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Abstract. We initiate a study of maximal subgroups and maximal von Neumann subal-
gebras which have the Haagerup property. We determine maximal Haagerup subgroups
inside Z? x SL>(Z) and obtain several explicit instances where maximal Haagerup sub-
groups yield maximal Haagerup subalgebras. Our techniques are on one hand based on
group-theoretic considerations, and on the other on certain results on intermediate von
Neumann algebras, in particular these allowing us to deduce that all the intermediate al-
gebras for certain inclusions arise from groups or from group actions. Some remarks and
examples concerning maximal non-(T) subgroups and subalgebras are also presented, and
we answer two questions of Ge regarding maximal von Neumann subalgebras.
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Introduction

The study of maximal von Neumann subalgebras with particular properties has a
long and rich history, dating back to the origins of the subject. In particular the
role of maximal abelian subalgebras was realised early on by Dixmier and others
(see for example [32]), came to prominence with the groundbreaking results of
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Feldman and Moore ([33]) and plays a central role in the modern study of structure
and rigidity of von Neumann algebras ([44]). With time it became clear that
similarly one can ask about concrete maximal amenable (in other words injective)
von Neumann subalgebras. Here the breakthrough work is due to Popa, who
showed in [61] that the so-called generator masa in a free group von Neumann
algebra is also maximal amenable.

The context for Popa’s result is the fact that from the early days of the the-
ory of operator algebras countable discrete groups formed a very rich source of
examples; in particular the key theorem of [61] implies a much easier fact that
7. < I, is a maximal amenable subgroup. In recent years there has been a re-
newed interest in asking when, given a maximal amenable subgroup H < G, the
von Neumann algebra L(H) is a maximal amenable von Neumann subalgebra
of L(G). Satisfactory sufficient conditions, leading to several concrete examples
of this phenomenon, were obtained by Boutonnet and Carderi ([7] and [6]). It is
also worth noting that some maximal amenable subgroups do not lead to maximal
amenable subalgebras.

Another approximation property for von Neumann algebras, originating in the
work of Haagerup on free groups ([38]), is the Haagerup property ([24], [22],
and [48]). This again has proved to be very fruitful for the study of operator alge-
bras, partly due to its geometric interpretations, partly as it weakens amenability
and yet offers some tools to study the algebra in question, and finally because it
forms a strong negation of Kazhdan’s Property (T) (see [4] and [17]). In the last
decade the Haagerup property played also an important role in the study of quan-
tum groups ([8] and [26]); this motivated the extension of the concept beyond
finite von Neumann algebras to arbitrary ones (see [14] and references therein).

In this work we initiate a study of maximal Haagerup von Neumann subalge-
bras. The difficulties in approaching this problem are two-fold: first of all rela-
tively little seems to be known on maximal Haagerup subgroups, and secondly the
only well-known obstruction to the von Neumann algebraic Haagerup property is
relative Property (T) (although see [20], where Chifan and Ioana proved that the
situation in general is more subtle). Thus we begin our study by analysing exam-
ples of maximal Haagerup subgroups in concrete groups without the Haagerup
property. In particular we characterise all the maximal Haagerup subgroups in
7 x SL,(Z), showing they are of two types:

e 72 x C, where C < SL,(Z) is a maximal amenable subgroup;

o {(c(g),8):g € K}, where K < SL,(Z) is non-amenable and c: K — Z? is a
cocycle which cannot be extended to a larger subgroup.

We also record concrete examples of maximal non-(T) subgroups in Property (T)
groups.

As we pass to the von Neumann algebraic context, we should stress that our
operator algebraic techniques are mostly in a spirit opposite to this appearing
in the aforementioned work of Popa; in his context, namely for the inclusion
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L(Z) c L(IF,), there is no hope to describe all the intermediate von Neumann
algebras, whereas our methods in most cases require knowing that the intermediate
algebras come from groups, from group actions, or from equivalence relations.
Such a requirement might seem at first glance somewhat limiting, but in fact it is
quite natural: for example given a Cartan inclusion A C M by [33] we know not
only that M can be realised as the von Neumann algebra of an equivalence relation,
but also that all the intermediate von Neumann algebras are of this form. Further a
version of Galois correspondence (see for example [21]) says that the intermediate
algebras for the inclusion M C M x I for an outer action of a discrete group I" on a
factor M must all come from subgroups of I'. Recent years brought many deeper
results of this type, notably these in [65], [1], [59], [12], and [18]. We will use
these, together with certain extensions established here (see say Theorem 3.7 or
Lemma 3.12) to exhibit concrete examples of maximal Haagerup subalgebras.

Using such strategy, among other things we show that the following group
inclusions have the property that H is a maximal Haagerup subgroup of G, and
similarly the von Neumann algebra L(H) is a maximal Haagerup von Neumann
subalgebra of L(G):

o 7Z2xC < Z?xSL,(Z), where C < SL,(Z) is a maximal amenable subgroup
such that Z2 x C is also ICC;

o Ar K < A", where A is an amenable ICC group, and K < T is a maximal
Haagerup subgroup;

o ASLy(Z) < (A®S2(®) x 72) % SL,(Z), where A is an ICC group with the
Haagerup property;

o SLy(Z) * SLy(Z) < Z? x (SLy(Z) * SL,(Z)), where the action is defined by
first factoring onto the first copy of SL,(Z), then combing with the standard
matrix multiplication;

e Zr K <Z:T,where I' = Z? xSLy(Z), K = Z?> x C and C < SL,(Z) is
a maximal amenable subgroup.

The above list is not exhaustive; in particular we obtain also some examples
which are related to a general crossed product construction. Some of the new
results on intermediate von Neumann algebras should be of use also in some other
contexts; it is worth noting that stronger versions of some theorems we prove here
(notably on profinite actions) were independently obtained in [18] and applied in
the context of the classification of von Neumann algebras. Here we show how to
exploit such results to answer certain questions of Ge from [34].

Many questions related to maximal Haagerup subalgebras remain open, and
we list what we believe to be the most important ones in the end of our paper.

The detailed plan of the paper is as follows. In Section 1 we recall the def-
inition of the group-theoretic and von Neumann algebraic Haagerup properties,
recall their key features to be used in the sequel and prove some elementary facts
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on existence of maximal objects. In Section 2 we discuss maximal Haagerup sub-
groups. After analysing general behaviour of this notion in various products and
providing first examples, we ask a question about the existence of Haagerup radi-
cals, understood as largest normal Haagerup subgroups, and identify them inside
SL3(Z) and Z? x SL,(Z). Then we prove the first of our main results, charac-
terisation of maximal Haagerup subgroups inside Z? x SL,(Z) and discuss in
detail the groups which may appear as such. We finish this section by exhibiting
concrete maximal Haagerup subgroups inside SL3(Z) and Z> x SL3(Z). In Sec-
tion 3 we focus on the von Neumann algebraic context, and produce examples of
maximal Haagerup subalgebras using respectively the work of Ioana on ergodic
equivalence relations inside SL,(Z) ~, T2, Galois correspondence of Choda, ex-
tremely rigid actions, free products, pro-finite actions and finally roughly normal
subgroups. Here we also answer in the positive two questions of Ge regarding
maximal von Neumann algebras. Section 4 is devoted to Property (T): we exhibit
explicit maximal non-(T) subgroups in Property (T) groups, discuss some cases
where maximal (T) or non-(T) subalgebras exist and present a concrete example of
a maximal non-(T) von Neumann subalgebra inside a I1; -factor with Property (T);
it is worth mentioning that other explicit examples of the last instance were ob-
tained in parallel in the article [19]. Lastly in Section 5 we present a short list of
open problems.

All the groups will be discrete and countable; von Neumann algebras will be
mostly finite (although in Section 1 we will briefly discuss general o-finite von
Neumann subalgebras). Inclusions of von Neumann algebras will be always unital,
and we will sometimes simply write N < M if N is a von Neumann subalgebra
of M; and similarly H < G if H is a subgroup of G. If M is a von Neumann
algebra equipped with a faithful normal state ¢ then a von Neumann subalgebra
N < Mwill be called ¢-expected if there exists a ¢p-preserving (normal) conditional
expectation from M onto N. We say that H is a nontrivial subgroup of G if
{e} # H # G; a group is nontrivial if it has more than one element. If H, G
are groups, then H®C will denote the direct sum of copies of H indexed by G,
so that we have a natural shift action G ~, H®% and the corresponding wreath
product H ? G. Often we will need the case where K is a subgroup of G acting on
H®C by shifts; then we write the corresponding semidirect product as H g K.
The term ICC stands for infinite conjugacy classes.

1. Haagerup property — general aspects

In this section we recall the basic definitions and features of the Haagerup property
for groups and von Neumann algebras, which will be used in the rest of the paper.
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Groups. The notion of the Haagerup property of a (locally compact) group has
its roots in the famous article [38].

Definition 1.1. A group G has the Haagerup property if there exists a sequence
of positive-definite functions in co(G) which converges to 1 pointwise.

On the other hand, recall one of the equivalent characterisations of Kazhdan’s
(relative) Property (T).

Definition 1.2. A group G has the Kazhdan Property (T) (relative to a sub-
group H) if every sequence of continuous positive-definite functions on G which
converges to 1 pointwise converges to 1 uniformly (on H).

For more information on these two properties we refer to the books [17] and [4].
Note that sometimes for brevity we will simply say that G is Haagerup or G is
Kazhdan; or that the inclusion H < G is rigid (meaning that G has Property (T)
relative to H). These properties are often viewed as strong negations of each other:
if G is both Haagerup and Kazhdan, then it must be finite.

Proposition 1.3. Suppose that H is a subgroup of a group G and that H has
the Haagerup property. Then there exists a maximal Haagerup subgroup of G
containing H.

Proof. This follows by a standard Kuratowski—Zorn argument and the fact that a
union of an increasing sequence of discrete countable groups with the Haagerup
property is Haagerup ([17, Proposition 6.1.1]). O

We record here the analogue of this fact for non-Kazhdan groups (noting also
that for obvious reasons it cannot hold for Kazhdan groups: it suffices to consider
say (7./27,)%>).

Proposition 1.4. Suppose that H is a subgroup of a group G and that H has
does not have Kazhdan’s Property (T). Then there exists a maximal subgroup of
G containing H and not having Property (T).

Proof. To apply the Kuratowski—Zorn argument it suffices to note that Kazhdan
groups must be finitely generated; so if there was an increasing sequence of non-
Kazhdan groups with the union having Property (T), then the sequence would in
fact have to stabilise, which gives a contradiction. |

Finally, we recall the key permanence result and the key obstacle for the
Haagerup property; the first proposition is [17, Proposition 6.1.5], and the second
is an obvious consequence of the relevant definitions. These will be used further
without any comment.
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Proposition 1.5. Suppose that H is a subgroup of a group G. If H has the
Haagerup property and the algebra £*°(G/H) admits a G-invariant state, then
G has the Haagerup property. In particular amenable extensions of Haagerup
groups are Haagerup, and if G admits a finite index Haagerup subgroup, then G
itself is Haagerup.

Proposition 1.6. If a group G has relative Property (T) with respect to an infinite
subgroup, then G is not Haagerup.

Naturally, Proposition 1.5 remains true if one replaces everywhere the Haagerup
property by amenability. Furthermore Proposition 1.6 implies that neither Z? x
SL,(Z) nor SL3(7) are Haagerup (and the latter one is in fact Kazhdan). We
record here a relevant lemma due to Burger ([10]).

Proposition 1.7. Suppose that G < SL,(Z) is a non-amenable subgroup. Then
the inclusion 7> < 7 x G is rigid, so in particular Z? x G is not Haagerup.

Von Neumann algebras. The following definition extends the one given in [24]
and then studied for example in [22] and [48] for finite von Neumann algebras.
The formulation below comes from [16]; it is equivalent to the one proposed by
Okayasu and Tomatsu in [57], as shown for example in [14]. For the terminology
“KMS-implementation” we refer to [16]; if M is a finite von Neumann algebra
with a fixed trace it is equivalent to the usual L2-implementation of a given unital
completely positive and trace preserving map on the Hilbert GNS-space.

Definition 1.8. Let M be a o-finite von Neumann algebra. We say that M has the
Haagerup property if for some faithful normal state ¢ on M there exists a sequence
of unital completely positive ¢-preserving maps whose K M S-implementations
on the Hilbert space L?(M, ¢) are compact and converge strongly to identity.

