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Abstract. Multiplicative constants are a fundamental tool in the study of maximal repres-
entations. In this paper, we show how to extend such notion, and the associated framework,
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Cartan invariant for measurable PU(m, 1)-cocycles of complex hyperbolic lattices.
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1. Introduction

A fruitful approach to the study of geometric structures on a topological space X is
to introduce a bounded numerical invariant whose maximum detects those structures
on X which have many symmetries. An instance of this situation is the study of the
representation space of lattices in (semi)simple Lie groups. More precisely, given two
simple Lie groups of non-compact type G, G’ and a lattice ' < G, Burger and Iozzi [BI09]
described how to associate to every representation p: I' — G’ a real number. Using the
pullback map H?, (o) induced by p in continuous bounded cohomology, they defined a
numerical invariant A(p), which depends on a chosen class ¥’ € H;b(G’ ; R), as follows:

X(p) := (comp}. o H, (p) (W), [T\ A1),

where compy. denotes the comparison map (§2.3), X denotes the Riemannian symmetric
space associated with G, [I'\ &] is the (relative) fundamental class of the quotient
manifold, and (-, -) is the Kronecker product. We say that A(p) is a multiplicative constant
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if it appears in an integral formula, called a useful formula by Burger and lozzi [BI09].
When A is a multiplicative constant, the formula implies that the numerical invariant
has bounded absolute value. In several cases [BBI13, BBI18, Poz15], its maximum
corresponds precisely to representations induced by representations of the ambient

group.

1.1. A multiplicative formula for measurable cocycles. The main goal of this paper is
to settle the foundational framework to define multiplicative constants for measurable
cocycles. We carefully choose a setting where we can coherently extend ordinary numerical
invariants for representations. Moreover, we introduce an integral formula in such a way
that our definition of multiplicative constants is the natural extension to that by Burger and
Tozzi. Our techniques make use of bounded cohomology theory.

Let G, G’ be two locally compact groups and let L, Q < G be two closed subgroups.
Assume that Q is amenable and that L is a lattice. Let (X, uyx) be a standard Borel
probability L-space and let Y be a measurable G’-space. Following Burger and Tozzi’s
approach, given a measurable cocycle o : L x X — G’, we define the pullback induced by
o in continuous bounded cohomology using directly continuous cochains on the groups
(Definition 3.2). Unfortunately, this approach does not lead to the desired multiplicative
formula. For this reason, we need to consider boundary maps. A (generalized) boundary
map ¢: G/Q x X — Y is a measurable o-equivariant map and its existence is strictly
related to the properties of o (Remark 2.10). Inspired by the definition of Bader, Furman,
and Sauer’s Euler number [BFS13b], assuming the existence of a boundary map ¢, we
describe how to construct a new pullback map C*(®¥) in terms of ¢ (Definition 3.10).
The notation C*(®%) emphasizes the fact that it is not simply the pullback along ¢, but
we also need to integrate over X (compare with Definitions 3.5 and 3.7). The map induced
by C*(®X) in continuous bounded cohomology agrees with the natural pullback along o
(Lemma 3.14).

Our aim is to coherently extend the study of numerical invariants of representations to
the case of measurable cocycles. Recall that given a continuous representation p: L — G’
with boundary map ¢, there always exists a natural measurable cocycle o, associated
with it. Using the previous pullback C*(®%), we then show that the map induced by p in
continuous bounded cohomology agrees with the one induced by o, (Proposition 3.17).
Moreover, the pullback along o is invariant along the G’-cohomology class of the cocycle
(Proposition 3.15).

The study of pullback maps along measurable cocycles (and their boundary maps) leads
to the following multiplicative formula, which extends Burger and lozzi’s useful formula
[BI09, Proposition 2.44 and Principle 3.1]. Recall that the transfer map is a cohomological
left inverse of the restriction from G to L.

PROPOSITION 1.1. (Multiplicative formula) Keeping the notation above, let ' €
BX(yetl, R)G/ be an everywhere defined G'-invariant cocycle. Let € L°°((G/Q)'+1)G
be a G-invariant cocycle and let W € H}, (G; R) denote the class of . Assume that
Y = transz;/Q[C'(QDX)(w’)], where transz;/Q is the transfer map.
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(1) We have that
/ / V(@M %), - s (@ 1er1, X)) dirx (x) din(g)
L\G JX

=¥ (1, ..., Net1) + coboundary,

for almost every (1, . . ., ner1) € (G/Q)*T.
(@) If H(G;R) =R W(= R[Y¥]), then there exists a real constant Ay y(0) € R
depending on o, V', Y such that

/ / V' (@@, x), -, G (@ Net1, X)) dpx (x) du(g)
L\G JX

= Ay y (@) - ¥ (1, .. ., Net1) + coboundary,

for almost every (1, . . ., et1) € (G/Q)*T1.

Although this formula might appear slightly complicated at first sight, it contains
all the ingredients for defining the multiplicative constant Ay (o) associated with a
measurable cocycle o and two given bounded cochains v/, ¥’ (Definition 3.21). When
no coboundary terms appear in the previous formula, we provide an explicit upper bound
for the multiplicative constant (Proposition 3.25). This leads to the definition of maximal
measurable cocycles (Definition 3.26). Finally, under suitable hypothesis, we prove that a
maximal cocycle is trivializable (Theorem 3.28), that is, it is cohomologous to a cocycle
induced by a representation L < G — G’.

This general framework has the great advantage that we can easily deduce several
applications (§§3.5 and 7).

1.2. Cartan invariant of measurable cocycles. LetT" < PU(n, 1) be a torsion-free lattice
with n > 2. The study of representations of I' into PU(m, 1) dates back to the work
of Goldman and Millson [GM87], Corlette [Cor88], and Toledo [Tol89]. In order to
investigate rigidity properties of maximal representations p: I' — PU(m, 1), Burger and
Iozzi [BI07b] defined the Cartan invariant i, associated with p. Inspired by their work, we
make use of our techniques to define the Cartan invariant i (o) for a measurable cocycle
o:I' x X — PU(m, 1), where (X, uy) is a standard Borel probability I"-space.

If the cocycle admits a boundary map (e.g. if it is non-elementary), the Cartan invariant
can be realized as the multiplicative constant associated with o and the Cartan cocycles
¢n, cm. More precisely, as an application of Proposition 1.1, we prove the following.

PROPOSITION 1.2. Let T' < PU(n, 1) be a torsion-free lattice and let (X, ux) be a
standard Borel probability space. Consider a non-elementary measurable cocycle o : I' x
X — PU(m, 1) with boundary map ¢: doo Hi XX — 00 Hi. Then, for every triple of
pairwise distinct points €1, &2, €3 € 00 Hfé, we have

i(0)cn (81, 62, 63) =/

'\ PUn,1)

/Xcm(¢(§§1,X),¢(§$2,X),¢(§$3,X)) du(g) dux (x).

Here p is a PU(n, 1)-invariant probability measure on the quotient I'\ PU(n, 1).
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First we show that our Cartan invariant extends that defined for representations
(Proposition 4.8). Moreover, using our results about the pullback along boundary maps,
we prove that the Cartan invariant is constant along PU(m, 1)-cohomology classes and it
has absolute value bounded by 1 (Proposition 4.9).

Then, a natural problem is to provide a complete characterization of measurable
cocycles whose Cartan invariant attains extremal values, that is, either 0 or 1. Since we
are not interested in elementary cocycles, we can assume the existence of a boundary map
[MS04, Proposition 3.3].

Following the work by Burger and Iozzi [BI12], we introduce the notion of totally real
cocycles. A cocycle is totally real if it is cohomologous to a cocycle whose image is
contained in a subgroup of PU(m, 1) preserving a totally geodesically embedded copy
Hﬁ% C Hﬁ, for some 1 <k <m (Definition 5.1). Totally real cocycles can be easily
constructed by taking the composition of a measure equivalence cocycle with a totally
real representation.

We show that totally real cocycles have trivial Cartan invariant. The converse seems
unlikely to hold in general. However, if X is I"-ergodic, we obtain the following.

THEOREM 1.3. Let I' < PU(n, 1) be a torsion-free lattice and let (X, ix) be a standard
Borel probability I'-space. Consider a non-elementary measurable cocycle o: I' x X —
PU(m, 1) with boundary map ¢ : 9o x X — oo H. Then the following hold:

(1) ifo is totally real, then i(c) = 0;

2) ifXisT'-ergodic and H2(¢)([cm]) = O, then o is totally real.

The next step in our investigation is the study of the algebraic hull of a cocycle with
non-vanishing pullback. Recall that the algebraic hull is the smallest algebraic group
containing the image of a cocycle cohomologous to o (Definition 2.15).

THEOREM 1.4. Let ' < PU(n, 1) be a torsion-free lattice and let (X, (tx) be an ergodic
standard Borel probability T'-space. Consider a non-elementary measurable cocycle
o: ' x X — PU(m, 1) with boundary map ¢: 3o Hz xX — 0o Hiz. Let L be the
algebraic hull of o and denote by L = L(R)° the connected component of the identity
of the real points.

IfH2(<I>X)([cm]) # 0, then L is an almost direct product K - M, where K is compact
and M is isomorphic to PU(p, 1) for some 1 < p < m.

In particular, the symmetric space associated with L is a totally geodesically embedded
copy of H{C’ inside H:.

We conclude with a complete characterization of maximal cocycles.

THEOREM 1.5. Consider n > 2. Let ' < PU(n, 1) be a torsion-free lattice. Let (X, tx)
be an ergodic standard Borel probability T-space. Consider a maximal measurable
cocycle 0: I' x X — PU(m, 1). Let L be the algebraic hull of o and let L = L(R)° be
the connected component of the identity of the real points.
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Then, we have:
(1) m=n;
(2) L is an almost direct product PU(n, 1) - K, where K is compact;
(3) o is cohomologous to the cocycle o; associated with the standard lattice embedding
i: ' = PU(m, 1) (possibly modulo the compact subgroup K when m > n).

