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ABSTRACT. We show that relative Property (T) for the abelianiza-
tion of a nilpotent normal subgroup implies relative Property (T) for
the subgroup itself. This and other results are a consequence of a
theorem of independent interest, which states that if H is a closed
subgroup of a locally compact group G, and A is a closed subgroup
of the center of H, such that A is normal in G, and (G/A, H/A) has
relative Property (T), then (G, H())) has relative Property (T), where
H® is the closure of the commutator subgroup of H. In fact, the as-
sumption that A is in the center of H can be replaced with the weaker
assumption that A is abelian and every H-invariant finite measure on
the unitary dual of A is supported on the set of fixed points.
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1. INTRODUCTION

Relative Property (T) is an analogue of Kazhdan’s Property (T) for pairs
(G, H), where H is a closed subgroup of the locally compact group G. More
precisely, (G, H) has relative Property (T') if every unitary representation of G
with almost-invariant vectors has H-invariant vectors. (See Definition Ad-
ditional information can be found in [3 pp. 41-43], [5], and [14].) This concept
has proved useful for many purposes, including the study of finitely-additive
measures on Euclidean spaces [I7], the construction of II; factors with triv-
ial fundamental group [22], the construction of new examples of groups with
Kazhdan’s Property (T) that satisfy the Baum-Connes Conjecture [26], and
proving that particular groups have Kazhdan’s Property (T). In particular, the
usual proof that SL(3,R) has Kazhdan’s Property (T) is based on the fact that
the pair (SL(2,R) x R? R?) has relative Property (T) [3 pp. 47-50].

The very basic case where the subgroup H is abelian and normal has been
a focus of attention (see, for example, [0 [7, [10 [12] 26] and [28, Lem. 3.1]).
We generalize the results that were obtained in this situation by allowing H
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to be nilpotent, rather than abelian. Indeed, the following theorem provides
a nilpotent analogue of any result that establishes relative Property (T) for
abelian, normal subgroups.

NOTATION 1.1. For any topological group N, we let NV = cl([N, N]) be
the closure of the commutator subgroup of N, and let N% = N/N(l) be the
abelianization of N.

THEOREM 1.2. Let N be a closed, nilpotent, normal subgroup of a locally
compact group G. Then (G,N) has relative Property (T) if and only if
(G/NW N has relative Property (T).

As an example, consider a semidirect product H x A, where A is abelian.
Y. Cornulier and R. Tessera [6] have characterized precisely when the pair
(H x A, A) has relative Property (T), so the theorem yields a characterization
for pairs (H x N, N), where N is nilpotent. The following corollary is a special
case that is in a particularly usable form, and is based on work of Y. Cornulier
and A. Valette [7].

NoTATION 1.3. Assume the locally compact group H acts on a 1-connected,
nilpotent Lie group IV, and L is a closed, connected, H-invariant subgroup of IV,
such that [N, N] C L. Then N/L = R" for some n, so the action of H induces
a homomorphism Inty,r: H — GL(n,R). We use Inty,r(H)® to denote the
closure of the image of this homomorphism.

COROLLARY 1.4. Assume the locally compact group H acts on a 1-connected,
nilpotent Lie group N. The pair (H x N, N) has relative Property (T) if and
only if, for every closed, connected, H-invariant, proper subgroup L of N that
contains NV | the group Inty/r(H)® is not amenable.

A special case of Corollary[[4] in which H is a Lie group and other assumptions
are also made, was proved in [4, Prop. 4.1.4, p. 44].

The above results are consequences of the following theorem, which is of inde-
pendent interest.

THEOREM 1.5. Let H be a closed subgroup of a locally compact group G, and
let A be a closed, abelian subgroup of H. Assume that A is normal in G, and
that every H-invariant finite measure on the unitary dual A is supported on
the set of fized points of H. If (GJA, H/A) has relative Property (T), then
(G, HM) has relative Property (T).

The (easy) proof of Theorem does not require the full generality of Theo-
rem [[L5] but only the following special case in which H acts trivially on A.

COROLLARY 1.6. Let H be a closed subgroup of a locally compact group G,
and let A be a closed subgroup of the center of H, such that A is normal
in G. If (G/A,H/A) has relative Property (T), then (G,H™) has relative
Property (T).
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REMARK 1.7. The special case of Corollary[[L8in which G = H is a well-known
result of J.—P. Serre that appears in [3] Thm. 1.7.11, p. 66]. More generally, the
special case where A is central in all of GG, not merely in H, is a generalization
of [5, Prop. 3.1.3].

Our methods also apply to relative Property (T) for triples, rather than pairs.

DEFINITION 1.8 ([14, Rem. 0.2.2, p. 3]). Let H and M be closed subgroups of
a locally compact group G. We say that the triple (G, H, M) has relative Prop-
erty (T), if for any unitary representation 7 of G, such that the restriction 7| g
has almost-invariant vectors, then there exist nonzero (M )-invariant vectors.

For example, we prove the following result, which was conjectured by
C. R. E. Raja [24) Conjecture 1 of §7] in the special case where N is required
to be a connected Lie group (in addition to being nilpotent).

COROLLARY 1.9. Suppose that H and N are locally compact groups, such that
N is nilpotent and assume that H acts on N by automorphisms. Then the
triple (H x N, H, N) has relative Property (T) if and only if the triple (H x
N H, N%) has relative Property (T).

A modified version of Theorem also yields a classification of Kazhdan sets
in some groups.

DEFINITION 1.10. A subset @ of a locally compact group G is a Kazhdan
set for G if there exists € > 0, such that every unitary representation of G
with a nonzero (Q, €)-invariant vector has a nonzero invariant vector. (See
Definition Z2|[I)) for the definition of a (@, €)-invariant vector.)

C. Badea and S. Grivaux [2, Thm. 6.1] obtained a Fourier-analytic charac-
terization of Kazhdan sets in abelian groups (that are locally compact). The
following corollary extends this to two other classes of groups. (The special
case where G is a Heisenberg group was proved by C. Badea and S. Grivaux
[2l Thm. 6.11].)

DEFINITION 1.11. A connected Lie group G is real split if every eigenvalue of
Adg is real, for every g € G. For example, every connected, nilpotent Lie
group is real split.

COROLLARY 1.12. Let G be a locally compact group that either is nilpotent or is
a connected, real split, solvable Lie group. Then a subset Q of G is a Kazhdan
set for G if and only if the image of Q in G is a Kazhdan set for G.

REMARK 1.13. Y. Cornulier [B, p. 302] has generalized the notion of relative
Property (T) to pairs (G,H) in which H is a subset of G, rather than a
subgroup. Corollary [[Lf] extends to this setting in the obvious way (see Corol-
lary[R1), but the hypotheses of the corresponding generalization of Theorem [[H]
are not as clean (cf. Theorem B.6]).

Other consequences of Theorem can be found in Sections [ [ and
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Here is an outline of the paper. Section 2] establishes some notation and recalls
(or proves) several basic facts about relative Property (T), introducing the
notion of relative Property (T) with approximation. Section [B] defines a tensor
product that is fibered over the eigenspaces of an abelian normal subgroup,
and discusses the associated invariant or almost-invariant vectors. Section [4]
uses the results of Sections [2] and [B] to give a short proof of a generalization
of Theorem that applies to triples, rather than pairs. (The section also
proves a slightly different result that also implies Theorem [[.21) Section Bl uses
Theorem (and its generalizations) to prove the other results stated in the
above introduction (plus some related results). Section [ shows that if N is
compactly generated, and nilpotent, then it has a unique largest subgroup LT,
such that (G, L) has relative Property (T). Section [[lproves a generalization of
Corollary[L4lthat does not require the subgroup N to be a Lie group. Section[8
presents results on relative Property (T) for triples (G, H, M) in which the
subset M is not required to be a subgroup. Finally, Section [ records a few
other observations about relative Property (T).
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versitaire de France (IUF) and ANR Gamme. R. Shah would like to thank the
National Board for Higher Mathematics (NBHM), DAE, Government of India
for a research grant. We thank the Mathematical Sciences Research Institute
(Berkeley, California) for its hospitality, which facilitated this collaboration.
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Section [8 were prompted by an anonymous referee’s suggestion to investigate
whether our techniques apply to relative Property (T) for subsets, not just
subgroups.

2. RELATIVE PROPERTY (T) FOR PAIRS AND TRIPLES

AssuMPTION 2.1. Hilbert spaces and locally compact groups are assumed to be
second countable. (So all locally compact groups in this paper are o-compact.)

DEFINITION 2.2 ([3] Defns. 1.1.1 and 1.4.3, pp. 28 and 41]). Let 7 be a unitary
representation of a locally compact group G on a Hilbert space H, and let H
be a closed subgroup of G.

(1) For a subset @Q of G and € > 0, a vector £ € H is (Q, €)-invariant if
Im(g)€ — €]l < ellél] for all g € Q.

(2) 7 has almost-invariant vectors if m has nonzero (Q, €)-invariant vectors,
for every compact Q C G and € > 0.

(3) The pair (G, H) has relative Property (T) if every unitary represen-
tation of G that has almost-invariant vectors, also has nonzero H-
invariant vectors.