As shown in [15] and [16] in fact the existence of such maps does not depend
on the choice of ¢. As expected, the terminology is consistent with that discussed
earlier for groups. Choda showed in [22] that a group G has the Haagerup property
if and only if the von Neumann algebra L(G) has the Haagerup property.

Propositions 1.5 and 1.6 have their von Neumann algebraic counterparts. The
crossed product case of the theorem below is [48, Proposition 3.1] (it remains valid
also for arbitrary, not necessarily finite, von Neumann algebraic crossed products
by amenable groups, as shown in [16, Theorem 6.6] or [57, Theorem 5.13]); the
general statement is [2, Theorem 5.1].

Theorem 1.9. Suppose that M is a finite von Neumann algebra with a von Neu-
mann subalgebra N. If N has the Haagerup property and the inclusion N < M is
amenable in the sense of [62], then M has the Haagerup property. In particular if
N is Haagerup and G is an amenable group, then N x G is Haagerup.
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The following result follows directly from the definition of relatively rigid von
Neumann subalgebras ([64, Section 4]). It is worth noting that until recently it was
the only known technique of showing that a von Neumann algebra is not Haagerup,
but in [20] Chifan and loana, using earlier results of de Cornulier, exhibited an
example of a non-Haagerup von Neumann algebra with no relatively rigid diffuse
subalgebras.

Proposition 1.10. Suppose that M is a finite von Neumann algebra with a diffuse
von Neumann subalgebra N such that the inclusion N < M is rigid. Then M does
not have the Haagerup property.

The following result in the finite case follows from Theorem 2.3 (ii) in [48].

Lemma 1.11. Suppose M is a von Neumann algebra equipped with a faithful nor-
mal state ¢. Let (N,)new be an increasing sequence of ¢p-expected von Neumann
subalgebras of M with the Haagerup property. Then the von Neumann algebra
N:= (Unen Nn)// is a ¢p-expected Haagerup von Neumann subalgebra of M.

Proof. Takesaki’s theorem on existence of ¢-preserving conditional expecta-
tions ([66]) implies that the modular automorphism group leaves each N, globally
invariant; the same is then true for N, so using Takesaki’s theorem again we deduce
that N is ¢-expected. Denote the respective ¢-preserving conditional expectations
by E,:M — N, E:M — N. Then the sequence (E,),en converges pointwise
strongly to IE; moreover we can view the Hilbert spaces L2(N,, ¢) as subspaces of
L?(N, ¢) and in this picture the KMS-implementations of [, converge strongly to
identity on L2(N, ¢) (see for example [49, Section 2]). Denote the approximating
maps on each of the N, by (<I>,(€")),2°=1; the standard argument using finite subsets
of N and € > 0 allows us to construct an approximating net on N out of the maps
of the form dDI(C") o E,. O

Then we have the following corollary (once again arguing via the Kuratowski—
Zorn Lemma).

Corollary 1.12. Let M be a von Neumann algebra, let ¢ be a normal state on
M and assume that N is a ¢-expected von Neumann subalgebra of M with the
Haagerup property. There exists a maximal ¢p-expected von Neumann subalgebra
of M containing N which has the Haagerup property. In particular if M is a finite
von Neumann algebra with a Haagerup von Neumann subalgebra N then there
exists a maximal Haagerup von Neumann subalgebra of M containing N.

The following is Theorem 3.12 of [57].

Proposition 1.13. Let a von Neumann algebra M be represented on a Hilbert
space H. Then M has the Haagerup property if and only if M" has the Haagerup

property.
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The idea of the proof of the next proposition was kindly communicated to us
by Yuhei Suzuki; in fact exactly the same proof in the context of injectivity may
be found in [23, Proposition 6.8].

Proposition 1.14. Let N < M be an inclusion of von Neumann algebras, with N
having the Haagerup property. Assume that G is a group of unitaries contained
in the normaliser Nyw(N). If G is amenable as a discrete group, then the von
Neumann algebra generated by N and G has the Haagerup property. In particular
if u € Nu(N) then (N U {u})" has the Haagerup property.

Proof. Consider the natural action & of G on N’. We then have (NUG)’ = Fix,(N').
By the previous proposition N” is Haagerup. Applying [57, Corollary 5.13] we see
that (NU §G)' is Haagerup and another application of the previous proposition ends
the proof. |

Corollary 1.15. Maximal Haagerup subalgebras are singular (in other words, if
N is a maximal Haagerup von Neumann subalgebra of a von Neumann algebra M
then the normaliser algebra Ny(N)" is equal to N).

2. Maximal Haagerup subgroups

In this section we discuss various abstract and concrete results concerning maxi-
mal Haagerup subgroups.

Maximal Haagerup subgroups in (Cartesian, free, wreath) products. We
begin by discussing the behaviour of maximal Haagerup subgroups with respect
to certain general constructions.

Consider first the case of the Cartesian product. Given a subgroup K C
G1 x G, define the first (respectively, second) support subgroup of K as K; =
{x € Gy:there exists y € G, suchthat (x,y) € K} (respectively, K, = {y €
G,: there exists x € Gy such that (x, y) € K}). Then obviously K C K; x K5.

Proposition 2.1. Let G, G, be groups. Suppose that H; are maximal Haagerup
subgroups in G; fori = 1,2, with at least one of them nontrivial. Then H; x H;
is a maximal Haagerup subgroup inside G, x G».

Proof. Consider a Haagerup subgroup K C G containing Hy x H,. As Hy C
G1 N K and the latter group is Haagerup, we have H; = G; N K. Similarly
H, = G, N K. Then Hj is normal in K; for [ = 1,2. Indeed, take for example
/I = 1. For any x € K; we have (x,y) € K for some y € K,, and hence for
each h € Hy, as (h,e) € K, we have (xhx~!,e) = (x,y)(h,e)(x,y)"! € K, so
xhx~! e Hj.
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Consider then the group K;/H; and choose representatives of its elements, say
{s;:i € J}, where J is some index set. Fix i € J and consider (H1, s;). The latter
group is Haagerup, as we have a short exact sequence | — H; — (Hy,s;) —
(Hi,si)/Hy — 1 and the group (Hy,s;)/Hy = Hi(s;)/Hy = (si)/(H1 N (s3)) is
amenable. Then since H; is maximal Haagerup, H; = (H,, s;), so thats; € H;.
As i € Jis arbitrary, H; = K;. In a completely identical way we show that
H2=K2, SOthatK=H1XH2. O

It is worth noting that for amenability a stronger result holds (it is likely known,
but we record it here).

Proposition 2.2. Suppose that Gy, G, are groups and K C G1x G, is a subgroup.
Then the following conditions are equivalent:

(i) K is a maximal amenable subgroup of G;

(ii) K = Hj x H,, where H; is a maximal amenable subgroup of G; fori =1, 2.

Proof. It suffices to observe that if K is an amenable subgroup of G| x G, then
its support subgroups are amenable. Indeed, once we know it, it follows that if
K is in fact maximal amenable, it must be equal to K; x K, and the rest is easy.
But the support subgroups are images of K with respect to the homomorphisms
given by projections on the first/second coordinate, and as quotients of amenable
groups are amenable, the proof is finished. O

We cannot hope that the analogous result would hold for the Haagerup prop-
erty, as the next example shows. Before we formulate it, we recall that, as stated
in [67], there are two known sources of infinite simple groups with Kazhdan’s
Property (T). Such groups appear for example as lattices in certain Kac-Moody
groups, see [13]. Much earlier, it was also shown by Gromov ([37]) that every in-
finite hyperbolic group surjects onto a Tarski monster group G (that is an infinite
group whose every proper subgroup is finite cyclic; in particular a simple group),
and G is Kazhdan if only the original hyperbolic group was a Kazhdan group.

Proposition 2.3. Let G be an infinite simple group with Property (T) and let
¢:F, — G be a surjective group homomorphism for somen € N, n > 2. Let
®:F, — F, x G be defined by ®(s) = (s,¢(s)), s € F,. Then &) is a
maximal Haagerup subgroup of ', x G that does not split as a product of two
subgroups of ,, and G.

Proof. Since @ is injective, ®(IF,) =~ IF,, has the Haagerup property.
Suppose that g = (x,y) € I, x G \ ®(F,). Consider H := (®(I,), g); we
need to show that H cannot be Haagerup. Note that

(e, ¢(x)™'y) = (x,¢(x) " (x,y) € H
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and hence

(z.¢(2)(e.p() W)z, 9(2) " = (e.p(2)p(x) ' yp(2)™) € H

for all z € IF,. Since y # ¢(x) and ¢ is surjective, we deduce that the normal
subgroupin G generated by ¢(x)~!y, i.e. G (as the latter is assumed to be simple),
is contained in H. Hence H does not have the Haagerup property.

To see that ®(IF,,) does not split as a product, just observe that ®(IF,) N I, =
Ker(¢) # I, = 71 (O(F,)), where 1: F,, x G — T, denotes the projection on
the first coordinate. O

In Proposition 2.1 we showed that maximal Haagerup subgroups behave well
under taking Cartesian products. The situation is very different for free products
and wreath products, as the next two results show.

Proposition 2.4. Let Gy, G, be nontrivial groups and suppose that H; are maxi-
mal Haagerup subgroups in G; for i = 1,2, with at least one of them nontrivial.
Then Hy x H, is not a maximal Haagerup subgroup inside G1 * G,.

Proof. Assume first that both H; and H, are nontrivial. Take s; € G; \ H; for
i = 1,2. Then one can check that x := 515, is free from H; * H,, and hence
H; % Hy * (x) is a group with the Haagerup property by [17, Proposition 6.2.3];
it obviously strictly contains H; * H,.

In the general case we may assume G, = H, and H; # G;. Observe that
[G1 : H{] = oo; in particular, we may take s, € Gy \ H; such that Hys # H;t.
Let x = sgtg~!, where g is any nontrivial element from G,. Then we can check
that Hy * G, is free from x, hence (x) * H; * G, is a group with the Haagerup
property which strictly contains H; * G». O

In [30, Theorem 1.1] de Cornulier, Stalder, and Valette showed that wreath
products G ¢ H with G, H Haagerup are Haagerup.

Lemma 2.5. Let G, G, be groups, with Gy non-trivial, and suppose that H;
are maximal Haagerup subgroups in G; fori = 1,2. Then Hy ? H, is maximal
Haagerup in G1 G, if and only if G, = H,.

Proof. <=) Assume that H; ! G, < K < Gp? G, and K has the Haagerup
property. Then K = S x G, for some G,-invariant subgroup S of GIGBG2 such that
H fB G2  §. We claim that S = H 1@ G2 For any finite subset F of G5, we have
HEF cG®F NS cG®F and GPF NS € S C K has the Haagerup property.

By a generalised version of Proposition 2.2 we know that H fB F is a maximal
Haagerup subgroup in GI@F . Hence HfBF =85nN GfBF . Since F is an arbitrary
finite set in G,, we deduce that S = HfBGz, ie. K = H;?G,.
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=) Suppose that H, is a nontrivial subgroup of G, and let

K:=HO%) % H, = ( D (@Hl)) » Ha

zeH>\G> 8€z

= ( @) Hy 2 (Hi 2 ),

zeH>\G»o

where the properness of the last inclusion follows from the fact that G, hence
also Hj, is non-trivial. As K has the Haagerup property, we reach a contradiction.
O

We record a simple observation, which can be shown using the same ideas as
these in the proofs above (and which will be of use to us later).

Proposition 2.6. Let G, K be groups, and let H be a subgroup of G. If H and K
have the Haagerup property, then K g H has the Haagerup property.

Proof. We have

KzGH:(@K)xH

geG

(D Bk)xt—PD((DPk)xH)=PKH.

zeH\G g€z zeH\G &€z zeH\G
so that the result for usual wreath products from [30] ends the proof. O

We finish this general subsection with some examples where the wreath/semi-
direct product constructions yield explicit examples of maximal Haagerup sub-
groups.

Proposition 2.7. Let G be a countably infinite group with the Haagerup property
and let Gy be a quotient of G which does not have the Haagerup property; for
example let Gy be an infinite group with property (T) generated by n elements and
G = F,. Let A be a nontrivial abelian group. Then G is a maximal Haagerup
subgroup of the generalised wreath product (A®90) x G.

Proof. First, by [20, Corollary 3.3], we know (4960) x G is not Haagerup. We
will show that in fact for any x € ((4%9%0) x G) \ G the subgroup (G, x) does not
have the Haagerup property.

