ® y where x € V,, y € Wy, and I; U Iy = I. We will consider the
case when i belongs to both I; and I (the case when i only lies in one of those sets is
analogous). Thus, I = K7 U {i} and I, = Ko U {i} with i & K1, K.

Let g € {Ef;l,Eﬁl} Since V and W are regular, we have gr = x + x1 + x2 and
9y =y + Y1+ y2 where z1 € Vi, uj1, 22 = Viugigy 1 € Wiugsys %2 = Wiugijy- Then
71 ®@y1 € (VO W)k ur,ugy = (VO W)n g and each of the 7 terms » ® y1, 7 ® y2,
1 @Y, 11 ® Y2, T2 @Y, T2 ®y1 and T3 ® Yo lies in (V @ W)k, ur,upi iy = (V @ W)iugy,
so condition (ii) holds.

(c) Consider the map ¢ : L(1)®™ — L(m) given by p(v1®...Qvy,) = [v1,...,vy] (Where
the commutator on the right-hand side is left-normed). Since SL,,(Z) acts on L by graded
automorphisms, ¢ is a homomorphism of SL,(Z)-modules, and since L is generated in
degree 1, ¢ is surjective. Thus, L(m) is a quotient of L(1)®™ as an SL,(Z)-module, and
the grading (***) coincides with the quotient grading defined in (b). Thus, (c) follows
from (a)(ii) and (b). O

Given a group G, let L(G) = &2,viG/vi+1G. The graded abelian group L(G) has a
natural structure of a graded Lie ring with the bracket on homogeneous elements defined
by

[97i+1G, hyj 1G] = [g, h]yitj+1G for all g € 4G and h € 5G,
where [g,h] = g~'h~1gh. The bracket operation is well defined since [v;G,~;G] C 7i+;G-
It is clear from the definition that L(G) is generated in degree 1 as a Lie ring.

Theorem 4.3. Let G be a finitely generated group and L = L(G) = ©2,7G/vi+1G.
Suppose we are given another group I' which contains G as a normal subgroup and a
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homomorphism ¢ : SL,(Z) — I'/G. Define the action of SL,(Z) on L by automorphisms
by
(4.2) - (g+741G) = o(@)go(@) ™" + 741G for all x € SL,(Z), i €N and g € %G.
Letd €N, let N = [ﬁ} + 1, and suppose that
(i) G has the structure of a good n-group generated in degree d.
(i) L(1) = G/[G,G] = G® has the structure of a regular SL,(Z)-module of degree at
most d.

(iii) For every I C n, with |I| > d, the image of G1 in G = L(1) contains . L(1)y
JCI

Then G has a p-centralizing generating set for any non-trivial irreducible representation p
(over an arbitrary field F') such that Ker (p) 2 vnG.

In the remainder of this section we will show how Theorem [.3] can be applied to
G = IA,. The corresponding verification for the Torelli groups requires more work and
will be given in § 7.

4.1. Hypotheses of Theorem [4.3] hold for G = I A(n) with n > 3. In [Ma], Magnus
proved that IA,, is generated by the automorphisms Kj;, i # j and Kjji, 4, j, k distinct,
given by
)i x-_lxixj ) mie wifwgy, g
KZ’{mka]kfork#i’ K”k'{xlr—ﬂnlforl#i
Since KZ;,i = K, it is enough to consider Kjj; with j < k. The elements K;; and K,
with j < k will be referred to as the standard generators of I A,.

We claim that hypotheses of Theorem [4.3] are satisfied with I' = Aut (F,), G = I A,,
@ : SLy(Z) — Aut (F,)/IA, = GL,(Z) the standard embedding and d = 3.

Define the structure of an n-group on 4, as follows: for each I C n let ([A,); =
(Kij, Kiji, « 4,7,k € I). All properties in the definition of a good n-group are clear, and
I A, is generated in degree 3, so condition (i) in the statement of Theorem [£3] holds.

Next we describe TA% as a GL,(Z)-module. Recall that IA, and IA,(2) are de-
fined as the kernels of the natural maps Aut (F,) — Aut(F,/72F,) and Aut(F,) —
Aut (F,, /3 Fy), respectively. Define a map ¢ : IA,, — Hom(F, /v2Fyn, v2Fn/v3F,) by

