Geometriae Dedicata (2025) 219:45
https://doi.org/10.1007/s10711-025-01006-5

ORIGINAL PAPER

®

Check for
updates

Kernels in measurable cohomology for transitive actions

Michelle Bucher? - Alessio Savini?

Received: 5 October 2023 / Accepted: 12 April 2025
© The Author(s) 2025

Abstract

Given a connected semisimple Lie group G, Monod (Trans. Amer. Math. Soc. B 144-159,
2022) has recently proved that the measurable cohomology of the G-action H,: (G ~ G/P)
on the Furstenberg boundary G /P, where P is a minimal parabolic subgroup, maps sur-
jectively on the measurable cohomology of G through the evaluation on a fixed basepoint.
Additionally, the kernel of this map depends entirely on the invariant cohomology of a max-
imal split torus. In this paper we show a similar result for a fixed subgroup L < P such that
the stabilizer of almost every pair of points in G/L is compact. More precisely, we show
that the cohomology of the G-action H,}, (G ~ G /L) maps surjectively onto H/; (G) with a
kernel isomorphic to H/, ! (L). Examples of such groups are given either by any term of the
derived series of the unipotent radical N of P or by a maximal split torus A. We conclude
the paper by computing explicitly some cocycles on quotients of SL(2, K) for K = R, C.

Keywords Measurable cohomology - Transitive actions - Spectral sequences - Evaluation
map
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1 Introduction

Given a semisimple Lie group G, its measurable cohomology H,:(G) is defined via the
cocomplex of G-invariant (classes of) measurable functions (L°(G*t1)C, d*), where d*
is the usual homogeneous coboundary operator. Similarly, its continuous cohomology is
defined by looking at the cocomplex of G-invariant continuous functions (C(G*HG | g%).
Recently, Austin and Moore [1] have proved that the natural inclusion of continuous cochains
into measurable ones induces an isomorphism in cohomology. The result actually holds in a
far more general setting, namely for any G locally compact second countable group and for
every Fréchet G-module as coefficients.
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The cohomology H,;(G) can be viewed as the measurable cohomology of the action of
G on itself. This point of view allows to extend the definition of measurable cohomology to
any homogeneous G-space, endowed with its invariant measure class. For a closed subgroup
L < G,itissufficient to define H,; (G ~ G /L) viathe cocomplex of G-invariant measurable
functions (L°((G / L)*t1 G d*). There exists a natural evaluation map

ev: Hy (G ~G/L) — H(G) (1)
obtained by fixing any basepoint x € G /L and considering the cochain map

eve : LOUG/L)*™HG — LOUG*™HY, (ev)(f)(g0s - -, gx) i= f(g0%, -, guX).

In the attempt to give a more geometric flavour to the classes lying in H,; (G), one could ask
for which closed subgroup L < G the evaluation map is an isomorphism or, at least, it is
surjective.

In a recent paper Monod [7] focused his attention on the case of the Furstenberg-Poisson
boundary G/P, where P < G is any miminal parabolic subgroup. He proved that the
evaluation is indeed surjective, but surprisingly it is not an isomorphism, unless the rank
of G is equal to one. In fact, in the higher rank case a non-trivial kernel appears when the
cohomological degree is sufficiently small and such defect can be completely characterized
in terms of the cohomology of a maximal split torus A < P. More precisely, let us denote
by a the Lie algebra associated to A and by wy the longest element in the Weyl group, which
acts on a via the adjoint representation. We have the following

Theorem 1 [7, Theorem B] Let G be a connected semisimple Lie group with finite center.
The evaluation map
H»(G ~G/P) — H,(G)

is surjective and its kernel
NH}(G ~ G/P) :=Ker(H; (G~ G/P) — H,(G))

fits into a short exact sequence

(A2g5yw0 L NHE (G ~ G/ P) — (AFTa*)wo, (2)

fork = 3, and, for k = 2, there is an isomorphism
NH2(G ~ G/P) = (a*)™.

More recently the authors [4] have shown that the short exact sequence (2) corresponds
to the decomposition into non-alternating and alternating cochains on the boundary.

Monod’s proof does not rely on the usual characterization of group cohomology in terms
of resolutions, but it exploits the Eckmann-Shapiro isomorphism [8, Theorem 6] together
with spectral sequences. A similar approach already appeared in a work by Bloch [2] to study
the measurable cohomology of SL(2, C) and it was later developed by Pieters [9] in the case
of Isom™* (H").