Without loss of generality we may assume that x € A®%. Consider the
subgroup K := (14 (x): g € G) € A®% where 7 is the action used in defining our
generalized wreath product. Clearly, K is abelian and G-invariant. Then note that
we can view K xG as a subgroup of (4®90)xG and then K xG < (G, x) € KxG.
Hence (G,x) = K xG.
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Then, since the action G ~, K factors through the quotient Gy, we can
apply [20, Theorem 3.1(2)] to deduce that K x G does not have Haagerup property.
Indeed, the stabilizer of x in Gq is contained in supp(x)supp(x)~!, hence is
finite. O

The last statement can be combined with the action of a free group on the free
abelian group, as below.

Proposition 2.8. Suppose that m,n € IN are such that n > 3 and the free group
G = I, admits Gy := SL,(Z) as a quotient (implicitly, m > 2). Let A be a
nontrivial abelian group and consider the action G ~, Z? given by some fixed
embedding of ', into SLy(Z), e.g. Fyy > Foo — Ty — SLy(Z) (followed by
the matrix multiplication). Then G < (Z* & A®90) x G is a maximal Haagerup
subgroup.

Proof. Let H be a subgroup of (Z2 @ A®60) x G, strictly containing G. We need
to show H does not have the Haagerup property. Clearly, H = K x G for some
nontrivial subgroup K < Z? @ A®%0 which is G-invariant, i.e. G - K = K.

If K N7Z? # {e}, then we have G - (K N Z?) = kZ? for some k € Z \ {0}.
Then by considering the rigid inclusion kZ? < kZ? x G, we see that kZ? x G is
not Haagerup, so H = K x G, which contains kZ? x G, is not Haagerup.

If K N A®%0 £ (e}, then we may argue as in the proof of Proposition 2.7 to
deduce that (K N A®60) x G does not have the Haagerup property; so neither
does H.

It remains to consider the case when K N Z? = {e} and K N A®%0 = {e}.
Note that then K = {(x,7(x)):x € A’} for some bijection ¢: A’ =~ B’, where A’
is a subgroup of Z? and B’ is a subgroup of A®Y0_ and both these subgroups are
G-invariant. The map ¢ is easily seen to be a G-equivariant group homomorphism
and thus K x G =~ A’ x G via the isomorphism 6: (x, 7(x))g > xg.

Since A’ is nontrivial and G-invariant, A’ = kZ? for some k € Z \ {0}. Then
since 6 provides an isomorphism between inclusions (971(4’) < K x G) and
(A’ < A’ x G), and the latter inclusion is rigid, we deduce that H = K x G does
not have the Haagerup property. O

Maximal normal Haagerup subgroups. Although in this article we are mainly
interested in maximal Haagerup subgroups (and later maximal Haagerup subal-
gebras), in the amenable context it is often important to compute the amenable
radical of a given group G, i.e. the largest amenable normal subgroup of G. This
notion was first introduced and studied in [27], where Day showed in particular
that such a largest subgroup always exists. Recently it has played a big role for
example in the study of the unique trace property for group C*-algebras (see [9]).
It is then natural to consider the concept of the Haagerup radical of a group G,
i.e. the largest normal Haagerup subgroup of G. Contrary to the amenable case,
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it does not seem to be easy to show that every group admits the Haagerup radi-
cal; however in the two cases presented below this is the case and moreover the
Haagerup radical can be computed.

We begin with a very easy case of SL3(%Z).

Proposition 2.9. The group SL3(Z) does not admit any nontrivial normal sub-
groups with the Haagerup property.

Proof. Suppose that H is a normal subgroup of SL3(Z) which has the Haagerup
property. By Margulis’s normal subgroup theorem (Chapter IV in [54]), we know
that H is either finite or has finite index. Since H is Haagerup, it must be finite.
But then SL3(Z) admits no finite normal subgroups (as any finite normal subgroup
of a higher rank lattice is contained in its centre, see [56, Section 17.1]). O

Proposition 2.10. Let G = Z? x SL,(Z). Then G admits the Haagerup radical,
which is 72 x 7./]27, where 7./27, = (—1I).

Proof. Let H be a normal subgroup of G with the Haagerup property and U =
7 x7,/27. We aim to show that H C U. Clearly, U is amenable and normal
inside G. Thus HU is a normal subgroup of G with the Haagerup property. As
U C HU, we see that HU = 72 x K for some group K with Z/27Z C K C
SL,(Z). Proposition 1.7 implies that K is amenable. As H U is normal in G, we
know that K is also normal inside SL,(Z), hence K is contained in the amenable
radical of SL,(Z).

Now observe that the amenable radical of SL,(Z) coincides with Z/2Z. This
is well-known, but we include a short proof. Recall that SL,(Z) is hyperbolic and
K is contained in a maximal amenable subgroup C of SL,(Z) which is virtually
cyclic and almost malnormal, i.e. for all g € SL,(Z)\ C, |gCg~ ! N C| < oo (see
for example Theorem 7.2 (vi) in [53]). Therefore K is finite, and hence elements
in K must have eigenvalues equal either 1,1 or —1, —1, and hence K = Z/27Z.
Thatis HU = U,hence H C U. O

Note that in the two cases considered above the Haagerup radical coincides
with the amenable radical. We end this subsection by observing that the general
question of existence of the Haagerup radical seems to be open even in some
apparently elementary cases.

Question 2.11. Suppose that H, G are groups with the Haagerup property and
let G x G act on G via the left/right shifts. Is it then true that Ag (G x G) has the
Haagerup property? Note that Alg (G x G) is generated by two normal Haagerup
subgroups; so its Haagerup radical, if it exists, must be equal to the group itself.
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Maximal Haagerup subgroups in Z? x SLy(Z). We are ready to present a
central result of this section, i.e. a description of all maximal Haagerup subgroups
of Z? x SL,(Z). Recall that if we consider a group G acting on an abelian group
H then an H -valued 1-cocycle (or just a cocycle) on G is amap c: G — H such
that c(g1g2) = g1c(g2) +¢(g1), &1, g2 € H, and c¢ is called a coboundary if there
is§ € H suchthatc(g) =& — g€, g € G.

Theorem 2.12. Suppose that H is a maximal Haagerup subgroup in G = 7>
SL,(Z). Then exactly one of the following cases holds.

(1) H =72 x C' for some maximal amenable subgroup C' < SL,(Z).

2) H = {(c(g).2):g € S}, where S < SLy(Z) is a non-amenable subgroup,
and ¢: S — 72 is a cocycle that cannot be extended to a strictly larger
subgroup of SL,(Z). In particular, H = S, and H is not conjugate to S
inside 7> x SL,(Z) unless c is a coboundary, in which case S = SL»(Z).

Conversely, each of the subgroups in (1) and (2) is a maximal Haagerup
subgroup of 7 x SL,(Z).

Proof. We split the argument into three cases according to the rank of H N Z2.

Case 1. Assume H NZ? = 72. We claim that H = 7?2 x C’ for some maximal
amenable subgroup C’ < SL,(Z).

Write C = H N SL,(Z) and H N Z? = BZ? for some matrix B € M,(Z)
with det(B) # 0. Note that both H and 72, hence also BZ?, are globally
invariant under the natural action of C, so we can consider the semidirect product
B7?xC = (H NZ?) xC < H. Observe that CBZ? = BZ? implies B"!CB <
SL,(Z),hence BZ?xC == 7?x B~'CB viathe map (Bx,c) — (x, B~1¢B). The
fact that H has the Haagerup property implies via Proposition 1.7 that B~!CB is
amenable and hence C is an amenable subgroup of SL,(Z). Since SL,(Z) is word
hyperbolic, C is virtually cyclic (again see for example [53, Theorem 7.2 (vi)]).

Now, observe that

K :={t € SL,(Z): there exists a € Z? such that (a,t) € H}

is a subgroup of SL,(Z) and H < Z? x K therefore, without loss of generality,
we may assume K is not amenable; otherwise, H = Z? x K, K is automatically
maximal amenable and we are done. Now, since K is non-amenable and SL;(Z)
is linear, then Tits’ alternative theorem for linear groups implies that K contains
IF,, in particular, there exists some ¢ € K of infinite order. Let then a € Z? be
such that (a,t) € H.
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We claim that there is also some element t" € C of infinite order. To see
this, for each n € Z write (a,t)" = (a,,t") for some a, € Z>. As we have
now the inclusion H D (a,t) Y (BZ?,e)(a,t) = (t7' - (—a + BZ?),t Y(a,t) =
(t7' - (BZ?),e), we conclude that t~! - (BZ?) € H N 7Z? = BZ?. Similarly
by considering H 2 (a,t)(BZ?,e)(a,t)~! we deduce that ¢ - (BZ?) C BZ2.
Thus ¢ - (BZ?) = BZ?. Now, as [Z?> : BZ?] < oo, we can find n,m € Z,
n # m such that a, = a, (mod BZ?), then using H > (an,t") Y(am.t™) =
(™" (=an + am),t ™"ty and 17" - (—an + am) € t™"(BZ?*) = BZ*> C H, we
deduce that "1™ ¢ C. Define ¢t/ = ¢,

Now, we claim that H < Z? x C’, where C’ is a maximal amenable subgroup
containing C.

Suppose this is not the case. Then there exists some (a’,s) € H such that
s ¢ C’'. Forany ¢ € C we have (a’,s)c(a’,s)™! = (@’ — (scs™ ') -a’,scs™') € H,
and [Z? : BZ?] < oo. Considering ¢ of infinite order, whose existence we
deduced in the above paragraph, we can find some n,m € 7Z, n # m, such
that @’ — (sc"s™')-a’ = a’ — (s¢™s™ ') -a’ (mod BZ?). This in turn implies
that sc"s7! ¢ H N SLy(Z) = C, so that |[sCs™' N C| = oo and hence
IsC’s™!1 N C'| = 0.

The last statement cannot hold. Indeed by [25] we know that any hyperbolic
embedded subgroup in a group is almost malnormal. So it suffices to show that
C’ is hyperbolic embedded in the hyperbolic group SL,(Z), which is clear by [25,
Corollary 6.6+Theorem 6.8].

Therefore, H < 7Z? x C’. Since H is a maximal Haagerup subgroup, we
deduce that H = 72 x C’.

Case 2. Assume H N Z? = 7. We will deduce a contradiction.

Letx € H be then such that (x) = HNZ?2. Takeany (a, g) € H, wherea € Z?
and g € SL,(Z). Since x(a,g)x '(a,g) ' = (x —g-x.e) € HNZ? = (x), we
deduce that g - x € (x). Similarly, from x(a, g)"'x"!(a, g) € (x), we deduce that
g7 '-x € (x). Thus g - x € {%x}. This in turn means that H C Z? x C, where
C={geSLy(Z):g-x e{tx}}.LetC':={geC:g-x=x}.Then[C :C'] <2
and we observe that C’ is cyclic. Indeed, write x = (m,n)" with m,n € Z and
gcd(m,n) = d # 0. There exists some i € SL,(Z) such that h - x = (d,0)". It
follows that hC'h™! = {g € SLy(Z): g - (d,0)" = (d,0)"} = 1d +Ze, », which is
cyclic. Therefore C is amenable. Finally as H is maximal Haagerup we deduce
that H = 72 x C, but then H N Z? = 72, which is a desired contradiction.

Case3. Assume H NZ? is trivial. We claim that H is of the form in the second
choice in the conclusion.

Clearly, if (a, g) € H, then a is uniquely determined by g, so that we can write
a = c(g) for some map c: w(H) — Z?, where

n(H) = {g € SL,(Z): there exists b € Z? such that (b, g) € H}
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is a subgroup of SL,(Z). Then H = {(c(g).g):g € n(H)}. As H C 7Z? x w(H)
is a maximal Haagerup subgroup, r(H) is non-amenable. Note that c is a cocycle
and H =~ n(H) via the map (c(g), g) — g.

Now for any nonamenable subgroup 7w (H) < SL,(%Z), the following are equiv-
alent:

(1) H :={(c(g), g): g € m(H)} is maximal Haagerup;
(ii) the cocycle ¢ can not be extended to a strictly larger subgroup of SL, (Z).