(W(9))(x +v2Fn) =z tg(x) +3F, forall geIA(n),z € F,.
It is easy to see that v is a well defined homomorphism, Ker ¢ = I'4,,(2), and the elements
{(Kij), Y (Kijk)} span Hom(F, /v2Fy, v2F,/v3Fy), so 9 is surjective. Since IA,(2) =
[[A,,IA,] by [Ba, Lemma 5], we deduce an isomorphism of abelian groups:
IAZI) = Hom(Fn/72Fna 72Fn/73Fn)
Now let V =7". Then F, /v F, =V and o F, /v3F, =V AV as abelian groups. Thus,
TA® = Hom(V,V AV) 2 V*@ (VAV) (s * %)

as abelian groups, and it is straightforward to check that this is actually an isomorphism of
GL,(Z)-modules (see [Kaw, Thm 6.1] for a self-contained proof of this isomorphism). The
isomorphism (***) and Lemmas Bl and E2] imply that 1A% is a regular SL,(Z)-module
generated in degree 3, so condition (ii) in Theorem .3 holds.
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If eq,..., e, is the standard basis of V' and e],..., e} is the corresponding dual basis in

ren

V*, then the grading on W = V* @ (V A V) coming from Proposition [£] and Lemma
is given by

Wr = Z Ze; @ (e; A ey) where we do not require that ¢, j, k are distinct.
I={i.j,k}

Finally, it is easy to check that under the isomorphism (***), K;; maps to e ® (e; A €;)
and Kj;, maps to e ® (ej Aey). This shows that condition (iii) in Theorem 3] also holds.

5. PROOF OF THEOREM .3

Throughout this section we fix the notations introduced in Theorem A3l Without loss
of generality we can assume that the homomorphism ¢ : SL,(Z) — T'/G is surjective since
if not, we can replace I by o~ }(T).

Let (p, V) be a non-trivial irreducible representation of G over a field F' with ynvG C
Ker p. Recall that C,(G) denotes the set of all elements of G such that p(g) is central and
non-trivial.

Let m be the largest integer such that v,,G acts non-trivially on V', and let

H = Ker pNvy,,G.

Thus by assumptions 1 < m < N — 1, whence n > md(d + 1), and v,,G \ H C C,(G).
Now let L(1) = G/|G,G] and L(m) = G /Ym+1G. Given I C n, define L(m); as in
Lemma [£2(c). Then deg (L(m)) < md, that is,

(5.1) L(m) = Z L(m); and L(m); =0if |I| > md
[I|<md

Claim 5.1. If |I| > d, then the image of vmGr in L(m) contains L(m); for every J C 1.

Proof. Fix J C I. By definition L(m); is spanned by elements of the form [zq,...,zy]
where 3, € L(1),, for some J, C J. Since |I| > d, hypothesis (iii) of Theorem [£.3] implies
that there exist elements {gy € G}¢_, such that x;, = gx[G,G]. Then [z1,..., 2] is the
image in L(m) of the element [g1,..., gn] which lies in ~,,G;. O

Let U be any abelian group which contains an isomorphic copy of every finitely generated
abelian group, and let

Q= Homgz(L(m),U)
We will define the action of SL,(Z) on € in the usual way:
(g\)(x) = Mg 'z) for all g € SL,(Z),\ € Q and = € L(m).

Since G is a finitely generated group, L(m) is a finitely generated abelian group, whence
every subgroup of L(m) is the kernel of some element of 2. Choose A\ € € such that
Ker \y = H/vn+1G (recall that H = ~,,,G N Ker p).

Definition. Let A € Q. Define supp()), the support of A, to be the set of all subsets I C n
such that A does not vanish on L(m)y, that is, L(m); Z Ker A.
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Proposition 5.2. For 1 <k <d+1 let I = {(k—1)md+1, (k—1)md+2,...,kmd} (note
that I, C n since n > md(d + 1) by assumption). Suppose that supp(Ag) contains d + 1
subsets Ji, ..., Jgr1 such that J, C I, for each k. Then G has a p-centralizing generating
set.

Remark. Representations p satisfying the hypotheses of Proposition are the “suffi-
ciently random” ones we have referred to in the introduction.

Proof. For each k we have Ji, C I}, and |I;| = md > d. By Claim 511, the image of v, G,
in L(m) is not contained in Ker Ay = H/7y,+1G, so there exist elements g, € v, Gr, \ H C
C,(G) NGy, for 1 <k < d+1. Since Iy,...,Iq41 are disjoint and consist of consecutive
integers, the elements gx commute with each other by condition (iii) in the definition of a
good n-group.

Now take any I C n with |I| = d. There exists 1 < k < d + 1 such that I NI = (.
Then every element of G; commutes with gi. Since G is generated in degree d, applying
Lemma B3] with T = {g1,...,9x}, we conclude that G has a p-centralizing generating
set. ([l

To treat the general case, we observe that if we precompose p : G — GL(V) with a
conjugation by an element of I', existence (or non-existence) of a p-centralizing generating
set will not be affected. Suppose the new representation p’ is given by p'(z) = p(a~'za)

with a € T', and choose g € SL,(Z) such that ¢(g) = aG. Then

(Ker p' N ymG) /Ym+1G = a(Ker p N ymG)a™" /ymi1G
= g9((Ker p N ymG)/Ym41G) = g(H/ym1G) = gKer Ay = Ker (9An ).
Thus to prove Theorem (3] it suffices to show that there exists g € SL,(Z) such that

supp(gAp) contains d+1 subsets Jy, ..., Jgiq1 with Ji C I} (with I} from Proposition [5.2)).
This easily follows from Proposition 53] below.

