Lattices in semi-simple Lie groups

REMI BOUTONNET

This course aims to present various constructions and properties of lattices in Lie groups.

I thank Yves Benoist for allowing me to use his lecture notes [Ben08|]. Most of the
time, I did nothing more than translate his notes into english. Sometimes I added minor
details to proofs and I take full responsibility if mistakes or inconsistencies appear. No
originality is claimed.
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CHAPTER 1

Locally compact groups and lattices

1. The Haar measure

DEFINITION 1.1. A topologz'cal group is a group GG endowed with a topology for which the
map (g,h) € G x G — gh™! is continuous. G is said to be locally compact if every point
admits a compact neighborhood, or equivalently if the trivial element admits a compact
neighborhood.

In the above terminology, the term compact includes the Hausdorff axiom, according to
the French convention.

ExAMPLE 1.2. We will encounter many locally compact groups.

e All Lie groups are examples of locally compact groups.

e Any group can be made locally compact by considering its discrete topology.
This is the topology we will usually use for countable groups.

e The additive group (Q,,+) is locally compact (for the topology given by its
ultrametric norm), and the subgroup Z, C Q, is a compact neighborhood of 0.

DEFINITION 1.3. A Haar measure on a locally compact group is a (non-zero) Radon
measure A on G which is invariant under left translation, in the sense that for all g € G,
and all Borel set A C G, A\(gA) = A(A).

We recall that a Radon measure is a Borel measure which is finite on compact sets and
reqular, meaning that for any Borel set A,

A(A) = sup{\(K) | K C A compact} = inf{\(U) | U open set containing A}.

ExamMpLE 1.4. If G = (R, +), the Lebesgue measure is a Haar measure. The counting
measure on a discrete group is a Haar measure.

The following observation follows from standard considerations on measurable functions.

LEMMA 1.5. A Radon measure X\ on a locally compact group 2'3 a Haar measure z'f and
only if for every f € Co(G) and every g € G, we have [, f(x) = [, f(gz)dX(z

THEOREM 1.6. If G is a locally compact group it always admits a Haar measure. More-
over, any two Haar measures on G are proportional.

We will not prove the existence part in this theorem because, one, it is rather long to
do and not much more instructive than the usual construction of the Lebesgue measure,
and two, because for our examples a Haar measure can often be found by more concrete
methods. For example, one can easily construct a left invariant volume form on a Lie
group: just pick an n-form on the tangent space at the identity of the Lie group G (where
n = dim(G)) and propagate it using the left translations L,, g € G. We shall see how to
concretely compute a Haar measure for G = SLy(R). Moreover, for all discrete groups
we already explained that the counting measure is a Haar measure.

2



1. THE HAAR MEASURE 3

PROOF. Let us prove the proportionality statement. Fix a Haar measure .
Claim 1. For all non-zero function f € C¢(G) such that f > 0 we have [, fd\ # 0.

To prove this claim, note that given such a function f, there exists ¢ > 0 such that
U:={z € G| f(z) > €} is non-empty, and of course we have f > 1y. So it suffices to
prove that A\(U) > 0 for any non-empty open set U in G. By assumption, A is non-zero
so there exists a Borel set A such that A(A) # 0. Since A is moreover regular we may
actually find a compact subset K C A such that A\(K) # 0.

If U C G is a non-empty open set, the collection of translates gU, g € GG is an open cover
of GG, and in particular, of K. By compactness of K, we may extract from it a finite
sub-cover. In other words we find a finite set F' C G such that K C UyepgU. But this
leads to an inequality on measures:

0 < AK) <) MgU) = |[FIMU).
geF
So we indeed arrive at the conclusion that A(U) # 0, and Claim 1 follows.

Fix two non-zero functions f,g € C.(G), such that f,g > 0. For notational simplicity,
we denote by A(f) := [ fdX and A(g) = [, gdX.

Claim 2. The ratio A(f)/A(g) makes sense thanks to Claim 1. It does not depend on A.

Assume that p is another Haar measure on G. We consider the function h: G x G — R
given by the formula

Wz,y) = f(@)a(z)g(yz), where a(z) = ( / g(tx) dpu(t)) ™.

This is easily seen to be a compactly supported continuous function. Moreover, our choice
of normalization by a(z) gives [, h(z,y)du(y) = f(z) for all x € G. Therefore,

/G/Gh(JE’ZJ) dp(y) dX(x) = A(f).

On the other hand, since h is compactly supported and continuous, it is integrable, and
Fubini theorem applies. Combining it with the fact that A and p are left invariant we get

/G ) Al @) = [ f@ataalun) @) ()

= [ I waly @)g(@) dA(@) dp(y)

= Fy Haly™"g(x) du(y) dA(z).
GxG

So we arrive at
A(f) = / g(x) dA(x) /G Fualy™) duly) = CA(9),

where C' = [, f(y~")a(y™") du(y), which does not depend on A. This proves Claim 2.

Now if X' is another Haar measure, we get for any two non-negative, non-zero functions

f.9 € C(G),
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Fixing g once and for all and setting o := A(g)/N(g), we arrive at A(f) = aN(f) for
every f € C.(G). So A and a) coincide as linear functionals on C.(G), which implies
that these two Radon measures are equal. Il

ExAMPLE 1.7. Consider the group P := {M(a,b) | a € R*,b € R}, where

M(a,b) = (8 11/)(1) .

This group is parametrized by R* x R. The Haar measure on this group is given by
dadb/a®. One easily checks that indeed this formula defines an invariant measure. Ob-
serve that if we only allow positive a’s then the group that we obtain acts transitively by
homography on the upper half plane, and the stabilizer of every point is trivial. In fact
the Haar measure that we gave above is exactly the one coming from the usual hyperbolic
metric on the upper half plane (for which the group actually acts by isometries).

EXAMPLE 1.8. The Haar measure on G := SLy(R) can be described as follows. Observe
that every element of G can be uniquely written as a product hk, where h € P° =
{M(a,b) | a € R%,b € R} and k € K := SO(2). This follow for instance by considering
the action by homography of G on the upper half plane. The action is transitive and the
stabilizer of the point 7 is K. So the decomposition follows from Example [1.7]

More explicitly, for any g € G, we can find a > 0, b € R and 6 € [0, 27| such that

o= o) () )

With this parametrization, one checks that the measure a%d@ da db is a Haar measure on

G.

Let’s get back to the general setting where G is an arbitrary locally compact group.
Then a (left) Haar measure on G as we defined above needs not be right invariant, that
is, A(Ag) needs not be equal to A(A) for all g € G, A C G. But there is a nice way to
measure this defect.

Fixing ¢ € G, the Radon measure defined by A — A(Ag) is again left invariant, because
h(Ag) = (hA)g for all Borel set A. So it is again a Haar measure and by the previous
theorem, it follows that there exists a constant A(g) € R?, depending on g such that

A(g)A(Ag) = A(A), for every set A C G.

Applying the above formula to Ag™' gives A(g)A\(A) = A\(Ag™'), and thus we see that
A(g) is characterized by the formula

/ fzg)dA(z) = A(g)/ f(z)dA(z), for all f e C.(G).
G G

*

This equation shows that A is a continuous map from G to R%, and it is readily seen
that it is in fact a group homomorphism. Moreover, It does not depend on a choice of
the Haar measure .

DEFINITION 1.9. The group homomorphism A : G — R is called the modular function
on the locally compact group G. G is called unimodular if this homomorphism is trivial.

ExAMPLE 1.10. We make the following observations.

e Discrete groups are obviously unimodular since the counting measure is clearly
both left and right invariant.
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e Compact groups are unimodular. To see this observe that any Haar measure A
on such a group G is finite. Thus we have A(g)A(G) = AN(Gg™!') = A(G) for all
g € G, showing that A has constant value 1.

e Since the modular function is a character G — R, any group that does not
admit a character is unimodular. For instance simple groups are unimodular.
This also gives another proof that compact groups are unimodular.

REMARK 1.11. One should be careful that unimodularity doesn’t pass to subgroups. In
particular, the restriction of the modular function Ag of a group G to a subgroup H
needs not be the modular function Ay of the subgroup.

For example, we deduce from the previous exemple that SLy(R) is unimodular, since it has
no character. On the other hand it contains the subgroup H := {M(a,b) | a € R*;b € R},

where
M(a,b) = (g 11;@) .

But one verifies that the modular function on H is given by Ag(M(a,b)) = a?, which is
non-trivial.

2. Lattices in locally compact groups

DEFINITION 1.12. If G is a topological group, a discrete subgroup I' < G is a subgroup
which is discrete in GG for the induced topology. This amounts to saying that there is a
neighborhood U C G of the trivial element e € G such that U NI = {e}.

We will restrict our attention to locally compact, second countable groups (i.e. those
admitting a countable basis of open sets). We write lcsc for short.

LEMMA 1.13. For any discrete group I in a lcsc group there always exists a Borel fon-
damental domain, i.e. a Borel subset F C G such that FT' = G and FgNFh =0 for all
distinct elements g, h € I.

PROOF. Fix a neighborhood V' C G of e such that V NI" = {e}, and pick a neighbor-
hood U C G of e such that U7'U C V. This is possible because the map (g, h) — g~ 'h
is continuous on G x (G. Since G is second countable, there exists a countable set of
elements (g,)n>1 in G such that G = J,,»; 9.U.