Indeed, (i) = (ii) is trivial; to see (i) = (i) holds, assume H ¢ K and K
is a maximal Haagerup subgroup of G. Then since K N Z? % Z by Case 2,
we deduce K N 7Z? =~ 7Z? or K N 7Z?> = {e}. If the first choice holds, then
K = 7Z? x C’ for some maximal amenable subgroup C’ of SL,(Z) by Case 1.
But then n(H) < n(K) = C’ is amenable, which is a contradiction. Hence
K N 7?2 = {e} and further K = {(c'(g).g):g € n(K)} for some cocycle
¢:n(K) — 7Z?. Clearly, ¢'|z)y = ¢ and n(H) € m(K), so that (ii) cannot
hold.

The rest of the theorem follows now by standard arguments (and by Proposi-
tion 1.7). O

In view of the above theorem it is natural to ask whether one can understand
better the subgroups appearing in its conclusion. We begin by analysing maximal
amenable subgroups of SL,(Z).

Proposition 2.13. Let H < SL,(Z) be an infinite maximal amenable subgroup.
Then there exists g € SL,(Z) which has infinite order and nonnegative trace such
that (g,—1,) € H. Moreover

(1) if g is not similar to (§ 1) in SLo(R) ( for example if Tr(g) > 2), then Z* x H
is ICC;

(2) ifg ~ (8 1), then Z* x H is not ICC.

Proof. As noted before, since SL,(Z) is hyperbolic, H is virtually cyclic. Then
note that Z(SL,(Z)) = {£1,} € H. Next take g to be a generator of Z < H. We
may assume Tr(g) > 0; otherwise, we can replace g by —g. Now consider the two
cases separately.

Case 1. Assume that g £ (}1). We will show that all points (x,y)" €
72 \ (0,0)" have infinite orbits under the action of (g). Indeed, suppose this
is not the case. Then there is n > 0 such that g"(x, y)! = (x,y)’ for some
(0,0) # (x,y) € Z2, and the two eigenvalues of g" are equal to 1. Hence
either g" ~ I, or g" ~ (}1). The first case cannot hold, as g” = I, would
contradict the fact that g has infinite order. Now we just need to show that the
second case implies g ~ (§1). To see this, note first that we know that the two
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eigenvalues of g are w¥ and w” % = wk, where w is the nth primitive root of 1
and k € Z. We may write o = a + ib. Then since Tr(g) € Z=°, we know
a = m/2 for some m € ZZ°. Further |a| < |w¥| = 1 implies m = 0,1 or 2.
If m = 0, the eigenvalues of g are +i, so that g ~ () %) sog” £ (§1). If

1

m = 1, the eigenvalues of g are (1 + +/3i)/2. Hence g ~ ((1+{)§0/2 (1—j§i)/2)’

so g" A ((1, %) So m = 2, and the two eigenvalues of g are equal to 1. Then
g ~ (&§1). This is however a contradiction with the assumption in (1). We are
ready to check that Z? x H is ICC. Let then (a,h) € Z? x H be any nontrivial
element. If a # (0,0), then {(g"a,g"hg™) = (0,g")(a,h)(0,g7"):n € Z}
is infinite by what we discussed above. Hence we may assume a = (0,0) and
h # ey = I,. To show that the conjugacy class of (0, /) is infinite, it suffices
to find a sequence of elements a,, € Z? such that {a, + h(—a,)}nen are pairwise
distinct. As a, +h(—an) = (I—h)a, and I,—h # 0, we can just take a,, = (n, 0)"
or (0,n)" depending on which column of I, — & has nonzero entries.

Case 2. Take any 7 € H with infinite order, without loss of generality, we
may assume that Tr(h) > 0. Since H is infinite and virtually cyclic, there exist
k,n € Z\{0} suchthat h" = g¥ = P(}¥)P~!, where g = P(} 1) P! for some
invertible matrix P € M,(Q).

We claim that h = P (1 ¥/ ) P~ To see this, observe that exactly as above we
can show that the two eigenvalues of % are of the forma +ib,a—ib witha = m/2
form = 0,1 0r 2. If m = 0, the eigenvalues of s are +i, hence h ~ (} 2 ) so

" A (§1) ~ (k). If m = 1, the eigenvalues of h are (1 + +/3i)/2. Hence

h~ ((1+?i)/2 (1—;51')/2)’ soh" £ (§1) ~ (§5). Thus m = 2, and the two

eigenvalues of h are equal to 1. Thenh ~ (1) and we may writeh = Q (3 1)0~!
for some invertible matrix Q.

Writing P~'Q = (21), and plugging in the identity 1" = P(}*)P~!,
we deduce that ¢ = 0 and an = kd. Then another calculation shows that
=P P,

Finally, we can show that Z2 x H has a finite conjugacy class. Indeed, there is
a non-zero vector v € Z2 which is fixed by g, just take v to be a suitable multiple
of P(1,0)". Then the above calculation shows that for every 4 € H with infinite
order, hv = v, which implies that (v, e) € Z? x H has a finite conjugacy class
as H contains only finitely many torsion elements. O

We devote the remaining part of this subsection to understanding better the
groups appearing in Case 2 of Theorem 2.12. We begin with a simple lemma.

Lemma 2.14. Every cocycle c:SL,(Z) — 72 is a coboundary.
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Proof. Fix first a cocycle c. It is uniquely determined by the values of c(s) and
c(t) where s = (% 3) and s = (973!), so that (s) = Z/4Z, (t) = Z/6Z,
and the pair {s,7} generates the whole group. We have c(s?) = c(¢?), i.e.
(L4 Dels) = (9 732)c(@). Soif we set c(r) = (x,y) € Z?, we deduce that
c(s) = (—x —2y,x). Then a simple calculation shows that ¢ is a coboundary
with c(g) = § — g&, g € SL,(Z), where £ = (—y, x + y)'. Note that it suffices to
verify the formula on the generators s, ¢. O

We now stop to record a simple group-theoretic corollary of the results of this
section; the conclusion itself is likely well-known, but we give a simple proof.

Corollary 2.15. Let ¢ € Aut(Z? x SLy(Z)). Then there are L € Aut(Z?) =
GLy(Z) and § € Z?such that ¢(a,s) = (L(a) + & — (LsL™Y)E, LsL™Y) for all
(a,s) € Z* x SLy(Z).

Proof. By Proposition 2.10, Z? x 7Z/27 is a characteristic subgroup, so that
we have ¢(Z? x 7,/27) = 7% x 7,/27Z. This implies that ¢(Z?) = 7Z? as
72 is the largest nontrivial normal subgroup of Z? x 7/27. Below, we write
L = ¢|y2. Then, for any s € SL,(Z), we write ¢((0,s)) = (c(s), T(s)) for some
maps ¢:SLy(Z) — 7? and T:SLy(Z) — SLy(Z). 1t is routine to check that
T € Aut(SLy(Z)) and c o T~ is a cocycle. As c o T~ is always a coboundary by
Lemma 2.14, we know ¢ (s) = £ — T (s)& for some £ € Z?. Now the homomorphic
property of ¢ is equivalent to the fact that 7'(s)L(b) = L(sb) for all s € SL,(Z),
b € 72. O

We will now present some examples of congruence subgroups of SL,(Z) (and
explicit cocycles) which satisfy the assumptions of statement (2) in Theorem 2.12.

Proposition 2.16. Let N € N, N > 2, let
[(N) ={g € SL2(Z): g21 =0 (mod N), g11 = g22 =1 (mod N)}

andlet § = (1/N,0)". Then the formula c(g) = & —g& forall g € T1(N) defines a
cocycle c:T'1(N) — Z?, which cannot be extended to any strictly larger subgroup
H < S1,(Z). Therefore {(c(g), g): g € I'1(N)} is a maximal Haagerup subgroup
in 72 x SL,(Z).

Proof. First, recall the definition of some more subgroups in SL,(Z):
[o(N) = {g € SL2(Z): g21 =0 (mod N)},
['(N) ={g e '(N):g12 =0 (mod N)}.

Clearly, we have I'(N) < I'1(N) < I'o(N) < SL,(Z). Further it is easy to see
that the prescription above indeed defines a cocycle on I'1 (N), as

(2 )=
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Suppose that ¢ can be extended to a larger subgroup H inside SL,(Z). Since I'(N)
is normal in SL,(Z), we have c(sgs™!) = & — (sgs~1)& for every s € SL,(Z) and
every g € I'(N). If now s € H, we can expand c(sgs—') using cocycle identity
to deduce that (1 —sgs™!)e(s) = (1 —sgs™ 1) (£ —s&). Taking any g € T'(N) such
that 1 is not an eigenvalue of g, so that (1 —sgs~"!) is invertible, we conclude that
c(s)=§&—sEforeverys € H.

Therefore, to get a contradiction, we need to show that for any s € SL, (%),
£ —s& € 72 implies s € I'1(N). This is a simple calculation based on the formula
displayed above.

The last statement follows from Theorem 2.12: as I'y (N) is of finite index in
SL,(Z), it is clearly non-amenable. O

One can produce other examples as above, using say the free subgroup gener-
ated inside SL»(Z) by (%) and (1 9) or the subgroup generated by (§?) and
(2 &). Examples of this type are similar in that they all have finite index in
SL,(Z). In fact this turns out to be the case very often, as we have the follow-
ing proposition.

Proposition 2.17. Suppose that S is a non-amenable subgroup of SL,(Z) admit-
ting a cocycle c: S — 7> which cannot be extended to a strictly larger subgroup.
If either —1 € S or S is finitely generated, then S is of finite index in SL,(Z).

Proof. Assume first that —/ € S. Suppose that ¢: S — 7Z/2Z is a cocycle not
admitting a proper extension. Then for each g € S we have c¢(g) + gc(—1) =
c(g(=1)) = c((=1)g) = c(=I) + (=I)c(g), which implies that c(g) =
% € 7Z2; in particular the value of ¢ at —/ determines it uniquely. Write
then ¢c(—1) = (m,n) € Z2. We will consider then several cases, depending on
parity of m and n.

Case 1. Both m and n are even: then c(—1)/2 € Z?, so that c: S — Z?is a
coboundary and S = SL,(%).

Case2. misoddandn iseven: in this case, the fact that c(g) = w € 7?
forall g € S means that for every g = (51! §12) € S the coefficient g1 is odd and
g1 is even. This implies that 7(S) C 7 (H), where 7: SL,(Z) — SL,(Z/27) is
the natural homomorphismand H = (} %) C SL»(Z). Hence, S < Ker()H. As
the above formula for ¢ defines also a Z?-valued cocycle on Ker() H, we know

that S = Ker(sr) H, hence is of finite index as Ker(sr) has finite index in SL;(Z).

Case 3. m is even and n is odd: analogous to Case 2.
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Case 4. Both m and n are odd: one can check that in this case, for every g € §,
we have g11 + g12 = 1 (mod2) and g»1 + g22 = 1 (mod?2). Thus, it is clear
that the conjugation of S by the matrix (} 9) is contained in Ker() H, where
and H are defined in Case 2. Therefore, we know that S must be conjugate to the
finite index subgroup Ker(sr) H, hence is of finite index itself.

Assume then that —/ ¢ S, but S is finitely generated. Consider the quotient
map 7:SLy(Z) — SLy(Z)/{x1} = PSLy(Z) ~ 7/27 % 7Z/3Z. Clearly,
S =~ n(S) CZ/27 % 7Z/37. Assume [SLo(Z) : S] = oo, then [Z/27. % 7./3Z. :
7 (S)] = oo. Recall that a group G has the M. Hall property if every finitely
generated subgroup of G is a free factor of some subgroup of G of finite index.
In [40], M. Hall proved the non-abelian free groups satisfy this property, and
in [11] R. G. Burns showed that this property is stable under free products. Thus
we know that Z/27.+ 7./ 37 also has the M. Hall property. Thus, as 7 (S) is finitely
generated and of infinite index, there is an element in PSL,(Z) which is free from
(S). If we now consider any lift of this element to SL,(Z), say g, we see that
it is free from S, so that the cocycle ¢ can be extended to (S, g). This yields a
contradiction. O

We finish this section by discussing an example of an infinite index subgroup
S C SL,(Z) satisfying the assumptions of Theorem 2.12, Case 2.

Proposition 2.18. There exists an infinite index non-amenable subgroup S <
SL,(Z) and a cocycle c: S — 72 such that ¢ does not admit an extension to a
larger subgroup.

Proof. Denotea = (%) and b = (}9). It is known that (a, b) = F» and it has
finite index in SL,(Z). Consider then the free group decomposition

Fy = Foo X5 Z,

where Z = (b), Foo = (b*ab™*:k € Z) and o3, (b*ab™*) = b*Tlab=*' k € Z.
We then view IFo, as an infinite index subgroup of SL,(7Z) and denote it by S”.