The advantage of Monod’s proof is that one can follow his spectral sequence to obtain
explicit representatives of the cohomology classes lying in the kernel of the evaluation map.
Following the latter strategy, the authors [3] obtained explicit cocycles in low degrees for
either the products of isometry groups of hyperbolic spaces or SL(3, K), where K = R, C.
In fact, as was pointed out to us by Elisha Falbel, our SL(3, K)-cocycles on the flag space
are already cohomologically trivial when viewed as cocycles on the space of affine flags.
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Since affine flags surject onto flags, the previous remark shows in a different way that our
cocycles must lie in the kernel of the evaluation map for G/P. This observation motivated
the present study of different homogeneous spaces for which the evaluation map (1) is still
surjective but some non-trivial kernel appears in low degrees. For instance, Goncharov [5]
exhibited an unbounded exotic cocycle lying in the kernel of the SL(3, C)-action on P2(C).
The latter corresponds to the choice of the homogeneous space SL(3, C)/Q, where Q is a
maximal parabolic subgroup. In this paper we will focus our attention on spaces of the form
G /L, for some particular L contained in a minimal parabolic subgroup.

Theorem 2 Let G be a connected semisimple Lie group with finite center. Let P < G be a
minimal parabolic subgroup. Consider L < P a closed subgroup such that the stabilizer of
almost every pair of points in G /L is compact. Then the evaluation map

H(G ~ G/L) — H,;(G)
is surjective and its kernel
NH}(G ~ G/L) :=Ker(H, (G ~ G/L)y — H,(G))

is isomorphic to
NH2(G ~ G/L) = HY (L),

forp > 2.

Moreover this construction is compatible with inclusions: more precisely, given Ly <
L1 < P two closed subgroups as above, the projection G/Lo — G /L induces a commu-
tative diagram

HY ' (L)) ————— HJ(G ~ G/L)) —— HL(G) 3)

- |

-1
Hy (Lo) ————— Hy(G ~ G/Lo) ———— Hy(G).
where res is the restriction map.

The strategy of the proof of Theorem 2 is analogous to the one given by Monod. In fact we
construct a spectral sequence abutting to zero and whose first page contains the cohomology
of G and L on the first and the second columns, respectively, and the cocomplex of measurable
G-invariant functions on G /L on the first row. The explicit computation of the differentials
and the convergence to zero lead to the desired result. The stability statement is obtained by a
simple comparison argument between the spectral sequences obtained by choosing different
groups Lo and L.

Applying Theorem 2 to any element of the derived series associated to the unipotent
radical N < P, we obtain:

Corollary 3 Let G be a connected semisimple Lie group and let N < P be the unipotent
radical of a minimal parabolic subgroup P. We define inductively Nyt := [Nk, Ni] as the
commutator subgroup of Ni. Then the stabilizer of almost every pair in G /Ny is compact.
As a consequence, we have a short exact sequence

0 ——= H ' (N) ——= H}(G ~ G/Ny) —= H}}(G) —= 0, “

for p > 2.
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For instance, when G = SL(3, R) we can choose as P the subgroup of upper triangular
matrices and its unipotent radical N = H3(R) is the (real) Heisenberg group. Corollary 3
implies that the cohomology of H3(RR) injects in the cohomology of the SL(3, R)-action on
the affine flags (and the statement extends to every n > 4).

Choosing as L = A < P a maximal split torus, we get:

Corollary 4 Let G be a connected semisimple Lie group and let A < P a maximal split torus.
Then the stabilizer of almost every pair in G/A is compact. As a consequence, we have a
short exact sequence

0 —— HY '(A) —— HI(G ~ G/A) — HL(G) —=0, )
for p > 2.

An explicit example: SL(2, K)

Following the spectral sequence defined in the proof of Theorem 2, we will exhibit some
explicit cocycles lying in the kernel of the evaluation map when G = SL(2, K), forK = R, C.
If we define P as the group of upper triangular matrices, we can choose as L = N the unipotent
radical of P corresponding to unipotent matrices. In this context G/N is diffeomorphic to
the punctured plane K2 <. {0} and, since N = K, we have a non-trivial kernel contributing
to the cohomology group H,% (G ~ K2~ {0)).

Theorem 5 Let G = SL(2, K) with K equal to either R or C. Consider the group N of upper
unipotent triangular matrices with Lie algebra n = K. The inclusion

i HY(N) = H2(G ~ (K2\{0)))
of the short exact sequence 4 is given by sending a R-linear form ay, € n* to the measurable

almost everywhere defined G-invariant cocycle

i(om) s (K2~ {0})? — R
(o, 1, v2) = 35, (=D [an ((d— W)) +om ((d— W))] ,

where (-, -) is either the scalar product, for K = R, or the Hermitian product, for K = C,
and dviyv,' is the determinant of the matrix with columns (v;|v;).

Then we consider the case of a maximal split torus A for SL(2, R). In this case we fix as A
the subgroup of diagonal matrices with positive entries and the quotient G / A is diffeomorphic
to the subset of distinct ordered pairs in P! (R)2. Since A = R, also in this context we have
a non trivial kernel appearing in Hn21 (G ~ P'(R)?).