If the pair (G, H) has relative Property (T), then (Q), ¢)-invariant vectors can
be approximated by H-invariant vectors:
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THEOREM 2.3 (Jolissaint [I5, Thm. 1.2 (a2 = b2)]). Assume H is a closed sub-
group of a locally compact group G, such that (G, H) has relative Property (T).
Then, for every § > 0, there exist a compact subset Q of G, and € > 0, such that
if T is any unitary representation of G on a Hilbert space H, and £ is a nonzero
(Q, €)-invariant vector in H, then ||€ —n| < |||, for some H-invariant vector
neH.

This result does not extend to triples with relative Property (T), because the
following is an example in which the triple (G, H, M) has relative Property (T),
but there are almost-invariant vectors for H that cannot be approximated by
M-invariant vectors.

EXAMPLE 2.4. Let G = O(n) x R™, and let H and M be the stabilizers in G
of two different points x and y in R™ (so H and M are two different conjugates
of O(n)). Then it is not difficult to see that (G, H, M) has relative Property (T).
(Namely, note that H has Property (T), because it is compact, and that every
representation of G with an H-invariant vector must also have an M-invariant
vector, because M is conjugate to H.)

Let 7 be the natural representation of G on L?(R™). There is a nonzero H-
invariant function ¢ in L?(R™) whose support is contained in a small disk
centered at x (small enough that the disk does not contain y). Then £ is (Q, €)-
invariant for every @ C H and € > 0, but £ is not well approximated by any
M-invariant function.

This observation motivates the following definition, which identifies the cases
where the approximation is always possible:

DEFINITION 2.5. Let H and M be closed subgroups of a locally compact
group G. We say that the triple (G, H, M) has relative Property (T) with
approzimation if, for every § > 0, there exist a compact subset Q of H and
€ > 0, such that if £ is any (Q, €)-invariant vector of any unitary representation
of G, then there is an M-invariant vector n, such that || —&|| < d|€]|.

It is obvious that relative Property (T) with approximation implies relative
Property (T). The converse is not true, as Example [Z4] gives a triple that
has relative Property (T) but not relative Property (T) with approximation.
However, Theorem tells us that the two properties are equivalent when
G = H. They are also equivalent when the third group in the triple is normal:

LEMMA 2.6. Assume H and M are closed subgroups of a locally compact
group G, such that (G, H, M) has relative Property (T). If M is normal in G,
then (G, H, M) has relative Property (T) with approzimation.

Proof. This is a standard argument (cf. [3, Prop. 1.1.9, p. 31]). Let § > 0 be
arbitrary. Since (G, H, M) has relative Property (T), there exist a compact
subset @ of H and € > 0, such that every unitary representation of G with
nonzero (@, € )-invariant vectors has nonzero M-invariant vectors.

Let € = §¢'/2, and suppose that £ is a (Q, €)-invariant unit vector for a unitary
representation m of G on a Hilbert space H. We need to find an M-invariant
vector 7 that is d-close to &.
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Let P: H — (HM)L be the projection onto the orthogonal complement of
the space of M-invariant vectors. We may assume P(§) # 0 (otherwise ¢ is
invariant and we take 7 = £). Since M is normal in G, we know that H* is
G-invariant, so 7 restricts to a representation of G on (HM)l. For all ¢ € Q,
we have

I7(q) P(§) = PO = IP(7(@)s — §)Il < lIm(@)s — &Il <e.

However, P(£) cannot be (Q, € )-invariant, because (£ )+ has no nonzero M-
invariant vectors. Therefore € > €’||P(§)||, which means

1PN <e/e" =6/2 <]l
Hence n = & — P(§) # 0 is M-invariant and ||n — &|| < 0||¢]| as desired. O

It is immediate from the definitions that the pair (G, H) has relative Prop-
erty (T) if and only if the triple (G, G, H) has relative Property (T). Now,
suppose M C H C G. It is obvious that if the pair (H, M) has relative Prop-
erty (T), then the triple (G, H, M) has relative Property (T). However, the
converse is not true, even if M is contained in H and is normal in G:

EXAMPLE 2.7. Fix n > 4, and embed SL(3,R) in SL(n,R), in such a way that
SL(3,R) fixes a nonzero vector v € R™. Then
(1) the triple (SL(n,R) x R™, SL(3,R) x R",R") has relative Property (T),
but
(2) the pair (SL(3,R) x R™,R"™) does not have relative Property (T).

Proof. ([ Let m be a unitary representation of SL(n,R) x R™, such that the
restriction of 7 to SL(3,R) x R™ has nonzero almost-invariant vectors. Since
SL(3,R) has Property (T) [3, Thm, 1.4.15, p. 49], we know that 7 has nonzero
SL(3, R)-invariant vectors. The Moore Ergodicity Theorem (or Mautner phe-
nomenon) [I9, Cor. 11.2.8, p. 216] tells us that every SL(3, R)-invariant vector
is SL(n, R)-invariant. Since the triple (SL(n,R) x R", SL(n, R),R") has relative
Property (T) (see, for example, [24, Thm. 1.1]), these vectors are R™-invariant.
@) Since SL(3,R) fixes v (and SL(3,R) is simple, so its representation on R™
is completely reducible), we see that the abelianization of SL(3,R) x R™ is
noncompact. So nontrivial 1-dimensional representations of SL(3,R) x R™ ap-
proximate the trivial representation, and are trivial on SL(3,R), but have no
R™-invariant vectors. O

3. INVARIANT VECTORS AND TENSOR PRODUCTS

As was mentioned in the introduction, Theorem is a generalization of a
theorem of Serre. The proof of Serre’s result in [3, Thm. 1.7.11, p. 66] is based
on the fact that if A is central in G, and 7 is irreducible, then w(A) consists of
scalar matrices, so A is in the kernel of 7 @7 (see Notation Bl for the definition
of the conjugate representation 7). To generalize this proof, we construct a
different representation, denoted 7 ® 37, that is trivial on A, even if 7(A) does
not consist of scalars (see Definition [34]). In geometric terms, 7 can be realized
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as an action on the L?-sections of a vector bundle over the unitary dual of A,
and the representation m ® 3 7 is constructed by tensoring this vector bundle
with its conjugate. However, the official definition of 7 ® 7 @ in Section BA]
uses the terminology of real analysis and representation theory, instead of the
language of vector bundles.

For the proof of Theorem [[L3] it is important to know that almost-invariant
vectors for 7 yield almost-invariant vectors for m @ ; 7. That is the point
of Proposition below. Conversely, Proposition will be used to obtain
invariant vectors for 7 from invariant vectors for 7 ® 3 7.

NoTATION 3.1. We use:

e T for the complex conjugate of the number z,

e 7 for the conjugate of the Hilbert space H [3, p. 293],

e ¢ for the element of 7 corresponding to the element ¢ of H (so x
for z € C), and

e 7 for the unitary representation on # that is obtained from the unitary
representation 7 on H [3, Defn. A.1.10, p. 294].

We begin by recalling some basic facts of functional analysis.

LEMMA 3.2.

(1) [29, §3.4, pp. 42-49] If H1 and Hz are Hilbert spaces, then there is a
Hilbert space H1 ® Ha, such that

[[or @ v2]| = [loa| [|vzll

for all vi € Hy and vy € Ho.

(2) (cf. 29, p. 267 and Thm. 3.12(b), p. 49]) If Uy and Uy are unitary
operators on Hi and Ha, respectively, then there is a unitary operator
Ui ®Us on Hi ® Ha, such that

(U1 ® Ug)(vl ® ’Ug) = Urv1 ® Usvs.

(3) The natural map U(H1) x U(H2) — U(H1 @ Ha) is continuous when
the unitary groups are given the strong operator topology.

3A. A FIBERED TENSOR PRODUCT.

NOTATION 3.3. Assume

e 7 is a unitary representation of a locally compact group G, and
e A is an abelian, normal subgroup of G.

Applying the representation theory of abelian groups [3, Thm. D.3.1(i), p. 375]
to the restriction 7|4 provides a unique projection-valued measure P on the
unitary dual A, such that, for a € A, we have

w(a) = /A a) dP(V).
A
The uniqueness implies that

P,z =7m(g)Ppn(g)~! for g € G and E C A,
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so this is a system of imprimitivity for 7 (as defined in [27, top of page 203]).
If this system of imprimitivity is homogeneous (as defined in [27, p. 218]), then
[27, Theorem 6.11, pp. 220-221] tells us there is a measure p on E, a Hilbert
space H, and a Borel cocycle a: G x A U(H), such that (up to isomorphism)
7 is the representation on L? (/Al, w; H) given by

(7(9)f)(A) = V/D(g,A) a(g, A) f(g~"\)

for g € G, f € L2(A\,M;H), and A € /T, and where D(g,\) is the Radon-
Nikodym derivative of the action of g on A.

DEFINITION 3.4. With the above notation (and assuming that P is homo-
geneous), we define 7’ = m ® ; T to be the unitary representation of G' on
LQ(E, w; H ® H) that is defined by replacing o with o ® @ in the formula for
™(9):

(7' (9)f)(N) = V/D(g. A) (alg, A) @ alg, N)) F(g~*N).
(Lemma B2)[B) implies that the cocycle @ ® @ is Borel measurable.)