Any cocycle ¢’: §' — 72 is uniquely determined by the values ¢/(h*ab=*) =
(xk, yx) € 72, k € Z; conversely by freeness any choice of (xi, yx)xez deter-
mines a cocycle by the above formula. Suppose that such a cocycle can be ex-
tended to the subgroup (IF, b") inside Fo, X Z for some n € Z \ {0}. Then
c'(b"ab™™) = c'(b") + b"c'(a) — b ab™" ¢’ (b™); in other words,

4n =2
(xn, yn)' = (x0,2nx0 + yo)' + (8:2 _4n)c/(b”)

In particular, both x, — x¢ and y, — 2nxo — yo are even. Thus if we define
X0 =yo =0,x; = yp = lfork € Z,k # 0, we obtain a cocycle ¢’: S’ — 72
which cannot be extended to a larger subgroup of F o, Xg Z.
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Consider then S’ again as a subgroup of SL,(Z). A standard Kuratowski—Zorn
argument (applied to pairs (d, K), where K is a subgroup of SL,(Z) containing
S" and d: K — 7?2 is a cocycle extending c¢’) shows that there is a subgroup S
and a cocycle ¢: S — Z2 such that S’ C S, ¢|s» = ¢/, and ¢ does not extend
to a strictly larger subgroup. Then S is obviously non-amenable, and moreover
it has infinite index. To see the latter, it suffices to note that if it had finite index
in SL,(Z), then S N IF, would be of finite index in IF,, so in particular would
strictly contain Fo,. That would contradict the fact that the cocycle ¢’ could not
be extended inside IF,. O

Naturally, S constructed in the above proof cannot contain —/ and cannot be
finitely generated. We suspect that in fact § = §’.

Maximal Haagerup subgroups inside Property (T) groups. In this subsection
we present other explicit examples of maximal Haagerup subgroups, this time
inside Property (T) groups, SL3(Z) and Z3 x SL3(Z). Recall that the latter has
Property (T), as noted for example in [4, Exercise 1.8.7].

Proposition 2.19. Denote by H(Z) the subgroup of SL3(Z) consisting of all
upper-triangular matrices. Then H(Z) is a maximal Haagerup subgroup of
SL3(Z).

Proof. Denote by H(Q) the subgroup of SL3(Q) consisting of all upper triangular
matrices (with rational coefficients).

The proof uses the Bruhat decomposition of SL3(Q) (see [52, p. 398] or [55]),
i.e. the fact that we have SL3(Q) = J,c sym@) H(Q)po H(Q), with certain
Ps € SL3(Z). We begin by listing explicitly all the elements p, .

(3
) (ed%)

o |id (12
Do id(

(23) (123) (132)

0 001 010
-1 100 001
0 010 100

SO~
|

1
0
1
0

= O

1
T
0
0

SN
|
b

Let

K(Z), = {(6‘ :):A e Mz(Z)} N SL3(Z)
and

K(Z), = {((’; :):A e Mz(Z)} N SL3(Z).

Similarly, we define K(Q); using Q-coefficients as above for i = 1, 2. Recall that
both K(Z); and K(Z), have infinite relative (T) subgroups, so do not have the
Haagerup property.

Observe the following facts — the first two are immediate.
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Factl. (H(Z).pa2) = K(Z):.

Fact2. (H(Z).p@s3)) = K(Z)a.

(The above facts hold also if we replace integer coefficients by rational coeffi-
cients.)

Fact 3. For any element g € H(Q), pa3grasz) € H(Q)pu23) H(Q) if and only
if g12823 # 0 and g13 = 0.

This is a straightforward, but lengthy calculation. We include a key element of
it below.

0
To see that = holds, write g = (J(; A b). If by # 0, then
00c

-1

— 0 0 —by/ac —y/a 1 b a 0
pangran =| b a 0 |= 0 1 0 rPa3) |0 y —x
0 y —x 0 0 1 0 0 —x

The other implication is easy to see.

Fact 4. For any element g € H(Q), pas2)grasz) € H(Q)pu23H(Q) if and
only if g13 = 0. Similarly p32)gpa32) € H(Q)pau3) H(Q) if and only if g3 # 0.

This is again a lengthy calculation. We have for example, keeping g as above
except that we replace g3, i.e. O there by z. First, assuming that z = 0,

-1

b 0 a 1 =b/c O c 0 0
P@a32)8Pa32) = | € 0 0)=10 1 0 P@23) 0 x vy
z X y 0 0 1 0 0 a
Then assuming that z # 0 we have
1 —b/c 0\ z X y
pasgras) = |0 1 —c/z| pasy |0 —cx/z —cy/z
0 0 1 0 0 —a

Now we are ready to prove that H(Z) is maximal Haagerup inside SL3(%Z).
Let g € SL3(Z) \ H(Z). Then g € H(Q) ps H(Q) N SL3(Z) for some o # id.
We will consider all five possibilities.

Case 1: ¢ = (12). Then (H(Z),g) € (H(Q),g) = (H(Q), paz) = K(Qhn
(by Fact 1).
Hence, H(Z) ¢ (H(Z), g) € K(Q)1 N SL3(Z) = K(Z).
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Let ?(_(7): denote {g € K(Z):: g33 = 1}. Itis a subgroup of K(Z), of index 2,
isomorphic to Z? x SL,(Z). Write

H(Z):= HZ)n K@),
(H(Z).g) = (H(Z).8) NK(D)1.
We can use properties of Z2 xSL,(Z) to observe that F/}(\Z/) is a maximal Haagerup

subgroup of ?{_(\Zi (as upper triangular matrices are a maximal amenable sub-

group of SL,(7Z)). Thus it remains to note that we cannot have I/-}(\Z/) =(H(Z),g)
by simple index considerations.

Case 2: 0 = (23). This can be handled similarly as the first case.

Case 3: ¢ = (123). This case can be handled by an argument appearing in [55].
Indeed, consider an element g € H(Q)p23)H(Q). A direct calculation shows
that

/

X y z xy oz
g = 0 a b p(123) 0 Cl/ b/
1 1
00 L 0 0 -4
yx' yy' +za' oy +zb' +
= |ax’ ay + bd z'a + bb'
4 b/
0 ax ax
X ’ ’ ’ / by’
aw VX yy +za % — o

/

= 0 ax ay/ + ba/ p(123)
0 a’

ax

b/

a/

1

S O =
S = O

where a,a’,b,b’, x,x',y,y’,z,z'z € Q are such that ax’ # 0 and % # 0. Thus
infact g € H(Q)p(123U-(Q), where U (Q) = {g € H(Q): g12 = 0}. Now in [55,
last line in p. 422], it was shown that for such g in fact [SL3(Z) : (g, e1,3(1))] < o0
where e; 3(1) denotes the matrix with 1 on the diagonal and 1 on the (1, 3)-entry.
As ey 3(1) € H(Z), we see that [SL3(Z) : (H(Z), g)] < oo.

Case 4: ¢ = (13). A calculation shows that if g € H(Q)p(13)H(Q) then

¢! € H(Q)pu3) H(Q). Indeed, this is because p(13) p(13)( _01>

Write ¢ = Ap3)B, where A € H(Q) and write B = (8 lg ‘f) € H(Q). Note
that here we are using a (finer) Bruhat decomposmon as applied in [55]. From
above, we know that g=! = B~ p(13)( 0 (1) 81)A_1 € B 'panH(Q).
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Now it suffices to show that there exists some X € H(Z) such that
(BXB™')12 #0,(BXB ')23 # 0and (BXB™ )13 =0,

as then we can argue that gXg~! € H(Q)pu23 H(Q) by Fact 3 and hence we
can deduce that (H(Z), g) 2 (H(Z), gXg~'), which does not have the Haagerup
property by Case 3.

If we write X’ := BXB~' we aim to find X € H(Z) such that X|,X}; # 0

. . 1 n m—m'
and X{; = 0. Calculation shows we can just take X = (o 1 ), where we
00 1

. 4 .
write e = %,b = %form,n,mﬂn/ € Z with nn’ # 0.

Case 5: 0 = (132). We can use Fact 4 to reduce this case to one of the previous
two cases. Indeed, for any g € H(Q)p32)H(Q) N SL3(Z), by Fact 4, we know
that g2 € H(Q) po,r H(Q), where o’ = (13) or (123).

Hence (H(Z), g) 2 (H(Z), g*) does not have the Haagerup property. O

The above proposition yields immediately the fact that Z> x H(Z) is a max-
imal Haagerup subgroup of Z3 x SL3(Z); we state it below and give a second,
completely different proof.

Proposition 2.20. Denote by H(Z) the subgroup of SL3(Z) consisting of all
upper-triangular matrices. Then 73 x H(Z) is a maximal Haagerup subgroup
of 73 x SL3(Z).

Proof. First note once again that this result is an easy corollary of Proposi-
tion 2.19; below we present an alternative proof.

We begin by introducing some more notations: write I' = SL3(Z), G =
SL3(R), let P < G be the subgroup of all upper-triangular matrices in G, and
let O := {g € G:igz1 = g31 = 0}, Q' := {g € G:g31 = g3 = 0}. Then
A=TNPand P £ Q. Let then H be a subgroup suchthat A € H C I'; we
aim to show that Z3 x H is not Haagerup. We will consider two separate cases.

Case 1: there exists a finite index subgroup Hy < H suchthat Hy < O NT or
Hy < 0'nT. Itsuffices to consider the case Hy < Q N T, the other one can be
argued analogously. As Q NT has an index 2 subgroup isomorphic to Z?xSL,(Z),
after passing to this subgroup (so changing Hj to another finite index subgroup
of H), we see that Z? x A, < Hy < 7Z? x SLy(Z), where A, < SL,(Z) is
the maximal amenable subgroup consisting of all upper triangular matrices. If
Hy # 72 x A,, then Proposition 1.7 implies that Hy (so also H) has relative
property (T) with respect to an infinite subgroup, and H cannot be Haagerup. It
remains to note that if H is strictly larger than A, then A cannot be of finite index
in H. This however follows from [6, Corollary B], where it is shown that A is a
maximal amenable subgroup of SL3(Z).
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Case 2: no finite index subgroups of H are containedin Q N T or @' NT.
By [10, Proposition 7], we know that Z> < Z3 x H has relative Property (T) if
and only if there is no H -invariant probability measure on the projective space
X :=P(R3) := R3— {0}/ ~, where (a, b, c)’ ~ (a’,b’, c")" if the two vectors are
parallel to each other. Denote by 7: SL3(R) — PSL3(R) = SL3(R)/(R*° - I)
the natural quotient map and note that PSL3(RR) acts naturally on X.

As hinted in [10, p. 62], by [70, Corollary 3.2.2] it suffices to check that no
finite index subgroup of 7 (H) could fix [V], where V is a subspace of R? with
dimension 1 or 2 and [V] denotes the image of V in X. Suppose then that we
have such a finite index subgroup and a subspace V. Note that [V] is invariant
under 7 (A). Then either dim V = 1, so that V = (R, 0,0)" or dimV = 2, so that
V = (R,R,0)". In the first situation the stabilizer subgroup of [V] in PSL3(RR)
is equal to 7(Q). Therefore, H has a finite index subgroup contained in Q N T,
which contradicts our assumption in Case 2. Similarly in the second situation the
stabilizer subgroup of [V] in PSL3(R) is equal to 7 (Q’). Therefore, H has a finite
index subgroup contained in Q’ N I" and we again reach a contradiction. |

3. Maximal Haagerup von Neumann subalgebras

In this section we will present several examples of maximal Haagerup von Neu-
mann subalgebras; in most cases (but not all) the proofs will be based on the
knowledge of the form of all intermediate von Neumann subalgebras. Some re-
sults will be first phrased in a rather general language, but we will always strive to
present concrete examples of the form L(H) < L(G), where H is a (neccessarily
maximal Haagerup) subgroup of a non-Haagerup group G.

Maximal Haagerup subalgebras inside L(Z? x SL;(Z)). We begin by the
example where we do not know all the intermediate algebras explicitly.

Theorem 3.1. Suppose that H is an infinite maximal amenable subgroup of
SL,(Z) such that L(Z?x H) is a factor; for example let H be a maximal amenable
subgroup of SL,(Z) containing (11). Then L(Z* x H) < L(Z* x SL»(Z)) is a
maximal Haagerup subalgebra.