Definition. Let 0 # A € Q and s € N. If Ay,..., Ag are elements of supp(A), define

D(Ar,...,As) = |Ai| = |4 N Al
i=1 i#]
The maximum possible value of D(Aq,..., As) will be denoted by Ds(\), and any s-tuple
in supp(\) on which this maximum is achieved will be called mazimally disjoint for .

Proposition 5.3. Let 0 # X\ and s be as above and let {Ay,..., As} C supp(A\) be maxi-
mally disjoint. Then one of the following holds:
(i) Ay,..., As are disjoint
(ii) UA; =n
(i) There exists g € SLy(Z) such that Dg(g\) > Dg(\)

First we explain why Proposition [5.3] finishes the proof of Theorem A3l Indeed, let
s = d+1. Then case (ii) above cannot occur unless (i) also holds. Indeed, if Ay,..., Agy1 €
supp (), then |Ag| < md by (1), so | UM A;] < (d+ 1) - md < n with equality only
possible if A; are disjoint. If we now choose gy € SL,(Z) such that Dy 1(goAx) is maximal
possible, then applying Proposition 53] to A = goAy we must be in case (i).
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Let Ay,...,Agqs1 be disjoint subsets in supp(goAg). Since |Ag| < md, there exists a
permutation o € S, such that o(Ay) C Ij for each k where I} are as in Proposition
Condition (3) in the definition of a regular module implies that supp(Fi;jpn) = (4, j)supp(i)
for all 4 € Q. Thus if we write o as a product of transpositions o = [][(i, ;) and let
g =1 Fi,j,, then supp (ggoAm) contains o(Ay) for each k, as desired.

Proof of Proposition [5.3. Assume that none of the conditions (i)-(iii) holds. Without loss
of generality we can assume that |4; N Aa| # (), and choose i € A1 N Az and j & US| A;.
Since the s-tuple (A1, ..., Ay) is maximally disjoint, supp(\) does not contain A\ {i}U{j}
and Ay U {j} for any k.

Now take any g € {Eij;-l, Ej;l} We claim that supp(g\) contains Ay for any k. Indeed,
by assumption Ay € supp (), so A(z) # 0 for some z € L(m),,. By conditions (1) and
(2) in the definition of a regular module, g~z —2 € L(m) a0\ qivugsy + L(m) 4,051 € Ker A
Hence (gA\)(z) = Mg~ 'x) = A(x) # 0, so Ay € supp (g\).

Since supp(gA) contains Aj, ..., As and (Aq,...,As) is also maximally disjoint for A,
we must have Dg(gA\) > Dg(\). On the other hand, Ds(g\) < Ds(A) by our hypothesis,
s0 Ds(gA) = Ds(A) and (A4, ..., As) is also maximally disjoint for gA.

Applying the same argument to Ej;;\, we conclude that (A41,..., A) is also maximally
disjoint for Ej_ilEij)\ and likewise maximally disjoint for EijEj_ilEij/\. In particular, Ay \
{iyu{j} ¢ supp(EijEj_ilEij)\). On the other hand, EijEj_ilEij = F;;, and condition (3) in
the definition of a regular module implies that supp(Fj;\) contains (i, j) A1 = A \{i}U{j},
a contradiction. O

6. PROOF OF THE MAIN THEOREMS FOR [A,, WITH N = 2

In this section we will prove Theorem [[4l for G = [ A,,, 4 < n < 12 and Theorem [[.6}a)
in the case N = 2, 4 < n < 12 (these are the only cases which do not follow from
Theorem E:{DE By Proposition 3.4, we are reduced to proving the following result:

Theorem 6.1. Let G = A, for some n > 4, and let (p,V) be a non-trivial irreducible
representation of G with Ker p 2 [G,G]. Then G has a p-centralizing generating set.

The general method of proof of Theorem [6.1] will be similar to that of Theorem [£.3] but
we will make use of specific relations in I A,, and properties of the action of SL,,(Z) on I A%
which are not captured by the notions of a good n-group and a regular SL,(Z)-module,
respectively.

We start with the list of relations in I A,, that will be used in the proof.