Since one of the authors together with Sarti recently proved a generalization of the
previous theorem for cocycles with target PU(p, g) [SS21, Theorem 2], we will mainly
refer to their more complete result for the proof.

1.3. Plan of the paper. In §2, we recall some preliminary definitions and results that
we need in the paper. We report the definitions of amenable action, measurable cocycle,
boundary map, and algebraic hull in §2.1. We then review Burger and Monod’s functorial
approach to continuous bounded cohomology (§2.2) and we conclude this preliminary
section with the definition of transfer maps (§2.3).

Section 3 is devoted to the description of the general framework in which we study
multiplicative constants associated with measurable cocycles. There, we first define the
pullback along a measurable cocycle and along its boundary map (§3.1). Then, we compare
our definition with the usual one given for representations (§3.2). In §3.3, we state our
multiplicative formula (Proposition 1.1) and we introduce the notion of a multiplicative
constant associated with a measurable cocycle. We conclude the section studying the
notion of maximality (§3.4) and showing some applications of the previous results (§3.5).

Section 4 contains the new application of our machinery. There, we introduce and
study the Cartan invariant of measurable cocycles (§4). We prove that it is a multi-
plicative constant (Proposition 1.2) and it extends the same invariant for representations
(Proposition 4.8). Moreover, we show that the Cartan invariant has a bounded absolute
value in Proposition 4.9.

In §5, we define totally real cocycles and we prove Theorem 5.4. Then in §6, we
study maximal measurable cocycles and we prove both Theorem 6.1 and Theorem 6.2.
We conclude with some remarks about recent applications of our theory in §7.

2. Preliminary definitions and results

2.1. Amenability and measurable cocycles. In this section, we are going to recall some

classic definitions related to both amenability and measurable cocycles. We start by fixing

the following notation.

e Let G be alocally compact second countable group endowed with its Haar measurable
structure.

e Let (X, n) be a standard Borel measure G-space, that is a standard Borel measure
space endowed with a measure-preserving G-action.

If u is a probability measure, we will refer to (X, ) as a standard Borel probability

G-space. Given another measure space (Y, v), we denote by Meas(X, Y) the space of

measurable functions from X to Y endowed with the topology of convergence in measure.

Remark 2.1. In the literature about the ergodic version of simplicial volume [CC21,
FFL19, FFM12, FLMQ21, FLPS16, LP16, Sau02, Sch05], it is often convenient to work
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with essentially free actions. For this reason, one might find it reasonable to stick with
the same assumptions also here working with the dual notion of bounded cohomology.
However, it is easy to check that every probability measure-preserving action can be
promoted to an essentially free action just by taking the product with an essentially free
action and considering the diagonal action on that product.

We recall now some definitions about amenability. We mainly refer the reader to the
books by Zimmer [Zim84, §4.3] and by Monod [Mon01, §5.3] for further details about
this topic.

Let L°°(G; R) denote the space of essentially bounded real functions over G. Then, G
acts on L>°(G; R) as follows:

g-f(g0) = f (¢80,
forall g, go € G and f € L°°(G; R).

Definition 2.2. A mean on L*°(G; R) is a continuous linear functional
m: L*(G;R) - R,

such that m(f) > 0 whenever f > 0 and m(xg) = 1, where xg denotes the characteristic
function on G.

We say that a mean is left invariant if for all g € G and f € L°°(G; R) we have
m(g.f) =m(f).

A group is amenable if it admits a left-invariant mean.

Example 2.3. The following families are examples of amenable groups:

(1) abelian groups [Zim84, Theorem 4.1.2];

(2) finite/compact groups [Zim84, Theorem 4.1.5];

(3) extensions of amenable groups by amenable groups [Zim84, Proposition 4.1.6];

(4) let G be a Lie group and let P C G be any minimal parabolic subgroup. Then, P
is an extension of a solvable group by a compact group, from which it is amenable
[Zim84, Corollary 4.1.7].

In what follows, we will need a more general notion of amenability which is related
to group actions. In fact, amenable spaces and amenable actions will play a crucial
role in the functorial approach to the computation of continuous bounded cohomology
(§2.2). Following Monod’s convention, we begin by defining regular G-spaces [Mon01,
Definition 2.1.1].

Definition 2.4. Let G be a locally compact second countable group and let S be a standard
Borel space with a measurable G-action which preserve a measure class. We say that (S, ©)
is a regular G-space if the previous measure class contains a probability measure p such
that the isometric action R: G ~ L1(S, w) defined by

dg~'u

(R(9)-£)(s) = f(g™"s) y
nw

(s)

is continuous. Here, dg~!i/du denotes the Radon-Nikodym derivative.
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Example 2.5. Let G be a locally compact second countable group, then the following are

examples of regular G-spaces [Mon01, Example 2.1.2].

(1) If Gis endowed with its Haar measure, then G is a regular G-space.

(2) If Qis aclosed subgroup of G, then G/Q endowed with the natural almost invariant
measure is a regular G-space.

(3) Furstenberg—Poisson boundaries [Fur73, Fur81] associated with a probability mea-
sure on G are regular G-spaces.

The notion of regular G-spaces allows us to introduce the definitions of amenable
actions and amenable spaces [Mon01, Theorem 5.3.2].

Definition 2.6. Let G be a locally compact second countable group and let (S, i) be
a regular G-space. We say that the action of G on (S, ) is amenable if there exists a
continuous norm-one G-equivariant linear operator

p:L¥(G x $;R) — L®(S; R),

with the following two properties: first, p(xgxs) = xs; second, for all f € L®(G x §)
and for all measurable sets A C S, we have p(f - xgxa) = p(f) - xa-

If the action by G on (S, n) is amenable, then we say that (S, u) is an amenable
G-space.

Remark 2.7. The previous definition extends the notion of amenable groups in the
following sense: a group is amenable if and only if every regular G-space is an amenable
G-space [Mon01, Theorem 5.3.9].

Amenable actions not only characterize groups but also subgroups. By Example 2.5.2,
given a closed subgroup Q C G, the quotient G/Q is a regular G-space. Additionally,
we have that Q is amenable if and only if the G-action on G/Q is amenable [Zim84,
Proposition 4.3.2]. Hence, Example 2.3.4 shows that if G is a Lie group and P C G is any
minimal parabolic subgroup, then the G-action on the quotient G ~ G/P is amenable.
This applies to the Furstenberg—Poisson boundary of a Lie group (being identified with
G/P).

We recall now the notion of measurable cocycles and some of their properties.

Definition 2.8. Let G and H be locally compact groups and let (X, ) be a standard
Borel probability G-space. A measurable cocycle (or, simply cocycle) is a measurable
map o: G x X — H satisfying the following formula:

0(g182,x) =0 (g1, &2.x)0 (g2, X), (D

for almost every g1, g2 € G and almost every x € X. Here, g».x denotes the action by
geGonx e X.

Associated with measurable cocycles, there exists the crucial notion of a boundary map.

Definition 2.9. Let G and H be two locally compact groups and let Q < G be a closed
amenable subgroup. Let (X, 1) be a standard Borel probability G-space and let (Y, v)
be a measure space on which H acts by preserving the measure class of v. Given a
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measurable cocycle 0: G x X — H, we say that a measurable map ¢: G/Q x X — Y
is o -equivariant if we have

d(g.n, g.x) =0(g, x)p(n, x),

for almostevery g € G,n € G/Q and x € X.
A (generalized) boundary map associated with o is a o-equivariant measurable map.

We will make use of generalized boundary maps in §3.1, where we will explain how to
compute the pullback in continuous bounded cohomology.

Remark 2.10. 1t is quite natural to ask when a (generalized) boundary map actually exists.
Let G(n) = Isom(H ) be the isometry group of the K-hyperbolic space, where K is either
R or C. Given a lattice I' < G(n), let us consider a standard Borel probability I"-space
(X, nx) and a measurable cocycle o : I' x X — G(m). In the previous situation, Monod
and Shalom [MS04, Proposition 3.3] proved that if the cocycle o is non-elementary, then
there exists an essentially unique boundary map,

¢ 1 0o Hy XX — 05 HY .
The notion of non-elementary cocycle relies on the definition of an algebraic hull
(Definition 2.15) and this will be explained more carefully later in this paper.
Additionally, in the case of higher rank lattices, there are some relevant results about
the existence of boundary maps. Indeed a key step in the proof of Zimmer’s super-rigidity

theorem [Zim80, Theorem 4.1] is to prove the existence of generalized boundary maps for
Zariski dense measurable cocycles (see Definition 2.15).

Since equation (1) suggests that o can be interpreted as a Borel 1-cocycle in
Meas(G, Meas(X, H)) [FM77], it is natural to introduce the definition of cohomologous
cocycles.

Definition 2.11. Let 0: G x X — H be a measurable cocycle between locally compact
groups. Let f: X — H be a measurable map. We define the twisted cocycle associated
with o and f as

fo:GxX—H, (fo)gx):=f(gx) 'o(g x)fx),

for almost every g € G and almost every x € X.
We say that two measurable cocycles o1, 02: G X X — H are cohomologous if there
exists a measurable function f: X — H such that

oy = f.o7.
Similarly, we say that o1 and oy are cohomologous modulo a closed subgroup C < H if
oy = f.omod C,
that is
o2(g,x) - (fo1(g, )" € C,

for almost every g € G, x € X.
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When a measurable cocycle o admits a generalized boundary map, then all its
cohomologous cocycles share the same property.

Definition 2.12. Leto: G x X — H be a measurable cocycle with generalized boundary
map ¢: G/Q x X — Y. Given a measurable function f: X — H, the twisted boundary
map associated with f and ¢ is defined as

f9:G/QxX =Y, (fd)n,x):=f(0)"$@m ),
for almostevery g € G,n € G/Q and x € X.