Theorem 6 Let G = SL(2, R) and consider the torus A of diagonal matrices with positive
entries, with Lie algebra a = R. The inclusion

i:H(A) = H2(G ~ P'(R)?)
of the short exact sequence 5 is given by sending a R-linear form aq € a* to the measurable
almost everywhere defined G-invariant cocycle
i(@): 'R — R
((x1.x2), (1. 2), (21, 22)) —> %o (log|[x2, y1. y2, 211 — 1),

where | | is the usual cross ratio.
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Plan of the paper

In Sect.2 we prove Theorem 2 via the use of spectral sequences. In Sect.3 we show that the
main theorem holds for the cases of the derived series associated to the unipotent radical of
a minimal parabolic subgroup (Corollary 3) and for the maximal split torus (Corollary 4).
We conclude by an explicit computation on the group SL(2, K) for K = R, C in Sect.4 and
Sect. 5.

2 Proof of theorem 2

We are going to follow the line of Monod’s proof of [7, Theorem B]. Let G be a connected
semisimple Lie group with finite center. Let P be a minimal parabolic subgroup and consider
L < P such that the stabilizer of almost every pair of points in G/L is compact. We define
the bicomplex

cra = LGP, LG/ = LGP x (G/L))°,
with two differentials given by
dh.crd - crtlha gz crd — cpatl

The first differential is simply the usual homogeneous differential on the G-variable, whereas
the second one coincides with the homogeneous differential on G /L multiplied by (—1)7*+1.
The multiplicative constant ensures that the differentials commute, that is d td~> =d~d'.

The bicomplex that we introduced leads naturally to two different spectral sequences. The
first one has as first page

VEPY .= (HI(CP*,d ™), dy = d). ©

Proposition 7 Let IEf’q be the first page of the spectral sequence defined by Equation (6).
Then the spectral sequence degenerates immediately to zero, that is ' E ]p 1 = 0 for every
p.q =0.

Proof The first page of the spectral sequence is determined by taking the right differential
d™ in the bicomplex C? 9. More precisely, it is given by the cohomology of the cocomplex

LGP LO(G /L)1) — LOGP T, LG /L)1)C — LYGPT, LO«(G/L)TT1)C.

Such cocomplex is isomorphic to its inhomogeneous variant obtained by getting rid of the
G-invariance and deleting one G-variable, that is

LGP, LG /Ly Y) — LYGP, LG /L)) — LGP, LO«(G/L)T™h).  (7)

Such isomorphism preserves the differential on G /L, which is still the homogeneous one
suitably weighted with a sign depending on p. In virtue of [7, Lemma 2.4] the cocomplex

0—R— L%G/L) - L°(G/L)}) — ®

is exact. Since the cohomology of the cocomplex of Eq. 7 is obtained by the one of Eq. 8 by
applying the functor L%(GP, - ), and the latter is an exact functor by [7, Lemma 2.1], the
statement follows. O
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Since ' E f "7 yanishes, from now on we are going to focus on the second spectral sequence,
namely

MEPY = HP(C™,d"),dy =d7).
The (p, ¢)-entry of the first page is given by
"EPT = Hy(G, L°(G/L)?)).

We are going to compute explicitly all the differentials in degree one. Before starting we
want to point out a problem related to the cohomological restriction induced by the inclusion
L — G. Since L is a closed subgroup of P, it has measure zero with respect to the Haar
measure on G. As a consequence, it would be meaningless to restrict an element of L°(G?)¢
to L. To overcome this difficulty, we will realize the cohomology of L as the cohomology of
the cocomplex (LY%(G*HL | d*). Indeed the functor that assigns to every Polish L-module A
the cohomology of the cocomplex (LO(G**!, A)L, d*) satisfies the characterizing proprerties
given by Moore [8, Pag. 16], and hence its computes the measurable cohomology of L with
coefficients in A [8, Theorem 2].

Lemma 8 For p > 1, the first differential
dy : Hj(G) — Hj(G, L"(G/L))
induced by the inclusion of coefficients is trivial.

Proof Tt is immediate to verify that the differential d is conjugated via the Eckmann-Shapiro
isomorphism [8, Theorem 6] to the restriction from G to L. As noticed by Monod [7, Proof of
Proposition 4.1], the Eckmann-Shapiro induction can be realized by the isomorphism given
by

a: LO9GPTHE & 0GP LY9G/L)C, a(f)(go. - . gp)(EL) = f(g g0 ... g Lgp).

We can consider the following commutative diagram

LOGPHYG ———— LO(GPT!, LO(G/L))¢ )
LO(GPThHE —— % - [0(GPH! L9(G/L))C,

where the top map is the change of coefficients induced by the inclusion R — L%(G/L),
the left arrow is the restriction map, the bottom arrow is the induction map in the Eckmann-
Shapiro isomorphism and the right map is the identity.