Lemma 6.2. Let ay,as,a3,b1,bs,b3 € n, and assume that {a;} are distinct and {b;} are
distinct. The following relations hold:

(Rl) [Ka1a2,Kb1b2] =1 Zf aq 75 bl,bg and b1 75 ai, az

(RZ) [Ka1a27 Kblbzbg] =1 Zf aj ?é b17 b27 b3 and bl 7& ai, a2
(R3) [Ka1a2a37 Kblbzbg] =1 Zf aj 7& b17 b27 b3 and bl 7& ai,az,as
(R4) [Kped, Kap) = [Kads Kac) if a,b,c,d € n are distinct

IThe restriction n < 12 will not be used in the proof.



ON FINITENESS PROPERTIES OF THE JOHNSON FILTRATIONS 15

For the rest of the section, G,n,p and V be as in Theorem [6.1] and define Q as in § 5
with m = 1. By discussion at the end of § 4,

G =L(1) = P Ze; @ (ej ANew) ® P Ze; @ (ei Ae)
j<k i#]
under the map which sends Kjjj to ef ® (ej A ex) and Kjj; to ef @ (e; Aej). Given A € Q,
define
cijk(A) = Ale; ® (&5 Aeg)).
The following two observations can be verified by direct computation. Observation

shows that when we act by an elementary matrix F;; on an arbitrary A € €2, at most 4 of
the coefficients c;z, will change.

Observation 6.3. Let i,j,a € n be distinct and A € Q. Then
Caaj(EijN) = Caqj(N) = Caai(N)
ciij(EigA) = ciij(A) — ¢j5i(A)
¢jja(EijA) = ¢jja(A) + ¢jai(A)
Ciia(EijA) = Ciia(X) — ¢jai(N)
and Coay(EijA) = coay(A) for all (z,y) # (a, ), (i, ), (4, a), (i, a).
Observation 6.4. Let i,j € n with ¢ # j and let o be the transposition (i,7). Then for
any A €  and z,y, 2z € n we have czy(Fij\) = £Co(z)0(y)o(z) (N)-
In the proof of the following lemma we will repeatedly use Observation without an

explicit reference.

Lemma 6.5. Assume that n > 4. Then for any nonzero A € Q there exists g € SL,(Z)
such that c112(gA), 221 (gA), c334(gA) and cqa3(gA) are all nonzero.

Proof. Step 1: There exists g1 € SLy,(Z) such that ¢112(g1A) # 0.
First of all, by Observation[6.4]it suffices to find distinct a,b € n such that c,q,(g1 ) # 0.
If cz0y(A) # O for some x # y, we are done. Suppose now that cyqy(A) = 0 for all z # y.
Then there must exist distinct distinct a, b, ¢ with cgp(A) # 0, in which case

Caab(Eca)\) = Caab()‘) + Cabc(>\) =0+ Cabc(/\) 7£ 0.

Step 2: There exists go € SL,(Z) such that cj12(g2)), c113(g2A) # 0.
By Step 1, we can assume that c112(A) # 0. If ¢113(\) # 0, we are done. And if ¢113(A) =
0, then 6113(E23)\) = 6113()\) — 6112()\) =0- 6112()\) 75 0 and 6112(E23)\) = 6112()\) 75 0

Step 3: There exists g3 € SL,(Z) such that either ¢112(g3A), c113(g3A), ca21(g3A) # 0 or
c112(937), c334(g3A) # 0

By Step 2, we can assume that c112(A), c113(A) # 0. If co24(X) # 0 or co21(A) # 0, we
are done (using Observation in the former case), so assume that cooq(A) = 221 (A) = 0.
We consider 3 cases.

Case 1: ¢923(A) # 0. Then
c224(E34\) = €224(X) — €223(A) = —c23(X) # 0



16 MIKHAIL ERSHOV AND SUE HE

c113(E34A) = c113(A) # 0
Hence 0113(E34)\), 0224(E34)\) 75 0.

Case 2: ¢923(A) = 0 and ¢132(A\) = 0. Then

cii2(Ean ) = cri2(A) #0
221 (E21\) = c221(A) — c112(A) = —c112(A) #0

c113(E21A) = c113(A) + c132(A) = criz(A) # 0.

Case 3: ¢923(A) = 0 and c¢132(\) # 0.
Again we have c112(E91A) # 0 and c991(E21\) # 0, and this time

c223(E21A) = c223(A\) — c132(N) = —ciz2(A) # 0.

Hence we are done by Observation

Step 4: There exists g4 € SL,(Z) such that c112(ga)), c334(gaA) # 0.

By Step 3, we can assume that c112(A) # 0, c221(A) # 0 and c113(A) # 0. If cqa3(X) # 0
or ca4(N) # 0, we are done (by Observation [6.4]).

So assume that cgq3(A) = c224(A) = 0. Then

c224(E14N) = €224 () — c221(A) = —ca21(A) # 0

Case 1: 6431()\) = 0. Then 6113(E14)\) = 6113()\) — 6431()\) 75 0, SO 6113(E14)\) 75 0 and
c224(Er14N) # 0.