Remark 2.13. Leto,o’: G x X — H be two cohomologous cocycles and let f: X — H
be the measurable map such that 0’ = f.o. If o admits a generalized boundary map ¢,
then the twisted boundary map associated with f and ¢ is a generalized boundary map
associated with o”.

Representations provide special cases of measurable cocycles.

Definition 2.14. Let p: G — H be a continuous representation and let (X, u) be a
standard Borel probability G-space. The cocycle associated with the representation p is
defined as

0p: GxX —>H, o0,(g,x)=p(g),

for every g € G and almost every x € X.

Given a representation p: G — H, one can obtain useful information about p by
studying the closure of the image p(T") as a subgroup of H. On the other hand, in general,
the image of a measurable cocycle does not have any nice algebraic structure. Nevertheless,
when H is assumed to be an algebraic group, we can give the following.

Definition 2.15. Let H be a real algebraic group and denote by H = H(R) the set of real
points of H. The algebraic hull of a measurable cocycle o: G x X — H is the (conjugacy
class of the) smallest algebraic subgroup L. < H such that L(R)° contains the image of a
cocycle cohomologous to o. Here, L(IR)° denotes the connected component of the neutral
element.

Remark 2.16. The algebraic hull is well defined by the Noetherian property of algebraic
groups. Moreover, it only depends on the cohomology class of the cocycle o [Zim84,
Proposition 9.2.1].

We will use the previous definition when we will work with totally real cocycles (§5)
and when we will investigate the properties of cocycles with non-vanishing pullback
(Theorem 6.1).

2.2. Bounded cohomology and its functorial approach. In this section, we are going
to recall the definitions and the properties of both continuous and continuous bounded
cohomology that we will need in what follows.
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We first introduce continuous (bounded) cohomology via the homogeneous resolution
and then, following the work by Burger and Monod [BM02, Mon01], we describe it in
terms of strong resolutions by relatively injective modules.

Definition 2.17. Let G be a locally compact group. A Banach G-module (E, ) is a
Banach space E endowed with a G-action induced by a representation 7 : G — Isom(E),
or equivalently a G-action via linear isometries:

0,:Gx E— E,
0, (g,Vv) :=m(g)v.

We say that a Banach G-module (E, ) is continuous if the map 6 (-, v) is continuous for
allv € E. Finally, we denote by E€ the submodule of G-invariant vectors in E, that is, the
space of vectors v such that 8(g,v) =vforall g € G.

Notation 2.18. In the following, R will denote the Banach G-module of trivial real
coefficients. In other words, it is endowed with the trivial G-action: 7w (g)v = v for all
ve Randg € G.

Example 2.19. Let (E, ) be a Banach G-module. Then, the space of continuous E-valued
functions

C:(G; E) :={f: G**! — E | f is continuous}
is a continuous Banach G-module with the following action:

gf(h, ... hey) =) f(g  hiy. .oy g  hey), )

forall g, hy, ..., hetr1 € G.

The spaces of continuous E-valued functions give rise to a cochain complex
(C2(G; E), 6°) together with the standard homogeneous coboundary operator
8°: C2(G; E) — C2T(G; E),

o+2

8 ()@t - s 8er2) = Y (=17 flar, gjo1, g - Ber2)-
j=1

Since this complex is exact, we are going to focus our attention on the subcomplex of

G-invariant vectors (C2(G; E )G 8*).

Definition 2.20. The continuous cohomology of G with coefficients in E, denoted by
H?(G; E), is the cohomology of the complex (C?(G; E)Y,5%).

Remark 2.21. If G is a discrete group, then there is no difference between continuous and

ordinary cohomology. Hence, in this situation, we will usually drop the subscript ¢ from
the notation.
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Since (E, ||-llg) is a Banach space, the Banach G-module C?(G; E) has a natural
L*-norm: For every f € C2(G; E), we have

| flloo :=sup{ll f(g1,. .., 8e+DIE] &1, .., 8et1 € G}.

A continuous function is said to be bounded if its L°°-norm is finite. Let C3,(G; E) C
C?(G; E) be the subspace of continuous bounded functions. By linearity, the coboundary
operator 6° preserves boundedness, so we can restrict §° to the space of continuous
bounded G-invariant functions C?, (G; E )¢ . Then we get the following complex:

(C2,(G; E)C, 8%).

Definition 2.22. The continuous bounded cohomology of G with coefficients in E, denoted
by H?,(G; E), is the cohomology of the complex (C?, (G E)C,8%).

Remark 2.23. If L C G is a closed subgroup, then we can compute the continu-
ous bounded cohomology of L with E-coefficients as the cohomology of the com-
plex (C2,(G; E)L, 8°). Here, the L-action is the restriction of the natural G-action on
C?,(G; E) [Mon01, Corollary 7.4.10].

The L°°-norm defined on cochains induces a canonical L°°-seminorm in cohomology
given by

I flloo :=nf{||¥/]loo [ [¥] = f}.

We say that an isomorphism between seminormed cohomology groups is isometric if the
corresponding seminorms are preserved.

Beyond the difference determined by the quotient seminorm, one can study the gap
between continuous cohomology and continuous bounded cohomology via the map
induced in cohomology by the inclusion i: C,(G; E)’ — C(G; E)°. The resulting
map

compg;: HY,(G; E) — HX(G; E)

is called a comparison map.

In the following, we will need an alternative description of continuous bounded
cohomology in terms of strong resolutions via relatively injective modules. Since we will
not make an explicit use of these notions, we refer the reader to Monod’s book for a
broad discussion on them [Mon01, §§4.1 and 7.1]. The main result in this direction is
the following.

THEOREM 2.24. [Mon01, Theorem 7.2.1] Let G be a locally compact group and let (E, 1)
be a Banach G-module. Then, for every strong resolution (E®, §*) of E via relatively
injective G-modules, the cohomology of the complex of G-invariants H'((E®)%, §%))
is isomorphic as a topological vector space to the continuous bounded cohomology
HY, (G; E), for every n > 0.

We now describe a strong resolution via relatively injective modules which allows us to
compute bounded cohomology isometrically. Let G be a locally compact second countable
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group. Let (E, m, ||-||g) be a Banach G-module such that E is the dual of some Banach
space. This implies that E can be endowed with the weak-* topology and the associated
weak-* Borel structure. Moreover, let (S, ) be a regular G-space. We have the following.

Definition 2.25. We define the Banach G-module of bounded weak-* measurable
E-valued functions on S to be the Banach space

BX(S*H E) = {f: §*T!' - E| f is weak-"* measurable,

sup 1 f(s1, ..., Ser1)llE < 00}

endowed with the following G-action t:

@@ )15y Ser1) = () f(g sl oy 8 Set1)

forevery g € G,s1,...,5e41 € Sand f € BX(S*t!; E).
We define the Banach G-module of essentially bounded weak-* measurable E-valued
functions on S to be

LSS E) = {[f1~ | f € BX(S*T E)),

where f ~ g if and only if they agree p-almost everywhere and [f]~ denotes the
equivalence class of f with respect to ~.

Remark 2.26. For ease of notation, we will denote elements in Lf;‘i(S’“; E) simply by
one chosen representative f.

Definition 2.27. Let us consider the situation above. We say that a(n essentially) bounded
weak-* measurable function f: S**! — E is alternating if for every si, ..., ses1 € S
we have

sign(e) f(s1, ..., Set1) = f(Se)s - - - » Se(e+1))

where ¢ € G, is a permutation whose sign is sign(e).

Since the standard homogeneous operator §° preserves G-invariant (alternating) essen-
tially bounded weak-* measurable functions up to a shift of the degree, we can consider
the complex (L35 (S *+1. E), 8*). The following theorem shows when the previous complex
computes isometrically the continuous bounded cohomology of G with E-coefficients.

THEOREM 2.28. [Mon01, Theorem 7.5.3] Let G be a locally compact second countable
group. Let (E, ) be a dual Banach G-module. Let (S, ;1) be an amenable regular
G-space. Then, the cohomology of the complex (L35 (S*H1: E)Y, 8% is isometrically
isomorphic to H, (G; E), for every integer n > 0.

The same result still holds if we restrict to the subcomplex of alternating essentially
bounded weak-* measurable functions on S.

Remark 2.29. 1In the situation of the previous theorem, if L C G is a closed subgroup, then
the cohomology of the complex (L33 (S*t1; E)E, 8%) is also isometrically isomorphic to
Hﬁb(L; E), for every n > 0 [Mon01, Lemma 4.5.3].
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Example 2.30. Let G be a locally compact second countable group and let Q C G be
a closed amenable subgroup. By Remark 2.7 and Example 2.5.2, we know that G/Q is
an amenable regular G-space. Thus for every Banach G-module (E, ), the cohomology
of the complex (L33 ((G/ 0)**!; E)C, §°) isometrically computes the continuous bounded
cohomology of G with coefficient in E. An instance of this situation is when Q is a minimal
parabolic subgroup of a semisimple Lie group G.

As we have just discussed, one can compute continuous bounded cohomology by
working with equivalence classes of bounded weak-* measurable functions. However,
in some cases, it might be convenient to work directly with B®(S**!; E). Also in
this case, the homogeneous coboundary operator sends (alternating) bounded weak-*
measurable functions to themselves up to shifting the degree. Hence, we can still construct
a complex (B> (S**t!; E), §*). Unfortunately, the associated resolution of E is only strong
in general [BI02, Proposition 2.1], so it cannot be used to compute the continuous bounded
cohomology of G with E-coefficients. Nevertheless, one can obtain the following canonical
map [BI02, Corollary 2.2]:

' HY(BX(S* E)Y) > H'(LL(S*H E)9) = HY, (G E), 3)

for every n € N. This shows that each bounded weak-* measurable G-invariant function
canonically determines a cohomology class in H, (G; E). The same result still holds in
the situation of alternating functions.