Define inductively a sequence of Borel sets F,, C G, n > 1 as follows. Set F; = ¢1U and

Fnp1 = gn+1U\ <9n+1U N U gkUF> .

k=1

These are disjoint sets and better, for every n # m we have F,I' N F,,I" = (), while

U AT =] aUT.
k=1 k=1

So the set F = |J,, F», is a Borel set such that FI' = G. Assume now that g, h € I' are two
elements such that Fg N Fh # (). There exist two indices such that F,,g N F,,h # 0. By
construction this forces n and m to be equal. Since F,, C g,U we can then find x,y € U
such that g,rg = g,yh, which leads to 7'y = gh=' € VNT = {e}. So we conclude that
g=h.

Thus F is indeed a Borel fundamental domain. O
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DEFINITION 1.14. A discrete subgroup I' in a locally compact group G is called a lattice
if it admits a Borel fundamental domain with finite Haar measure.

ExAMPLE 1.15. It is trivial to see that Z" is a lattice in R", for which a fundamental
domain is given by [—1, 1[".

A less trivial example is that of SLy(Z) inside SLy(R). To see that this is indeed a lattice,
one can use the fact that the action of SLy(Z) on the hyperbolic half-plane admits a
Borel fundamental domain with finite measure. We leave the details as an exercise. In
the same spirit, the fundamental group of any compact surface with negative curvature
embeds as a lattice inside PSLy(R).

LEMMA 1.16. Let T' be a discrete subgroup in a lesc group G. Then any two Borel
fondamental domains for I' have the same right-Haar measure.

ProoF. Let F and F’ be two fundamental domains and denote by A a right-Haar
measure on G. Then we have

MF) =) _MFNFg)=> NFg ' 'nF)=\F).

ger ger

We used implicitly the fact that I' is countable, which is automatic if it is discrete and
G is lesc. 0O

COROLLARY 1.17. If G is a lcsc group admitting a lattice I' then it is unimodular. More-
over, there exists a G-invariant Borel probability measure on G/T".

PROOF. Let A be a right Haar measure on G, and denote by F a fundamental domain
for T'. Then for every g € G, gF is also a fundamental domain for T'. So A(F) = A(gF),
hence A is left invariant, which implies that G is unimodular.

Moreover, let us restrict the projection map p : G — G/I" to the Borel subset F. Then
the restriction of A to F is a finite measure (and we may normalize it so that it is a
probability measure). Its push forward on G/T is also a finite measure v which depends
a priori on F. Let us check that this is not the case. Take another fundamental domain
F'. Take A C G/T', and denote by B := p~'(A). We have

vr(A)=ABNF)=> MBNFNFly).
gel
In the last inequality above, we used the fact that G is the disjoint union of the sets

Fg, g € I'. Now since the measure A is right-invariant and since B is globally right
[-invariant, we further find

vr(A) =Y NBNFg 'nF)=ANBNF)=vp(A).
ger
Now observe that for g € GG, the left translation by g maps the fundamental domain F

to F' = gF, and since it preserves the Haar measure A, we find that ¢g,.vr = v . Since
vy does not depend on F, we get that it is g-invariant. U

PROPOSITION 1.18. Let G be a unimodular lcsc group and take a discrete subgroup I' in
G. The following facts are equivalent.

(i) T is a lattice in G;
(i1) There exists a Borel set Q C G with finite right Haar measure such that QI' = G;
(111) There exists a G-invariant Borel probability measure on G/T.
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PRrOOF. The implication (i) = (i7) is tautologic and its converse is proved similarly
to Lemma m (one just needs to intersect all the sets with €2 all along the proof of that
lemma). The previous corollary showed (i) = (éi7). Let us prove the converse. This is
where we will use the unimodularity assumption.

Denote by v € Prob(G/T") a G-invariant probability measure. The choice of a Borel
fundamental domain F for I' gives rise to an isomorphism of measure spaces

G/IT xT'~ FxI'~(G.

We only need to check that the measure v x ¢, where ¢ is the counting measure on I,
is transported to a left invariant measure on G. Once we do this, we will conclude that
the fundamental domain F C G has finite left Haar measure, and hence finite right Haar
measure by unimodularity.

Exercise. Prove that the above isomorphism transports the left action of G on itself to
the action of G on G/T" x T" given by the formula g(z,v) = (gz,¢(g, x)7), for all g € G,
x € G/T', v € T, where ¢(g, x) is the element such that gh € Fc(g,x), where h € F is the
representative of x € F. Prove that the measure v X ¢ is invariant under this action. [

3. Some extra examples

A sufficient condition to be a lattice is to be co-compact.

DEFINITION 1.19. A closed subgroup H in a lcsc group G is said to be co-compact if the
quotient G/ H is compact for the quotient topology.

LEMMA 1.20. IfT' is a co-compact discrete subgroup of G, then it is a lattice.

PROOF. As we already mentioned, the quotient map p: G — G/I" is open. Let U be
a non-empty open set in G with compact closure. Then we may cover GG by left translates
of U. Then the family p(gU), g € G is an open cover of G/I". So if I is co-compact in G,
we may find a finite set ' C I' such that G/I' = U, p(gU). The subset Q :=J, . gU
has compact closure (so it must have finite measure) and satisfies QI' = G. We conclude
that I' is a lattice in G. U

In the exercise sheets it is explained how to prove that SL,(Z) is a lattice in SL,(R).
ExAMPLE 1.21. T' = SL,(Z) is not co-compact in G = SL,(R). Here is why.

e The unipotent element v = id +E; 2 € I" and the sequence of diagonal matrices
gn = diag(1/n,n,1,...,1) € G satisfy lim, g,7g, ' = id (also denoted by e).

e Assume by contradiction that G/I" is compact, and thus, that some subsequence
gn, I converges to an element AI' € G/I'. Then we may write g,, = hyy, with
hi € G, v € I' and lim, by, = h € G.

e Then 'yk'y'yk_l = h,;l(gnﬂg;kl)hk converges to h~'eh = e. But this is a sequence
of elements in T'. Since I' is discrete in G, this forces vy, ' = e for k large
enough, and hence v = e. This is absurd.

Nevertheless, any simple Lie group, such as SL, (R), has plenty of co-compact and non
co-compact lattices. The main construction is of arithmetic nature. More precisely, Borel
and Harish-Chandra proved that if G is an algebraic group defined over Q, that admits
no Q-character, then its set of integer points G(Z) is a lattice in its set of real points
(which is a Lie group). We will not give details, but some of the definitions will be given
in the chapter on superrigidity.
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Moreover, a criterion of Godement says exactly when G(Z) is co-compact in G(R): it is
exactly when G(Z) does not have unipotent element. One direction is easy and follows
essentially the argument that we used to show that SL,(Z) is not co-compact.

ExaMPLE 1.22. We admit the following examples.

(1) Denote by ¢ : R — R a non-degenerate quadratic form with rational entries.
Then SO(q,Z) is a lattice in SO(q, R).

(2) Z[v/2] embeds into R in two ways. This gives two embeddings of SL,(Z[/2]) in
SL,(R). Then the diagonal embedding SL,(Z[v/2]) C SL,(R) x SL,(R) gives a
lattice. This case follows from restriction of scalars.

(3) The theorem of Borel and Harish Chandra also generalizes to the more general
framework of S-adic algebraic integers. This allows to say that the diagonal
embedding of SL,(Z[1/p]) into SL, (R) x SL,(Q,) is a lattice.

Note that if I'y < G and I'y < G5 are lattices, then I'y x 'y < G x G5 is also a lattice.
This case is called reducible.

DEFINITION 1.23. A lattice I' in a product of groups [[;_; G; is said to be irreducible
if its projection on a sub-product [[..; G; has dense image as soon as J C {1,n} is a
proper subset.

For example, the examples (2) and (3) given above are irreducible.



CHAPTER 2

Some facts on Lie groups

1. Basic definitions and examples

1.1. Lie groups.

DEFINITION 2.1. A Lie group is a smooth manifold G over R which admits a group
structure such that the corresponding structure map m : (z,y) € G x G — ay~' € G
is smooth. A morphism between two Lie groups will be by definition a smooth group
homomorphism.

We will only focus on real Lie groups. But many results from these notes also hold for
analytic Lie groups over Q,.

Among the first obvious examples we can think of, the groups R™ and its quotient T" =
R™/Z" are Lie groups. More interestingly, the multiplicative group GL,(R) is an open
set inside M, (k). As such, it may be endowed with the corresponding smooth structure.
It is of dimension n? as a manifold. The other examples we will describe are actually
realized as closed subgroups of GL,(R).