Case 2: 6431()\) 75 0. Then C443(E14)\) = C443()\)—|—C431 ()\) = (431 ()\) 75 0 and 6221(E14)\) =
C221 ()\) 75 0, SO C443(E14)\) 75 0 and C221 (E14)\) 75 0.

In both cases we are done by Observation [6.4]

Final Step. By Step 4, we can assume that cj12(\), c334(A) # 0. Set a = 0 if c991(A) # 0
and a = 1 if c991(A\) = 0 and 8 = 0 if cgy3(N\) # 0 and S = 1 if egq3(A) = 0. Then
g= Eg‘lEfg satisfies the assertion of Lemma O

We are now ready to prove Theorem

Proof of Theorem[6.1l. Let H = Ker p. By Lemma [65] after precomposing p with con-
jugation by a suitable element of g € Aut (F,) (which has the effect of replacing H by
gHg™' and Ay by g\g), we can assume that H has empty intersection with the set
S = {Ki9, K21, K34, K43}. Using relations (R1)-(R3) of Lemma [6:2] it is easy to show
that the only standard generators of I A, which do not commute with an element of S
are K134, Ko34, K312, K412. However, by relations (R4) each of these 4 elements commutes
with an element of S modulo the subgroup generated by all K,,. Thus, if we order
the standard generators of I A, so that Kjo, K34, K21, K43 come first (in this order) and
K34, Kosq, K319, K412 come last, we obtain a p-centralizing generating set. O
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7. VERIFYING HYPOTHESES OF THEOREM [£.3] FOR THE TORELLI SUBGROUPS.

Let ¢ > 3, and let ¥ = E; be an orientable surface of genus g with 1 boundary
component. The mapping class group Mod; = Mod (251]) is defined as the subgroup
of orientation preserving homeomorphisms of Z; which fix 82; pointwise modulo the
isotopies which fix 82; pointwise.

Choose a base point pg on the boundary 0X. Since X has a bouquet of 2¢ circles as
a deformation retract, the fundamental group m = w1 (X, pg) is free of rank 2g; moreover,
for a suitable choice of a free generating set {ay, 5;}7_, of 7, the boundary X represents
II = [%_,[c, Bi]. Thus, there is a natural homomorphism from Mod; to the subgroup of
automorphisms of 7 which fix II. It is well known that this map is an isomorphism.

Thus, we can identify Mod}] with a subgroup of Aut (F3g), and using this identification
we can define the Johnson filtration {Igl(k:)}z":1 by Igl(k:) = Mod; N ITAy (k). The sub-
groups Igl = I;(l) and jgl = 191(2) are known as the Torelli subgroup and the Johnson
kernel, respectively. Note that Igl can also be defined as the set of all elements of Mod;
which act trivially on the integral homology group H 1(251]).

For the rest of this section we set M = Mod;, 7= I; = I;(l) and J = jgl = I;(Z).
Our goal is to show that the hypotheses of Theorem [£.3 hold for ' = M, G =7, d = 3
and n = g. The homomorphism ¢ : SLy(Z) — M /T will be defined in § (assuming
the canonical isomorphism M /Z = Sp(V') defined in § [7.2)).

7.1. The g-group structure on Z. We can think of 251] as a (closed) disk with g handles
attached; call the handles Hy, ..., H,. Choose disjoint subsurfaces S1,..., S, each home-
omorphic to X}, such that S; contains H;. As shown in [CP §4.1], for each I C g, one can
construct a subsurface S; homeomorphic to E|11| such that the following properties hold:

(1) Sgiy = S for each i € n and Sy, =X
(2) S;CSyiftr1cCJ
(3) (see Figure 2 in [CPl §4.1]) Let I,J C g be disjoint subsets satisfying one of the
additional properties:
(i) i< jforalliel and j € J (or vice versa)
(ii) There exist j1,j2 € J with j; < jo such that the interval {j; +1,...,j2 — 1}
contains I and does not contain any elements of J.
Then there exist disjoint subsurfaces S} and S’ isotopic to St and Sy, respectively.

Note that if I and J are disjoint and I consists of consecutive integers, then (i) or (ii)
above must hold.

Now define Z; to be the subgroup of Z consisting of mapping classes which have a
representative supported on S;. Properties (1)-(3) above imply that Z = I; is a good g-
group (here we use the obvious fact that homeomorphisms supported on disjoint surfaces
commute), and by [CPl Proposition 4.5], this g-group is generated in degree 3.

7.2. Hi(X) as an Spyg(Z)-module. Let V = H;(X). Then V is a free abelian group of
rank 2g endowed with the canonical symplectic form

([ad, [B]) = [ - [B]
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where [o] - [f] is the algebraic intersection number between the closed curves a and 8 on
Y. Clearly the action of M /Z on V preserves this form, so there is a canonical group ho-
momorphism M /Z — Sp(V') where Sp(V') is the group of automorphisms of V' preserving
the above form. It is well known that this homomorphism is an isomorphism, so from now
on we will identify M /Z with Sp(V').