REMARK 3.5. Notice that A is in the kernel of 7 ® 77, which means that 7® ;7
is a representation of G/A.

An important feature of the fibered tensor product is that it preserves almost-
invariant vectors, and more precisely we have the following.

ProrosiTION 3.6. If f € LQ(E, w;H) is a (Q, €/3)-invariant unit vector for w,
then the function f'()\) = m F) ® f(A) is a (Q, €)-invariant unit vector
for m® ;7. (We use the convention that f'(A) =0 if f(A) =0.)

Before giving the proof we need the following simple lemma.

LEMMA 3.7. Suppose

e Hq and Ho are Hilbert spaces,
v, w; € H; fori=1,2,

o [fwill = [Jwa,
o for z € {v1, v, w1, wa}, Z is a unit vector such that z = ||z|| Z, and
e D>0.

Then
[|1Dwy ® We — 17 ® va|| < 2||Dwy — v1|| + || Dwa — ve|.

Proof. We have
| Dwi ® wWa — 01 ® va|

< ||Dw1®@Wa — v1@W2 || + [[11®@We — 11@(Dws)|| + [[11@(Dws) — 1 @vs||
= (Dws = v0) @ @all + || (lor]| = Dlhwall)or @ s | + 171 © (Dwz = va)]
= IDws = vil| +|[vill = Dlhwall| + | Dws = v .

Since ||wy]| = ||wz]|, the conclusion now follows from the fact that ‘||1)H —lw||] <
|lv — w]|| for all vectors v and w in any Hilbert space.
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PRrROOF OF PROPOSITION 3.6 First, note that for A € fT, we have

o) = [ —— ool = L. T = (FO0]| =
17090 = | £ © T = s 1L COIITOR = TR = L0

Therefore || f'[|2 = || f]|2, so f” is a unit vector for the representation 7’ = 7® 37.
ForgEQand)\EE,let
U1 :f()‘)a w1 :a(ga)‘)f(gil)‘)a Vg = 7,

we =wi, and D =+/D(g,\).

#f()\)(@m:@@w-

Then

and

Therefore, Lemma [3.7 tells us that
1% (9)1) N = FO]| < 20 Dy — o] + | D — v
=2||Dwy — 1| + || Dwy — 1|
= 3[[Dw1 — v1|

=3 (x(9)f)(N) = NI,
(m(9)f)(N) = V/D(g, A) g, A) f(g~ ' A) = Duwy.
So

I (9)f" = fl2 < 3ln()f = fll2 <35 =< 0

3B. OBTAINING INVARIANT VECTORS FROM A TENSOR PRODUCT. The follow-
ing result is based on ideas of Jolissaint [I5] Thm. 1.2] and Nicoara-Popa-Sasyk
[20, proof of Lem. 1].

ProproOSITION 3.8. Let p be a unitary representation of a locally compact
group M on a Hilbert space H, and suppose & € H. If ' is any (p ® p)-
invariant vector in H ® H, then there is a p(MM)-invariant vector n € H,
such that

[ln—€NEN< 7" = E@ €]

Moreover, n can be chosen so that the subspace Cn is p(M)-invariant.

Proof. Assume, without loss of generality, that ||£]| = 1, and, for convenience,
let 6§ = ||’ — € ®&||. We may assume that § < 1/7. (Otherwise, the desired
inequality is satisfied with n = 0.)

Let H' = H ® H, and note that H’ can be identified with the space of Hilbert-
Schmidt operators on H, which are compact operators with finite trace (see
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[3l the discussion on page 294]). In this identification, the vector ¢’ = ¢ ® £
corresponds to the rank-one orthogonal projection P on the line C¢, defined
by

Pe(n) = (n,€)¢,
where the inner product is from H. In particular, P is a self-adjoint operator
with trace 1 and its spectrum is in {0,1}. Therefore, all the Hilbert-Schmidt
operators corresponding to elements in the closed convex hull of (p ® p)(M)¢’
are self-adjoint operators with trace 1 and their spectrum is contained in [0, 1].
Let T be the Hilbert-Schmidt operator corresponding to n’. We may assume
that 7’ is the projection of & onto the space of (p ® p)-invariant vectors, so 1’
is in the closed convex hull of (p ® p)(M)&’. Then T is a self-adjoint Hilbert-
Schmidt operator with trace 1 and whose spectrum is contained in [0, 1].
As T is invariant under p(M), so are all of its eigenspaces, and we claim that T
has a one-dimensional eigenspace. Let {c;} be the eigenvalues of T', and assume
c1 > ¢ for all i # 1. Then Y ¢; = 1, and the Hilbert-Schmidt norm ||T||zs
of T satisfies

1Tlas = (3¢2) " <1 and [ Tus = 7] = .
From the definition of T', we have
IT = Pellas = |ln" = €| = o.
Also
172~ Pells = T2 — P2|lus < |7+ Pellus | T — Pellus < 25
Then
IT = T? s < |T = Pells + [|Pe — T?| s < 6+ 26 = 36.

As ¢1 > ¢; for all i # 1, we have

35> | Tus — |720s = ()~ (X))
> (1—e) (X6) " = (1= e)Tllas = (1= e1)(1 - o)

Therefore
30 1-46 1

>l—-—=—> =
)
since § < 1/7. Since the trace of T is 1, we conclude that the eigenspace
corresponding to the eigenvalue c¢; has dimension 1, as claimed.
Note that the cj-eigenspace of T' is not orthogonal to £: otherwise, if ng is a
unit vector in the eigenspace, then
1 1
5 < = llevmoll = 1 Tm0 = Pe(mo)ll < |77 = Pel| <6 < =
Therefore, we may let 1 be the (unique) vector in the ci-eigenspace of T', such
that P¢(n) = c1€. Then

1 1 6
ln =&l = —IT(n) = Pe)ll < —IT = Fell Inll < —llnll < 25]nll.
1 C1 Cc1
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Since ||€]] = 1 and 2§ < 2/7 < 1/3, this implies ||n|| < 3/2, so ||n — & < 36 <
76. Also, since Cn is a 1-dimensional p(M)-invariant subspace, we know that
p(M M) acts trivially on it, so n is p(M™M))-invariant. O

4. PROOF OF THE MAIN THEOREM

Recall that all locally compact groups are assumed to be second countable (see
Assumption [ZT]).

Theorem [[Hlis the special case of the following result in which G = H. (Recall
that if either G = H or M is normal in G, then relative Property (T) for the
triple (G, H, M) is equivalent to relative Property (T) with approximation, by
Theorem [23] and Lemma [2:6])

THEOREM 4.1. Let H and M be closed subgroups of a locally compact group G,
and let A be a closed, abelian subgroup of M that is normal in G. Assume that
every M -invariant finite measure on A s supported on the set of fized points
of M. If HA is closed and (G/A,HA/A, M/A) has relative Property (T) with
approzimation, then (G,H, MW) has relative Property (T) with approzima-
tion.

Proof. Let § > 0 be arbitrary. Since (G/A, HA/A, M/A) has relative Prop-
erty (T) with approximation (and HA is closed), there is a compact sub-
set @ of H and e > 0, such that if ¢ is any (Q,¢)-invariant vector for a
unitary representation of G/A, then there is an M-invariant vector 7/, such
that [|n" —&'|| < §/7.

Now, suppose 7 is a unitary representation of G, such that 7 has a (Q,¢/3)-
invariant vector f. (We wish to show that f is well-approximated by an M-
invariant vector.) By replacing 7w with the direct sum 7 @ 7 & - - - of infinitely
many copies of itself, we may assume that all irreducible representations ap-
pearing in the direct integral decomposition of 7|4 have the same multiplicity
(namely, co). By definition, this means that 7| 4 is homogeneous, so Section BAl
provides a measure p on /T, a Borel cocycle a: G x AU (H), a corresponding
realization of m as a representation on the Hilbert space LQ(E, w;H), and a
unitary representation 7' =7 ® 3 T of G.

Since 7w has been realized as a representation on LQ(A\7 w; H), we know that
ferL? (A\, w; H). Then PropositionB.6l provides a (Q, €)-invariant unit vector f’
for 7/. By the choice of @ and e (and Remark [33]), we know that there is a
7' (M)-invariant vector f, € L2(A, u; H @ H), such that || f}, — f'll2 < 8/7.
Since f}; is M-invariant, we have

Il far = /D(m, A) || £ (m™EN)|| for m € M and a.e. )\GA

so it is straightforward to check that || f}||? p is an M-invariant measure on A
Furthermore, this measure is finite because fj}, is in LQ(A\, wH @ H). By
assumption, this implies that (up to modifying f}, on a set of measure zero) we
may choose the support of f}, to be contained in the set AM of fixed points of M
in A . For each fixed A € AM | the function a(m, \) is a representation py of M
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on H (and D(m,\) =1 on AM), so M acts on the subspace L2(AM Bl s H®
H) by
(7' (m)f)(A) = ((pa ® Px(m))) f'(N).