EXAMPLE 2.2. It is a theorem of Cartan and von Neumann that a closed subgroup H
of a Lie group G is a Lie group (and naturally, the manifold structure on H is so that
the inclusion H C G is a smooth embedding). So all the following classical examples are
clearly Lie groups (but this can also be checked using the submersion theorem).

e The Heisenberg group is the subgroup of GL3(R) consisting of upper triangular
matrices with 1’s on the diagonal. It is a nilpotent Lie group. The larger group
of all upper triangular matrices is also a Lie group, and it is solvable.

e The special linear group SL,(R), consisting of matrices with determinant 1.

e The orthogonal group O(p, q), associated to a non-degenerate quadratic form
of signature (p,q). We will denote by SO(p, q) the intersection of O(p,q) with
SL,(R), and we use the notation O(n) = O(n,0) and SO(n) = SO(n,0).

e The isometry group SO(n,R) x R" is a Lie group (endowed with the product
structure as a manifold). It is the Lie group of orientation preserving isometries
of R™. It can be realized as a subgroup of SL,, 1 (R):

SO(n,R) x R ~ { (‘61 3‘)

More generally we can define unitary and symplectic analogues to orthogonal groups.

A e SO(n,R),u e R"} :

1.2. The Lie algebra of a Lie group. The advantage with Lie groups is that they
come with a so-called Lie algebra, giving all the tools from linear algebra to study them.

DEFINITION 2.3. A Lie algebra is a finite dimensional vector space V', endowed with a
bilinear map [-,-] : V' x V — V (the so-called Lie bracket) which satisfies the two axioms:

o [X,Y]= -]V, X] for all X,Y €V (anti-symmetry);
9
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o [ X,V Z]|+[Y,[Z,X]] +[Z,[X,Y]] =0 for all X,Y,Z €V (Jacobi identity).

In order to define the Lie algebra of a Lie group G we introduce some terminology.
Recall that a vector field on the manifold G is a derivation of the algebra C*°(G), that
is, a linear map X : C*(G) — C*°(G) such that X (f1f2) = f1X(f2) + foX(f1), for all
f1, fo2 € C®(G). Besides, for any g € G, the translation map L, : h € G — gh € G
induces a map 7, : f — fo L, on C°(G). A vector field X on G is called left-invariant
if it commutes with 7, for all g € G, i.e. X(f o L,) = (X(f)) o L, for all f € C=(G).
Note that this formula is equivalent to

(X(F)(g) = (X(f o Lyg))(e) for all g € G.

We write X,(f) instead of X(f)(g). We denote by L£(G) the vector space of all left-
invariant derivations of C*°(G). Then the map X € L(G) — X. € T.(G) is a linear
isomorphism from £(G) into the tangent space to G at e. In particular £(G) is finite
dimensional.

EXERCISE 2.4. Given two left invariant vector fields X, Y on C*(G), we may define their
composition XY : C*(G) — C*°(G). While this map still commutes with 7,, g € G, it
is no longer a derivation in general.

e However, check that [X,Y]:= XY — Y X is again a left invariant derivation.
e Check that (L(G),[,]) is a Lie algebra.

DEFINITION 2.5. The Lie algebra of left invariant derivations on C*°(G) with the above
bracket is called the Lie algebra of G. It is denoted by g.

EXAMPLE 2.6. The Lie algebra of G = GL,, (k) is M, (k), endowed with the Lie bracket
X,Y]= XY - YX.

Let us indicate how to prove this fact. First observe that since GL, (k) is open in-
side M, (k), the tangent space at every point is naturally identified with M, (k). Now
given a vector X € M,(k), we view it as a left-invariant vector field by the formula
g€ G~ gX € My(k) ~T,G. Its effect on C*(G) is given by X (f)(g) = (df)s(9X)
for all f € C(G), g € G. Differentiating further, we see that for all X,Y € M, (k),
Y(X(f)(g) = (d*f)y(9X,gY)+(df)y(gY X). Since the second derivative d*(f), is a sym-
metric bilinear form, we get (Y (X())() — X(V)(£))(g) = (df),(gXY) — (df),(g¥ X) =
(XY —YX)(f)(g), as desired.

Now recall that for any sub-manifold N C M defined by a submersion ¢ : M — M’
as N = ¢~'({z}), the tangent space of N at a point is just the kernel of the derivative
of ¢ at that point. In particular we may compute the Lie algebras of all the standard
examples mentioned above.

ExaAMPLE 2.7. We have the following computations. We only describe the underlying
vector space, because the Lie bracket is simply the restriction of the Lie bracket on M, (k).

e The Lie algebra of the Heisenberg group consists of all upper triangular matrices,
with 0’s one the diagonal.

e Since the derivative of the determinant map is the trace, the Lie algebra of SL,, (k)
is the vector space of trace 0 matrices in M, (k);

e The Lie algebra of O(n) is the subspace of matrices X such that X7+ X = 0 (anti-
symmetric matrices). More generally the Lie algebra of O(p, q) is the subspace
of matrices such that I,,X71,, + X = 0, where [,, is the diagonal matrix
I,, = diag(1,...,1,—1,...,—1), where 1 appears p times and —1 appears ¢
times.
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1.3. Functoriality. The following lemma asserts that taking the Lie algebra of a
Lie group is a functor.

LEMMA 2.8. Consider two Lie groups G and H, with respective Lie algebras g and by. If
¢ : G — H 1is a differentiable homomorphism then its derivative d¢ : g — b is a Lie
algebra homomorphism.

PROOF. Here we need to define properly the derivative d¢. Note that ¢ defines by
pre-composition an algebra homomorphism ¢, : f € C*(H) — fo¢ € C®(G). Then
if X € gis a left invariant derivation, X (f o ¢) is again in C*°(G) and we would like to
check that it is of the form X'(f) o ¢, and ensure that the map X' : C*(H) — C*(H)
makes the following diagram commute.

C=(H) —2 0°(G)

X’l lx
Ce(H) 2 0=(@)
For every f € C*(H) and g € G, we have X(f o ¢)(g) = X(f o¢po Ly)(e). Moreover,
since ¢ is a group homomorphism, we have ¢ o L, = Lgg) o ¢. So,

(1.1) X(fo9)(g) = X(f o Ly 0 9)(e) = X'(£)(¢(9)),

where X’ is the derivation on H defined by the formula X'(f) : h € H — X(foLop)(e).
It is checked to be a left invariant derivation. Then we see that d¢ : X — X' is a linear
map between the Lie algebras g and h making the above diagram commute.

We now check that this is in fact a Lie algebra homomorphism. Take X,Y € g. Denote
by X’ :=d¢p(X) and Y’ :=d¢(Y). For all f € C*°(H) and g € G, equation (1.1 gives

X'(Y'(M)(0g) = XY'(f) e d)(g) = X(Y(f ©9))(9).

This immediately gives the computation

(XY =Y'X)(f)((9)) = (XY =Y X)(f 0 9)(9) = [(do)(XY — Y X)](f)(¢(g))-

So the vector fields X'Y" — Y’ X" and (d¢)(XY —Y X) coincide on ¢(G) and in particular
at e. Since they are both left invariant, they must coincide, which proves that d¢ is a Lie
algebra homomorphism. O

In the above proof, observe that the definition of d¢ that we gave coincides with the
classical differential (d¢). : T.G — T.H when we identify the Lie algebras g and h with
T.G and T, H as vector spaces. Using the structure theorems for sub-immersions one can
prove the following property.

ProroOSITION 2.9. Consider two Lie groups G and H and a Lie group homomorphism
¢:G — H. Then

(1) The kernel of ¢ is a closed Lie subgroup of G. Its Lie algebra is the kernel of do;

(2) The image of ¢ is a (not necessarily closed) Lie subgroup of H; its Lie algebra
1s the image of do;

(3) If K C H is a closed subgroup of H with Lie algebra €, then ¢~(K) is a closed
subgroup of G whose Lie algebra is (dp) ' (£).

EXAMPLE 2.10. Pick a point in a € R? which is not a multiple of a point in Q? e.g.
a = (1,v/2). Then the image of the homomorphism ¢ € R — ta € T? = R?/Z? is a Lie
subgroup which is dense in T? (hence not closed).
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Item (3) above implies the following fact.

COROLLARY 2.11. If 7 : G — GL(V) is a smooth representation of a connected Lie group
G on a finite dimensional vector space V', then a subspace W C V' is globally invariant
under w(G) if and only if it is invariant under (dr)(g).

PROOF. The computation of Example gives that H = GL(V) is a Lie group with
Lie algebra h = End(V'). The subgroup K := {g € GL(V) | g(W) = W} is a closed
subgroup with Lie algebra ¢ = {X € End(V) | X(W) C W}.

If W is m(G) invariant, then 7~*(K) = G and Proposition 2.9 (3) implies that (dr)~*(€) =
g, which means exactly that W is invariant under dr(g). Conversely, if W is invariant
under dr(g), then Proposition 2.9/(3) implies that 7—!(K) has Lie algebra g. So the
subgroup 7!(K) of G has the same dimension as G. This implies that it is open in G,
hence it is also closed in GG, and by connectedness, it is equal to G. This means that W
is G invariant. 0

1.4. How much the Lie algebra remembers. We want to know to what extend
groups with the same Lie algebra are the same. Obviously, a Lie group and its identity
connected component have the same Lie algebra, because the latter is open inside the
former and the Lie algebra is a local data. But even in the connected setting, there exist
different Lie groups with the same Lie algebra. For instance this is the case of R and
R/Z. In the same spirit SLy(R) and PSLy(R) have the same Lie algebra.

LEMMA 2.12. The universal cover G of a connected Lie group G is naturally endowed with
a Lie group structure such that the covering map G — G is a Lie group homomorphism.
Its kernel is contained in the center of G.