By passing to the cohomology of Diagram 9 we get

H(G) —— 2~ H(G, LG/L))

l lz

HE (L) ——— HP(G, L°(G/L)).

Since the bottom map is the Eckmann-Shapiro isomorphism, it is sufficient to show that the
restriction map res is zero. Since L < P we get that the restriction map from G to L factors
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to the restriction from G to P, that is we a commutative diagram

resy

H2(G) Hpy (L)

Hy (P)

where we wrote res p and resy, to distinguish the different restrictions. By either [10, Corollary
3] or [7, Corollary 3.2] the restriction map res p is zero for every p > 1 and the claim follows.
O

Our next step is to prove that the remaining columns in the first page // E{

for the elements in the first row.

vanish except

Proposition 9 The measurable cohomology group HE (G, L°((G /L)?)) vanishes for p > 1
and g > 2.

Proof Since the orbits of the G-action on (G /L) are locally closed, the action is smooth in
the sense of Zimmer by [11, Theorem 2.1.14].

By assumption we know that the stabilizer of almost every pair in G/L is compact. As
a consequence, the stabilizer of almost every g-tuple of points in G/L is compact. This
means that, for almost every orbit, the smoothness of the action determines an identification
between that orbit and a quotient of the form G /Ky, for some compact group Ko < G. By
Cartan’s Fixed Point Theorem, such a group K¢ must be contained in some maximal compact
subgroup of G. As a consequence there are at most countably many G-conjugacy classes of
such compact groups.

By the smoothness of the action [11, Theorem A.7], there exists a Borel measurable section
with respect to the projection (G /L)Y — G\(G/L)4. We first discard a measure zero subset
A C (G/L)? where the stabilizers are not compact. We can decompose (G/L)? \. A into
disjoint union of measurable G-invariant subsets ¥;, and on each Y; the stabilizer of a g-tuple
is conjugated to K ;. This fact, together with the existence of the Borel section, implies that
there is a Borel G-isomorphism between (G/L)? ~. A and a disjoint countable union of
G-spaces G/K; x X, where K ; is compact and X ; is a measure space with trivial G-action
which is the quotient of Y;. Thanks to the previous isomorphism, the measurable cohomology
Hy (G, L°((G/L)%)) is the product of the cohomology groups H}, (G, L°%(G/K; x X )).
Using Fubini’s Theorem and the Eckmann-Shapiro isomorphism we obtain

HY (G, L°(G/K; x X;)) = HL (G, L°(G/K;, L°(X ;) = H} (K, L°(X})).

The compactness of K, together with [7, Lemma 2.3], forces the vanishing of the group
H,,’;(Kj, LO(Xj)), as desired. m]

We are finally ready to prove the main theorem of the section.

Proof of Theorem 2 We describe the first page // E{*?. The first column is given by the coho-
mology of G, that is ”E]p’o = H/(G) for p > 1. The second column is isomorphic to the
cohomology of L by the Eckmann-Shapiro isomorphism, namely !/ E f -~ H}(L). More-
over the differential d; from the first column to the second one vanishes identically when
p = 1 by Lemma 8.

The remaining columns in the first page vanish for p > 1 by Proposition 9, since !/ E f =
H} (G, L°((G/L))) with ¢ > 2. We are only left with the first row which corresponds to
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3 0 3 -
3 Hy(G) — H (L) ——— 0
2 0 2 dA
0 d~
1 Hy(G) — Hp (L) ——— 0
0 B re/ne - 10e/ e
0 1 2 q
Fig.1 The first page g,
p
3 H3(G) _ Hj(L) 0
2 H2(G) H2(L) \0
1 HL(G) H} (L) \0
0 0 0 m
0 1 2 q

Fig.2 The second page /! E,

the G-invariants of the coefficient G-modules L°((G / L)9)% and d, boils down to the usual
homogeneous differential. The first page is depicted in Fig. 1.

If we now move to the second page of the spectral sequence , we immediately see
that the first two columns survive and in the first row the cohomology groups of the action
of G on G/L appear, namely H,: (G ~ G/L). We refer to Fig.2 for the second page of the
spectral sequence.

By Proposition 7 we know that the spectral sequence ! E f "1 degenerates immediately to
zero. The spectral sequence '/ E f *? must converge to the same limit, hence it must degenerate
to zero [6, Appendice A]. If we denote by d), the differential corresponding to the p-th page
ITE ,, the only way this can happen is that

11 P4
E2

e we have an isomorphism HE(G ~ G/L) = HE(G) for p=0,1,
o the differential dj, 1 gives an embedding of HP (L) into H,ﬁ'H (G ~G/L),
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o the differential d, > gives an isomorphism between H,ﬁH(G) and the quotient
1
Hi NG ~ G/L)[dpi1 (HR(L)).