Proof. Consider a von Neumann algebra P such that N < P < M, where N =
L(Z? x H), M = L(Z? x SL,(Z)). Begin by noting that since SL,(Z) is
hyperbolic [7, Theorem D] or [6, Theorem A and Corollary B (1)] show that N
is a maximal amenable subalgebra of M. This means in particular that NN M C N.
Thus, as N is a factor, soisP (asPP NP C N NM =N NN =Cl).

It now remains to use the main theorem of [42], where Ioana showed that when
P is a subfactor of M which contains L(Z?), then P is either amenable (in which
case it equals N, as discussed above), or the inclusion L(Z?) < P is rigid, in which
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case P cannot be Haagerup. This ends the proof of the main part of the theorem;
the fact that any maximal amenable subgroup of SL»(Z) containing ( } 1) satisfies
the above assumptions follows from Proposition 2.13. |

Examples related to Galois correspondence. The next example is an almost
immediate consequence of the results of [21].

Theorem 3.2. Suppose that G is a group and A is an amenable ICC group. Then
the following conditions are equivalent for a von Neumann algebra P such that
L(A®%) <P < L(A2G):

o P is a maximal Haagerup subalgebra of L(A? G);
e P = L(A g H) for some maximal Haagerup subgroup H < G.

Proof. Consider the Bernoulli action of G on the algebra X); R, where R is the
hyperfinite //;-factor, so that R ~ L(A). As the action is strictly outer (see for
example [5, Proposition 4.9]), we can apply [21, Corollary 4] (generalized in [5,
Theorem 5.3]) to deduce that any intermediate von Neumann algebra between
Qg R and (QgR) %G is of the form Px := (Q R) » K, where K is a subgroup
of G. Now as L(K) < Pk, if Pg is Haagerup, then K must be Haagerup. It remains
to note that if K is Haagerup, so is A2g K, which is the content of Proposition 2.6.
This ends the proof. O

Concrete instances of the above theorem can be produced for example using
Theorem 2.12.

Extremely rigid actions. The next class of examples comes from actions which
do not admit non-rigid nontrivial quotients. Recall that an action G ~, (X, )
is called rigid ([64]) if the inclusion of von Neumann algebras L*°(X,u) <
L*®(X, ) x G is rigid; as we recalled in Proposition 1.10 unless (X, ) is not
diffuse, this gives an obstruction to the Haagerup property of L>®°(X, u) x G.

Definition 3.3. A p.m.p. ergodic action G ~, (X, u) is said extremely rigid if the
following two conditions are satisfied:

(1) there are no atomic quotient actions of G ~, (X, i) other than the trivial
action;

(2) all the quotient actions of G ~, (X, u) are rigid.
We first formulate and prove a general result regarding extremely rigid actions.

Note that very similar methods are used to show maximal injectivity of certain
subalgebras in [18, Corollary 3.6].
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Theorem 3.4. Let A be an ICC group with the Haagerup property and let G ~,
(X, u) be a p.m.p. ergodic extremely rigid action. Moreover, assume that G has
the Haagerup property. Let N = ®¢ L(A) and consider the Bernoulli action of G
onN. Then N x G < (NQL*®(X, i) x G is a maximal Haagerup subalgebra.

Proof. First note that N x G has the Haagerup property, asNx G = L(A?G) and
A 2 G has the Haagerup property.

Then, let P be any intermediate von Neumann algebra such that NG & P < M,
where M = (N®L*®°(X, 1)) ¥ G. Then we claim that P does not have the Haagerup
property.

Observe that N < N®L>(X) is centrally G-free in the sense of [65, Theo-
rem 4.3]. Indeed, by [65, Remark 4.4 (3)] (and using the notation of that paper)

2N (INQL®(X))w = N® N (N®L>®(X)) = N® N N and hence we just need
to check N C N is centrally G-free, which holds by [65, Example 4.13]. There-
fore, we may apply [65, Theorem 4.6] to conclude that P = A x G, where A is
a G-invariant intermediate subalgebra such that N € A < N®L*®(X). Since N
is a finite factor, we deduce that A =~ N®B for some G-invariant von Neumann
subalgebra B of L*°(X) by Ge-Kadison’s splitting theorem [35].

Then P = (N®B) x G. As the action is assumed to be extremely rigid, P cannot
have the Haagerup property as it contains B x G, B is diffuse and the inclusion
B < B x G is rigid. O

Let us then discuss an example of an extremely rigid action.

Lemma 3.5. Let G = SLy(Z). The standard (algebraic) action G ~ 72 ~ T?
is extremely rigid.

Proof. By [69, Example 5.9] (which is essentially a minor correction of [60,
Theorem 2.3]) we know that every nontrivial quotient of the considered action
is either G ~, k/\Z2 or G ~y k/\Zz/fv, where (x,y) ~ (—x,—y), for some
k > 1. Indeed, although in [69, Example 5.9], it is not stated clearly what is
the subgroup A’ appearing there, as a G-invariant closed discrete subgroup of R?
which contains Z2, A’ = Z?/k for some k > 1. So G ~, A’\ R? just corresponds
to the algebraic action G ~, k/\Z2 Then as explained in [69, Example 5.9], we
can identify G ~ k/\Zz/~ with G ~ k/\Zz/(Z/2Z), where Z/27. ~ K72 as
(x, ) = (=x,—y).

As the inclusion (kZ? < kZ?xG) = (Z* < Z? x G) has relative Property (T),
we know that G ~, k72 is rigid To see that G ~, k72 /~ is also rigid, we argue
as follows. Set B = L°°(kZ2/~) No =BxGandN = L°°(kZ2) x G. Then, as
B < L°°(kZ2) < N and the inclusion L°°(kZ2) < N is rigid as the above shows,
we deduce that the inclusion B < N is also rigid. Moreover, by considering the
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action G x Z/27 ~, k7?2 as above, we see that No = (LC"’(k/\ZZ))Z/2Z xG =

NZ/2Z hence [N : No] = [N : N%/2Z] < co. Moreover the inclusion Ng C N is

%—Markov in the sense described in [63]. This can be seen by first identifying T2
11 11

with the set [ — 1, 2] x [ — 3. 3] and then choosing an explicit orthonormal basis

{1, f} for our inclusion, where f is the function on T? defined by the formula

1 forx +y >0,

X, e T2.
—1 forx+y <0, (x, )

f(x,y)Z{

Thus, we can apply [64, Proposition 4.6.2] to conclude that the inclusion B < Ny
is rigid, i.e. the action G ~, kZ?/~ is rigid. O

Corollary 3.6. Let G = SL,(Z) and let A be an ICC group with the Haagerup
property. Then L(A?G) < L(A®C xZ?)x G is a maximal Haagerup subalgebra.

Proof. An immediate consequence of Theorem 3.4 and Lemma 3.5. O

Free products and pro-finite actions. The next result is connected to a recent
work of Amrutam ([1], with the appendix by Amrutam and the first-named author)
on intermediate algebras in the C*-context. The proof is motivated by the proof
of [59, Theorem 1.7]. Note that the results of Packer were later generalized (in
particular dropping the assumptions of ergodicity and the existence of a normal
conditional expectation) in [65], using a different method.

Theorem 3.7. Let G ~, (X, u) be a p.m.p. ergodic action and H < G be a strong
relative ICC group, i.e. #{hgh™':h € H} = oo forall g # e in G. Assume that H
acts on X trivially. Then every intermediate von Neumann subalgebra P between
L(G) and L*°(X) x G is of the form P = L*°(Y) x G for some G-factor Y of X.

Proof. The strong relative ICC assumption implies that G is ICC itself, so that
by ergodicity of the action L°°(X) x G is a II; factor. In particular we have the
trace-preserving normal conditional expectation E: L*°(X) x G — P.

As in [59], we just need to check that E(L*®(X)) € L°%(X). Indeed,
if this holds, then E(L*°(X)) is a G-invariant von Neumann subalgebra and
E(L*°(X)) x G < P; Moreover, P < E(L*(X)) x G by applying E to the
Fourier expansion of an element in P. Therefore, P = E(L*°(X)) x G and
E(L°°(X)) = L°°(Y) for some G-factor Y.

To prove E(L°°(X)) € L*°(X), first observe that for every a € L*°(X), and
h € H, we have uhE(a)u;1 = E(h.a) = E(a) as H acts on X trivially. Thus
E(L*®(X)) € L(H) N (L*°(X) % G). Thus it suffices to show that the strong
relative ICC assumption implies that L(H)' N (L*®(X)xG) = L*°(X). Consider
a € L(H)' N (L*(X) x G) and its Fourier expansiona = } . fetg. Then for
all h € H we have upa = auy, which means that f},,,—1 = op(fg) = f; for all
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g € G. Finally as deG | fell3 < oo, the relative ICC assumption allows us to
conclude that f, = 0 for all g # e. This implies that E(L*°(X)) € L*°(X) and
ends the proof. |

Remark 3.8. The above theorem generalizes the one in [1]. Indeed, one just
observes that if H < G is plump in the sense of [1], then it satisfies the
strong relative ICC assumption. Indeed, suppose this is not the case, so that
there exists some g € G \ {e} such that #{hgh™':h € H} < oo. Enumer-
ate {hgh™:h € HY} as {g1,...,gn)} and define a function ¢: Xy — RZO,
where Xy = {(tri,....tn)it1, ...ty = O, 5N 1t = 1} by ¢(t1,....t8) =
| =X, tiug, |. Clearly, ¢ is continuous. Moreover the fact that H is plump
in G, means that 0 = infiex, ¢(t). Then, as ¢ is continuous, there is some
t = (f1,...,ty) € Xn such that ¢(t) = 0, i.e. Y, tiug, = 0. This implies
that; = Oforalli = 1,...,N as ug,,...,ug, are linearly independent, and
contradicts the fact thatt € Xy.

Corollary 3.9. Consider the action SL,(Z) * SLy(Z) ~ 72 defined by first
factoring onto the first copy of the free product

SLy(Z) % SLa(Z) 2 SLy(Z) A Z2.

Then L(SLy(Z) * SLy(Z)) < L(Z? x (SLy(Z) * SL»(Z))) is a maximal Haagerup
subalgebra.

Proof. Note first that the action of SL,(Z) (so also of SL,(Z) * SL2(Z)) on T? is
p-m.p. and ergodic. Let H = Ker(p,), i.e. the normal subgroup generated by the
second copy of SL,(Z), so H acts trivially on Z?. Clearly H C SL,(Z) * SL,(Z)
is a strong relative ICC group. Hence by Theorem 3.7 any von Neumann algebra P
such that L(SL,(Z) * SL2(Z)) < P < L(Z?) x (SL2(Z) * SL,(Z))) is of the form
E(P)x(SL,(Z)+SL,(Z)), where E is the trace preserving conditional expectation
onto L(Z?). If the subalgebra E(P) is nontrivial, then, as it is SL,(7Z) invariant,
by Lemma 3.5 the algebra E(P) x SL,(Z) is not Haagerup, and the inclusion
P D E(P) x SL,(Z) ends the proof. O

We continue this part by explaining how Theorem 3.7 and its proof can be
used to determine intermediate von Neumann algebras for pro-finite actions of
ICC groups. Begin by noting that the proof of Theorem 3.7 can be adopted to
“localise” the necessary assumptions.

Theorem 3.10. Let a: G ~, (X, u) be a p.m.p. ergodic action. Let A C L*°(X)

be a subset such that L*°(X) C spanA”'HZ. Assume further that for each a € A
there exists a subgroup H, < G such that
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(i) ap,(a) =a forall h, € Hg;
(i) #{hgh™':h € H,} = ocoforallg # e in G.

Then every intermediate von Neumann subalgebra P between L(G) and L*°(X) %
G is of the form P = L*°(Y) x G, where Y is a G-factor of X.

Proof. The proof follows similarly to the proof of Theorem 3.7. Indeed, observe
that as the conditional expectation E is normal, to show E(L*®°(X)) € L*°(X) it
suffices to prove that E(A) € L*°(X). Take then any a € A. By assumption (i) we
know that E(a) € L(H,) N (L*®(X) x G). Then assumption (ii) on H, implies,
as before, that L(H,)' N (L®(X) x G) € L*(X). O

Corollary 3.11. Let G be a residually finite ICC group G, and let {Gy}nen be a
decreasing sequence of normal subgroups of G with trivial intersection. Suppose
that

G ~ X :=1im(G/Gp, pn)

is a profinite action. Then every von Neumann algebra P such that L(G) < P <
L®(X) % G is of the form P = L*®°(Y) x G where Y is a G-factor of X.