PROOF. Denote by 7 : G — G the covering map. Fix a lift e of the identity element
eg. We define the product on G as follows. For g,h € G, choose paths t — ¢;,h; € G
between e and g, h: go = hg = €, g1 = g, hy = h. The product path ¢t — 7(g;)m(h;) in
G is a path between e and 7(g)w(h). Lift it to a path ~ inside G starting at e. We set
gh = ~(1). One checks that this definition is independent of the choices of paths that
we made.

It is then easy to verify that this product law is associative, that e is a neutral element,
and that the inverse g~! of g is the end point of a lift starting at e of the path ¢ — 7(g;) ™.
Moreover the covering map 7 is clearly a group homomorphism. Since it is also a local
homeomorphism, we may define the analytic structure of G' by declaring that 7 is locally
analytic. The fact that G is a Lie group implies that the structure map (g, h) — gh~! is
analytic.

Finally, take ¢, h € G, with 7(g) = e. Take a path ¢ — ¢, from e to g such that ¢, = g
for all t > 1/2 and a path ¢ — h; from e to h such that h, = e for all e < 1/2. We have:

(9¢) = w(he)m(ge) if t < 1/2;
(9)m(hy) = w(hy) = w(hy)7m(gy) if t > 1/2.

=7
=
So gh = hg, as desired. U

A connected Lie group is always locally isomorphic to its universal cover in the following
sense.
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DEFINITION 2.13. Two Lie groups G and H are said to be locally isomorphic if there
exist open neighborhoods U C G and V' C H of the identity elements e; and ey and an
analytic diffeomorphism ¢ from U onto V' such that ¢(gh) = ¢(g)p(h) for all g,h € U
such that gh € U.

THEOREM 2.14. Consider two Lie groups G and H with Lie algebras g and . Denote by
G and H the universal covers of the identity components of G and H respectively. The
following are equivalent.

(i) G and H are locally isomorphic;
(i) G and H are isomorphic;
(i1i) g and by are isomorphic.

PrROOF. To prove that (i) < (ii) first observe that being locally isomorphic is an
equivalence relation and that G (resp. H) is locally isomorphic with G (resp. H). Then
standard topological considerations show that two simply connected groups are locally
isomorphic if and only if they are isomorphic.

The implication (i7) = (i) follows from Lemma 2.8l The hard part is the converse,
which we admit. i

In particular if two simply connected Lie groups have the same Lie algebra, they must
be isomorphic. There is also another situation where we can avoid the covering noise.

COROLLARY 2.15. If G, H are connected groups with trivial center and isomorphic Lie
algebras, then they are isomorphic.

PROOF. Theorem implies that G and H have isomorphic universal cover : G~
H. But recall that the covering map p : G- Gisa group homomorphism whose kernel
is contained in the center of G. Since G has trivial center, we conclude that the kernel of
p is exactly the center of G (which thus must be discrete in G). Therefore G ~ G/Z(G).
Likewise H ~ H/Z(H), which implies that G ~ H. O

1.5. The adjoint representation. There are in fact two adjoint representations.

Lie group setting. Given a Lie group G, we may define for each ¢ € G a smooth au-
tomorphism I(g) : h € G — ghg~! € G. Such group automorphisms are called inner
automorphisms. The differential of I(g) at e is then an invertible endomorphism of the
Lie algebra g of G, denoted by Ad(g) € L(g); it is even a Lie algebra automorphism.
The mapping Ad : G — GL(g) is then a linear representation of G, called the adjoint
representation.

Lie algebra setting. A derivation of a Lie algebra g is a linear map D : g — g such that
D([X,Y]) = [DX,Y] + [X,DY] for all X,Y € g. One checks that if D and D’ are two
derivations, then so is DD’ — D'D. This operation turns the vector space Der(g) of all
derivations of g into a Lie algebra.

It follows from the Jacobi identity that for any X € g, the endomorphism ad(X) : g — g
is actually a derivation, called an inner derivation. The map ad : g — Der(g) is actually
a Lie algebra homomorphism, called the adjoint representation. The term representation
of a Lie algebra refers to a Lie algebra homomorphism from a given Lie algebra into the
Lie algebra L(V') of all endomorphisms of a finite dimensional vector space V| endowed
with the Lie bracket of [X,Y] = XY — Y X. Since ad is a representation, its image is a
Lie subalgebra of Der(g).
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LEMMA 2.16. Take a Lie group G with Lie algebra g. The group Aut(g) of all auto-
morphisms of g is a Lie group. Its Lie algebra is Der(g). The derivative of the adjoint
representation Ad : G — Aut(g) of G is the adjoint representation ad : g — Der(g) of g.

We admit this fact. It is based on properties of the exponential mapping.

LEMMA 2.17. The kernel of the adjoint representation of a connected Lie group is its
center.

PROOF. Observe that the differential of the map p: (g,h) — gh™! at the point (e, e)
is given by dpee)(X,Y) =X =Y, for all X,Y € g. By the chain rule, this implies that
for a fixed g € G, the derivative of the map f : h +— ghg 'h™' = p(I(g)(h),h) at e is
given by X — Ad(g)(X) — X.

If g € Ker(Ad), then Ad(g)(X) = X, for all X € g. The above computation shows that
the map f has zero derivative at e. Let us check that it has 0 derivative at any point
ho € G. We will use translation maps. Denote by Ly : * € G — hox € G the left
multiplication map by hg, and by dLg : T.(G) — Tj,(G) its derivative at e, which is a
vector space isomorphism. The map fo Ly : G — G is given by

foLo(x) = f(hor) = glhox)g™ (z ™ hg") = (ghog™") f(2)hg .

The map ¢ : x € G + (ghog™')why is a diffeomorphism, so its derivative at any point is
invertible. The above relation reads as f o Ly = v o f. Derivating this equality at e gives

(df )y 0 dLo = (di). o (df)e = 0.

So (df ), vanishes on the range of dLg, i.e. on all the tangent space T, (G). We conclude
that the derivative of f at any point is zero, which implies by connectedness of G that f
is constant, equal to f(e) = e. So g lies in the center of G. This argument can clearly be
reversed to show the converse inclusion. ]

COROLLARY 2.18. The Lie algebra of the center of a connected Lie group G is the center
of its Lie algebra g, that is, the kernel of ad.

PROOF. This follows from combining the above two lemmas with Proposition[2.9) O

2. Semi-simple Lie groups
2.1. Solvable Lie groups. The definition of a nilpotent (resp. solvable) Lie group
is as expected: it is a Lie group which is nilpotent (resp. solvable) as an abstract group.

ExXAMPLE 2.19. The key examples are the following ones:

e The group U, of upper triangular matrices of size n, with 1’s on the diagonal is
nilpotent.
e The group P, of all upper triangular matrices of size n is solvable.

Although we won’t need it, let us mention the famous structure theorem of Lie. For a
proof we refer to the book of Serre [Ser06].
THEOREM 2.20 (Lie). If G is a connected solvable Lie group and if m : G — GL(n,R) is

a continuous representation of G on R™, then w(G) is conjugate to a subgroup of S,,.

We will be interested in the solvable radical of a connected Lie group.
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LEMMA 2.21. If G is a connected Lie group, then it admits a greatest solvable normal
connected Lie subgroup. It is a closed subgroup that we call the solvable radical of G, and
denote by R(G).

PROOF. Denote by S the class of all normal connected and solvable subgroups of G.
There are two observations about this class of groups :

o If H H' € S then the group HH' generated by H and H’ is again connected and
normal in G. Moreover it is solvable, because there is a short exact sequence

l-H—HH — H/HNH —1,

where H and H'/H N H' are both solvable.
o If H € §, then its closure is again in S.

Let us take a closed subgroup H € S of maximal dimension, and prove that H € S
is contained in H. By the above observations, we may assume that H’ is closed. Then
HH' € § and it is also a closed group. By maximality, it must have the same dimension
as H. Thus H must be open in HH’ (and hence closed) and by connectedness, we must
have equality H = HH'. This forces H' C H, as wanted. O

Semi-simple Lie groups.

DEFINITION 2.22. A connected Lie group is called semi-simple if its solvable radical is
trivial.

EXERCISE 2.23. Prove that a connected Lie group is semi-simple if and only if it has no
non-trivial connected abelian normal subgroup.

There are many beautiful theorems about the structure of semi-simple Lie groups, essen-
tially due to Cartan. We will not present them but any book on Lie groups contains this
material (see e.g. [Hallh]). The following result is also based on a trick of Weyl, the
so-called unitary trick.

THEOREM 2.24. Let G be a connected semi-simple Lie group, and let m : G — GL(V)
be a continuous representation of G on a finite dimensional vector space V. Then any
G-invariant subspace of V' admits a complement which is also G-invariant. In particular
7 15 the direct sum of irreducible representations.

Using the above theorem we may decompose semi-simple groups in terms of simple groups.

DEFINITION 2.25. A connected Lie group G is said to be simple if it is non-abelian and
has no non-trivial normal connected Lie subgroup.

COROLLARY 2.26. Any connected semi-simple Lie group with trivial center is the product
of finitely many simple groups. Such a product decomposition is unique (up to permutation
of the factors).