Note that f;,(\) must be an M-invariant vector in H®H, for a.e. A € A. Then,
since Proposition B.6] tells us that f'(\) = m Ff(A) ® f(A), Proposition B8
provides a px(M®))-invariant vector v(\) € H, such that |[v(\) — f(N)| <
TN X)) — F/ (V). (Also note that the von Neumann Selection Theorem [11
Thm. 3.4.3, p. 77] implies that we may choose v(\) to be a measurable function
of A\.) Then v is 7(MW)-invariant, and ||v — f|l2 < 7||f4; — f'll2 < . O

REMARK 4.2. Here are two situations that satisfy Theorem EII's assumption
that every M-invariant finite measure on A s supported on the set of fixed
points of M:
(1) If A is contained in the center of M, then M acts trivially on A (so it
also acts trivially on E), so every point in A is a fixed point.
(2) If M is a connected, solvable Lie group that is real split, and A is a
closed, 1-connected, abelian, normal subgroup (so = A), then the

desired conclusion is a well known result in the spirit of the Borel
Density Theorem (cf. [9, Cor. 1.3]).

REMARK 4.3. If G, H, M, and A are as described in the first two sentences of
the statement of Theorem [£.]] then the proof establishes the following quan-
titative version of the theorem: Suppose Q@ C H and d,e > 0, such that, for
every (Q, €)-invariant vector ' for a unitary representation of G/A, there is
an M -invariant vector n', such that ||’ —¢&'|| < 6/7. Then, for every (Q,€/3)-
invariant vector & for a unitary representation of G, there is an MY -invariant
vector m, such that ||n —&|| < 6.

REMARK 4.4. Taking G = H = M in Remark [£3] establishes that if @ is
a subset of a locally compact group G, and A is a closed, abelian, normal
subgroup of G, such that

(1) the image of @ in G/A is a Kazhdan set for G/A, and

(2) every G-invariant finite measure on Ais supported on the set of fixed

points of G,

then @ is a Kazhdan set for the pair (G, GM). (That is, there exists € > 0,
such that every unitary representation of G that has (Q, €)-invariant vectors
also has G(-invariant vectors.)

The following theorem removes the phrase “with approximation” from the
statement of Theorem [4.]] at the expense of placing restrictions on M and A.

NOTATION 4.5. We use Z(M) to denote the center of a group M.

THEOREM 4.6. Let H and M be closed subgroups of a locally compact group G,
and let A be a closed subgroup of Z(M) N M that is normal in G. Assume
that HA 1is closed, that M is nilpotent, and that either M has no closed, proper
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subgroups of finite index, or A is contained in H and is compactly generated.
If (G/IA,HAJA, M/A) has relative Property (T), then (G, H, M) has relative
Property (T).

Proof. Let ™ be a unitary representation of G, such that 7|y has almost-
invariant vectors.

Assume, for the moment, that the triple (G, H, A) has relative Property (T).
Then the space of A-invariant vectors is nonzero. Since A is a normal subgroup,
this space is G-invariant, and therefore yields a representation 74 of G/A. Also
(because A is a normal subgroup), Lemma[Z6ltells us that (G, H, A) has relative
Property (T) with approximation, so the restriction of 74 to H has almost-
invariant vectors. Since (G/A, HA/A, M /A) has relative Property (T), we con-
clude that 74 (and hence 7) has nonzero M-invariant vectors. So (G, H, M)
has relative Property (T), as desired.

To complete the proof, we show that the triple (G, H, A) does indeed have rel-
ative Property (T). That is, we show that 7 has nonzero A-invariant vectors.
Arguing as in the proof of Theorem 1] we see that we may assume that 7|4
is homogeneous (by replacing © with 7 & 7 & ---), so Section [BA] provides a
measure [ on E, a Borel cocycle a: G x AU (H), a corresponding realiza-
tion of 7 as a representation on the Hilbert space LQ(E, w; M), and a unitary

o~

representation 7' = 7 ® 37 of G. Also, M acts trivially on A, so, for each fixed

A E A\, the function a(m, \) is a representation py of M on H, so M acts on
L*(A, s H @ H) by

(7 (m)f)(A) = ((pa ® Px)(m)) f'(N).-

Also, since (G/A, HA/A, M/A) has relative Property (T), there is a nonzero
7' |-invariant vector f4, in L2(A, p; H @ H).

Therefore, px ® px has a nonzero M-invariant vector for all A in a set E of
positive measure. For each A\ € E, there must be a finite-dimensional py(M)-
invariant subspace F) of H [3, Prop. A.1.2, p. 295]. Let M), be the closure
of px(M)|p,. This is a closed (hence compact) subgroup of SU(n), for some
n € N. Every compact, nilpotent Lie group is virtually abelian [IT], Cor. 11.2.11,
p. 447], so we see that M) has a closed, abelian subgroup of finite index.

CASE 1.  Assume M has no closed, proper subgroups of finite index. Then
the entire group M, must be abelian. This means that py(M™))|p, is trivial.
Since A € M), this implies that py(A) fixes every element of Fy. So A(a) = 1
for alla € A and all A € E.

This means that ,u({l}) # 0. Therefore, if we fix any nonzero &y € H, then the

function
ifA=1,
JO) = {50

0 otherwise
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is nonzero in LQ(/T, w;H). And it is obviously fixed by A. So 7 has a nonzero
A-invariant vector, as desired.

CASE 2. Assume A C H and A is compactly generated. Since M) is
virtually abelian, we know there is a finite-index subgroup M} of M, such that
pr(M})|F, is abelian. So py|r, is trivial on (M})™M), which is a finite-index
subgroup of M) (since M is nilpotent and M { has finite index in M). Since
A C MWD, we conclude that Px|F, is trivial on a finite-index subgroup Ay of A.
Therefore, there is some m € N, such that py is trivial on A™ for all A in a
set E of positive measure (where A™ = cl({a™ | a € A})). This means py(A™)
fixes every element of F)\ (for all A € E), so m(A™) has a nonzero fixed vector.
This implies that (G, H, A™) has relative Property (T).

Note that A™ is normal in G (because it is characteristic in the normal sub-
group A). Also, the quotient A/A™ is compact (because A is compactly gen-
erated and abelian). Therefore (G/A™, H/A™, A/A™) obviously has relative
Property (T) (because A C H). Combining this with the fact that (G, H, A™)
has relative Property (T) (with approximation, by Lemma [26]), we conclude
that (G, H, A) has relative Property (T), as desired. a

REMARK 4.7. The proof of Theorem [4.6] applies somewhat more generally than
is specified in the statement of the theorem. More precisely, after the assump-
tion that H A is closed, it suffices to make the following two additional assump-
tions:

(1) For every finite-dimensional, unitary representation p of M, the closure
of p(M) has an abelian subgroup of finite index. (For example, this is
true when M is virtually solvable, and also when M is a connected Lie
group whose Levi subgroup has no compact factors.)

(2) For every finite-index, closed subgroup M’ of M, if m is the index of
(M"Y N Ain A, then m < oo, and there is a compact subset C of H,
such that A C C - A™.

Also note that every closed subgroup of a compactly generated nilpotent group
is compactly generated [21I, Thm. 6, p. 38]. Therefore, if M is nilpotent, then
it would suffice to assume M is compactly generated, instead of assuming that
A is compactly generated.

5. PROOFS OF RESULTS STATED IN THE INTRODUCTION

In this section, we prove that all of the results stated in the Introduction
are consequences of Theorem Il We first prove Theorem [[L5 Corollary [0
Theorem [[2] and Corollaries [L9 and (while mentioning an additional
corollary and remark along the way). These are followed by Corollary 4]
which is a special case of ([1<[H) of Corollary 5.4 below.

Recall that, as stated in Assumption[2.1] all locally compact groups are assumed
to be second countable, and therefore o-compact.

PROOF OF THEOREM This is the special case of Theorem [£J] in which
G=H. O
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PrROOF OF COROLLARY [[L6l This is a special case of Theorem (see Re-

mark FL2I(]). O

The following immediate consequence of Corollary [[16 is a generalization of [3]
Cor. 3.5.3, p. 177] (which is the special case where G = H).

COROLLARY 5.1. Let H be a closed subgroup of a locally compact group G, and
let A be a closed subgroup of the center of H, such that A is normal in G. If
(G/A,H/A) has relative Property (T), and H/H® is compact, then (G, H)
has relative Property (T).

PROOF OF THEOREM The direction (=) is obvious. The other direction
follows easily from Corollary (or, if the reader prefers, from Theorem [[.5]
A1, or [44), by induction on the nilpotence class of N. O

REMARK 5.2. In the statement of Theorem [[2] the assumption that N is
normal can be weakened slightly, to the assumption that N has a central series
N = Ny N> Ny - >N, = {e}, such that N; <G, for all ¢ > 0. (The subgroup
N = Ny does not need to be normal in G.)

PRrROOF OF COROLLARY [[LO Since (=) is obvious, we prove only («<). Let
A=Z(N)n N By induction on the nilpotence class of N, we may assume
that (H x (N/A), H, N/A) has relative Property (T). Then the desired conclu-
sion is immediate from Theorem [A1] by letting G = H x N and M = N. O

PRrROOF OF COROLLARY [[T2l Let G =Go>G1>Gab>---> Gy = {e} be:

e the descending central series of GG, if G is nilpotent, or
e the derived series of G, if G is a connected, real split, solvable Lie
group.