In §3.1, we will tacitly use this result to show that the pullback of a bounded weak-*
measurable G-invariant function lies in fact in L33.

2.3. Transfer maps. In this section, we briefly recall the notion of transfer maps
[Mon01]. Let G be a locally compact second countable group and leti: L — G be the
inclusion of a closed subgroup L into G. By functoriality, the inclusion induces a pullback
in continuous bounded cohomology

H?, (0): HY,(G; R) — HY (L; R).

Remark 2.31. Since the map H?, (i) is implemented by the restriction to L of cochains on
G, we will sometimes write « |z, instead of HY, (i) («), for « € H?, (G; R).

A transfer map provides a cohomological left inverse to HZ, (i). Assume that L\G
admits a G-invariant probability measure p (e.g. when L is a lattice of G), then we have
the following.

Definition 2.32. We define the transfer cochain map as

trans} : C2,(G; R)L — C2,(G; R)Y,
Sy ()81 -+ gor1) 1= /L L VESL B i@,

for every (g1, ..., 8er1) € G*Tland v € C(G; R)L. Here, g denotes the equivalence
class of g in the quotient L\G.
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The transfer map transj is the one induced in cohomology by tﬁﬁsz:
trans} : HY, (L; R) — H2, (G; R).

Remark 2.33. The transfer map is well defined since we can compute the continuous
bounded cohomology of L by looking at the complex (C?,(G; R)L, 8*) (Remark 2.21).

Moreover, since i is L-invariant, it induces a well-defined function on the quotient
L\G. With a slight abuse of notation, in the previous formula, we still denote by ¢ this
induced function.

We give now an alternative definition of the transfer map for essentially bounded weak-*
measurable functions. Let Q and L be closed subgroups of a locally compact second
countable group G. If Q is amenable, then the subcomplex of L-invariant essentially
bounded functions on G/Q computes the continuous bounded cohomology H?, (L; R)
(Remark 2.29 and Example 2.30). Hence, the new transfer map

trans'G/Q: H?,(L; R) — H,(G; R)
is the map induced in cohomology by the following:

transg; o : L°((G/Q)*T i R) — L2((G/Q)* T R)C,

ﬁﬁa@@@wnfwﬂ;ﬁmW@&wujﬁﬂwﬂm,

for almost all (£1, ..., &wq1) € (G/Q)* ! and ¥ € L®(G/Q)*+; R)L.
The following commutative diagram completely describes the relation between the two
transfer maps transj and transg, /0 [BI09, Lemma 2.43]:

0
trans L

H?,(L; R) ——— = HZ,(G: R)

) :

H,(L; R) ——— H?, (G; R).

. C
transG/ 0

Here, the vertical arrows are the canonical isomorphisms obtained by extending the
identity R — R to the complex of continuous bounded and essentially bounded functions,
respectively.

3. Pullback maps, multiplicative constants, and maximal measurable cocycles

The main goal of this section is to define pullbacks in continuous bounded cohomology via
measurable cocycles and generalized boundary maps. As an application, we extend Burger
and lozzi’s useful formula for representations [BI09, Proposition 2.44] to the wider setting
of measurable cocycles. This allows us to introduce the notion of multiplicative constants
and investigate the rigidity of cocycles.
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Setup 3.1. Let us consider the following setting:

e G is a second countable locally compact group;

e (' is alocally compact group which acts measurably on a measure space (Y, v) by
preserving the measure class;

Q is a closed amenable subgroup of G;

L is a lattice in G;

(X, uy) is a standard Borel probability L-space;

o: L x X — G’ is a measurable cocycle with an essentially unique generalized
boundary map ¢: G/Q x X — Y.

3.1. Pullback along measurable cocycles and generalized boundary maps. In this
section, we introduce two different pullback maps in continuous bounded cohomology
associated with a measurable cocycle. The first pullback will only depend on the mea-
surable cocycle o. The second will be defined in terms of the generalized boundary map
¢. We will show that under suitable conditions, the two definitions agree (Lemma 3.14).
Despite a priori the first definition might appear more natural, we will mainly exploit the
second pullback in the study of the rigidity properties of measurable cocycles.

Given a measurable cocycle o: L x X — G’, we define a pullback map from
C2, (G R)G/ to Cp(L; R)L as follows (compare with [MS, Remark 14]).

Definition 3.2. In the situation of Setup 3.1, the pullback map induced by the measurable
cocycle o is given by

Cp(o): Co(G';R) — Cp(L; R),

C

Y > ChEOW) Vs - - s Veyl) = /X(Wa(yf‘,xrl), o (v 0T dux (x).

Remark 3.3. The previous formula takes inspiration both from Bader, Furman and Sauer’s
result [BFS13a, Theorem 5.6] and Monod and Shalom’s cohomological induction for
measurable cocycles associated with couplings [MS06, §4.2].

LEMMA 3.4. In the situation of Setup 3.1, the map Cj (o) is a well-defined cochain map
which restricts to the subcomplexes of invariant cochains. Hence, Cp (o) induces a map in
bounded cohomology

Hj (o) : Hy,(G'; R) — HR(L; R), Hy(o)([¥]) := [Ch(o)(¥)].

Proof. 1t is easy to check that C}(o) is a cochain map. Moreover, it sends bounded
cochains to bounded cochains because w x is a probability measure.
It only remains to prove that Cj(c) sends G’-invariant continuous cochains to

L-invariant ones. Let ¥ € C;b(G’; R)G, and y, y1, . .., Yet+1 € L, then we have
y - Co )W) (1, - - -y Vor1)
=CyO)W& Yy Yer)

- /X YEw 0 ey 07 dux @)
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= fx Y. 0 oLy o0 oS vy 0T dux ()
— /X Yoy, 0 oo™ e 0 e 0T dux ()

= /X Yo 0™ e 0T dux ()
=C W)V, - - -2 Vor1),

where the second line is equal to the third one because of the definition of a measurable
cocycle (Equation (1)). Then, the L-invariance of the measure (1 x shows that the third line
is equal to the fourth one. Finally, the G’-invariance of ¥ concludes the computation. ]

As anticipated, we now explain how to define a different pullback map via generalized
boundary maps in the situation of Setup 3.1. This approach takes inspiration from a work
by Bader, Furman, and Sauer [BFS13b, Proposition 4.2] and has already produced some
applications in special settings (§3.5). We define the pullback along a generalized boundary
map as the composition of two different maps defined in continuous bounded cohomology.
The Banach space L*°(X) := L®°(X; R) has a natural structure of Banach L-module given
by the following L-action:

y.f=r "o,
forall y € L and f € L°(X). This leads to the following.

Definition 3.5. 1In the situation of Setup 3.1, the L°°(X) -pullback along ¢ is the following

map:
C*(@): BX(Y*T R) — LG/ Q)T L2 (X)k,
C@ W - - Ter1) 1= (x> Y1, 2, - . $(Mag1, X)),
where € BX(Y*tL RS, n1, ... ney1 € G/Qandx € X.

LEMMA 3.6. The map C*(¢) is a well-defined norm non-increasing cochain map.

Proof. Since C*(¢) is defined as a pullback, it is immediate to check that it is a norm
non-increasing cochain map.

Let us show now that for every ¥ € B®(Y*t!; R)G/, the cocycle C*(¢) () is
L-invariant. First, by [Mon01, Corollary 2.3.3], we can identify

LG/ LX) =L=((G/Q)*H! x X)F,
where the latter space is endowed with its natural diagonal L-action. Then, for almost every
xe X,ye L,andny,...,net1 € G/Q, we have
y - CHUOEA)M - e ) E) = C @) -y e )T )
=y Ly, o e y X))
=y L 0¢m. ). ..o )P (es1. X))

=Y (@M, %), ..., ¢(Met1, X))
= C.((f))(l/f)(’ll’ AR ] 77.+1)(x)-
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Here, we first used the definition of diagonal action, then the o-equivariance of ¢, and
finally the G’-invariance of . O

Since our final goal is to pullback a cocycle ¥ € BX(Y*+!; R)S’ along ¢ obtaining
a new cocycle in L*°((G/ Q)'+1; R)E, we need to compose the L*°(X)-pullback along ¢
with the integration map (compare with [BFS13b, MS, Sava]).

Definition 3.7. In the situation of Setup 3.1, the integration map 1% is the following cochain

map:
I%: L2 ((G/ Q)T L2 (X)) — L2((G/0)* T R,
I, - Ney1) = /X Y@, .- Ner D) (X) dux (x),
where ¢ € L®(G/Q)*T; L¥(XNE, 01, ..., ner1 € G/Q, and uy is the probability

measure on the standard Borel probability L-space X.
LEMMA 3.8. The integration map 1% is a well-defined norm non-increasing cochain map.

Proof. Given a cocycle ¢ € Lgfi((G/Q)’H; L>®(X))E, it is easy to show that IS5 (W) is
L-invariant. Indeed, given 11, . . . , Ne4+1 € G/Q and y € L, we have

Y T W s st = /X VO ey e ) () dpx ()
=/X1/f(m,...,n.+1)(y.x) dpx(x)

=/X1ﬁ(m,---,n.+1)(x) dux(x) =151, - -5 Net1)s

where we used the L-invariance of both ¢ and wy.
Since it is immediate to check that the integration map is also a norm non-increasing
cochain map, we get the thesis. O

Remark 3.9. The previous construction via integration is only possible working with
bounded cocycles. Indeed, there is no hope to extend this map to the case of unbounded
cochains [MS, Remarks 13 and 16].

We are now ready to define the pullback map along ¢.

Definition 3.10. In the situation of Setup 3.1, the pullback map along the (generalized)
boundary map ¢ is the following cochain map:

C*(@%): B, R)Y - L®(G/0)* T R)E,

C*(®%) :=T% o C*(¢).

Remark 3.11. The restriction of the pullback along ¢ to the subcomplexes of alternating
cochains (Definition 2.27) is well defined.
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The fact that the pullback map induces a well-defined map in cohomology is proved in
the following.