SKETCH OF PROOF. We consider the adjoint representation Ad of GG on its Lie algebra
g. By Theorem [2.24] this representation can be decomposed as the direct sum of finitely
many irreducible G-invariant subspaces g = g1 ®- - - ® g,. Then each g, is invariant under
the derivative representation ad : ¢ — End(g). This means that each g; is an ideal of g.
Note moreover that [g;,g;] C g; N g; = {0} for all 4 # j. This means that the ideals g;
commute to each other.
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For each i, denote by GG; < G connected component of the subgroup of elements that act
trivially on every g;, for j # . Then using Lemma [2.9] we find that the Lie algebra of
G is the subalgebra

{Xeglad(X)(Y)=0, forall Y € g;,j #i} ={X €g|ad(X)g C g} = g:.

Moreover, one easily checks using Lemma that G; has trivial center. Thus the
product Gy X - -- X GG, is a connected center-free group with Lie algebra g; ®---® g, = g,
it is isomorphic with G. Note finally that each G; is a simple Lie group because its Lie
algebra has no non-trivial proper ideal.

To prove the uniqueness of such a decomposition, one has to prove the uniqueness of the
decomposition of g as a direct sum of simple ideals. This reduces to proving that every
simple ideal of g is one of the g;’s. But if a is a simple ideal in g, then [a,g;] C aNg;. So
there must exist some ¢ such that a N g; # {0}, otherwise [a, g] = 0, which would imply
that a is an abelian ideal, and would contradict the semi-simplicity of g. But ang; is an
ideal of a and g; so if it is non-zero, then by simplicity we must have a = g;. U

ExXAMPLE 2.27. Let us get back to our first examples.

e A solvable or nilpotent Lie group is never semi-simple. In particular the Heisen-
berg group is not semi-simple.

e The group SL,(R) is simple, but it has non-trivial center when n is even. Its
quotient PSL,,(R) is center-free, (connected) and simple.

e The orthogonal group O(p,q) is in general not connected, but its connected
component is simple.

e The isometry group of R", SO(n) x R" is of course not semi-simple, since R™ is
a connected normal abelian group.

Another corollary we will use is that every derivation of the Lie algebra g of a semi-simple
Lie group is inner.

COROLLARY 2.28. Let G s a semi-simple Lie group, with Lie algebra g. Then every
derivation of g is inner, i.e. Der(g) = ad(g).

Proor. The adjoint representation Ad : G — GL(g) gives rise to another represen-
tation m : G — GL(End(g)), given by 7(g9)T = Ad(g)T Ad(g'). Note that the subspace
Der(g) is invariant under 7(G), and so is ad(g). By Theorem [2.24] this implies that we
may find a supplementary subspace a to ad(g) inside Der(g) which is 7(G)-invariant, i.e.
Der(g) = ad(g) @ a.

Note that the derivative dr : g — End(End(g)) of 7 is given by dm(X)T = ad(X)T —
Tad(X) = [ad(X),T], for all X € g, T € End(g). Since a is 7(G)-invariant, it must be
invariant under dm and therefore [ad(X), D] € a for every derivation D € a. Observe
moreover that ad(g) is an ideal in Der(g). Indeed, if D is a derivation on g and X,Y € g,
then we have

[ad(X), D](Y)] = ad(X)DY — D ad(X)Y
=[X,DY] - D([X,Y])
— _[DX,Y]
= —ad(DX)(Y).
Thus for all X € g and D € a, [ad(X), D] € ad(g) Na=0.

Let us now conclude that a = 0. Let us take D € a and X € g and show that DX = 0.
Since g is semi-simple, it has trivial center, so the representation ad is faithful. We
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only need to prove that ad(DX) = 0. But for Y in g, the above computation gives
ad(DX)(Y) = —[ad(X), D](Y) = 0. This finishes the proof. O

3. A simplified setting

The main results about lattices in Lie groups that we want to prove involve knowing the
structure of semi-simple Lie groups (roots systems, real forms, parabolic groups,...). In
order to avoid going through this, we will restrain ourself to the setting where G = SL,,(R)
(or even PSL,(R) when we need to assume trivial center) and I' is an arbitrary lattice in
G. The results are already interesting in this case, and the proofs that we will present
in these notes are identical for more general Lie groups, for the reader already familiar
with semi-simple Lie groups.

We will use the following notation:

e G =SL,(R).

e A < (G is the subgroup of diagonal matrices. It is a so-called maximal torus.

e P < (G is the subgroup of all upper triangular matrices. It is a minimal parabolic
subgroup. In our case P is solvable. In general, P admits a co-compact solvable
normal subgroup.

e K =S0(n) < G. It is a maximal compact subgroup.

e N < P the nilpotent subgroup of upper triangular matrices with 1’s on the
diagonal.

In the trivial center case we will use the same notations to denote the image of any of
these groups in PSL, (R).

We will need two decompositions of G.

(1) The Iwasawa decomposition tells us that any element g € G can be written as
the product ¢ = kan of elements k € K, a € A and n € N. In our special
case P = AN, and the decomposition is just saying that the action of K on the
homogeneous space G/ P is transitive.

(2) The Cartan decomposition, or K AK-decomposition tells us that every element
of G can be written as a product kak’, with k, k' € K, a € A.

(3) The LU—decomposz’timH tells us that NP is a dense open subset of G. We will
give more details when needed. It is a special case of the Bruhat decomposition.

Istanding for Lower-Upper.



CHAPTER 3

Ergodic theory and unitary representations

In this chapter, we want to study measurable dynamical systems, i.e. group actions on
measure spaces. We will mostly focus on measure preserving actions and consider the
most elementary notions of ergodicity and mixing. We will present the connection with
the underlying unitary representation.

1. Mesurable group actions

DEFINITION 3.1. A measurable group action is the data of an action o of a locally compact
group G on a measure space (X, B) such that the action map (g,2) € Gx X +— g(z) € X
is measurable. Given a measure p on (X, B), we say that the action is

o non-singular if (o4).p is equivalent to p for all g € G. This means that for all
g € G, and all measurable set A C X, u(A) = 0 if and only if u(g~1A) = 0. We
also say that u is quasi-invariant.

e measure preserving if g.pu = p for all g € G. In this case, p is called invariant.

Measurable group actions cover classical measurable dynamical systems (given by a single
invertible transformation) and flows (given by actions of G = R).

ExaAMPLE 3.2. In the following examples, the action we consider is not only measurable
(with respect to the Borel o-algebra), it is actually continuous.

(1) If « € [0, 1], we denote by R, : x € R/Z +— x + o € R/Z. The group generated
by this rotation is a copy of Z, which acts on the circle. This action preserves
the Lebesgue measure on the circle.

(2) In the same spirit SO(3) acts on the 2-sphere S? (and this defines by restriction
an action of any subgroup of SO(3)). Again, this action preserves the Lebesgue
measure on the sphere.

(3) The projective action of PSL,(R) on the projective space P! is also a mea-
surable group action. If n > 2 this action does not admit an invariant Borel
measure.

(4) Any locally compact group G acts on itself by left translation. This action
preserves the Haar measure.

In fact, the above examples are special cases of actions on homogeneous spaces.

ExaAMPLE 3.3. Given a lcsc group G and a closed subgroup H, we may consider the
natural action G ~ G/H. As is shown in the exercise sheets, there always exists a quasi-
invariant Radon measure on G/H, and any two quasi-invariant measures have the same
null sets (i.e. they are equivalent). However, there needs not exist an invariant Radon
measure.

From now on, we will only consider non-singular actions. So a quasi-invariant measure
1 will be given and every notion that we will consider will be “up to null sets”. For

18
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example, a subset A C X we be called G-invariant if u(AAgA) =0 for all g € G. Here
A denotes the symmetric difference. In the case where G is countable, this condition is
obviously equivalent to the fact that there exists a truly invariant set B C X (i.e. such
that gB = B for all g € G), such that u(BAA) = 0. For example, take B = (1, gA. But
this fact is actually true for any lesc group G.

DEFINITION 3.4. We say that an action G ~ (X, pu) is ergodic if any G-invariant subset
of X is either null or co-null:

(u(AAgA) =0, for all g € G) = (u(A) =0 or pu(A°) =0).

It should be noted that a transitive action is always ergodic. In other words for any
lese group G and any closed subgroup H, the action G ~ G/H is ergodic with respect
to any quasi-invariant measure on G/H. What is less clear is whether the action of a
subgroup Gg of G on G/H is again ergodic. This kind of question will be crucial for us. In
order to answer to such questions, we need to consider the natural unitary representation
associated with a measurable group action.

2. Unitary representations associated with actions

If H is a (complex) Hilbert space, we denote by U(H) the group of its unitary operators,
i.e. the linear operators v : H — H that preserve the inner product and that are
surjective. Equivalently u is a unitary operator if it satisfies u*u = uu* = idy.

DEFINITION 3.5. A wunitary representation of a lcsc group G is a group homomorphism
7w : G — U(H), where H is a Hilbert space, with the continuity requirement that for all
vector £ € H, the map g € G — 7(g)§ € H is continuous.

Note that if 7 : G — U(H) is a unitary representation, then T, = my-1, for all g € G. In
other words

(2.1) (mg(€):m) = (& mg-1(n)), for all §,;n € H.

The properties that we will study will be relevant only when H is infinite dimensional.