This concludes the proof of the existence of the desired short exact sequence.

We now proceed with the compatibility with respect to inclusions. Take Lo < Ly < P
two closed subgroups with the desired compactness of stabilizers of pairs. The inclusion
Lo — Lj induces a projection : G/Lo — G/L; which preserves the G-invariant measure
classes. More precisely, if vp and vy are two quasi G-invariant measures on G/Lg and G/L1,
respectively, then . (vp) and v are equivalent. This implies that the natural induced map
LY9G /L) — LG /L) determines a well-defined map at the level of bicomplexes

P e LGP LG /L)1) — LOGPT, LO((G/Lo)T))©.

The map -9 is compatible with both the differential " and d~ and it descends to a map
between the first pages of the spectral sequences, that is

Hald HY (G, L°(G/L1)T)C — HA(G, L°(G/Lp)")C.

When p > 1 and ¢ = 0 the map /779 boils down to the identity on the measurable
cohomology of G. For p > 1 and ¢ = 1, we have a commutative diagram

LOGrthHE — = [0(GPT LYG/L1)° (10)
\Lres ln/’-l
LO(GPtHYo — 5 19(GPH!, L%G/Lo))“,

where the top and the bottom map are the induction maps, the right arrow is the change of
coefficients induced by 7 and the left arrow is the restriction. By passing to the cohomology
of Diagram 10, we get

Hy (L)) ————— H}(G, L°%(G/L)) (In

lres llnlp,ll

Hp (L) ——— Hh(G, L°(G/Ly)),

showing that !/ nlp’l is conjugated to the restriction from L1 to L via the Eckmann-Shapiro
isomorphism. Finally when p = 0, we get back

2 LG /L) — LO(G/Loy))®

which is well-defined because of the G-equivariance of 7. The convergence to zero of both
spectral sequences and the compatibility of // 74 with the differential of every degree imply
that we must have Diagram 3, and the theorem is proved. O

3 The derived series for the unipotent radical and the maximal split
torus

In this section we will prove Corollary 3 and Corollary 4. The main point will be to prove
the compactness of a generic pair in the quotient.
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Proof of Corollary 3 We need to show that for almost every pair of points in G / Ny the stabilizer
is compact. Since Ny < P we have a G-equivariant projection

p:G/Ny — G/P

which preserves the measure classes. We say that two points in G /Ny are generic if they
are mapped through the map p to a pair of opposite points in G/ P. Observe that the set of
generic points has full measure in G/Ny x G/ N.

Consider two generic points in G/Ny. Up to the G-action, we can suppose that our fixed
pair is of the form (Ng, gNy) € (G/Nk)Z. Let H = Stabg (Ng, g Ni) be the stabilizer of the
pair. Since H fixes Ny < N, it is a subgroup of N. The projection p is G-equivariant, thus
any element of H fixes also the pair (P, g P). Because of the genericity of (Ng, gNi), the
pair (P, g P) is opposite and hence it can be written as (P, nwo P) where wy is the longest
element in the Weyl group and n € N. As a consequence H must be a subgroup of nM An~!
and hence

H < NNnMAn™".

Since the group on the right is compact, the claim follows. O

We could define a notion of genericity for G/A as in Corollary 3, which would also have
full measure in G/A x G /A, but would not satisfy the needed compactness. Indeed, in that
case, as (P, woP) is a pair of opposite points, the pair (A, wgA) would be generic, but its
stabilizer contains A.

Proof of Corollary 4 Recall that the space G/A surjects on pair of opposite points in G/ P.
More precisely, the surjection is given by

¢0:G/A— G/P xG/P, p(gA):=(gP,gwoP).

We define a pair of points x, y in G/A to be generic if, for ¢(x) = (x1,x2) € G/P x G/P
and ¢(y) = (y1,y2) € G/P x G/P, the pairs (x;, y;) are opposite for all i = 1,2 and
J =1, 2. Since for any such i, j the pair (x;, y;) is opposite for a subset of G/A x G/A of
full measure, pair of generic points in G/A indeed have full measure.

Finally observe that the stabilizer of the points (x, y) is contained in the stabilizer of the
generic triple (x1, x2, y1), which is compact by [7, Proposition 5.1]. O

Remark 1 In the case of the derived series of the unipotent radical N, we know actually more.
In fact Nx41 < Ni and we can apply the second part of Theorem 2 to argue that there is a
commutative diagram

H ' (No) ——————= H}}(G ~ G/Ny) ————— H}(G)

| | l=

HY ™ (Nip1) —————= HJ(G ~ G/Niy1) ————= HJ(G).
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4 The unipotent radical for G = SL(2, K)
4.1 Projection on N and differentials

For G = SL(2, K) we fix the minimal parabolic subgroup of upper triangular matrices with
coefficients in K. The associated unipotent radical is given by

v=(o1)

As a consequence, if we denote by n* the (real) dual of the Lie algebra associated to N, we
have that

xeK}%K.