In either case, we have G = {e} for some k. By induction on k, we may
assume the image of @ in G/Gj_; is a Kazhdan set for G/Gi_1. Applying
Remarks and [ (with A = Gj—_1) tells us that @ is a Kazhdan set for
the pair (G,G1). By combining this with the fact that the image of @ in
G/Gy = G is a Kazhdan set for G/G1, we conclude that @ is a Kazhdan set
for G. g

Our next goal is Corollary 5.4, which is an extension of Corollary [[L4] that also
incorporates Corollary [[L9l Its proof uses the following result.

ProOPOSITION 5.3 (Raja [24) Lem. 3.1)). Let H be a locally compact group
that acts on a 1l-connected, abelian Lie group N. Then (H x N,H,N) has
relative Property (T) if and only if there does not exist a closed, connected,
H-invariant, proper subgroup L of N, such that Inty,r(H)® is amenable.

Although our main interest is in groups that are locally compact, we state the
following result without this assumption on H:

COROLLARY 5.4. If a topological group H acts on a 1-connected, nilpotent Lie
group N, then the following are equivalent:
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) The pair (H x N, N) has relative Property (T).

) The pair (H x N% N) has relative Property (T).

) The triple (H x N, H,N) has relative Property (T).

) The triple (H x N H, N%) has relative Property (T).

) For every closed, connected, H-invariant, proper subgroup L of N that
contains N the group Intn/r,(H)® is not amenable.

(6) There exists a finite subset Q of H, and € > 0, such that if 7 is any uni-

tary representation of H x N that has nonzero (Q, €)-invariant vectors,

then w has nonzero N -invariant vectors.

Proof. 1t is easy to establish B1={11={2]) and @ =31={4={2). Also, [@=[5)
is well known [7, Prop. 2.2 (ii’ = i), p. 391].

Therefore, it suffices to prove (B ={6]). Let H*® be the closure of the image of H
in Aut(N). Now, as H* is a closed subgroup of the Lie group Aut(N%®), it
is separable. Therefore, there is a countable subgroup I' of H whose image is
dense in H*®. Every I'-invariant, closed subgroup of N is also H*-invariant,
and is therefore H-invariant. If we give I' the discrete topology, then T' is
locally compact, so we see from Proposition 5.3 that (I' x N T, N%) has
relative Property (T). Then Corollary [l tells us that (I'x N, T, N) has relative
Property (T).

By a standard argument [I5] Thm. 1.2 (a2 = al)], this implies there is a
finite subset @ of I', and € > 0, such that if 7 is any unitary representation of
I'x N that has nonzero (Q, €)-invariant vectors, then 7 has nonzero N-invariant
vectors. Since every unitary representation of H x N restricts to a (continuous)
unitary representation of I' x N, this completes the proof. O

REMARK 5.5. It is obvious that if a triple (G, H, N) has relative Property (T),
then the pair (G, N) also has relative Property (T). The converse does not hold
in general. (For example, it is easy to see that if N is infinite and discrete,
then the triple (H x N, H, N) never has relative Property (T) [14, Rem. 2.1.8].
But the pair (H x N, N) may have relative Property (T).) Corollary 5.4l shows
that the converse does hold when N is a 1-connected, nilpotent Lie group (and
G =HxXN).

Furthermore, the equivalence of [Il) and (@) in Corollary [5.4] does not require
N to be a Lie group:

COROLLARY 5.6. If a topological group H acts on a compactly generated, locally
compact, nilpotent group N, then the following are equivalent:

(1) The pair (H x N, N) has relative Property (T).

(2) The pair (H x N N has relative Property (T).

Proof. Tt suffices to prove [21=[1]). Since the maximal compact subgroup of N
is unique (see Lemma [6.T] below), it is normal in H x N, so there is no harm in
modding it out. Therefore, we may assume that N has no nontrivial compact
subgroups, so N is a (nilpotent) Lie group (see Theorem [6.3] below), such that
N° is 1-connected (see Corollary [64] below) and N/N° is finitely generated
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(because N is compactly generated) and torsion-free (see Corollary [6.4] below).
Then N can be embedded as a closed, cocompact subgroup of a 1-connected Lie
group Ni [23] Thm. 2.20, p. 42]. Every automorphism of N extends uniquely
to an automorphism of Ny [23] Cor. 1 on p. 34], so we may form the semidirect
product H x Nj, which contains H x N as a closed, cocompact subgroup.
Since (H x N N%) has relative Property (T), and N is cocompact in Ny,
it is easy to see that (H x N{*, N) has relative Property (T). Namely, let
p: Hx N — H x Nfb be the natural homomorphism, and let N*® be the
closure of p(N?). Since (Hx N, N) has relative Property (T), we know that
(H x N{* N*) has relative Property (T). Also, N{*/N* is compact (because
Ni/N is compact), so (H x (N{®/N*),N{®/N*) has relative Property (T).
Therefore (H x N{**, N{*) has relative Property (T).
Now Corollary B[] provides a finitely generated subgroup I' of H, such that
(T'x N1, N1) has relative Property (T) (where I is given the discrete topology).
Since N1/N is compact, and N; is nilpotent, there is a unique Nj-invariant
probability measure on N;/N. The uniqueness implies that the measure is
[-invariant, so we obtain a (I' X Njp)-invariant probability measure on (I' x
N1)/(T x N). Therefore, since (I' x N7, N7) has relative Property (T), we
conclude from [12, Prop. 2.4(1)] that (I’ x N, N) has relative Property (T).
Since every unitary representation of H x N restricts to a (continuous) unitary
representation of I' x N, this implies that (H x N, N) has relative Property (T).
O

6. THE LARGEST SUBGROUP WITH RELATIVE PROPERTY (T)

It is easy to construct examples in which (G, L4), (G, La), ..., (G, L) have
relative Property (T), but if we let L be the subgroup generated by L; U Lo U
-++U Ly, then (G, L) does not have relative Property (T). (For example, let G
be a simple Lie group that does not have Property (T), and let L1, Lo, ..., Ly
be compact subgroups that generate G.) Corollary provides a situation
in which this pathology does not arise. The proof does not require the main
results proved in Section [B] but it does use several basic facts about locally
compact groups and relative Property (T).

LEMMA 6.1 (cf. [I6, Thm. 2] and [8, Lem. 3.1]). Every compactly generated,
locally compact, nilpotent group N has a unique mazximal compact subgroup.

NOTATION 6.2. We use G° for the identity component of the topological
group G.

THEOREM 6.3 ([I8, Theorem on p. 175 (and Lem. 2.3.1, p. 54)]). Let G be a
locally compact group. Then some open subgroup H of G has a compact, normal
subgroup C, such that H/C' is a Lie group.

Moreover, for an appropriate choice of H, the compact subgroup C can be
chosen to be contained in any neighborhood of the identity in H.

Furthermore, if G/G® is compact, then we may take H = G.

The following consequence is well known.
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COROLLARY 6.4. Let G be a locally compact group. If G/G° is compact, and
G has no nontrivial, compact subgroups, then G is a 1-connected Lie group.

LEMMA 6.5 (cf. [25, Lem. 2.2]). Assume H,Hq,...,H, are closed subgroups
of a locally compact group G, and C is a compact subset of G, such that
CH,Hs--- H,, contains H. If the pair (G, H;) has relative Property (T), for
each i, then (G, H) has relative Property (T).

Proof. Let w be a unitary representation of G on a Hilbert space H, such that
7 has almost-invariant vectors, and let § = 4=("*2)_ For each ¢, Theorem 23]
provides a compact subset Q; of G and ¢; > 0, such that if 7 is any (@, €;)-
invariant unit vector, then there is an H;-invariant unit vector n;, such that
Iln — nill < 6/2. Now, let n be a (Q,¢€)-invariant unit vector, where Q =
CUU;_, Qi and € = min(d,€1,...,€,). Then

lm(g)n—n| <o, forallge HyU---UH,UC.

This implies ||7(h)n —n|| < 1/2 for all h € H. So 7 has a nonzero H-invariant
vector [15, Lem. 2.2]. O

LEMMA 6.6. Let H be a compactly generated, locally compact, nilpotent group,
and let L be a collection of closed subgroups of H that generates a dense sub-
group of H. Then, for some n, there exist L1,...,L, € L, and a compact
subset C' of H, such that CL1Ly---L, = H.

Proof. We may assume that H is a Lie group with no nontrivial compact
subgroups (by modding out the maximal compact subgroup (see Lemma
and Theorem [3)). Let H®*) be the closure of the last nontrivial term of the
descending central series of H. The desired conclusion is easy if H is abelian
(and therefore isomorphic to R™ x Z™ for some m and n), so we may assume

) 4 H. By induction on the nilpotence class of H, we may assume that
there is a finite product X = L;---L, of subgroups in £, and a compact
subset C' of H, such that CH®*) X = H. Note that, for each g € H*=1) the
map z — [z, g] is a homomorphism from H/H®) to H*). Since dim H®*) +
rank H®*) /(H*))° is finite, there is a finite subset {g1, ..., gm} of H*=1 such
that [[;~,[H, g;] is dense in a cocompact subgroup of the abelian group H*).
So there is a compact subset Cy of H*) such that Cj - 1%, [H, 9] = H®),
Since H*) is abelian, this implies that Cy - [[,[C, gi] - [[1=,[X, 9:] = H®.
Then

m m
C-Co-[JIC il - HX 9 Xg - X =CH®PX = H. O
i=1 i=1
COROLLARY 6.7. Let N be a closed, compactly generated, nilpotent, mormal
subgroup of a locally compact group G, and let T be the collection of all sub-
groups L of N, such that (G, L) has relative Property (T). Then T has a unique
largest element LY, and LT is a closed, normal subgroup of G.