DEFINITION 3.6. Consider a measure preserving action of a lesc group G on a space
(X, ). We define the Koopman representation m as the unitary representation of G on
L?(X, j1) defined by the formula

T, (f) iz f(g7'x), forall g € G, f € L*(X, ).

This definition is relevant for actions on so-called standard measure spaces, for which the
following lemma holds true. But we restrain our setting to continuous actions, which
suffices for our purposes.

LEMMA 3.7. If X s an lcsc space, the action G ~ X is continuous, and the measure p
15 a Radon measure on X, then the Koopman representation  associated with a measure
preserving action G ~ (X, ) is indeed a unitary representation.

Proor. The fact that m, is a unitary operator comes from the fact that p is G-
invariant. It is also easy to check that 7 : G — U(L*(X, p)) is a group homomorphism.
The only non-trivial fact is that 7 is continuous. Under the assumptions of the lemma,
Co(X) is dense in L*(X, pu). Take f € L*(X,u) and take a sequence (g,), in G which
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converges to the identity element e € GG. Take ¢ > 0. By density we may find a function
fo € C.(X) such that ||f — fo|l2 < &. Then for all n > 1, we have

17g, (f) = Fll2 < M7, (F) = g, (fo)ll2 + 79, (fo) = foll2 + [[fo = [l

<%+(/M) —h@ﬁwuom.

Since fy is continuous, we see that if n is large enough, then the later term is less than ¢
(for instance use the fact that f is uniformly continuous, or use the Lebesgue convergence
theorem. In both cases the continuity of the action is crucial). So if n is large enough
we get that ||, (f) — fll2 < 3c. As ¢ can be chosen arbitrarily small, we deduce that
lim,, |y, (f) — £l = 0. 0

In fact one could also define the Koopman representation associated with any nonsingular
action, but the formula is more complicated as it involves the Radon-Nikodym derivatives
between p and its translates g, pu.

ExAMPLE 3.8. The Koopman representation associated with the left translation action
G ~ G is called the left reqular representation and is denoted by \g : G — U(L*(G)).
Note that we could also define similarly the right regular representation pg. One checks
that these two representations commute to each other: (Ag),(pc)n = (pa)n(Aa)y for all
g,h € G. Here we assume that G is unimodular to define these two representations
simultaneously.

EXAMPLE 3.9. If G is a lesc group and I' < G is a lattice, then we saw in Corollary
that G/I" carries a finite G-invariant measure. In this case, we get automatically the
corresponding Koopman representation G — U(L*(G/T)).

The Koopman representation can be used to detect ergodicity for measure preserving
actions G ~ (X, ), for which the invariant measure p is finite. By rescaling we may
assume that p is a probability measure, and we say in this case that the action is pmp
(standing for probability measure preserving).

LEMMA 3.10. Take a pmp action G ~ (X, ). Then the action is ergodic if and only
if the only invariant functions f € L*(X, u) under the Koopman representation are the
constant functions.

ProoOF. If A C X is a G-invariant subset of X, then the indicator function 1,4 is
invariant under the Koopman representation: m,(14) = 14 for all ¢ € G. Therefore if
the action is not ergodic, there exists a non-constant function which is invariant under
the Koopman representation.

Conversely assume that f € L?(X, u) is G-invariant and non-contant. Then we may find
a € R such that the level set {f > a} is neither null, nor co-null. But this set is obviously
G-invariant. U

As a direct application, one can describe exactly which rotations are ergodic.

EXAMPLE 3.11. The rotation R, : © — x + « on the circle R/Z is ergodic (viewed as an
action of Z) if and only if « is irrational.

Indeed, if «v is rational, then the transformation is periodic, and it is easy to find invariant
sets that are neither null nor co-null.

Conversely, let us assume that « is irrational, and let us prove that the corresponding
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action is ergodic. By the previous lemma, it suffices to prove that the Koopman repre-
sentation on L?(R/Z) has no invariant function other than the constant ones. But we
may use the Fourier transform F to identify L*(R/Z) with (*(Z) as follows:

F o f € L*(R/Z) = (cu(f))n € E(Z),

where ¢,(f) = fol f(t) exp(—2imnt)dt. Now observe that with this identification, the
rotation R, is identified with the transformation

To i (Cn)n € C(Z) = (exp(—2imna)c, ), € (Z).

More precisely, we have the formula F(R,(f)) = To(F(f)), for all f € L*(R/Z). So we
are left to check that a function which is invariant under 7T, is necessarily the Fourier
transform of a constant function, i.e. is a multiple of the Dirac sequence to 0, § € (*(Z).
Take then such an invariant vector (c,) € (*(Z), then for each n # 0 we must have
¢, = exp(—2imna)e,, and if « is irrational, this forces ¢, = 0, as desired.

EXAMPLE 3.12. Let us give another proof that an irrational rotation is ergodic, not based
on the Fourier transform. If « is irrational, then the group it generates has dense image
in R/Z. So if f € L*(R/Z) is R,-invariant, it must be invariant under the whole of R/Z,
by continuity of the Koopman representation associated with the action R/Z ~ R/Z.
This action being transitive, it is ergodic. So f must be constant.

The above lemma rephrases by saying that there is no G-invariant function in the space
L3(X, u) of functions whose integral vanishes (L3(X, 1) is the orthogonal complement of
the constant function in L2(X, u)).

3. Ergodic theorems

It is hard to imagine a chapter on ergodic theory not discussing ergodic theorems. So
even if we won’t use this for our purposes, we include von Neumann’s and Birkhoff’s
ergodic theorems (although we won’t prove the latter).

Ergodic theorems are about pmp actions of Z, that is, about a single transformation
T : X — X that preserves a probability measure p and about the average behavior of its
iterates. Actually we don’t even require T' to be invertible, so we are in fact considering
pmp actions of the semi-group N. In spirit, ergodic theorems express the fact that the
orbits x,Tx, T?z,T3x,... become more and more distributed on X according to the
mesure p. That is, when we average a function along such an orbit, we approximate the
p-integral of that function.

We will only prove the weaker result, due to von Neumann, which proves convergence in
the L2-norm, but does not specify the actual convergence at a given point.

THEOREM 3.13 (von Neumann). Let T : (X, ) — (X, p) by an ergodic pmp transforma-
tion of the probability space (X, ). Then for every function f € L*(X, u), we have the
following convergence, for the L*-norm:

This result is based on Hilbert space considerations. As we saw before, an invertible
pmp transformation T of a space (X, i) gives rise to a unitary u € U(L?(X, 1)) given by
u(f) = foT, forall f € L*(X,u). When T is not invertible then the same formula makes
sense, but v : L?(X, ) — L*(X, p) defined this way is not invertible anymore. Still, it is
an isometry, in the sense that ||u(f)|| = || f||, which rewrites as u*u = id.
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Let us also emphasize that in the case of a non-invertible pmp transformation 7', ergodic-
ity means that any set A C X such that u(AAT~*(A)) = 0 must be null or co-null. The
same proof as in Lemma shows that T is ergodic if and only if the corresponding
isometry u has no non-zero invariant vector in L3 (X, p).

So von Neumann theorem will follow from the following lemma.

LEMMA 3.14. Let H be a Hilbert space and u : H — H be an isometry having no non-zero
invariant vector, i.e. ker(u — id) = {0}. Then the following facts are true:

a) The adjoint u* of u has no invariant vector;
b) The image of u —id is dense in H;
¢) For every & € H, we have lim,, = >°7_ u*(&) = 0 in H.

PROOF. a) If ¢ € H satisfies u*¢ = &, then we find ||€]]? = (u*¢, &) = (£, u€). Now

the following classical computation shows that this implies that u& = &:

(3.1) lug —&1* = 2[Ig]1* — 2R({ug, ) = 0.

b) It is a classical fact about operators on Hilbert spaces that Img(u — id) = ker(u*—id)= .
¢) If € is in Img(u — id) then the sum will be telescopic, so the division by n will ensure
convergence to 0. Now take an arbitrary vector ¢ € ‘H, and € > 0. Then we may find
& € Img(u — id) such that ||€ — &|| < e. For all n, we have

1 1 ¢ 1 ¢ 1
=S @ < 1St — &)l + 1 S k)l < e+ I S w @
k=1 k=1 k=1 k=1
So if n is large enough, this can be made less than 2¢, proving that the limit is 0. U

PROOF OF VON NEUMANN’S THEOREM. Take a function f € L*(X,u), and denote
by fo=f— [y fdu. For all n > 1, we have

I I 1 <
o> fort = [ paul =1 Y o = 1 > a (ol
k=1 X k=1 k=1

Note that fy belongs to L3(X, u), and since T is assumed to be ergodic, u has no non-
zero invariant vector in L2(X, u). So the previous lemma shows that the above quantity
converges to 0. U

Birkhoft’s ergodic theorem actually shows that many orbits tend to become pu-distributed.

THEOREM 3.15 (Birkhoff). Let T': (X, ) — (X, ) by an ergodic pmp transformation
of the probability space (X, ). Then for every function f € L'(X, ), for p-almost every
r € X, we have

lim % ; f(TFz) = /X fdu.