Proof. Take A = {lgzg,:n > 1,g € G}. The fact that the span of 4 is || - ||» dense
in L°°(X) follows from the definition of a profinite action. Foranyn > 1,g € G
and a = lgg,,let H, = G,. Then forany n € IN and g # e in G we have,
denoting by Cy (g) the centralizer of g inside H, #{hgh™':h € G,} = [G, :
Cq,(8)] =[G : Cg,(9))/[G : Gu] = [G : C6(8)]/[G : Gu] = 00, as G is
assumed to be ICC. This means that we can apply Theorem 3.10. O

The above result can be generalised from profinite actions to arbitrary compact
actions, as we were kindly informed by Rémi Boutonnet. After this work was
completed, we learned that Chifan and Das proved a more general version of the
above corollary, see [18, Theorem 3.10], and used it, together with other results,
to characterise intermediate finite index subfactors for the inclusion L(T") <
L*°(X) xT for a free ergodic p.m.p. action, and to provide an alternative proof of
a version of loana’s orbit equivalence superrigidity result [43, Theorem A].

Examples coming from roughly normal subgroups. The next class of exam-
ples is related to what we call roughly normal subgroups and uses a variation on
the work on intermediate operator algebras due to Cameron and Smith ([12]). It
is worth mentioning that in the von Neumann algebraic context ideas similar to
these below occur already in [39].

If H < G is an infinite subgroup then we call H roughly normal if for every
g € G the set H N g~'Hg is infinite. A word of warning is in place: some
authors call such subgroups almost normal, but it seems that in the group theoretic
terminology the latter usually means a subgroup with finitely many conjugate
subgroups — and the two notions are not related.
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Lemma 3.12. Let H C G be a roughly normal subgroup and let G & (X, ) be
a free mixing p.m.p. action. Suppose that P is a von Neumann algebra such that
L®(X)xH <P < L*®(X)xG. Then P = L*°(X) x K for some group K with
H <K <G.

Proof. This is essentially a corollary of [12, Theorem 3.3]. For completeness, we
sketch the proof in our setting.

Let E: L°°(X) x G — P be a faithful normal conditional expectation. Notice
thatforevery g € G wehaveuy E(ug) € L®(X)' N(L®(X)xG) = L®(X) asthe
action is free. We may thus write E(ug) = zgu, for some zg € L*°(X). Clearly,
zp = 1 for all h € H. Therefore (see [12]) P = mw*{L‘x’(X)zgug:g € G}.

Now we show that zg are projections and moreover zgog,(zy) = ZgZgh,
Zg—1 = 0g-1(zz) and zo = 1 for all g,h € G. Indeed, since zy-1ug—1 =
E(ug—1) = E(ug)® = (zgug)* = 04-1(z5)ug—1, we get og-1(z5) = Zg—1.

Further note that zgzgpugen = E(zgugn) = E(E(ug)up) = E(ug)E(up) =
ZgUgZpUp = ZgOg(Zp)Ugn, hence zgzgp = zg04(zy). Taking h = e, we deduce
that zg = z4 € L®(X), hence z; is an orthogonal projection.

Define K = {g € G:zg = 1}. Clearly, K is a subgroup of G containing H .
Take then any g € G \ K. As H is roughly normal in G, there exist infinitely
many distinct h, € H such that i), := gh,g™' € H. Since zp, = 1, we get

On,(Zg=1) = Zp,g—1 = Zg-1p; = Zg—1, Where the last inequality holds since
Zg—1Zg—1p, = Zg-104-1(Zy;) = Zg—1. AS G ~ X is mixing and z,—1 # 1, we
deduce that z,—1 = 0. This means that P = spanw*{L“(X)ug:g € K}, which
ends the proof. O

An extension of the above argument yields the next theorem.

Theorem 3.13. Let G = 72 x SLy(Z) and H = 72 x C, where C < SL,(Z) is
a maximal amenable subgroup. Let 6: G ~, (X, 1) be a free p.m.p. action such
that o |42 is ergodic. Then L*°(X) x H < L*°(X) x G is a maximal Haagerup
subalgebra.

Proof. Notice first that H is a roughly normal subgroup of G. Since the action
is not assumed to be mixing, we cannot apply Lemma 3.12 directly. If we
however follow its proof, and use the properties of our groups, we see that for
any g € G\ K € G\ H (with K defined as in that proof) and any & € Z? we
have i’ = ghg™! € H and deduce that oy, (zg—1) = z,—1. This means that actually
On(zg—1) = zp—1 forall h € 72. Since o is ergodic and Zg-1 # 1, we deduce
again that z,—1 = 0. Hence every intermediate von Neumann subalgebra must be
of the form L>®(X) x K for a subgroup K of Z? x SL,(Z) containing H. Now
Theorem 2.12 ends the proof. O

We can now present concrete examples of the above situation.
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Corollary 3.14. Let G = Z?> xSL,(Z) and H = 7?> xC, where C < SLy(Z) is a
maximal amenable subgroup. Let o be the classical Bernoulli shift G ~, TS ora
generalized Bernoulli shift G ~, TZ induced by the affine action G ~, Z?. Then
o is free and o2 is ergodic; hence L*°(X) x H < L*°(X) x G is a maximal
Haagerup subalgebra. In particular for example L(Z ¢ H) < L(Z:G) is a
maximal Haagerup subalgebra.

Note that the generalized Bernoulli shift action is not mixing as (1,0) € Z?
has infinite stabilizer subgroup in G.

Questions of Ge. The following natural definition of a maximal von Neumann
subalgebra was introduced by Ge [34].

Definition 3.15. Let M be a von Neumann algebra and N be a von Neumann
subalgebra. We say N is a maximal von Neumann subalgebra of M if for any von
Neumann subalgebra P of M with N € P, either N = P or P = M.

In [34, Section 3, Question 2] Ge asked the following questions.

Question 3.16. Can a non-hyperfinite factor of type 11, have a hyperfinite factor
as a maximal von Neumann subalgebra? Can a maximal von Neumann subalgebra
of the hyperfinite factor of type 11, be a subfactor of an infinite Jones index?

We will now show how the knowledge of intermediate von Neumann algebras
quoted and developed in this section gives positive answers to both of the above.
We begin with a lemma regarding properties of upper-triangular matrices inside
SL,(Q®). Recall that the notion of a roughly normal subgroup was introduced
before Lemma 3.12.

Lemma 3.17. Let G = SL,(Q) and let H denote the upper-triangular matrices
in SLy(Q). Then H is a maximal subgroup in G; moreover H is amenable and
roughly normal in G.

Proof. Puts = (9 !). Suppose that g € G \ H and write g = (4 5), where
a,b,c,d € Q,c # 0. Then

=66 )

This means that G = H U HsH, so that H is a maximal subgroup. As H is
solvable, it is amenable. Finally the set

{(5 1f)x 2ol

is infinite and contained in sHs™! N H, so that H is roughly normal in G. O
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Proposition 3.18. Let G = SL,(Q), let H denote the upper-triangular matrices
in SL,(Q) and let A be an amenable ICC group. The following factor inclusions
have the property that the smaller factor is an amenable maximal subalgebra of
the larger one:

(1) L(A g H) < L(A G);
) L(Z g H) < L(Z G).

Proof. All the groups in sight are ICC. By Lemma 3.17, the smaller ones are
amenable. The larger ones are non-amenable as G is not amenable. To see that all
the intermediate von Neumann algebras must come from intermediate subgroups
between H and G in the first case we can apply [21, Corollary 4] exactly as was
done in the proof of Theorem 3.2, and in the second case appeal to Lemma 3.12.
Another application of Lemma 3.17 ends the proof. |

For the second part of Question 3.16 the positive answer was given already
by Suzuki in [65, Example 4.14]; we recall again Suzuki’s example and present
another one, using only group von Neumann algebras.

Recall that a p.m.p. action Z ~, X is called prime if it has no nontrivial
proper factors. For existence of such actions (e.g. a Chacon system), see [36,
Theorem 16.6]. The result below follows as in the proof of Theorem 3.2.

Proposition 3.19 ([65]). Let A be an ICC amenable group. If Z. ~, X is a prime
action, then the following infinite index inclusion of amenable factors is such that
the smaller factor is a maximal von Neumann subalgebra of the larger one:

L(AZ) < (L(A®?) @ L®(X)) x Z.

To present the second example, we need some preparations. The so-called
Houghton groups were introduced in [41]. Let us recall their definition, follow-
ing [28, Example 3.6].

Fix an integer n € IN and set Q, = N x {1,...,n}. We may think of ©,
as the disjoint union of n copies INy,...,IN,, of IN. The Houghton group G, is
the group of all permutations o of 2, such that, for eachi € {1,...,n} the set
o (IN;)ANN; is finite, and o is eventually a translation on IN;, i.e. there exist an n-
tuple (my, ..., m,) € Z" and a finite set K, C @, suchthato(k,i) = (k +m;,i)
for all (k,i) € 2, \ K. Itis easy to see that the action of G, on 2, is transitive.
Note that G; = Sxo.

Proposition 3.20. Let n € N, and let G, denote the corresponding Houghton
group acting on 2, as above, let H,, denote the stabilizer group of a point in
Q, and let A be an ICC amenable group. The following infinite index inclusion
of amenable factors is such that the smaller factor is a maximal von Neumann
subalgebra of the larger one:

L(A 26, Hy) < L(A2Gy).
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Proof. Letn € IN. As explained in [28, Example 3.6], G, is elementary amenable.
Moreover, the action of G, on 2, is k-transitive for all k¥ € IN. Taking k = 2
we see that the diagonal action G, ~ 2, x 2, has two orbits; equivalently,
|H,/Gn\Hy| = 2. Hence H, is a maximal subgroup of G,. It has infinite index,
as G, ~ Q, is transitive and €2, is an infinite set. The conclusion follows once
again by [21, Corollary 4], as in the proof of Theorem 3.2. O

4. Maximal (T) and non-(T) subgroups and subalgebras

In this short section we discuss some facts concerning maximal non-(T) — and
also (T) — subgroups and subalgebras.

Explicit maximal non-(T) subgroups in groups with Property (T). Variations
of the example to be described below were studied for example in [46, 31].

Proposition 4.1. Consider the group

G = :AeSLs(Z),beZ3 ceZ,d e 7>

SO~
(=R
e Y

and its subgroup

H = :AeSLs(Z),c e Z,d e 73!

S O =
(=3
—_— QL 0

Then H is a maximal non-(T) subgroup inside G.

Proof. Note first that the fact that G is a Kazhdan group is observed in [29]. If we
consider

[T )

1 0
K:={]0 d|:4eSL3(Z),d € 7> } |
0 1
then a direct computation shows that K is a normal subgroupof H and H/K =~ Z.
Hence H is non-(T), as it admits a non-(T) quotient.
We will now show that for any g € G \ H the subgroup (H, g) has finite index
in G (and hence has Property (T); and so does any subgroup of G containing

(H, g)).
Consider the normal subgroup N of G given by

SO ~ O

1 c
N={l0 d|:ceZ,dez7>!
0 1
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We have naturally N C H, so that it suffices to show that (H, g)/N has finite
index in G/N. This however allows us to reduce the dimension. Put

H= {((1) 2):A € SL3(Z)},

(1 b
g_ 0 I )
where 0 75 b = n(by1, by, b3) with by, by, b3, n € Z, n 75 0, gcd(by,b2,b3) = 1. 1t

suffices to show that the subgroup (H, g) is of finite index in G = ((1) 5%13?2))

ButG ~ 73 xSL3(Z) and H is identified as the copy of SL3(Z) in Z3xSLs(Z),
thus, for any g € G \ H, we must have (H, §) =~ nZ3 x SL3(Z) for some n # 0,
so that (H, g) has finite index in Z3 x SL3(Z). O

In fact, another example of similar nature may be deduced from the results
in [55] and [68], as kindly communicated to us by Chen Meiri.

Proposition 4.2. Let n > 3 and define

H:= {(6‘ g); A € GLy(Z), B € Myx(n—2)(Z),C € GL,,_Z(Z)}

and
H := H N SL,(2).

Then H (resp. H) is a maximal non-(T) subgroup in SL,, (Z) (resp. GL, (Z)).