Proof. Let LT be the closure of the subgroup generated by the subgroups in 7.
Lemma tells us there is a product LiLs--- L, of finitely many elements
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of T, and a compact set C, such that CLiLs--- L, = L. Since (G, L;) has
relative Property (T), for each i, it follows from Lemma that (G, L") has
relative Property (T). So LT € T. By definition, L' contains every element
of T, so this implies that L is the unique largest element of 7.

Furthermore, L' is closed by definition. Also, if L is any conjugate of LT, then
(G, L) has relative Property (T) (because (G, L") has relative Property (T)),
so L C L. Therefore, LT is normal. O

We also have the following weaker conclusion without the assumption that G
is locally compact.

COROLLARY 6.8. Let N be a closed, locally compact, compactly generated,
nilpotent, normal subgroup of a topological group G, and let T4 be the collection
of all subgroups L of N, such that (G, L) has relative Property (T) and L<G.
Then T4 has a unique largest element LL, and LL s a closed, normal subgroup

of G.

Proof. Nothing in the proof of Corollary relies on the assumption that G
is locally compact, other than the application of Theorem 23] in the proof of
Lemma Although Theorem 23] may not be true for general topological
groups, its conclusion holds when H < G, by the same standard argument that
is used in the proof of Lemma [2.6] O

7. RELATIVE PROPERTY (T) AND AMENABILITY

The main result in this section is Corollary[7.2] which provides additional infor-
mation about the subgroup L' of Corollary 67 (under a connectivity assump-
tion on N). This implies Corollary[.9] which is a generalization of Corollary[T4]
that does not require the subgroup N to be a Lie group. The statements of
these results require the following extension of Notation to this setting:

NOTATION 7.1. Suppose N and L are closed, normal subgroups of a locally
compact group G, such that L C N, and N/L is a Lie group.

(1) Inty/r: G — Aut(N/L) is the natural map defined by the action of G
on N/L by conjugation.

(2) We use Inty/r(G)® to denote the closure of the image of this homo-
morphism.

COROLLARY 7.2. Let N be a closed, locally compact, nilpotent, normal subgroup
of a topological group G, such that N/N° is compact. Then N has a unique
largest subgroup LY, such that (G, L") has relative Property (T). Furthermore,
L' is a closed, normal subgroup of G, the quotient N/L' is a 1-connected Lie
group, and Inty,1+(G)® is amenable.

The following consequence of (B =[2]) of Corollary (.4l is essentially the special
case of Corollary in which N is a connected, abelian Lie group. It will be
the basis of a proof by induction.
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COROLLARY 7.3 (cf. [7, Prop. 2.2 (i = ii')] and [24] Cor. 3.2]). Assume a
topological group H acts on a connected, abelian Lie group N. Then N contains
a closed, connected, H-invariant, normal subgroup L, such that (H x N, L) has
relative Property (T'), and Inty,p(H)® is amenable.

The following elementary observation can reduce problems about arbitrary nor-
mal subgroups to the easier case of semidirect products.

LEMMA 7.4. Let N be a closed, normal subgroup of a topological group G, and
let L be a subgroup of N. Form the semidirect product G x N, where G acts
on N by conjugation. If (Gx N, L) has relative Property (T), then (G, L) also
has relative Property (T).

Proof. For any unitary representation 7 of G, there is a unitary representation
7’ of G x N that is defined by 7n'(g,n) = w(g) 7(n), for g € Gandn € N. If &
has almost-invariant vectors, then so does 7’. O

REMARK 7.5. The converse of Lemma [(.4]is not true. For example, let G be a
Lie group with Kazhdan’s Property (T), such that Z(G) is not compact, and
let N =L = Z(G). (In particular, G could be the universal cover of Sp(4,R)
[3, Example 1.7.13(ii), p. 67].) Then (G, N) has relative Property (T) (in fact,
(G, Q) has relative Property (T)), but G x N 2 G x N, and (G x N, N) does
not have relative Property (T) (because N is a noncompact, abelian Lie group,
and therefore does not have Kazhdan’s Property (T)).

As the final preparation for the proof of Corollary [[.2] we establish one more
lemma:

LEMMA 7.6 (cf. [7, Lem. 2.3(i)]). Suppose N and L are closed, normal subgroups
of a locally compact group G, such that L C N. Assume that L is connected,
and that N is a 1-connected, nilpotent Lie group. If Inty,r(G)® and Intp(G)*
are amenable, then Intn(G)® is amenable.

Proof. Let 91 and £ be the Lie algebras of N and L, respectively, and let
P={TeGLMOM)|TL)=2L}.
Since N is a l-connected, nilpotent Lie group, we can identify Aut(N) with
Aut (D), which is a closed subgroup of P. It is well known that, by choosing a
complement W to £ in N, we have P = (GL(W) x GL(£)) x K, where K is
the kernel of the natural map P — GL(91/£) x GL(£). Therefore,
Inty(G)* C (IntN/L(G)' X IntL(G)') x K.

Since K is abelian (and hence amenable), we conclude that Int 5 (G)* is a closed
subgroup of an amenable group, and is therefore amenable. O
PROOF OF COROLLARY [.2l By modding out L (see Corollary [6.8)), there is

no harm in assuming that it is trivial, which means:

(%) N does not contain any nontrivial normal subgroup L of G,
such that (G, L) has relative Property (T).
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Since N is a compactly generated, nilpotent group, it has a unique maximal
compact subgroup K (see Lemma[6.1]). Then (G, K) has relative Property (T)
(since K is compact), and K <G (because of the uniqueness), so (&) implies
that K is trivial. This means that N has no nontrivial compact subgroups.
So N is a 1-connected Lie group (see Corollary [6:4) (and, by assumption, N is
nilpotent).

All that remains is to show that Int 5 (G)® is amenable. By Lemmal[l 4 we may
assume that G is a semidirect product H x N. Let A = N 0 Z(N). (Note
that A is a closed, connected, abelian, normal subgroup of G.) By induction
on the rank of N (and Corollary[Z3]for the base case where A is trivial, so N is
abelian), we may assume that N/A contains a closed, normal subgroup L’/A
of G/A, such that (G/A, L' /A) has relative Property (T), N/L’ is 1-connected,
and Inty, 7/ (G)* is amenable. From Corollary[[.8, we conclude that (G, (L))
has relative Property (T). So (@) tells us that (L’)(") is trivial, which means L’
is abelian. Also, since N is connected and N/L' is 1-connected, we know that L’
is connected. Therefore, we may apply Corollary [Z.3] to the semidirect product
G x L' (and compare with ([)), to conclude that Intz/(G)® is amenable. We
now know that Inty,;/(G)® and Intr/(G)*® are amenable, so Lemma tells
us that Intx(G)® is amenable, as desired. O

REMARK 7.7. Assume G, N, and L' are as in Corollary [

(1) If N is connected, then L' is also connected. To see this from the
proof of Corollary[.2 it suffices to note that the maximal subgroup K
must be connected, since N is homeomorphic to K x R™. (This is well
known for connected Lie groups and, in fact, was proved by Iwasawa
[13, Thm. 13, p. 549] for connected groups that are approximated by
Lie groups. Theorem [6.3]implies that every connected, locally compact
group can be so approximated.)

(2) If G is a semidirect product H x N, then the subgroup L' either is
compact, or projects nontrivially into N/N (1), To establish this, as-
sume, without loss of generality, that N is a l-connected Lie group
(by modding out the maximal compact subgroup). If Inty(H)® is
amenable, then LT is trivial. (This is an easy generalization of (2 ={%)
of Corollary [41) If not, then the Zariski closure of Inty(H)® has a
noncompact, semisimple subgroup M. Since M acts nontrivially on
the 1-connected, nilpotent group N, it is well known that M must act
nontrivially on N/N®). So Intn/na) (G)® is not amenable. Therefore,

Corollary [Z2 tells us that LT is not contained in N,

REMARK 7.8. The assumption that N/N° is compact cannot be deleted from
the statement of Corollary[Z.2l (So a connectivity assumption is also necessary
in Corollary[[3l) Here is a counterexample that is adapted from the proof of
[7, Prop. 2.2 (ii’ = i)].

Let a = \/§a 0 = Z[OL], Q(l’h:ﬂg,l’g) = :L'% + :L'% + Oél‘%, I = SOS(Q,O)a
N=03275G=TxN,and H = SO(3) x R?, and let 7 be the unitary
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representation of G obtained by composing the homomorphism
G=TxN<—=SOB)xR*=H

with the left-regular representation of H. Since H is amenable, = has almost-
invariant vectors. However, if L is any nontrivial subgroup of N, then the image
of L in R3 is noncompact, so 7 has no nonzero L-invariant vector. Therefore,
L must be trivial if (G, L) has relative Property (T).