PROPOSITION 3.12. In the situation of Setup 3.1, the pullback map C*(®X) is a norm
non-increasing cochain map. Hence, it induces a well-defined map

H(0%): H (B® (YT R)Y) - Hy(L; R),  H(@)([y]) := [C*(@¥)(¥)].
The same result still holds for the subcomplexes of alternating cochains.

Proof. As a consequence of both Lemmas 3.6 and 3.8, the pullback C*(®¥) is a norm
non-increasing cochain map. Indeed, it is the composition of two such maps, namely C®(¢)
and I§.

Since Q is an amenable group, then G/Q is an amenable regular G-space (Example
2.5.2 and Remark 2.7). Hence, by Remark 2.29, the complex of L-invariant essentially
bounded functions L*®((G/Q)*T!; R)L computes the continuous bounded cohomology
H7 (L; R).

The same proof adapts mutatis mutandis to the case of alternating cochains. O

Remark 3.13. One might define a pullback map in cohomology using any measurable
o-equivariant map ¢: § x X — Y, where S is any amenable L-space. However, since we
will not need this formulation in the following, we preferred to keep the previous setting.

Since we have introduced two different pullback maps in continuous bounded coho-
mology arising from measurable cocycles, it is natural to ask whether they agree. The
following lemma completely describes the situation (compare with [BI02, Corollary 2.7]).

LEMMA 3.14. In the situation of Setup 3.1, let ¥ € BOO(Y'H;R)G/ be a measurable
cocycle. Then

C*(@%)(¥) e LX((G/Q)* T R)F

is a representative of the class Hy (o)([¥]) € Hp(L; R).

Proof. 1t is sufficient to consider the following commutative diagram [BI02, Proposition
1.2]:

, H* (%)
H* (B> (Y R)) H}(L; R)

H; (o)

H?, (G} R),
where ¢*® is the map introduced in equation (3). O

Finally, we show that the pullback along cohomologous measurable cocyles is the same
(compare with [MS, Propositions 13 and 20]).
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PROPOSITION 3.15. In the situation of Setup 3.1, let f.o: L x X — G’ be a cocycle
cohomologous to o with respect to a measurable map f: X — G'. Then, for every v €
By LRG| we have

C* (D) (¥) = C*(f.d")(¥).

Here, C*(®%) and C*(f.®X) denote the pullback maps along the associated boundary
maps ¢ and f.¢, respectively.

Proof. The boundary map f.¢ associated with f.o is given by
f9:G/QxX =Y, (f)nx)=f"" @), ),

for almost every n € G/Q and x € X (Remark 2.13). Hence, we have

C (£ )W), - . s Meg1) = /X V(- B)M1, %), - (F-B) (et X)) dpix (x)
= /X Y@M, 1), - FTHEOG (et X)) diix (x)

= A 1//(¢()’]1, X), R ¢(’70+1’ .X)) dMX(x)

=C* (@)W1, - -+ s Net1)s

for almost every 11, . . ., Ne+1 € G/ Q. This finishes the proof. [
Remark 3.16. Sometimes it is natural to consider the G’-module R with a twisted action.
For instance, if G’ admits a sign homomorphism, we can use it to twist the real coefficients.

In that situation, the previous equality will be true only up to a sign (see for instance [MS,
Proposition 13]).

3.2. Pullback along generalized boundary maps vs. pullback of representations. In the
situation of Setup 3.1, let (X, i x) be a standard Borel probability L-space and let p: L —
G’ be a representation. Then, there exists an associated measurable cocycle o,: L x X —
G' defined by 0,,(y, x) = p(y) forevery y € L and x € X (Definition 2.14). If p admits
a p-equivariant measurable map ¢ : G/Q — Y, the corresponding generalized boundary
map of o, is

$:G/OxX =Y, ¢ x)=0em),

for almostevery n € G/Q and x € X.
As explained by Burger and Iozzi [BI02, BI09], one can implement the pullback map

H?,(0): HY, (G R) — Hy(L: R)
using a cochain map C*(¢) defined by
C*(p) : BX(Y* RS — L¥((G/0)* T R)E,
¥ CH@OW) M1 o) = Y (@), - . ., @(Nas1)),

for almost every 11, . . ., Ne+1 € G/ Q.
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The following result shows that the pullback associated with p via ¢ agrees with the
one along ¢. This property turns out to be fundamental to coherently extend the numerical
invariants of representations to those of measurable cocycles (see [Sava, Proposition 3.4]
and [MS, Propositions 12 and 19]).

PROPOSITION 3.17. In the situation of Setup 3.1, let p: L — G’ be a representation which
admits a p-equivariant measurable map ¢: G/Q — Y. Then, we have

C* (%) = C*(¢).

Proof. Since the boundary map ¢ associated with o, does not depend on the second
variable, it is immediate to check that the following diagram commutes:

BOO(Y.+1; R)G/ (¢

M I;(

L*(G/Q)* T R,

L3 ((G/ Q) T Lo (x))*

from which the thesis. O]

Remark 3.18. The existence of a cocycle of the form o : L x X — G’ required in Setup
3.1 is irrelevant in the previous result.

3.3. Multiplicative formula. In this section, we prove how to deduce the multiplicative
formula stated in Proposition 1.1. Some applications of the formula are then discussed
in §3.5.

PROPOSITION 3.19. In the situation of Setup 3.1, let ' € BX(Y**1; R)S be an every-
where-defined G'-invariant cocycle. Let ¥ € L®((G/Q)*t1)Y be a G-invariant cocycle.
Denote by ¥ € H; (G; R) the class of . Assume that ¥ = transz;/Q[C’(CDX)(w/)].

(1) We have that
/ / V(@@ X), -, @ Net1, X))dpux (x) du(g)
I\G JX

=Y%M, ..., Net1) + cobound.,

for almost every (1, . . ., Ner1) € (G/Q)*T.
() If H(G; R) =R W (= R[Y]), then there exists a real constant Ay y(0) € R
depending on o, Y, ¥ such that

/ / V(@ %), .., D@ Nesr1, X))dpx (x) di(g)
L\G JX

= Ay y(0) - ¥ (M1, ..., Net1) + cobound.,

for almost every (1, . . ., Net1) € (G/Q)*T1.

Proof. Ad 1. Since Setup 3.1 ensures the existence of the transfer map transg, /0> the first
formula is easily true.
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Ad 2. Since HY, (G; R) is one-dimensional and generated by W = [v/] as an R-vector
space, transz;/Q[C'(CDX)(df’)] must be a real multiple of W. This finishes the proof. O

Remark 3.20. A priori Proposition 1.1.2 only holds almost everywhere. However, as
proved by Monod [Monl5, §1.C], working with L°-cocycles on Furstenberg—Poisson
boundaries, one can always show that the previous formula holds everywhere [Monl15,
Theorem B] (compare with [BBI13, §4]). We will use this fact in the proof of
Theorem 3.28 in order to evaluate the formula at a given point.

3.4. Multiplicative constants and maximal measurable cocycles. In this section, we are
going to introduce the notion of a multiplicative constant. This definition will allow us to
introduce maximal (measurable) cocycles and to investigate their rigidity properties.

In the situation of Setup 3.1, let ' € B(Y**!; R)% and let ¥ = [y/] € HS,(G; R) be
represented by a bounded Borel cocycle i : (G/Q)'Jrl — R.If H?,(G; R) = R W, then
Proposition 1.1 implies

/ / (@M1 %), . s P(ZNer1, X)) diix (x) du(E)
I\NG JX

= )“I"J// (@)Y (1, ..., Net1) + cobound. 5)

Definition 3.21. The real number Ay y (o) € R appearing in equation (5) is the multi-
plicative constant associated with o, ', .

A particularly nice situation for the study of rigidity phenomena is when, in equation
(5), there are no coboundary terms. For this reason, we are going to introduce the following
notation.

Definition 3.22. We say that condition (NCT) (no coboundary terms) is satisfied when
equation (5) reduces to

/ / V(@ @EN1.%)s .-, p(@Ner1, X)) dux (x) di()W
L\G JXx

= Ay @V M1, - - -, et 1)-

Example 3.23. Standard examples in which condition (NCT) is satisfied are the following.

(1) Given a torsion-free lattice L < G in a semisimple Lie group and a minimal
parabolic subgroup P < G, L acts doubly ergodically on the Furstenberg—Poisson
boundary G/ P [Alb99, Theorem 5.6]. Hence condition (NCT) is satisfied in degree
n = 2 for bounded alternating cochains.

(2) Indegree n > 3,if G =PO(n, 1) and G/Q = S"~1, condition (NCT) holds when
we consider the real bounded cohomology twisted by the sign action [BBI13, Lemma
2.2].

Remark 3.24. The condition (NCT) has the following equivalent reformulation via
cochains:

transg; ;o © CH(@X)(¥') = Ay y (0).

https://doi.org/10.1017/etds.2021.91 Published online by Cambridge University Press


https://doi.org/10.1017/etds.2021.91

Multiplicative constants and maximal measurable cocycles 3511

If condition (NCT) is satisfied, then there exists an explicit upper bound for the
multiplicative constant Ay y (o).

PROPOSITION 3.25. In the situation of Setup 3.1, let ¥' € BX(Y**'; R)C and let ¥ =
[v] € H,(G; R) be represented by a bounded Borel cocycle (G/O)*T! > R If
condition (NCT) is satisfied, then we have

1% 1l
1V lloe

[Ayr g (@) <

Proof. By Remark 3.24, we know that
transg; o © CH(@X)(¥') = Ay y (0)¥.

Since by Proposition 3.12 tﬁﬁs’G /o and C*(®X) are norm non-increasing maps, the
left-hand side admits the following estimate:

Ilransg;; g 0 C*(@N) WY )loo < 1V llc0-

Hence, we get

Iy (@Y lloo < 1Y lloo,

as desired. O]

Using the previous upper bound, we introduce the following.