Proof. Assume we have proved H is a maximal non-(T) subgroup in SL,(Z);
then H is also a maximal non-(T) subgroup in GL,(Z). Indeed, H is non-(T)

s [H : H] = 2. Moreover, if H < K < GL,(Z), then one must have
H < K N SL,(Z) by index considerations. Hence K N SL,(Z) has (T), which
implies K has property (T) as [K : K N SL,(Z)] = 2. So we only deal with H
below.

Note first that H does not have Property (T) since it has a quotient isomorphic
to GL,(Z), which does not have Property (T).

We will first give a proof in a special case of n = 3, where it is fully elementary.
Let then g € SL3(Z),g ¢ H. Multiplying g by elements of H and using basic
number-theoretic properties one can first reduce the situation to the case where
g31 = 0(so tllafk g*32 # 0) and then in addition to the case where also g»; # 0.

Thus g = (aol a* :) with aja; # 0. Now the proof of [55, Theorem 2] shows
2

that [SL3(Z) : (g,1d+e1,3)] < oo, where e; 3 denotes the matrix unit with 1 at
the (1, 3)-entry. Hence [SL3(Z) : (H,g)] < oo asId+ey13 € H, and (H, g) (as
well as any subgroup containing it) must have Property (T).
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Consider then the general case. The group H consists of the integral points of
a maximal parabolic subgroup of SL,(Q) (see for example the discussion in [54,
pp. 86-87]). Thus, if g € SL,(Z) \ H, then (H, g) is Zariski-dense in SL,, (7). It
is easy to see that H admits two unipotent elements which generate a copy of Z2.
It then follows from Venkataramana’s result [68, Theorem 3.7] that (H, g) is of
finite index in SL3(Z) and thus has property (T). |

Maximal (T) and non-(T)-subalgebras. As we saw in Proposition 1.4, it is very
easy to show that maximal non-(T) groups exist. We do not know how to extend
this result to general von Neumann algebras, but below we record one special
case. For the notions related to the von Neumann algebraic Property (T) and to
the relative Property (T) we refer again to [64].

Proposition 4.3. Let M be a 11, factor and N < M be a non-(T) von Neumann
subalgebra, which is irreducible, i.e. N N\M = C. If M has property (T), then there
is a maximal non-(T) von Neumann subalgebra P such that N < P < M.

Proof. Consider the class of non-(T) von Neumann subalgebras of M which con-
tain N, as usual partially ordered by inclusion. To conclude the proof via the
Kuratowski—Zorn lemma it suffices to show that for any ascending chain (N;);eg in
the class, the von Neumann algebra Ny, := (Ui 9 Ni)// is in the class. As we are
working inside a II;-factor we may assume that the index set is countable. Note
that N, is a factor and Ng NM = C for each i € J, since N is assumed to be irre-
ducible. Suppose that N, has Property (T). Then [62, Theorem 4.4.1] implies that
Noo = N; for some i € J, which yields a contradiction. This ends the proof. [

As noted before Proposition 1.4 one cannot expect a general result of this type
for Property (T). Having said that, using free products and one can exhibit explicit
examples of maximal Property (T) subgroups/subalgebras.

Proposition 4.4. Let M,N be type 11; factors. If M has Property (T), then M <
M x N is a maximal rigid embedding, i.e. if P is any von Neumann algebra with
M<P<Mx*xNandP <M x N is a rigid embedding, then P = M. In particular M
is a maximal (T) von Neumann subalgebra in M x N.

Proof. It suffices to prove the first part since if a von Neumann subalgebra P <
M x N has Property (T), then P < M % N is a rigid embedding.

IfM < Pand P < M % N is a rigid embedding, then P is diffuse since M
is diffuse. By [45, Theorem 5.1] (taking B = C = My there), there exists
a unique pair of projections ¢1,g> € P’ N (M % N) such that g1 + ¢ = 1,
u1(Pgi)u; € M and u>(Pg2)us < N for some unitary elements u;,us € M * N.
Since P N (M« N) < MN(Mx*xN) =MnNM = C, either (¢1,¢92) = (0,1) or
(91.92) = (1,0). If (g1,92) = (0,1), then uoPu3 < N and hence u,Mu3 < N.
Then by [45, Theorem 1.1] it follows that ¥ = 0, which is a contradiction. Thus



Maximal subgroups and von Neumann subalgebras with the Haagerup property 885

(91.92) = (1,0) and uMu} < u;Puj < M. Again, by [45, Theorem 1.1] it follows
that u} € L?(M), hence u} € M. Now,M < P < uiMu; = M, i.e. M =P. O

Corollary 4.5. Suppose that G, H are ICC groups and G has Property (T). Then
G is a maximal Property (T) subgroup of G x H.

Proof. Immediate from the last proposition. |

We finish the section by exhibiting a concrete example of a maximal non-(T)
von Neumann subalgebra inside the II; factor with Property (T), based on recent
results of Kaluba, Nowak, and Ozawa [51] and Kaluba, Kielak, and Nowak [50],
together with Proposition 4.2. In the first version of our paper we asked for such
explicit examples: and Chifan, Das and Khan showed later in [19], independently
of our construction below, that they can be obtained with the help of the group-
theoretic Rips construction.

Once again we begin by some group-theoretic observations.

Lemma 4.6. Letn € N, n > 2. Then Inn(IF,) is relative ICC in Aut(IF,), ie.
#Hsps Vs e Inn(Fp)} = oo forallid # ¢ € Aut(IF,,).

Proof. Take any nontrivial ¢ € Aut(lF,). Write Fix(¢) = {g € F,: ¢(g) = g}-

We claim first that [IF,, : Fix(¢)] = oo. Indeed, suppose this is not the case
and say [IF, : Fix(¢)] = k € IN. Then for any nontrivial element g € T,
$(g)¥ = gF. Fix such an element and note that the subgroup (¢(g).g) is
a free group, isomorphic either to Z or to I, (since the minimal number of
generators for the free group IF,, is m). Clearly, (¢(g),g) # IF»; otherwise,
¢(g) and g would have to be free, which contradicts the above relation. Therefore
(P(2).8) = Z = (s), so that ¢(g) = s%, g = 5P for some nonzero a, b € Z. Then
ST = e, s0a = b,i.e. p(g) = g. As g was arbitrary, ¢ must be trivial and we
have reached a contradiction.

We can thus find an infinite sequence of elements g; € I, such that g; Fix(¢)N
gjFix(¢) = @ foralli, j € IN,i # j. To finish the proof it suffices to check that
Ad(gi) o ¢ o Ad(g;!) # Ad(gj)o¢o Ad(gj_l) foralli,j € N,i # j.

One can check that if x € G then Ad(g;) o ¢ o Ad(g;!)(x) = (Ad(gj) oo
Ad(g;")(x) if and only if ¢ (g;)g; ' gip(g; ") commutes with ¢ (x). Hence, as ¢
is an automorphism, if Ad(g;) o ¢ o Ad(g;™") = Ad(g;) o ¢ o Ad(g; "), then

$(g)g; ' gid(gi) =e.

ie. gj_1 gi € Fix(¢), This contradicts the conditions imposed earlier on the
elements g;. O

Let n € IN. The group Out(lF,) acts naturally on I, /[IF,,F,] = Z", which
induces a group homomorphism

¢: Out(lF,) — GL,(Z) := G.
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Moreover, we have a short exact sequence
0 — Inn(Fy,) = F, —> Aut(F,) — Out(F,) — 0.

Lemma 4.7. Letn € N,n > 5, and let Hy := ¢~ ' (H) < Out(F,,), where

i= {(6‘ g):A € GLy(Z).C € GLy_»(Z). B & Mz,,,_z(Z)}.
Then Hy is a maximal non-(T) subgroup in Out(IF,) with the extra property that
[Out(F,) : (Hy, g)] < oo forall g € Out(F,)\ Hy. Further r='(Hy) is a maximal
non-(T) subgroup of Aut(IF,,).

Proof. It follows from Proposition 4.2 and its proof that H := H N SL,(Z) is
a maximal non-(T) subgroup of SL,(Z) with the extra property that [SL,(Z) :
(H,g)] < oo forall g € SL,(Z) \ H. Clearly, this also implies [GL,(%Z) :
(H,g)] < ocforall g € GL,(Z)\ H.

As Property (T) passes to quotients, we deduce that Hy is non-(T).

Let then Hy < K < Out(IF,,) be any group. Then it is easy to check that
H SP(K) =G as Ker(¢) < Hy. We know that [G : ¢(K)] < oo; therefore,
[Out(IF,) : K] < [¢(Out(F,)) : p(K)] < [G : p(K)] < oo (as Ker(¢p) < K im-
plies that ¢ ~!(¢(K)) = K). Thus K has Property (T) as Out(IF,,) has Property (T)
for all n > 5 by [50] and [51].

The second statement follows in a very similar way. O

Proposition 4.8. Let n € N,n > 5 and let y: Aut(F,) — GL,(Z) be the
homomorphism obtained by the composition of w: Aut(lF,) — Out(lF,) and
¢:Out(Fn) — GLn(Z) (see the discussion before Lemma 4.7). Further let
H < GL,(Z) be the subgroup defined in Lemma 4.7. Then L(y~'(H)) is a
maximal non-(T) von Neumann subalgebra inside L(Aut(IF,,)) (where the latter is
a Iy factor with Property (T)).

Proof. By Lemma 4.6 we know that Inn(IF,,) is relative ICC in ' = Aut(lF,),
so that L(Inn(IF,))’ N L(Aut(FF,)) = CI1 and every intermediate von Neumann
subalgebra between L(Inn(F,)) and L(Aut(IF,)) is a subfactor. As Inn(F,) is
also normal in Aut(IF,), [18, Corollary 3.8 (2)] implies that every intermediate
subfactor between L(Inn(IF,)) and L(Aut(FF,)) is of the form L(K) for some
intermediate subgroup Inn(F,) < K < Aut(IF,). Lemma 4.7 ends the proof. O

5. Open problems

We finish the article by listing certain open problems regarding the maximal
Haagerup subgroups and subalgebras, accompanied by brief comments on what
we know about them so far.
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Problem 5.1. Find an example of a maximal Haagerup subgroup H < G such
that L (H) is not a maximal Haagerup subalgebra inside L(G).

For amenability the relevant examples were produced for example in [6]. We
believe that a suitable candidate is given by the pair of groups considered in
Proposition 2.8, although it is not clear whether one can find a Bernoulli factor of
the corresponding algebraic action.

In the first version of this paper we asked whether one can find a non-Haagerup
group G such that Z”" (n > 1) is a maximal Haagerup subgroup of G or show that
no such example exists. Note that our results include examples of amenable and
maximal Haagerup subgroups inside non-Haagerup groups. On the other hand,
observe that if Z can be realised as a maximal Haagerup subgroup inside a non-
Haagerup group G, then G does not have property Pp 4y as introduced in [3] and
it admits an infinite cyclic or trivial Haagerup (hence also amenable) radical. As
was pointed to us by Dan Ursu, the examples where 7 is a maximal Haagerup
group in a Property (T) group are provided by “torsion-free Tarski monsters,” as
constructed in [58]. Indeed, Corollary 1 of that paper shows that any non-cyclic
torsion free hyperbolic group (of which there are Property (T) examples) admits
a non-abelian torsion free quotient whose all non-trivial subgroups are cyclic.

Problem 5.2. Prove that L(SL(Z)) is a maximal Haagerup subalgebra of L(Z?x
SL> (7)) and more generally L(AG % G) is a maximal Haagerup subalgebra inside
L((AG & 7?) x G), where G = SL,(Z) and A is any finite abelian group.

To attack the second problem mentioned above, following the proof of Theo-
rem 3.4, one may need to describe all intermediate factors G ~, X such that there

exist G-equivariant p.m.p. maps a, B: T2 x A9 X x £> A% with Boa = projc.
Problem 5.3. Determine all maximal Haagerup subgroups inside SL3(%Z).

This is naturally related to Proposition 2.19, Proposition 4.2, and Proposi-
tion 4.8.

Problem 5.4. Find an explicit example of a maximal non-(T) subalgebra in
L(SLy>3(2)).

Here of course one could also ask specifically about the subgroups from
Propositions 4.1 and 4.2.

Problem 5.5. Find explicit and natural examples of maximal Haagerup von Neu-
mann subalgebras of type III.

Here the situation seems to be completely open, in a sense that no natural
obstructions to the Haagerup property seem to be known beyond the context of
finite von Neumann algebras.
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Note added in proof. The first part of Problem 5.2 has now been solved in [47].
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