Out next goal is to describe the abelianization Z% as an Sp(V)-module. First we will
introduce two quotients of Z%, the largest torsion-free quotient and the largest quotient
of exponent 2. The corresponding homomorphisms defined on Z are called the Johnson
homomorphism and the Birman-Craig-Johnson homomorphism and will be denoted by 7
and o, respectively.

7.3. Johnson homomorphism. The symplectic form introduced above yields a canoni-
cal isomorphism of Sp(V)-modules V* = V. By the same logic as in the case of automor-
phisms of free groups, there exists a homomorphism of Sp(V')-modules

T:Z—>VVAV)

with Ker (1) = J, the Johnson kernel. It is called the Johnson homomorphism. Unlike the
case of automorphisms of free groups, 7 is not surjective, and Johnson [Jo3] showed that
its image is spanned by elements of the form u® (v Aw) +v® (wAu) +w® (uAv). The
latter subspace is clearly Sp(V)-isomorphic to A3V, so Z/J = A3V as Sp(V')-modules.

We will use an explicit formula for the values of 7 on a suitable generating set for
Z, which is discussed below. For each simple closed curve v on ¥ denote by T), € M =
Mod (%) the Dehn twist about 7. Now let (7, d) be a pair of disjoint non-separating simple
closed curves on ¥ such that

(i) v and ¢ are homologous to each other and non-homologous to zero.
(ii) the union v U ¢ separates 3; moreover, if X, 5 is the connected component of
¥\ (yUd) which does not contain 9%, then 3, 5 has genus 1.
(ili) ~y is oriented in such a way that X 5 is on its left.

Johnson [Jol] proved that the Torelli group Z is generated by elements of the form 7,7, 5_1,
with (v,d) as above, so it suffices to know the values 7 on such elements.

Given (,0) as above, let ¢ € V = H;(X) be the homology class of v, and choose any
a,bc Hi(X,5) C Hi(X) such that a-b = 1. Then

(7.1) (T, T; ) =anbrc

For the justification of (7.I]) and the related formula (7.2)) below see [Jo6), § 2] and references
therein.

7.4. Birman-Craig-Johnson homomorphism. Now let Vp, = V @ Fy & H;(3,F)).
Let B be the ring of polynomials over Fy in formal variables X = {v : v € Hp, \ {0}}
subject to relations

R) v+w=v+w+v -wforall v,w e X

(R2) 7?2 =T for all 7 € X
The group Sp(V) has a natural action on B by ring automorphisms such that ¢(v) = go
for all ¥ € X. Let B, be the subspace of B consisting of elements representable by a
polynomial of degree at most n. Then each B,, is an Sp(V)-submodule, and it is easy to
see that B,,/B,_1 = A"V, for each n > 1 (as Sp(V)-modules).
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In [Jo2], Johnson constructed a surjective homomorphism o : Z — Bs which induces an
Sp(V)-module homomorphism Z% — Bs. Following [BF], we will refer to o as the Birman-
Craig-Johnson (BCJ) homomorphism. We will not discuss the conceptual definition of o
in terms of the Rochlin invariant and instead give an explicit formula for ¢ on elements
T,T; " with (v, 0) satisfying (i)-(iii) above:

(7.2) o(T,T; ') =ab(e + 1).

where a,b and ¢ are defined as in (.I]) except that this time they are mod 2 homology
classes.

7.5. The full abelianization. Let o : AV — A3V, be the natural reduction map, and
let 3 : B3 — A3Vf, be the unique linear map such that 8(Bg) = 0 and S(Uv W) = uAvAw
for all u,v,w € Vg,. Clearly @ and g are both Sp(V')-module homomorphisms. Let

(7.3) W = {(u,v) € A3V @ Bz : a(u) = B(v)}

Theorem 7.1. The map (1,0) : Z% — A3V x Bs given by g + [G, G] — (7(g),0(9)) is
injective and Im ((1,0)) = W.

Proof. The fact that Im (7,0) € W holds by [Jo3l Theorem 4] and also follows immedi-
ately from (ZI]) and (T.2]). Once this is established, the opposite inclusion follows from
o(Ker 1) = Ker 3, and the latter holds by [Jo2, Lemma 4]. Finally, injectivity of (,0) is
proved in [Jo6]. O

Now let I C g be any subset with |I| > 3, and let S; be the corresponding subsurface
of ¥ introduced in § [Z.Il Since Sy is itself a closed orientable surface of genus > 3 with
one boundary component, we can repeat the entire construction described in this section
starting with S7 instead of X, so in particular we can define the modules V(I) = H1(Sy)
and Bs3(I) and the homomorphisms 77 : Z; — A3V (1) and oy : Z; — B3(I) (recall that Z;
was defined as the subgroup of Z consisting of mapping classes supported on Sy, but this
group is canonically isomorphic to the Torelli subgroup of Mod (S7)).