REMARK 3.16. In cases where L'(X, 11) is a separable space (for example, if X is a lesc
space and p is a Borel probability measure on X), we can exchange the quantifiers, and
get: for p-almost every z € X, for every f € L'(X, i), the convergence holds. This thus
ensures that “almost every orbit becomes p-distributed”.
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4. Mixing phenomena

The notion of a mixing group action is the most meaningful for probability measure
preserving actions G ~ (X, ).

DEFINITION 3.17. A pmp action G ~ (X, u) is said to be mizing if for every pair of
measurable subsets A, B C X, and € > 0, there exists a compact set K C G such that
gA and B are e-independent for all g € G\ K, in the sense that

—& < (gAN B) — p(A)pu(B) <e.

In other words, the function g — pu(gAN B) — u(A)u(B) belongs to the algebra Cy(G) of
functions that converge to 0 at infinity. By definition, f € Cy(G) if it is continuous and if
for every e > 0, there exists a compact set K C G such that |f(g)| < e for all g € G/K.

EXERCISE 3.18. Check that if a pmp action G ~ (X, u) is mixing, then every non-
compact subgroup of G acts ergodically on (X, p).

As for ergodicity, the mixing property can be read on the Koopman representation.

DEFINITION 3.19. A unitary representation G — U(H) is called mizing and for every
¢,m € H, the corresponding coefficient function g — (m,(£),n) is in Cy(G).

LEMMA 3.20. A pmp action G ~ (x, ) is mizing if and only if the corresponding repre-
sentation on L3(X, p) is mizing.

PROOF. For a set A C X, we may define a function f4 € L3(X, ) by the formula
14 — u(A)1lx. Then given two subsets A, B C X, and g € GG, we have

(my(£), f) = / (1ys — p(A)Lx) (15 — u(B)Ly) dpu(x)

= pu(gAN B) — p(A)u(B).

So if the representation of G on Lg(X, 1) is mixing, then the action is mixing. To prove
the converse, observe that f4 is the orthogonal projection of 14 on L3(X, ). Since the
linear span of simple functions 1, is dense in L?(X, 1), we see that the linear span F
of the functions f4 is dense in L3(X, u). If the action is mixing then we know that the
coeflicient function ¢ : g — (7m,(€),n) is in Cy(G) if € and n are of the form 1,4, and
by linearity this remains true if they are of the linear combinations of such functions.
Assume now that &, € L3(X, ) are arbitrary functions. Then we may find sequences
&ny M € E such that ||&, — &||2 and ||n, — n||2 converge to 0. Then we find from Cauchy-
Schwarz inequality that the coefficient functions ¢, : g — (m4(&,), n,) converge uniformly
to c. Since each ¢, lies in Cy(G), this must also be the case of ¢ (exercise). O

EXERCISE 3.21. Prove that a rotation on the circle is never mixing.

We are now going to discuss the following very useful theorem.

THEOREM 3.22 (Howe-Moore). If G is a connected semi-simple Lie group with finite cen-
ter, then any unitary representation of G with no (non-zero) invariant vector is mizing.

In other words, the presence of invariant vectors is the only obstruction to be mixing. In
order to avoid going through the structure of (semi-)simple Lie groups, we will only prove
this result for G = SL,,(R). Before getting into the proof, let us provide some examples.
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EXAMPLE 3.23. Let G be as in the theorem and let I" be a lattice in G. Then the action
G ~ G/T' is mixing. In particular, for every non-compact closed subgroup H < G,
H acts ergodically on G/I". Note that this later fact is equivalent to saying that every
subset X C G which is left H-invariant and right ['-invariant is either null or co-null.
Equivalently, I' acts ergodically on G/H. So we also deduce ergodicity results for actions
that need not admit an invariant measure.

EXERCISE 3.24. Apply the above example to prove that any lattice of SL,(R) acts er-
godically on the projective space, or on R";

Let us now discuss the proof of Howe-Moore theorem. Our main ingredient is the so-called
Mautner phenomenon described in the following lemma.

LEMMA 3.25 (Mautner 1). Let 7 : G — U(H) be a unitary representation of a lcsc group,
and take a sequence (g,)n € G which fizes a vector & € H, i.e. m,, (€) =& for all n. Take
an element u € G such that lim,, g, 'ug, = e. Then 7,(£) = €.

We directly prove the following refinement which involves the weak topology on H. Recall
that by self duality of Hilbert spaces, a sequence &, € H converges weakly to a vector
n € H if and only if for every vector £, we have lim,,(&,, &) = (n,£').

LEMMA 3.26 (Mautner 2). Let m: G — U(H) be a unitary representation of a lesc group,
and take a sequence (g,), € G and u € G such that lim,, g, 'ug, = e. Take a vector
& € H such that m,, (§) converges weakly to a vector & € H. Then m,(€s) = &oo-

ProoOF. We first compute
lim ||, g, (€) = g, ()| = lim [[7, 1, (€) = &] = 0.

So the two sequences 7,7y, (§) and 7y, (§) must have the same weak limits. Since these
weak limits are 7, (€ ) and &, respectively, we are done. O

4.1. The case of SLy(R). In this paragraph, we denote by G = SLy(R). For a € R*,

r € R, we define
_fa O q (1 =
Sa =g 41 and u =g 07 )

We denote by A < G the subgroup consisting of all diagonal matrices s,, a € R* and by
N < G the upper unipotent subgroup, consisting of all u,, x € R. We also denote by
N°P the lower unipotent subgroup, whose elements are the transpose of u,.

Observe that A normalizes N, with the action given by s,u,s,' = ug2,. In particular, if
(ay) is a sequence of real numbers that goes to infinity as n — oo, then for any = € R,
we have lim,, s;nluxsan = e. This is precisely the situation where we can apply Mautner
phenomenon.

LEMMA 3.27. If m: G — U(H) is a unitary representation, then

a) any vector in H which is invariant under A, N and N is G-invariant;
b) any A-invariant vector in ‘H is invariant under N and N°;
¢) any N-invariant vector in H is A-invariant, hence G-invariant.

PROOF. Since A, N and N generate G, item a) is trivial.
b) is a consequence of Mautner lemma 1. We leave it as an exercise.
c¢) Assume that £ € H is a vector invariant under 7(NV). Consider the function

frge G (m(8),6).
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This function is continuous. It is obviously right N-invariant, and equation tells us
that it is also left N-invariant. The right invariance allows us to view f as a continuous
function on G/N. And observe that there is a G-equivariant homeomorphism G/N —
R?\ {(0,0)}. More precisely, consider the natural action of G on R?  denote by e; =
(1,0) € R? and consider the orbit map

g€ G gle)) € RE

Then the range of this map is R? \ {(0,0)} and the stabilizer of e; is N. So this map
induces a G-equivariant homeomorphism G /N — R?\ {(0,0)}, which we may use to view
f as a continuous function on R? \ {(0,0)}. Now the left N-invariance of f implies that

f(a,b) = f(ux(a,b)) = f(a+bx,b), for all z € R, (a,b) € R?.

So f is constant along any horizontal line Ly, := {(a,b), a € R}, with b # 0. But since f
is continuous, this implies that f is also constant along the horizontal axis Ly \ {(0,0)}.
This means that f(1,0) = f(a,0) = f(s.(1,0)) for all a € R*. Therefore, going back to
the description of f as a right- N-invariant function on G, we conclude that f(s,) = f(e),
for all a € R*. In other words (s, (£),&) = ||€]|?, for all a € A. This means that £ is A
invariant. U

PROPOSITION 3.28. If m : G — U(H) is a unitary representation without (non-zero)
invariant vectors then its restriction to A is mizing.

PrROOF. We prove the contraposite. Assume that the representation of A is not
mixing.
Claim 1. There exist two vectors £, € H and a sequence of real numbers (a,), that

goes to infinity as n — oo, and such that (7, (£),n) converges to a non-zero scalar
number.

Since the representation of A is not mixing, then there exists two vectors £,n € H such
that the corresponding coefficient function g € A — (7 (§),n) is not in Cy(A). This
means that we can find a sequence (g, ), of elements in A that goes to infinity in A and
such that (m,, (£),n) converges to a non-zero complex number ¢ € C.

For each n, we may write g, = s,, for some a, € R. Saying that the sequence (g,), goes
to infinity in A implies that, up to taking a subsequence, (a,), goes to 0 or to co. In the
latter case we are done. In the case where (a,), converges to 0, then the sequence (a; '),
goes to infinity and satisfies

1i£n<7Tsa;1 (77)’ €> = li7£n<n7 Tgn (g» =c#0.

—1),, satisfies the claim, by interchanging the vectors £ and 7.

So the sequence (a,,

Claim 2. With the notation of Claim 1, we may assume that the sequence &, := 7, (&)
converges weakly to a non-zero vector &, which is G-invariant.

This simply follows from the fact that the sequence (&), is bounded in H, contained in
the closed ball B with center 0 and radius ||£||, and that this ball is compact for the weak
topology (Banach-Alaoglu theorem). So we may find a subsequence of &, that converges
weakly to some vector fmﬂ. Now by Claim 1, we must have

(€oos ) = lim(rs,, (§),m) 7 0.

'Here we are implicitly using the fact that B is sequentially compact, which holds only when H is a
separable Hilbert space. But in order to prove Howe-Moore theorem, we can always reduce to the case
where H is separable (why?).
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So &4 is non-zero. Mautner lemma 2 tells us that £, is N-invariant. So Lemma ¢
implies that it is G-invariant. U

Caution. The above lemma is not saying that every representation of A without invariant
vectors is mixing!