R?, forK=C
H,;(N);n*;[ o

R, forK=R

In a similar way, one can see quite easily that the quotient G/N is diffeomorphic to the
punctured plane K2 ~ {0}. In fact the latter space is G-homogeneous and, if we denote by
& = {ey, e} the canonical basis of K2, the stabilizer of the vector e; is Stabg (e1) = N.

Before moving on with our investigation, recall that by the Iwasawa decomposition, we
can write any element ¢ € G in a unique way as the product g = nak, where a € A lies in the
maximal split torus of real diagonal matrices with positive entries, n € N and k € K, where
either K = SO(2) for K = R, or K = SU(2), when K = C. In virtue of such decomposition,
we define the N-projection as the map

ny : G — N, g=nak n.

In what follows we will identify N with the field K.

Lemma 10 Given

a an
= e SL(2, K),
§ (azl azz) @ K)

the N-projection of g is given by

((a11, a12), (az1, a2))
lazi|? + |ax|?

1
12

eK N, (12)

N (g) = n

where (-, -) is either the scalar product, when K = R, or the Hermitian product, when K = C.

Proof We denote by g* the K-adjoint matrix to g, that is either its transpose, in the real case,
or its conjugated transpose, in the complex case. The map

p:G—>X, p(g)=g8" =5

defines a natural projection on the symmetric space X associated to G. Recall that such space
is the set of positive definite either symmetric matrices, for K = R, or Hermitian matrices,
for K = C, with determinant equal to one.

The Iwasawa decomposition of ¢ = nak leads to the following chain of equalities

s = gg* = (nak)(nak)* = nakk*a*n* = naa*n*, (13)

where the matrix k disappeared because it is either orthogonal or unitary. A direct computation
shows that Equation (13) is equivalent to Equation (12). ]
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We conclude the section by computing the differential ¢~ : CP>! — CP-2. Before doing
that, notice that the notion of genericity for pairs of points in K> . {0} boils down to the usual
linear independence. Additionally the G-action is not transitive on linearly independent pairs
of K2 . {0}, and the space of orbits is diffeomorphic to K*. In fact, in the G-orbit of a pair
of linearly independent vectors (u, v), there is a preferred pair given by (e, dy ye2), where
dy y is the determinant of the matrix (#|v) with columns given by u and v. If u = (uy, up)
and v = (vy, vp) are linearly independent, we can define

ui g
8u = 1 b e SL(2, K) (14)

du. v

and one has immediately that g, ,(e1, d,.ye2) = (u, v). Notice that g, , is uniquely defined
since the stabilizer Stabg (e1, Ae2) is trivial for every A # 0.
As a consequence the following isomorphism holds

cr? = LGP LO(G/NY) Y = LGP x K¥).
We finally define

so that 8; e; = Aey. Itis clear that §, is not unique, since we can modify it by right multipli-
cation by any element in N.

Lemma 11 The differential
d=  LOGPTHN = cpt o OGP x K¥) = ¢P?
is given by
A7 (B)(80. . gp) (M) = (=P B(B_180. ... 8-28p) — B(g0. ... 8p)]

At a first sight the right-hand side may depend on the particular choice of the element
8., but this is not true. In fact, suppose that we substitute 8, by multiplying on right by an
element in NV. Its inverse is multiplied on the left and the N-invariance of 8 allows to get rid
of this issue.

Proof A cochain 8 € LO(GP*1)¥ determines acochain 8 € CP! = LO(GP*!, LY%(G/N))©
via the induction map

B(8os -+ gp)(her) = B(h ' go, ..., h " g)).

Fixing our preferred generic pair of the form (e, Aez), we have that the differential d—~ 8 €
LO(GPt! x K*) can be written as

d%ﬂ(g()’ crt g[))()‘) = dg)ﬁ(g()’ R g[))(el5 )‘62)’

and the latter evaluation makes sense because of the G-invariance of the coboundary d= 8.
Using the definition of d ™ and the fact §;e; = Aep we obtain

d”B(go. . ... gp)ler, hez) =(—=DP[B(go. ..., gp)(hex) — B(go, - ... gp)er)]
=(—DPBG580, -, 8-28p) — B0, -+, gp)]-
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4.2 Proof of theorem 5

We consider a R-linear functional o, € n*. Since n is diffeomorphic to N through the
exponential map, we can build an inhomogeneous cocycle @ : N — R as follows
o(n) == an(logn)
and it homogeneized variant & : N> — R is given by
a(ng, n) :=&(ng 'n1) = @(n1) — a(no).