Proposition 7.2. The following diagrams are commutative

(7.4) (Zr)™ —= AV (1) (Z1)™ == By(I)
] L
70— A3V 7% —7 > B3

where the vertical maps are induced by the natural inclusions Ir — Z and H1(S1) — H1(2).

Proof. For both diagrams, it is enough to check commutativity for the values on the
generators TyTé_l. This follows immediately from (7)) and (7.2) since if v and 0 are
curves on St satisfying (i)-(iii), replacing Sy by ¥ will not change the surface 3, 5 or the
homology classes a,b and c. O
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7.6. I% as a regular SL,(Z)-module. For each 1 < i < g choose any basis {a;,b;} for

g

Hy(S;) CV st a;-b; =1. Then V = € (Za; ® Zb;), and {a;,b;}7_, is a symplectic basis
i=1

for V, that is, a;-aj; = b;-b; = 0 for all 4, j, and a;-b; = 6;j. Now define ¢ : SLy(Z) — Sp(V)

by
e = (5 1)

where the above matrix is with respect to the ordered basis (a1,...,aq,b1,...,by). This
yields SLy(Z)-module structures on A*V, Bs and hence on W defined by (7.3). We also
obtain an action of SL,(Z) on L(Z) by Lie algebra automorphisms via (4.2]) using ¢ above
(recall that Sp(V') is canonically isomorphic to M/Z), and it is straightforward to check
that (7,0) : Z% — W from Theorem [l is an isomorphism of SL,(Z)-modules.

We could proceed working directly with W, but things can be simplified further with
the following observations. Let 7 : By — EB?:O A® Vi, be the unique linear map such that
(1) =1,7(T) =z, 7(TY) = xAy and 7(TYZ) = xAyAz where z, y, z are distinct elements
of the basis {a;,b;}/_,. Clearly, 7 is bijective, and it is straightforward to check that 7 is
an isomorphism of SLg(Z)-moduleSE (but not an isomorphism of Sp(V')-modules!)

3
Now define ' : A3V @ B3 — A3V @ @ AV, by 7' (u,v) = (u, m(v) —a(u)). Clearly, ©’ is

=0
2 .
an isomorphism of SL,(Z)-modules, and it is easy to show that ©/(W) = A3V & @ A'V,.

=0
Thus we have the following isomorphism of SL,(Z)-modules:

2
A=7o(r0) I 5 AV & <@ NV&) | (%)
i=0
It is easy to see that V' is a direct sum of the natural SLy(Z)-module Z9 and its dual.
Using Lemmas 4.1] and and the isomorphism A, we endow Z% with the structure of
a regular SLg(Z)-module generated in degree 3, so condition (ii) in Theorem K.3] holds.
Here is an explicit description of the obtained grading on Z%. The symbol e; stand for a;
or b;.
(1) If I = {i < j < k}, then (Z%); = \"H(®Ze; Aej Aey).
(2) If I = {i < j}, then (Z%); = A"} ((®@Ze; AajAb;) D (©Zej Na; Ab;) D (©Fae; Aej)).
(3) If 1 = {Z}, then (Iab)] = A_l(Fgai ) ngi)
(4) If I = (), then (Z%); = A~1(Fo)
It remains to check condition (iii). In the argument below the reader should not confuse
(Z%);, the I-component of Z% as defined above, with (Z;)?, the abelianization of the
group Z;. Let I C g, with [I| > 3, and let ¢; : (Z;)® — I be the natural map.

We need to show that 17((Z7)?) contains 3 (Z%); or, equivalently, that X\ o t7((Z7)®)
JCI

contains 3 A((Z%);). We claim that the latter two sets are both equal to Z; := A3V (I)@®
JCI

2This is true since SLg(Z) preserves both V4 = ®Za; and Ve = @Zb; and the intersection form vanishes
on both V4 and Vg
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2
<@ /\ZV(I)F2> (where we identify V(I) = H;(Sr) with its image in V' = H;(X)). Indeed,
i=0

Z_)\((I“b)J) = Zp directly from (1)-(3) above, while the equality A o t7((Z;)®) = Z;
JCI
follows easily from Proposition