Definition 3.26. In the situation of Setup 3.1, assume that condition (NCT) is satisfied. We
say that a measurable cocycle o: L x X — G’ is maximal if its multiplicative constant
Ay (0) attains the maximum value:

A
1Vloo

For every representation 7 : G — G’, we denote the restrictionof w to Las |, : L —
G’. We prove now that under suitable assumptions, maximal cocycles can be trivialized,
that is, they are cohomologous to a suitable representation |, : L — G'.

Ayt (0)

Setup 3.27. In the situation of Setup 3.1, assume that condition (NCT) is satisfied. We also
assume the following.

e Both ¢/’ and ¢ are defined everywhere and they attain their essential supremum. There
exist 1, ..., Netr1 € G/Q and yy, . .., Ye41 € Y, such that

Yt Yer) = 1 llee and Y (- Bett) = 1Y oo

o A maximal map ¢: G/Q — Y is a measurable map, such that

V(@) - s @(8Ner1)) = 1Y oo,

for almost every g € G and for every 71, . . ., net+1 € G/Q, such that

Vs - Ner1) = [V lloo
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e There exists a continuous representation 7: G — G’ and unique continuous
m-equivariant map I1: G/Q — Y, which satisfies the following. Given any maximal
measurable map ¢: G/Q — Y, there exists a unique element g(’p € G, such that

p(n) = g,T(1n),

for almost every n € G/ Q.

e The G’-pointwise stabilizer of the map IT is trivial, that is, the only element g’ € G’,
such that g'TT(x) = IT(x) for all x € G/Q is the neutral element of G’. We denote
the previous stabilizer by Stabg (IT).

THEOREM 3.28. In the situation of Setup 3.27, let w|. : L — G’ be the restriction of the
representation w: G — G’ to L. If the measurable cocycle o: L x X — G’ is maximal,
then o is cohomologous to |

Remark 3.29. More precisely, the theorem shows the existence of a measurable map
f: X — G, such that, for all y € L and almost every x € X, we have

7lL(y) = flyx) oy, x) f(x).

Proof. Since the cocycle o is maximal, we know that

(KA
Ay (0) = y
1Y Nl oo
Under condition (NCT), if we substitute the value of Ay y (o) in equation (5), we get
‘= _ — ¥l
Y(P@EN1,X), ooy P(ZNet1, X)) diux (x) diu(g) = Y1,y Net1)-
NG JX 1V 1o
(6)
Moreover, by assumption, i attains its essential supremum, from which there exist
N1 ..., Netr1 € G/Q, such that
VL, s e 1) = 1V lloo- (7N
By Remark 3.20, we can evaluate equation (6) at 7q, ..., e+1 € G/Q. Hence, by

equation (7), we have
/ / V(@ N1, %) .., 0@ Mesr1, X)) dux (x) din(@) = 1V [loo- (®)
I\G JX
This shows that

V(@@ N1, 0@ er1, ) = 1Y oo s

for almost every g € L\G and almost every x € X. Additionally, the o-equivariance of ¢
implies that, in fact,

Y (@8N, X), - s @ (8elet1, X)) = 1Y lloo 9

holds for almost every g € G and almost every x € X.
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We can define for almost every x € X a map

¢x:G/Q =Y, ¢:(n) =, x),

which is measurable [FMW04, Lemma 2.6] and maximal by equation (9). Hence, by the
assumptions of Setup 3.27, for almost every x € X, there must exist an element g, € G/,
such that

o () = g (),

for almost every n € G/Q. This shows that ¢, lies in the G’-orbit of IT. In this way, we
get a map

$: X —> G'.II, ¢x) =gy,

which is measurable [FMW04, Lemma 2.6]. By Setup 3.27, the stabilizer of IT is trivial
and hence the orbit G'.IT is naturally homeomorphic to G’ through a map j: G'.IT1 — G'.
Composing the identification j with the map ¢, we get a map

fiX =G, fx):=(odk),

which is defined almost everywhere and it is measurable being the composition of
measurable maps (notice that the composition above gives back the element gy ).

We can now conclude the proof (compare with [BFS13b, Proposition 3.2]). Given y €
L, on the one hand, we have

dyn,yx) =0y, x)pm, x) =0y, x)f(x)I(n),

and on the other,

oy, y.x) = f(y.0)Il(y.x) = f(y.x)m|L(y)I(n).

In the second equality, we used the m-equivariance of the map IT. The fact that Stabg (IT)
is trivial implies that

Tl () = fy0 " oy, x) f ),
which finishes the proof. O

3.5. Applications of the multiplicative formula. For the convenience of the reader, we
collect here some examples of applications of Proposition 1.1.

Example 3.30. Letn > 3. Let L < G = PO°(n, 1) be a torsion-free non-uniform lattice
and (X, ny) be a standard Borel probability L-space. Following the notation of Setup 3.1,
we set G' =PO°(n, 1) and Y = G/Q = oHy = S"~! where Q is a (minimal) parabolic
subgroup of G. Using bounded cohomology theory [Gro82, FM], one can define the
volume Vol(o) of a measurable cocycle o: L x X — PO°(n, 1) [MS, §4.1]. As proved
by the authors [MS, Proposition 2], in this setting, the multiplicative constant is given by

Vol(o)

Xw/’w (O’) = W\]HW)
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Since condition (NCT) is satisfied for twisted real coefficients [BBI13, Lemma
2.2], Proposition 3.25 shows that the following Milnor—Wood inequality holds [MS,
Proposition 15]:

IVol(o)| < Vol(L\H").

Finally one can apply Theorem 3.28 to show that if ¢ is maximal, then o is cohomologous
to the cocycle associated with the standard lattice embedding L — G. In fact, one can
strengthen this result. A cocycle is maximal if and only if it is cohomologous to the cocycle
associated with the standard lattice embedding [MS, Theorem 1].

Similarly, one can apply an analogous strategy for studying the case of closed surfaces.
The main difference is that we have to to fix a hyperbolization. Then, maximal cocycles
will be cohomologous to the given hyperbolization [MS, Theorem 5].

Example 3.31. Fix a torsion-free lattice L < G = PSL(2, C) together with a standard
Borel probability L-space (X, px). Following the notation of Setup 3.1, we set G’ =
PSL(n, C), Y = .%(n, C) is the space of full flags, and G/Q = P!(C). Here, Q is a
(minimal) parabolic subgroup of G. The second author defined the Borel invariant (o)
of a measurable cocycle o: L x X — PSL(n, C) [Sava, §4]. Then, the multiplicative
constant is given by [Sava, Proposition 1.2]

ﬂn(a)
Vol(L\H?3)"

Since condition (NCT) is satisfied, Proposition 3.25 leads to the following Milnor—Wood
inequality [Sava, Proposition 4.5]:

Ayy (o) =

Bu(0)] < (” : 1) Vol(L\E).

Finally, one can apply Theorem 3.28 to show that if o is maximal, then o is cohomologous
to the cocycle associated with the standard lattice embedding L — G composed with the
irreducible representation 7, : PSL(2, C) — PSL(n, C). In fact, also the converse holds
true [Sava, Theorem 1.1].

4. Cartan invariant of measurable cocycles of complex hyperbolic lattices

Let I' <PU(n, 1) be a torsion-free lattice with n > 2 and let (X, ux) be a standard
Borel probability I"-space. In this section, we are going to define the Cartan invariant
i(0) associated with a measurable cocycle o: I' x X — PU(m, 1). Then, when o
is non-elementary, we will express the Cartan invariant as a multiplicative constant
(Proposition 1.2). This interpretation allows us to deduce many properties of the Cartan
invariant for non-elementary measurable cocycles.

We recall here just few notions of complex hyperbolic geometry that we will need in
the following. We refer the reader to Goldman’s book [G0l99] for a complete discussion
about this topic. Let Hf, be the complex hyperbolic space. For every k € {0, ...,n}, a
k-plane is a totally geodesic copy of Hf(‘: holomorphically embedded in Hf.. When k = 1,
a l-plane is simply a complex geodesic. Similarly, a k-chain is the boundary of a k-plane
in doo HIT,, that is, it is an embedded copy of 9o Hf(‘:. When k& = 1, we will just call them
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chains. Since a chain is completely determined by any two of its points, two distinct chains
are either disjoint or they meet exactly in one point.
Let us consider the Hermitian triple product

() (CY = C, (21,220 23) := h(z1, 22)h(22, 23)h (23, 21).

If we denote by (900 H%)(3) the set of triples of distinct points in the boundary at infinity,
we can defined the following function:

2
ent (oo HYD = [=1,11,  cul&1, &2, &3) = — arg(z1, 22, 23).

Here, & = [z;] and we choose the branch of the argument function such thatarg(z) €
[—m/2, w/2]. Then, we can extend ¢, to a PU(n, 1)-invariant alternating Borel cocycle
on the whole (s H%)3. Moreover, |c, (§1, &2, &3)| = 1 if and only if &, &, &3 € 0o Hi:
are distinct and they lie on the same chain [BIW09, §3].

Definition 4.1. The cocycle
cn € By (9o Hp)*s R)PVD

is called a Cartan cocycle.

Remark 4.2. The Cartan cocycle ¢, canonically determines a class in Hfh PU(, 1); R)
via the map defined in equation (3).

Let w, € Q%Hﬁé) be the Kihler form, which is a PU(n, 1)-invariant 2-form. By the
Van Est isomorphism [Gui80, Corollary 7.2], the space Qz(HEé)PU(”’l) is isomorphic to
Hf (PU(n, 1); R). We call the Kdihler class the element «,, € Hf(PU(n, 1); R) correspond-
ing to w, via the previous isomorphism. Since the Kihler class is bounded, «;, lies in the
image of the comparison map

comp?: H2,(PU(n, 1); R) — H2(PU(n, 1); R).