The latter cocycle can be easily extended to the whole group G by precomposing it with the
N-projection defined by Lemma 10, that is

aG 1 G = R, ag(go, g1) = a(tn(g0), Tn(g1)).

By construction, the cocycle o is N-invariant and hence it is an element of LO(GHN = ¢,
Additionally its cohomology class in H'(C"!,d") = H!(N) = n* coincides with the
homomorphism a,.

To compute the resulting cocycle in the cohomology of the action, we need to follow o
in the diagram below:

ageCH — s qd7ag =dg e Cl? 15)
B e 02 d” B =weC3
Computation of B8

We start computing the right differential of . By Lemma 11 we have

d”ag(go, §1)(A) = ag(8-180, 8-181) — @G (go, 81)-

If we set
B) :=ag(8-5,0-28) —agle, g),

it is immediate to verify that d* = d~ ag, as desired. An alternative expression of  is
given by
B(R) = a(ry(8-18)) — a(rn(g)) (16)

since both the N-projection of 6_; and e are trivial. In what follows it will be important to
write an explicit expression of the cocycle B, obtained by induction, evaluated on B(e)(u, v),
where (u, v) are linearly independent. Thanks to the definition of the matrix g, , in Eq. 14,
we can argue from Eq. 16 to get that

B(@)(u, v) =B()(gu.v(e1. duve2)) = B(8y1)(du.v)
= (TN ($—d, 810)) — X (TN (85)
Exploting Lemma 10 we can compute explicitly

v
( dyy’ M)

lua]]?

_u
duy’

llo]?

N (—dy, 8iy) = N (g =
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By the fact that « is R-linear and viewing K = n = N we obtain

PO =0y (WLW)) o (<dL ||:||2>>' a7

Computation of @

Since in this case the computation has only two steps, to get the desired cocycle, it will be
sufficient fo evaluate w(e) on a generic triple. Using Eq. 17, the computation is immediate:

w(e)(vo, v1, v2) =d~ B(e)(vo, v, v2)
= —pB(e)(v1, v2) + B(e)(vy, v2) — B(e)(vo, v1)

= S0 Lo (e oy ) e (e )
i< dv[,vj ”v]” dv[,vj ”vl”

and the theorem is proved.

5 The maximal split torus case for SL(2, R)
5.1 Projection on A and differentials

For G = SL(2, R), we fix as A the subgroup of diagonal matrices with positive entries, that

1S
A= {ak - (A ?)‘AGR>0}.
05

If we denote by a the Lie algebra associated to A, and by a* its dual, we have that
H!(A) Z a* = R.

The quotient G/ A parametrizes a subset of full measure in P! (R)2, namely the one of distinct
ordered pairs. We choose as basepoint in G/A the pair (0o, 0), for which we clearly have
Stabg (00, 0) = A.

Again by the Iwasawa decomposition, we can factor any element g € G as the product
g = nak, where n € N is an upper triangular unipotent matrix, a € A and k € SO(2). The
A-projection of g € G is defined as follows

w4 :G— A, g =nak+— a.

The same strategy of the proof of Lemma 10 can be used to prove the following

Lemma 12 Given
- (‘”1 “12) € SL(2, R),

azy a

the A-projection of g is

20 1
ﬂA(g):a)H:(Ol),)»:
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We conclude by computing explicitly the differential =~ : CP! — CP>2. The notion of
genericity for two different pairs (x1, x2) and (y;, y2) requires that the 4 points x1, x2, y1, y2
are all distinct. In this context, it is well-known that the triple (x, x2, y;) must be either
positively oriented or negatively oriented. In the first case, in the G-orbit of the 4-tuple
(x1, x2, y1, y2) there exists a unique representative of the form (oo, 0, 1, b), where b is the
cross ratio. Analogously, in the negatively oriented case we can choose as representative
of the G-orbit the 4-tuple (oo, 0, —1, b). Thus we can parametrize the G-orbits on a full
measure subset of (G/ A)? by the orientation and the cross ratio, namely (+1, b).

Finally, given an ordered pair (x, y), we define the matrix

y—
gryi=| 1" | eSLQ.R),
y—x

which satisfies gy (00, 0) = (x, y). It is worth noticing that gy is not uniquely defined: in
fact we can multiply g , on the right by any element of the stabilizer Stabg (00, 0) = A.

Lemma 13 The differential
d”: LYGrthA = crt - cr?
is given by
d7 (B)(g0. -, gp)(F1,b) = (=D [B(eL] 480, - -» 851 p&p) — B(g0, -+, €)]-(18)

Notice that the right-hande side of Equation (18) is well-defined thanks to the A-invariance
of the cocycle B. In fact g4 5 is defined up to right multiplication by an element in A. As
a consequence, its inverse is defined up to left A-multiplication, but the A-invariance of j
allows to get rid of this issue.