However, Restriction of Scalars embeds G as a lattice in (SO(3) x R?) x
(SO(2,1) x R?) (cf. [19} §5.5]), so it is clear that Intx (G)® is not amenable.

Corollary [[2] implies the following generalization of (I1<[H]) of Corollary B4

COROLLARY 7.9. Assume a topological group H acts on a locally compact,
nilpotent group N, such that N/N° is compact. Then (H x N, N) has relative
Property (T) if and only if there does not exist a closed, H-invariant, normal
subgroup L of N, such that N/L is a nontrivial, 1-connected Lie group, and
Intn/p(H)® is amenable.

REMARK 7.10. Corollary can be used to determine whether (H x N, N)
has relative Property (T), even if we replace the assumption that N/N° is
compact with the weaker assumption that N is compactly generated. This
is because the argument in the first paragraph of the proof of Corollary
constructs a 1-connected, nilpotent Lie group Ny, such that (H x N, N) has
relative Property (T) if and only if (H x N7, N7) has relative Property (T).

8. RELATIVE PROPERTY (T) FOR SUBSETS

As was mentioned in Remark [[LT3] Y. Cornulier [5 p. 302] has generalized the
notion of relative Property (T) to pairs (G, H) in which H is a subset of G,
rather than a subgroup. We propose the following natural analogue for triples
(G, H, M) in which M is a subset:

DEFINITION 8.1. Assume H is a closed subgroup of a topological group G, and
M is a subset of G.

(1) To say that the triple (G, H, M) has relative Property (T) means that
for every € > 0, there exist a compact subset @ of H and § > 0, such
that every unitary representation of G with nonzero (Q,d)-invariant
vectors also has nonzero (M, €)-invariant vectors.

(2) To say that the triple (G, H, M) has relative Property (T) with approz-
imation means that for every € > 0, there exist a compact subset @
of H and ¢ > 0, such that every (@, ¢)-invariant vector for any unitary
representation of G is also (M, €)-invariant.

REMARK 8.2. If H = G, and G is locally compact, then it follows from the
proof of [Bl Thm. 2.2.3 (1 < 2)] that [I) and (2] of Definition [81] are equiv-
alent to each other, and to Cornulier’s definition of relative Property (T) for
the pair (G, M). Also, it is easy to see that Definition [B1] is consistent with
Definitions and (because being (M, e)-invariant is equivalent to being
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close to an M-invariant vector in the situation where M is a closed subgroup
of G [15, Lem. 2.2]).

NoOTATION 8.3. For elements m; and ms of any group, we let
-1, —1
[m1, ma] = my my mima.

In our discussion of relative Property (T) for subsets, the following trivial
observation replaces Proposition[3.8 as a way to obtain almost-invariant vectors
for 7 from almost-invariant vectors for 7 ® 7 7.

LEMMA 8.4. Assume p is a unitary representation of a topological group G on
a Hilbert space H, my,mo € G, E €H, & =EQRECHOH, and p' = pRD.
Then

([, ma])€ =&l < 2(1lp'(ma)g" = &'l + llp' (m2)¢” = €']]).-

Proof. For convenience, let €; = ||p/(m;)¢' —&'|| (for i = 1,2), and assume,
without loss of generality, that ||| = 1. For ¢ = 1,2, there exists a unique
Ai € C (with |A;| < 1), such that

p(mi)§ — A& L &
To avoid some uncomfortably long expressions in the following sentence, let
v; = p(m;)€ — N&, so v; L & Then the three vectors

v; ® p(mz)fa )\’Lg oy v_ia and 5/

are pairwise orthogonal, so the Pythagorean Theorem tells us

7 (mi)e' = €||” = ||vi @ pma)e]|” + |\ 7" + [ (N[ = 1)¢/|
> [|v; @ p(ma)é||”
= llwill%,

which means
€ > |lp(mi)€§ — Nigl-
Therefore
lp(mam2)€ — Aol < [[p(mr) (p(m2)€ = Xo€) || + [l p(ma)(A2€) — AaAef]
= llp(m2)§ — A28l + |X2| - lp(ma)§ — Mg
< [lp(m2)§ = A2kl + [[p(ma)€ — M|
< €9+ €.
Since the same is true after interchanging the subscripts 1 and 2 (and A\ Ay =
A2A1), we conclude that
[o([m1,ma])€ — &]| = [[p(mim2)€ — p(mami )¢
< [[p(mam2)€ — A€l + [lp(mama)§ — A Ax€]|
< (e2 +e€1) + (€1 + €2)
=2(e1 + €2). O

DOCUMENTA MATHEMATICA 23 (2018) 353—382



376 I. CHATTERJI, D. W. MORRIS, AND R. SHAH

The following theorem is an analogue of Theorem [£.]] that does not require the
set M to be a subgroup.

DEFINITION 8.5.

(1) A probability measure is a finite real positive Borel regular measure
that has been normalized to have total mass 1.

(2) We use the total variation norm || - || to provide a metric on the space
of probability measures (on any topological space).

(3) For a subset M of a group G, we let [M, M] = {[m1,msa] | m1,ma €

THEOREM 8.6. Let H be a closed subgroup of a locally compact group G, let
A be a closed, abelian, normal subgroup of G, and let M be a subset of G.
For every € > 0, assume there exists 6’ > 0, such that if p is any (M,d)-
invariant probability measure on A that is quasi-invariant for the action of G,
then M(A\M) > 1—¢, where AM is the set of fized points of M. If HA is closed
and (G/A,HAJ/A, M AJA) has relative Property (T) with approzimation, then
(G, H,[M,M ]]) has relative Property (T) with approzimation.

Proof. This is adapted from the proof of Theorem EIl Given an arbitrary
€ > 0, choose € > 0 small enough that if £ is any ¢-invariant unit vector, and
|€ —n||?> < €, then 7 is e/4-invariant. Also, let 6’ be a value that corresponds
to this value of ¢ in the assumption in the statement of the theorem (and
assume 0’ < €'/2). Since (G/A,HA/A, M/A) has relative Property (T) with
approximation (and H A is closed), there exist a compact subset @ of H and
0 > 0, such that if  is any (@, d)-invariant vector for any unitary representation
of G/A, then ¢ is (M, ¢'/2)-invariant.

Now, suppose 7 is a unitary representation of G, such that m has a nonzero
(Q, 6/3)-invariant vector f. (We wish to show that f is ([M, M], )-invariant.)
By replacing 7 with the direct sum 7 @ 7w & --- of infinitely many copies of
itself, we may assume that all irreducible representations appearing in the
direct integral decomposition of |4 have the same multiplicity (namely, co).
By definition, this means that 7|4 is homogeneous, so Section [BAl provides
a quasi-invariant probability measure p on 121\, a Borel cocycle a: G x A -
U(H), a corresponding realization of 7 as a representation on the Hilbert space
LQ(A\7 p; M), and a unitary representation 7’ =7 ® ; 7 of G.

Since 7 has been realized as a representation on LQ(E, w; M), we know that
ferL? (/T, w; H). Then PropositionB.6l provides a (@, ¢)-invariant unit vector f’
for 7’. By the choice of  and § (and Remark [3.5), we know that

fis (M, &' /2)-invariant.

Then it is straightforward to check that || f/||? u is an (M, &')-invariant measure
on A. Also, by perturbing f slightly, we could assume that it is nonzero almost
everywhere, so f’ is also nonzero almost everywhere. Then ||f'||? u is quasi-
invariant for the G-action (because p is quasi-invariant). By the choice of §’,
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this implies that [3., || f/[|*du > 1 — € (assuming that f’ has been normalized

to be a unit vector in L?). Proposition 3.6 tells us
1 _
PN = = F) @ F(N),

N T TRARAEE

so [|f'(N)] = [ f(A)] for all A € A. This implies

/A 1712 dye = / NP du > 1— ¢,
AI\/I AM

SO HfLZM — f|| < €. This means that f is well approximated by a function
that is supported on AM , so, to simplify the argument, we will assume that f
itself is supported on AM
For each fixed A € A\M, the function a(m, A) is a representation py of M on H,
so M acts on L2(AM u:H @ H) by

(7" (m)f")(A) = (px @ BX)(m) f'(N).

Therefore, we see from Lemma [8.4] that

([ ([, ma]) fON) = F]]| < 2(117” (ma) £/ () = f D]+ 7 (ma) £/(2) = £ V)

Since this is true for all A\, we conclude that
|7 ([ma, mal) f = |, < 2(I7" (ma) f/ = fll2 + |7 (m2) £ = Fll2)
o
<2 =+ — . O
< (2 + 2) <€

Theorem [B.6] immediately implies the following natural generalization of Corol-
lary [[L6 in which H is a subset, rather than a subgroup. (We do not need to
mention approximation, because Jolissaint’s proof of Theorem 2.3] shows that
relative Property (T) is equivalent to relative Property (T) with approximation
for all pairs (G, H), even if H is only a subset, not a subgroup.)