Hence, there exists a class /c,i’ € Hgb (PU(n, 1); R) which is sent to x under compz. Since
the group Hfh (PU(n, 1); R) is one-dimensional, we can assume that K,ll’ is its generator as
real vector space. The relation between the Cartan cocycle and the bounded Kéhler class
is the following (Remark 4.2):

b
[en] = K;” € H2,(PUn, 1); R).

Remark 4.3. The previous equality shows that the cocycle ¢, is a representative of the
bounded Kihler class.

Setup 4.4. Letn > 2. We assume the following:

e [ <PU(n,1) is a torsion-free lattice;

e (X, uy) is a standard Borel probability I"-space;
e o:I x X — PU(m, 1) is a measurable cocycle.
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In the previous situation, ¢ induces a map in bounded cohomology (Lemma 3.4),
HZ(0) : H2,(PU(m, 1); R) — Hi(I'; R).
Moreover, since I is a lattice, there exists a transfer map (Definition 2.32),
trans? : H2(I'; R) — H2,(PU(n, 1); R).
Composing the two maps above, we can give the following.

Definition 4.5. In the situation of Setup 4.4, the Cartan invariant associated with the
cocycle o is the real number i (o) appearing in the following equation:

transy o Hy (o) (k) = i (o). (10)
Remark 4.6. The previous formula is well defined since Hfb PUm, 1); R) = Rx,f.

We explain now how to compute the Cartan invariant in terms of a boundary map
associated with o. This will show that the Cartan invariant is a multiplicative constant
in the sense of Definition 3.21.

First recall that every non-elementary measurable cocycle o: I' x X — PU(m, 1)
admits an essentially unique boundary map [MS04, Proposition 3.3] (Remark 2.10). Here,
essentially unique means that two boundary maps coincide on a full measure set. As
noticed by Monod and Shalom, the non-elementary condition means that the group of
the real points of the algebraic hull of o (Definition 2.15) is a non-elementary subgroup of
PU®, 1).

By Lemma 3.14, the existence of a boundary map implies that the pullback map Hi (o)
coincides with the following composition:

H2(0) = H2 (&%) o &2,

where ¢ and H2(®¥) are the maps introduced in equation (3) and Definition 3.5,
respectively. Thus, equation (10) is equivalent to

trans® o H>(®X)([cpm]) = i(o)k?. (11)

This shows that the Cartan invariant is a multiplicative constant in the sense of
Definition 3.21. We are going to prove that equation 11 actually holds at the levels of
cochains.

PROPOSITION 4.7. In the situation of Setup 4.4, let o be a non-elementary measurable
cocycle with boundary map ¢: 90 Hpm x X — 0oo Hi:. Then, for every triple of pairwise
distinct points &1, &, &3 € 3 H, we have

i(0)cn (81, 62, 63) =/

'\ PU(n,1)

/Xcm(qﬁ(?él,X),¢(§$2,X),¢(§$3,X)) du(g) dpx(x).
(12)
Here, i is a PU(n, 1)-invariant probability measure on the quotient I'\ PU(n, 1).

Proof. We already know that mc, is a representative of K,}: (Remark 4.3). Moreover,
since I" acts doubly ergodically on d, H{., there are no essentially bounded I'-invariant
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alternating functions on (9 Hﬁé)? Hence, if we rewrite equation (11) in terms of cochains,
we obtain a formula

trans;_ . © C2(dX)(mey) = i(0)(men),

without coboundaries. Here, tr/aﬁsgoo HY. is the map introduced at the end of §2.3. Since the
constant 7t appears on both sides, we get

i(0)cn (81,62, 83) = /

'\ PU(n,1)

/X en(@(@EL 1), $(FEr. 1), $(FEs. 1)) dut(@) dpx (x),

for almost every &1, &, &3 € dxo H%. The fact that the equation is in fact true for every
triple of pairwise distinct points can be proved by following verbatim Pozzetti’s proof
[Poz15, Lemma 2.11]. This finishes the proof. O

The interpretation of the Cartan invariant as a multiplicative constant has many
consequences. For instance, the Cartan invariant of measurable cocyles extends that for
representations introduced by Burger and Iozzi [BI07b].

PROPOSITION 4.8. In the situation of Setup 4.4, let p: I' — PU(m, 1) be a non-elementary
representation and let o,: I' x X — PU(m, 1) be the associated measurable cocycle.
Then, we have

i(0,) = i (p).

Proof. Since p is non-elementary, p admits an essentially unique boundary map ¢ :
0o ]HI% — 0oo ch" [BM96, Corollary 3.2]. Hence, one can define a boundary map for
the cocycle o, as

¢ oo Hip XX — 300 Hg, 95, %) := 9 (6),
for almost every & € 0o H{» and almost every x € X. This readily implies that
i(0p)cn = trans;_ . © C2(@)(cm)
= trans,_ o, © C2(@)(cm)
=i(p)cn-

The first equality comes from Proposition 1.2, the second one is due to Proposition 3.17,
and finally the last equality is proved by Burger and lozzi [BI07a, Lemma 5.3]. O

We conclude this section by showing that the Cartan invariant is constant along
cohomology classes and it has a bounded absolute value.

PROPOSITION 4.9. In the situation of Setup 4.4, let o be a non-elementary measurable
cocycle with boundary map ¢ : 3o Hp XX — 3o H:. Then, the following hold:

(1) the Cartan invariant i (o) is constant along the PU(m, 1)-cohomology class of o;
(2) i) =L
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Proof. Ad. 1. The first statement follows by Proposition 3.15. Indeed, if f: X — PU(m, 1)
is a measurable map, then Proposition 3.15 shows that

H2(f.@") ([em]) = HA(@) ([rem)).
Hence, we get
i(f.0)kb = trans? o HX(f.®X)([mcp]) = trans® o H2(®X)([rep]) = i(o)x?.

This shows that i (f.0) = i(0), as desired.
Ad. 2. Since the Cartan invariant is a multiplicative constant and condition (NCT) is
satisfied, Proposition 3.25 implies

li(o)| < L.
Here, we used the fact that ||c;; ||co = |[cmlloo = 1. O]

The second item of the previous proposition leads to the following definition (compare
with Definition 3.26).

Definition 4.10. In the situation of Setup 4.4, a non-elementary cocycle o is maximal if
i(o)=1.

5. Totally real cocycles

In this section, we introduce the notion of fotally real cocycles. Our definition extends that
by Burger and Iozzi [BI12] for representations. We aim to investigate the relation between
the vanishing of the Cartan invariant and the condition of being totally real. We will show
that totally real cocycles have trivial Cartan invariant. On the other hand, it is natural to
ask whether the converse is also true. We partially answer this question by showing that
ergodic cocycles inducing the trivial map in bounded cohomology are totally real.

Definition 5.1. In the situation of Setup 4.4, we denote by L the algebraic hull of o. Let
L := L(R)° be the connected component of the identity of the group of real points of L.
A measurable cocycle o is totally real if for some 1 < k < m we have

L € Npugm.1)(HE),

where Hlﬂi C HE is a totally geodesic copy of the real hyperbolic k-space. Here,
./\pr(m,l)(Hlﬂ‘{) denotes the subgroup of PU(m, 1) preserving the fixed copy of ]HI]H‘Q, that is,
g(H'ﬁQ) C Hlf& for every g € NpU(m,l)(HIHC%).

Remark 5.2. By the definition of algebraic hull (Definition 2.15), every totally real
cocycle o is cohomologous to a cocycle ¢ whose image is contained in L. Additionally,
./\pr(m,l)(Hlﬂ‘g) is an almost direct product of a compact subgroup K < PU(m, 1) with an
embedded copy of PO(k, 1) inside PU(m, 1). Hence, the cocycle & preserves the totally
geodesic copy H{?R C H stabilized by L.

In what follows, we need the following.
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LEMMA 5.3. Let " < PU(n, 1) be a torsion-free lattice, withn > 2, and let (X, ux) be a
standard Borel probability space. Then

HR (I L (X)) = ZL3% (90 HE)?: L (X))

Here, the letter Z denotes the set of cocycles and the subscript alt denotes the restrictions
to alternating essentially bounded weak-* measurable functions.

Proof. For every k € N, we have the following:

Lo (oo HEY LR O = L3 (900 HYP) x X5 R),
where ' acts on (9o H%)k x X diagonally [Mon01, Corollary 2.3.3]. Moreover, every
[-invariant essentially bounded weak-* measurable function on (9 H%)2 x X must be

essentially constant [MS04, Proposition 2.4]. Since an alternating function that is constant
vanishes, we have that

L2 (900 HE)* L (X)) = 0.
This shows that there are no coboundaries in dimension two, from which the thesis. O

The notion of totally real cocycles is strictly related to the vanishing of the Cartan
invariant. This correspondence is described by the following result, which is a suitable
adaptation of a result by Burger and Iozzi [BI12, Theorem 1.1] to the case of measurable
cocycles.

THEOREM 5.4. In the situation of Setup 4.4, let o be a non-elementary measurable
cocycle with boundary map ¢ : doHs X X — 0o H:. Then, the following hold:

(1) ifo istotally real, theni(c) = 0;

(2) if X is T-ergodic and H*(¢)([c;m]) = O, then o is totally real.

Proof. Ad 1. Let L be the algebraic hull of ¢ and let L = L(R)° be the connected
component of the real points of L containing the identity. By Remark 5.2, there exists
a cocycle & cohomologous to o, such that

(" x X) C L C Npym1)(HY),

for some 1 < k < m. Since ¢ is cohomologous to o, it admits a boundary map $ (Remark
2.13). Hence, since the Cartan invariant is constant along the PU(m, 1)-cohomology class
of o, it is sufficient to show that i (6) = 0 (Proposition 4.9).