Proof The proof is completely analogous to the one of Lemma 11. Take a cochain B €
L%(GP+1A, In virtue of the Eckmann-Shapiro induction map, we can define 8 € CP-! =
LO(GPH | LO(G/A))C as follows

B(80s -+, 8p)(1(00,0)) := B(h g0, ..., h " g).

We now consider a pair of ordered pairs ((co, 0), (£1, b)), where we have the right to take
those three initial points thanks to the G-transitivity. The right differential is given by

d7 (g0, gp)(EL,b) :=d 7 B(go. ..., 8p)((00,0), (£, b)).
Since g+ (00, 0) = (£1, b), the definition of d~ leads to
d7 B(go. ..., gp)((00,0), (£1, b)) =(=DP 1 [B(go. ..., gp)(EL,b) — B(go, ... gp)(00, 0)]
=(=DP BT 80s -2 811 p&p) = B(80: - gp)]-
O
5.2 Proof of theorem 6
Let aq € a* be a linear functional. We can define

o:A— R, a(a) :=aq(oga),
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and from it we can define the homogeneized cocycle
a: A% — R, a(ag,ay) :=alay) — a(ap).
We finally extend « to a A-invariant cocycle ag : G> — R by precomposing with the
A-projection of Lemma 12, namely
oG (80, &1) = a(mwa(go), wa(g1))-

In this way we obtain an element ag € L°(G*)* = C'! whose cohomology class in
H! (C]’] ,dh = Hnll(A) = g* is exactly the homomorphism .
We need to follow «g along the diagram below:

ageCll — s d7ag =d'peC? (19
peC™? d7B=1weC’
Computation of B8

By Lemma 13 we have that

d” ag (g0, g1)(£1,b) = aG (85| 80, 851 &) — @G (80, &1)-

If we set
B()(EL.b) == aG(gL] ;811 ,8) — aG(e. 8).

we get that dTﬁ =d” ag, as desired.

Now we would like to obtain an expression of image of 8 through induction when g = e
and for any pair of generic pairs ((x1, x2), (y1, y2)). In order to do that, we will distinguish
two possible cases, since we may have that the triple (x1, x2, y1) is either positively oriented
or negatively oriented. Assume that the triple (x1, x2, y1) is positively oriented. If we set

c= yi—XxX2
(x2 —x1)(y1 — x1)

cxp — 2
8xixay = < 1 c(le—x1)> € SL(2, R), (20)

¢ T

and we define

then we have gy, r,,y,(00,0, 1, b) = (x1, x2, y1, y2). Here b = [x1, x2, y1, y2] is the cross
ratio. As a consequence, we can write

Be)((x1, x2), (¥1, ¥2)) = B(€)(8x;.xz.y, ((00,0), (1, b)))
= B8, 1y.0)((00,0), (1, b))
-1 -1 - —
=aG(g) gl,ngI{XL)’l) —agle, gxgxz.,yl)
1 2(x2 + 1) (x2 — y1)?
= Lo (tog (2 FE DTN @1
2 (i + D1 —x2)
where we exploited the definition of o and the projection given in Lemma 12 to move from
the third line to the last one.
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We now move to the case where (x, x2, y1) is negatively oriented. This time we need to

set
X2 = Y1
Cc =
\/(xl —x2)(x1 = y1)

and we define gy, i,y as in Equation (20). We have that gy, x,,y, (00,0, —=1,b) =
(x1, x2, y1, y2) and we can write

Be)((x1,x2), (¥1., ¥2)) = B(€)(8x).x2.31 (00, 0), (—1,b)))
= B(gx; 1y (00, 0), (—1,b))
= G871 b 871 p8 ) — G (€. 85 ey 1)

1 2067 + D(x2 — y1)?
= 7aa ) 5
7+ D(xp —x2)

(22)

2

Since the evaluations of 8 in both Equation (21) and Equation (22) are the same, we have
that B(e)((x1, x2), (¥1, ¥2)) is given by Equation (21) for any pair of generic pairs.

Computation of @

Take any triple of pairwise generic pairs ((x1, x2), (y1, ¥2), (21, 22)), that means that the six
points in the boundary are all distinct. The evaluation of @ on the neutral element and the
chosen triple is given by

w(e)((x1,x2), (y1, ¥2), (z1,22)) =d~ B(e)((x1, x2), (¥1, ¥2), (21, 22))
= —B(e)((y1, y2), (21, 22)) + B(e)((x1, x2), (21, 22))
= Be)((x1, x2), (¥1, y2))

1 ( <(z1 -y —m)))
= ——0aq | log
2 (z1 —x2)(y2 — y1)

1
_Eaa(log(|[x2, yi, 2, z1] — 1)),

which finishes the proof.
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