COROLLARY 8.7. Let A be a closed, abelian, normal subgroup of a locally com-
pact group G, and H be a subset of G that centralizes A. If (G/A,HAJA) has
relative Property (T), then (G,[H, H]) has relative Property (T).

9. OTHER OBSERVATIONS ABOUT RELATIVE PROPERTY (T)

We close the paper with some tangential observations about relative Prop-
erty (T).

9A. RELATIVE PROPERTY (T) FOR CONNECTED, NORMAL, LIE SUBGROUPS.
If N is a connected Lie group, then, since the group U/Ug in the follow-
ing proposition is a connected, nilpotent Lie group, Corollary determines
whether or not (H x N, N) has relative Property (T), without the need to
assume NN is nilpotent.
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PRrOPOSITION 9.1. Suppose a locally compact group H acts on a connected Lie
group N. Let S be the closure of the product of the noncompact simple factors
of a Levi subgroup of N, let U be the nilradical of N, and let

Us = cl([S,U] - (SNU)).

Then (H x N, N) has relative Property (T) if and only if:

(1) S has Kazhdan’s Property (T),
(2) N/cl(SU) is compact, and
(3) (H x (U/Us),U/Us) has relative Property (T).

Proof. (=) The adjoint group Ad S is a quotient of N, so (H x AdS,AdS)
has relative Property (T). However, Ad S is a connected, semisimple Lie group,
so its outer automorphism group is finite. Therefore, we may assume that H
acts on AdS by inner automorphisms (after replacing H with a finite-index
subgroup). This implies that

HxAdS = CHxAdS(S) -AdS = H x AdS.

So we now know that (H x Ad S, Ad S) has relative Property (T). This implies
that Ad.S has Kazhdan’s Property (T). Then () follows from Corollary
(or the special case proved by J.—P. Serre that is mentioned in Remark [[7)).
By definition, S is contained in the closure of some Levi subgroup ST of N.
Since the pair (H x N/(S*U),N/(S*U)) has relative Property (T), and the
structure theory of Lie groups tells us that Aut(N) acts on N/(STU) via a
finite group, we see that N/(STU) is compact. Since ST/S is compact (by the
definition of S), this implies (2I).

Since (H x N, N) has relative Property (T), (@) implies that (H x SU, SU) has
relative Property (T) (see [I5, Cor. 4.1(2)]). Passing to a quotient yields ().

(<) Suppose 7 is a unitary representation of H X N that has almost-invariant
vectors. We wish to show that N has invariant vectors. By induction on dim N
(and Theorem 23)), we may assume that no nontrivial, connected, H-invariant,
normal subgroup of N has nonzero invariant vectors.

Therefore, Corollary implies that there is no nontrivial, connected sub-
group Uy of U, such that (H x N,Up) has relative Property (T). So U has no
nontrivial, compact subgroups, and is therefore 1-connected (see Corollary [6.4]).
Then Corollary [[.2] implies that S centralizes U. So S < H x N. However, we
see from (d) that (H x N, S) has relative Property (T). So the assumption of
the previous paragraph implies that S is trivial. Then Ug is obviously also
trivial. So U/Ug = U = SU. Therefore, @) tells us that (H x (SU), SU) has
relative Property (T). Then the assumption of the previous paragraph implies
that SU is trivial. Therefore, (2) tells us that N is compact, so (H x N, N)
has relative Property (T), as desired. ]

REMARK 9.2. The proof of Proposition yields the following general result
(which is slightly weaker than Proposition in the special case where G is a
semidirect product):
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Suppose N is a closed, normal subgroup of a locally compact group G, such that
N is a connected Lie group. Define S, U, and Us as in Proposition[91l. Then
(G, N) has relative Property (T) if and only if:

(1) S has Kazhdan’s Property (T),

(2) N/cl(SU) is compact, and

(3) (G/Us,U/Us) has relative Property (T).
Stronger results were already known in the special case where G is a connected
Lie group. (See, for example, [, Cor. 3.3.2].)

9B. RELATIVE PROPERTY (T) FOR SOLVABLE SUBGROUPS. In the statement
of Theorem [[L2], the assumption that N is nilpotent cannot be replaced with
the weaker assumption that N is solvable. (For example, let G = N be a
noncompact, solvable group, such that G/ GW ig compact.) However, it would
suffice to assume that N is a connected, real split, solvable Lie group (see
Remark £2)[2)). Also, we have the following easy consequence of Theorem
that applies to some other solvable groups.

NoTATION 9.3. If N is a locally compact group, then
N@ — (N(l))(l) - Cl([[N, N, [N, N]])
is the closure of the second derived group of N.

COROLLARY 9.4. Let N be a closed, normal subgroup of a locally compact
group G, such that NV is nilpotent. Then (G, N) has relative Property (T) if
and only if (G/N@), N/N®@)) has relative Property (T).

For example, every virtually polycyclic group has a (characteristic) finite-index
subgroup whose commutator subgroup is nilpotent (see [23, Cor. 4.11, p. 59]).
Here is another example:

COROLLARY 9.5. Let N be a connected, closed, solvable, normal subgroup of a
locally compact group G. Then (G, N) has relative Property (T) if and only if
(G/N® N/N®@) has relative Property (T).

Proof. Tt is well known that the assumptions on N imply that N has a unique
maximal compact subgroup C7, and that IV ©) /C4 is nilpotent. So the desired
conclusion is obtained by applying Corollary @4l to the pair (G/Cy, N/Cy). O

9C. HOMOMORPHISMS WITH A DENSE IMAGE. The following corollary gener-
alizes a result of Y. Cornulier and R. Tessera [6, Cor. 2].

COROLLARY 9.6. Let H, N, and Hy be locally compact groups. Assume N is
nilpotent, H acts on N, and we are given a homomorphism Hy — H with dense
image. Then (H x N, N) has relative Property (T) if and only if (H; x N, N)
has relative Property (T).

Moreover, if (H x N,N) has relative Property (T), then there is a finitely
generated group T' and a homomorphism I' — H, such that (I' x N,N) has
relative Property (T).
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Proof. In the case where N is abelian, this is [6l Cor. 2]. The general case
follows from this by applying Theorem O

If we assume that IV is a connected Lie group, then the assumption that N is
nilpotent can be eliminated:

COROLLARY 9.7. Let H and Hy be locally compact groups, and let N be a
connected Lie group. Assume H acts on N, and we are given a homomorphism
Hy — H with dense image. Then (H X N, N) has relative Property (T) if and
only if (Hy X N, N) has relative Property (T).

Moreover, if (H x N,N) has relative Property (T), then there is a finitely
generated group T and a homomorphism T' — H, such that (I' x N,N) has
relative Property (T).

Proof. Proposition reduces the problem to the case where N is nilpotent,
which is handled by Corollary [0.6] O

If we assume that N is a 1-connected Lie group, then Corollary can be
extended to triples, and does not require H or H; to be locally compact:

COROLLARY 9.8. Let H and H; be topological groups, and let N be a 1-
connected, milpotent Lie group. Assume H acts on N, and we are given a
homomorphism Hy — H with dense image. Then the following are equivalent:

(1) (H x N,N) has relative Property (T).

(2) (Hy x N,N) has relative Property (T).

(3) (H x N,H,N) has relative Property (T).

(4) (H1 x N, Hq, N) has relative Property (T).
Moreover, if these conditions hold, then there is a finitely generated group T’
and a homomorphism I' — H, such that (' x N,N) and (I' x N,T',N) have
relative Property (T).

Proof. A closed subgroup of N is H-invariant if and only if it is H;-invariant,
so the equivalence of the four conditions follows from Corollary 5.4l The final
conclusion follows from Corollary B.4|[]). O

9D. AN OBSERVATION ON THE CENTER. Although we are mostly interested
in the abelianization of a nilpotent subgroup H, we also record the following
observation regarding the opposite end of a central series of H.

COROLLARY 9.9. Let H be a nilpotent subgroup of a locally compact group G.

If there is a nontrivial subgroup L of H, such that (G,L) has relative Prop-

erty (T), then there is a nontrivial subgroup Z of the center of H, such that

(G, Z) has relative Property (T).

Proof. Consider the ascending central series of H:
{E}ZZQCle"'CZc:H.

Let k& be minimal, such that (G, L) has relative Property (T), for some closed,
nontrivial subgroup L of Z;. We may assume L € Z(H), so there is some 14
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(which we choose to be minimal), such that [L, Z;] # {e}. Choose h € Z;,
such that [L,h] # {e}. Then [L,h] C [H,Z;] C Z;_1, so the minimality of 4
implies that [L, h] centralizes L. Therefore [¢103, h] = [¢1, h] [¢2, h] for 1,45 € L,
so [L,h] is a subgroup. Also, [L,h] C L - hLh™! has relative Property (T)
by Lemma 65 Since {e} # [L,h] C [Zx,H] C Zy_1, this contradicts the
minimality of k. O

REMARK 9.10. The proof of Corollary establishes the following general
fact about subgroups of a nilpotent group: If L is a nontrivial subgroup of a
nilpotent group H, then there exist finitely many conjugates of L, such that
the product of these conjugates contains a nontrivial subgroup of the center
of H.
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