By Remark 5.2, the cocycle & also preserves the totally geodesic copy of IHI]I‘R stabilized
by L, from which it preserves the boundary at infinity BOOHIEQ. We identify BOOHIH‘Q with a
(k — 1)-dimensional sphere Sc H{ as explained in §4. Hence, the boundary map 5 takes
values in 3, that is,

b 900 HE xX — S.
For almost every x € X, we then define
ax: 000 Hf(‘: — 3,
Ox(&) == ¢, x).
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The map ax is measurable for almost every x € X [FMWO04, Lemma 2.6]. By
Proposition 1.2, we have

/ / en @@ E1). B2 (B£2). B2 (T63)) dux (V@) = i (B)e(Er 2, E5),
I\ PUM,1) JX

for almost every &1, &2, &3 € 0 H% Here, w is the PU(n, 1)-invariant probability measure

o~

on I'\ PU(n, 1). Since ¢, takes values into the sphere S for almost every x € X, we have
that

m(Pr (Z-E1), 62 (T.62), 2 (T.63)) =0,

for almost every x € X and almost every g € I'\ PU(n, 1) [BI12, Corollary 3.1]. Thus,
i(0°) vanishes. Since i (o) = i(0), we get the thesis.

Ad 2. Since C?*(¢) is a cochain map (Lemma 3.0), it induces a map H%(¢) in
cohomology. If H%(¢)([cm]) = 0, then we have

H @) [en]) = [C2(@)(cn)] = 0.
Since by Lemma 5.3 there are no L°°(X)-coboundaries in degree 2, we have that
C3 (@) (cm) = 0.
More precisely,

cm(@x(81), 2 (82), 9x(63)) =0, (13)

for almost every x € X and almost every &1, &, §3 € d H{:. For almost every point x €
X, let us denote by E, the essential image of ¢y, that is, the support of the push-forward
measure (¢, ).V, where v is the standard round measure on g H%

We have just proved in equation (13) that for almost every x € X, the Cartan cocycle
¢, vanishes over E,. Hence, as proved by Burger and lozzi [BI12, Corollary 3.1], for
almost every x € X, there exists an integer 1 < k(x) < m and a real (k(x) — 1)-sphere Sy
embedded in 9, HIf:, such that

E.CS,.

Moreover, we can choose Sy to be minimal with respect to the inclusion. We claim now
that

Syx =0(y,x) Sk, (14)

forevery y € I" and almost every x € X. First, the definition of E, and the o-equivariance
of ¢ imply that

Eyx=0(y,x)Ex,
for every y € I' and almost every x € X. Hence, we have
Eyx=o0(y,x)Ex Co(y,x) Sk .
Thus, the minimality assumption shows that

Syx Co(y,x)Sx.
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By interchanging the role of £, x and E\, we get the claim. As a consequence, k(y.x) =
k(x) for every y € I' and almost every x € X. The ergodicity assumption on the space
(X, nx) then implies that almost all the spheres have the same dimension, that is, k(x) =
k € N for almost every x € X.

Let us now denote by Sphk_l(aOo Hg) the space of (k — 1)-spheres embedded in
the boundary at infinity 9o H:. Since the action of PU(m, 1) on (k — 1)-spheres is
transitive, Sphk’1 (000 HI) is a PU(m, 1)-homogeneous space. Let Go = Neun.1)(So) be
the subgroup of PU(m, 1) preserving a fixed (k — 1)-sphere Sp. Then we can define a map

S: X — Sph* (9 H),  S(x) = i,

which is measurable because ¢, varies measurably with respect to x € X [FMW04,
Lemma 2.6]. Since Sph*~! (4, Hf) = PU(m, 1)/ Go, we can compose the previous map
with a measurable section [Zim84, Corollary A.8],

s: PU@m, 1)/Go — PU(m, 1).

Let f: X — PU(m, 1) be the composition s o S. Since f is a composition of measurable
maps, it is measurable. Moreover, by construction, we have

Sx = f(x) 807

for almost every x € X.
Let us consider now the f-twisted cocycle og = f.o associated with o (Definition 2.11).
On the one hand, we have that

Sy.x = f(y.x) So,

and, on the other,

S}Ax = U(% x)f(x) SO .

Hence, og preserves Sy. This implies that og(I" x X) C Gy. If L denotes the algebraic hull
of o (which is the same for o) and L = L(R)°, we get

L C Gy,
from which the thesis. O]

Remark 5.5. Unfortunately, we are not able to show that Ad. 2 actually provides a complete
converse to Ad.1. Indeed, it is not unlikely that the vanishing of the pullback H? (@) (cmD
is in fact a stronger condition than the vanishing of the Cartan invariant associated with
the cocycle o. A priori the condition i (o) = 0 does not necessarily imply that the pullback
induced by ¢ vanishes on c,,. However, at the moment, we are not able to construct an
explicit example of such a situation.

On the other hand, our formulation of Theorem 6.1.2 suitably extends Burger and
Tozzi’s result [BI12, Theorem 1.1] in the setting of measurable cocycles. Indeed, when
o is actually cohomologous to a non-elementary representation p, the pullback along ¢
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boils down to the pullback along p (Proposition 3.17). Thus, we completely recover [BI12,
Theorem 1.1] in this particular situation.

6. Rigidity of the Cartan invariant
In this section, we discuss some rigidity results which can be deduced using the Cartan
invariant of measurable cocycles. We first study the algebraic hull (Definition 2.15) of
cocycles whose pullback does not vanish. Then, we characterize maximal measurable
cocycles (Definition 4.10).

We begin with the following result, which is a suitable extension of Burger and lozzi’s
result for representation [BI12, Theorem 1.2].

THEOREM 6.1. In the situation of Setup 4.4, let o be a non-elementary measurable cocycle
with boundary map ¢: 3o Ht XX — 30 H:. Let L be the algebraic hull of o and let
L = L(R)® be the connected component of the identity of the real points.
IfH2(<I>X)([cm]) # 0, then L is an almost direct product K - M, where K is compact
and M is isomorphic to PU(p, 1) for some 1 < p <m.
In particular, the symmetric space associated with L is a totally geodesically embedded
copy of H{é inside H.

Proof. Since H2(<I>X )([cn]) does not vanish, the restriction of the bounded Kihler class
K,’i, to H}z,(L; R) does not vanish (Remark 4.3). Thus, L cannot be amenable. Since
PU(m, 1) has real rank one, L is reductive with semisimple part M of rank one. We
denote by K the compact term in the decomposition of L. Since K is compact, from which
amenable, we have that K,];l |K = 0 (see Remark 2.31 for the notation). Hence, K,Z |[L #0

implies K,}; |M # 0. As a consequence, we have
H2(M;R) = H2,(M; R) # 0.
Thus, M is a group of Hermitian type. Then, since M has real rank one, we have
M =ZPU(p, 1),

for some 1 < p < m. Take an isomorphism 7 : PU(p, 1) — M such that Hgb(n)(/cf,’l) =
AKIIZ for some A > 0. If m > 2, the map 7 : PU(p, 1) — PU(m, 1) corresponds to a totally
geodesic embedding Hé inside H{z (which is holomorphic by the positivity of A). When
m = 1, the group w(PU(1, 1)) cannot correspond to a totally real embedding, otherwise
A = 0 by Theorem 5.4. Hence, it must correspond to a complex geodesic and the statement
is proved. O

Among the cocycles with non-trivial pullback, maximal ones can be completely
characterized. Maximal cocycles always admit a(n essentially unique) boundary map.
Indeed, they are non-elementary, since the latters have trivial Cartan invariant.

THEOREM 6.2. [n the situation of Setup 4.4, let (X, ) be ergodic and let o be a maximal
cocycle. Let L be the algebraic hull of o and let L = L.(R)® be the connected component
of the identity of the real points.
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Then, the following hold:
1 m=n;
(2) L is an almost direct product PU(n, 1) - K, where K is compact;
(3) o is cohomologous to the cocycle o; associated with the standard lattice embedding
i: ' = PU(m, 1) (possibly modulo the compact subgroup K when m > n).

Proof. One can restrict the image of o to its algebraic hull, which is completely
characterized by Theorem 6.1. In this way, we obtain a Zariski dense cocycle. The thesis
now follows verbatim as in the proof of [SS21, Theorem 2]. O]

7. Concluding remarks

We conclude the paper with a short list of comments that relate the notion of Cartan
invariant with more recent results in this field. These results have been obtained by
combining the theory developed in this paper with new insights.

Recently, one of the authors has proved a statement analogous to Theorem 6.2 but
with completely different techniques [Save, Theorem 1.2]. The main new ingredient was
the existence of natural maps associated with a measurable cocycles. Natural maps exist
for ergodic Zariski dense cocycles, e.g. cocycles arising from ergodic couplings [Savb,
Lemma 3.6]. The existence of natural maps also played an important role in the recent
proof of the 1-tautness conjecture for PU(n, 1), with n > 2 [Savb, Theorem 1]. This
result provides a nice classification of discrete groups that are L!-measure equivalent to
alattice I' < PU(n, 1). In that situation, the key point is to show that measurable cocycles
arising from ergodic self-couplings associated with a uniform lattice I' < PU(n, 1) are
maximal. This then implies that they are cohomologous to the standard lattice embedding
by using the results of this paper. The notion of maximality introduced in [Savb] agrees
with that in Definition 4.10. This provides a wide family of cocycles which do not come
from representations but they are cohomologous to them.

Unfortunately, the authors were not able to prove the 1-tautness conjecture directly with
the use of the Cartan invariant. The main obstruction to this approach concerns the study
of cup products of bounded cohomology classes, which is a highly non-trivial subject [AB,
BM18, Heu].

The study of lattices in PU(1, 1) was separated from this project because it contained
some additional difficulties. Recently, one of the authors used some ideas of this paper to
provide a complete characterization of the algebraic hull for maximal cocycles of surface
groups [Sav21] by extending Burger, lozzi, and Wienhard’s tightness to the wider setting
of measurable cocycles.
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