8. ABELIANIZATION OF FINITE INDEX SUBGROUPS IN Aut (F,,) AND Mod (Z‘,;)

A group G is said to have property (FAb) if every finite index subgroup of G has finite
abelianization. Clearly Aut (F3) does not have (FAD) since it projects onto G Lo(Z), which
is a virtually free group. The group Aut (F3) also does not have (FAb) — this was proved by
completely different methods in [Mc2] and [GL]. The question whether Aut (F,,) has (FAb)
for n > 4 is wide open. To the best of our knowledge, the only (sufficiently general) class
of finite index subgroups of Aut (F,,) for which abelianization was (previously) known to
be finite are subgroups containing I A,, — this has been proved for all n > 3 independently
in [Bh| and [BV]. Slightly more was known in the case of mapping class groups. In [Mcl],
it was proved that Mod 3 does not have (FAb), and it is a well known conjecture of Ivanov
that Mod; has (FAb) for ¢ > 3. In the case ¢ > 3, in [Ha] it was proved that H is
finite for every finite index subgroup of Mod; containing the Torelli subgroup (see also
[Mc1] for a short elementary proof). In [Pul] this result was extended to all subgroups
containing a large portion of the Johnson kernel (in suitable sense); in particular, to all
subgroups containing the Johnson kernel itself. &

In this section we will prove Theorem [T restated below. In particular we will establish
finiteness of abelianization for all finite index subgroups of Aut (F,) and Mod ! which
contain the N*® term of the Johnson filtration, provided n > 12(N — 1).

Theorem 1.7. Let (G, K) be as in Theorem [1.2, and let I' = Aut (F,,) if G = IA,, and
I'=Mod, if G =TI}. The following hold:
(1) If H is a finite index subgroup of G which contains K, then the restriction map
HY(G,C) — H'(H,C) is an isomorphism
(2) If H is a finite index subgroup of T' which contains K, then H has finite abelian-
1zation.

Theorem [I.7] is a direct consequence of Theorem and the following general result.

Theorem 8.1. Let ' be a group and G and K normal subgroups of I' with K C G.
Assume that (G, K, C) is nice. The following hold:

(1) Let H be a subgroup of T’ which contains K, is normalized by G and such that [GH :
H] < 0o. Then the restriction map H'(GH,C) — H'(H,C) is an isomorphism.

(2) If H is any finite index subgroup of G containing K, then the restriction map
HY(G,C) — H'(H,C) is an isomorphism.

(3) Assume in addition that T is finitely generated and M is finite for every finite
index subgroup M of T' which contains G. Then H® is finite for every finite index
subgroup H of I' which contains K.

3The results of [Ha] and [Pul] apply to mapping class groups of surfaces with an arbitrary number of
punctures and boundary components
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The extra hypothesis in part (3) holds for (I',G) = (Aut(F},),[A,) with n > 3 or
I,G) = (Mod;,l';) for ¢ > 2 by the results from [BL|, [BV] and [Ha] mentioned at the
beginning of this section.

Proof of Theorem [81l. (1) By Shapiro’s Lemma H(H,C) = HY(GH, Coind% (C)) where
CoindgH (C) is the coinduced module. By assumption, H is a normal finite index subgroup
of GH, so we have the following isomorphisms of GH-modules:

CoindZ"(C)) =ClQl= € (dimV)V
Velrr(Q)

where Q = GH/H and Irr(Q) is the set of equivalence classes of irreducible complex
representations of ). Hence

H'(H,C)2H'GH,C)» P HY(GH V)™V
Velrr(Q)\Vo

where V) is the trivial representation of (. Moreover, the inclusion H'(GH,C) —
H'(H,C) coming from the above isomorphism is the restriction map.

Thus, we only need to show that H'(GH,V) = 0 for every non-trivial irreducible
representation V' of (). Take any such representation V. The exact sequence of groups
1—G— GH — GH/G — 1 yields the following inflation-restriction sequence:

0— HYGH/G,V®) — HY(GH,V) - HY(G, V), (% * %)

Since V is irreducible and non-trivial, we have V& = 0. Since (G, K, C) is nice and K
acts trivially on V, we have H'(G,V) = 0. Thus (***) implies that H*(GH,V) = 0, as
desired.

(2) If H is normal in G, the result follows directly from (1). In general, since H has
finite index in G and K is normal in G, there exists a finite index normal subgroup H' of G
with K C H' C H. Then by (1) the composite restriction map H'(G,C) — H'(H,C) —
H'(H' C) is an isomorphism, whence H'(H,C) — H!'(H’,C) is surjective. Injectivity of
H'(H,C) — H'(H',C) is automatic since H' has finite index in H.

(3) Again the result follows from (1) if H is normal in I'. Indeed, GH has finite index in
I, so (GH)® is finite, whence H'(GH,C) = 0 and thus H'(H,C) = 0 by (1). Since H has
finite index in I' and T is finitely generated, H is also finitely generated, so H*(H,C) =0
forces H® to be finite. In general, we can find a finite index subgroup H’ of H which is
normal in I', and H® is finite whenever (H') is finite. O
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