Now Howe-Moore theorem follows from the K AK-decomposition, which we more gener-
ally state for representations of SL,(R), n > 2.

LEMMA 3.29. Let now G = SL,(R), and denote by A the subgroup of diagonal matrices
in G. Consider a unitary representation ™ : G — U(H), whose restriction to A is mixing.
Then m is mixing.

PROOF. Denote by K = SO(n) < G the compact subgroup of orthogonal matrices.
Then we have the KAK decomposition. In other words every element g € G can be
written as a product g = kak’, with k, k' € K, a € A.

Take £,n € H and € > 0. The sets 7(K)(§) and 7(K)(n) are compact subsets of H. So
we may find finitely many vectors &,...,&, € m(K)(§) and n,...,nm, € 7(K)(n), such
that

e for any vector ¢’ € w(K)(§), there exists i such that & — &'|| < e.
e for any vector 7' € w(K)(n), there exists j such that ||n; — 7| <e.

Since the representation of A on H is mixing, we may find a compact set C' C A such
that

(ma(&),mj)| <eforallae A\ C,i<n,j <m.
Now denote by C" C G the compact set KCK. Then for any g € G \ €', we may write
g = kak', with a € A\ C, and we may find i < n, j < m such that ||mp(§) — &|| < e and
|me-1(n) — n;|| <e. And we get

[(mg(€), m) = [{mamhe (€), a1 (0))
< [(mal&)s o1 (M) + [[mami (€) = ma (&) [|7]
< [(ma (&) )| + [Nl (n) = myll + €l
<e(L+ €]l + [|ml])-

This proves that the coefficient function g € G — (7,(§),n) is in Cy(G) O

4.2. The case of SLy(R), d > 3. in order to prove Howe Moore theorem for general
semi-simple Lie groups one needs to use roots systems and sly-triples. We illustrate the
proof for G = SLy(R), d > 3. Thanks to Lemma [3.29] it suffices to prove the following
proposition.

PROPOSITION 3.30. Consider a unitary representation w : G — U(H) with no non-zero
wnvariant vector. Then the restriction of w to the diagonal subgroup A is mixing.

PROOF. The proof reuses all the tools we used for SLy(R), and thus makes a good
exercise.

e Prove that if a sequence a,, = diag(an 1, . . . , @n.q) goes to infinity in A then, taking
a subsequence if necessary, we may find indices ¢, such that lim, a,,;, = +00
and lim, a,, ; = 0. Deduce that a,,u; ;(z)a, converges to e, where u; ;j(z) € G is
the element with 1’s one the diagonal, x in position (i, j) and 0 elsewhere.

e Prove that if A is not mixing then there exist 1 < i # j < d and a non-zero
vector £ € H which is invariant under w; ;(x), for all z € R.
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e Show that ¢ is invariant under the subgroup A;; < A consisting of diagonal
matrices with 1’s on the diagonal entries other than the ith and jth.

e Prove then that £ is invariant under all uy (), € R whenever {k, [}N{i,j} # 0.

e Conclude that ¢ is G-invariant. O

5. Stationary dynamical systems

5.1. Definitions and examples.

DEFINITION 3.31. Consider a measurable group action G ~ X on a measure space and
take probability measures p € Prob(G) and v € Prob(X) (we don’t require that v is
quasi-invariant under G). Then we define the convolution measure p * v € Prob(X) to
be the push-forward measure of the product measure p ® v € Prob(G x X) under the
action map (g,z) € G x X — gz € X.

ExaMPLE 3.32. If we consider G acting on itself by left multiplication, we thus obtain
a product law on Prob(G), which is associative, and whose neutral element is J.. In
particular we may define the convolution powers p**, n > 1, of a measure pu € Prob(G).
Then p*" describes the distribution of an element g - - - g, obtained as the product of n
independent random elements gy, ..., g,, each of them having law p.

If G acts on a measurable space X, and if v € Prob(X) then the measures ™ v, n > 1,
describe the random walk on X whose starting point is a random point with law v, and
where each step of the walk is obtained by applying a random element of G with law pu.
Each new convolution by p corresponds to an extra step in the walk.

DEFINITION 3.33. Consider a measurable group action G ~ X and take a Borel probabil-
ity measure p € Prob(G). We say that a probability measure v € Prob(X) is u-stationary
if uxv=w.

Roughly speaking, a p-stationary is a measure which is “invariant under the py-random
walk”: if the starting point is distributed according to a pu-stationary measure v, then
the position of the random walk at any time n > 1 is also distributed according to the
measure v.

Of course any G-invariant measure is p-stationary, for any p € Prob(G), but the gap
between invariance and stationarity is huge: the following lemma says that stationary
measures (on compact spaces) always exist, while this is far from true for invariant mea-
sures.

LEMMA 3.34. Consider a continuous action of a topological group G on a compact space
X. Then for any Borel measure p € Prob(G), there always exists a p-stationary Borel
measure v € Prob(X).

PRrOOF. This is a fixed point argument. If X is compact, then Prob(X) is a compact
convex subset of the dual of C'(X). Consider the convolution map 7" : v € Prob(X)
w* v € Prob(X). This map is affine and continuous on Prob(X) and we want to prove
that it admits a fixed point. Take an arbitrary initial measure vy € Prob(X), and consider
for all n > 1 the measure

1 n
Up = — ZTk(VO) € Prob(X).
n
k=1
Observe that T'(v,) — v = (™! % vy — 1y)/n converges *-weakly to 0. So any weak-*
cluster point of the sequence v, is fixed under T'. Since Prob(X) is compact, such cluster
points do exist. O
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In the light of a subsequent chapter on amenability, the above proof shows in fact that
the semi-group N is amenable. The compactness of X is crucial, for example if G is any
non-compact group and p € Prob(G) is any probability measure equivalent to the Haar
measure, there is no u-stationary measure on G for the left translation action G ~ G.

DEFINITION 3.35. A (G, u)-space will be the data (X,v) of a lcsc space X on which G
acts continuously together with a p-stationary Borel measure v € Prob(X).

ExXAMPLE 3.36. Here are two classes of examples:

e Any continuous finite dimensional representation 7 : G — GL(V') of G induces a
projective action G ~ (V') which is continuous. By Lemma we may find
a p-stationary measure on P(V') for any Borel probability measure p on G. This
is a typical example of a (G, p1)-space that we will use in the next chapter.

e For any co-compact subgroup @ < G, the action of G on G/Q is continuous, so
as in the previous example, such a space G/@) can be turned into a (G, u)-space
for any choice of u € Prob(G). The typical example will be that where @ = P is
a minimal parabolic subgroup, or where () contains such a group P, see Chapter
2, Section [3| for the definitions of P in our special setting).

5.2. Conditional measures. As we explained, p-stationary measures may be in-
terpreted as invariant measures under the py-random walk. This probabilistic point of
view will be useful to study p-stationary measures.

We take a measure p € Prob(G) and we consider the infinite product space (€2, P) =
1,5, (G, u). As a set this is nothing but GV, endowed with the o-algebra generated by
the finite cylinders C := A; x --- x A, x G x G x ---, where each A; is a Borel subset
of G. The measure of such a cylinder is given by P(C) = u(A1)u(As)---p(A,). By
Caratheodory extension theorem, such a measure P exists, and it is unique.

The letter w will stand for an element of €2, and g, (w) will denote its nth coordinate, for
n>1.

LEMMA 3.37. Consider a (G, p)-space (X,v). Then for P-almost every w € Q, the
sequence of probability measures g1 (W)« - - gn(w)sv is weak-* convergent. We denote by
v, € Prob(X) its limit, and we call it the conditional measure at w. We have

v = /va dP(w).

PROOF. Let us fix f € Cy(X), and consider the sequence of functions

fulw) = /X F(01(@) - galw)) dvia).

Then f, are bounded functions on €2, with || f,.||cc < ||f||cc- To prove that this sequence
is almost surely convergent, we will use the martingale convergence theorem.

Denote by B the product o-algebra on €2, on which P is naturally defined. For all
n € N, denote by B, C B the o-subalgebra generated by the cylinders of the form
C:=A; X+ xA, xGXxGx--- (with the same n). So the B,-measurable functions are
the ones that only depend on the coordinates g, ..., g,. It is then clear that B, C B,.1,
for all n € N. We denote by E,, : L>(2, B) — L>*(Q2, 3,,) the conditional expectation.
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For all w € ), we have

En(fosn)(w / / F(1(®) -+ gu(w)g) dv(z) du(g)
_ /X F(01 ()~ gulw)2) (s 1) () = fulw).

So (f,) is a uniformly bounded martingale with respect to the filtration (5,),. By the
martingale convergence theorem, it is almost surely convergent. So we find that for every
fixed function f € Cy(X), for almost every w € Q, f,(w) converges to a limit, denoted
by v,(f). Since X is a lcsc space, the function algebra Cy(X) is separable: it admits a
dense sequence (fi)r>1 (with respect to the uniform norm).

Since the countable intersection of conull sets is conull, we may find a conull set {2y C 2
such that for all w € €, for all £ > 1, we have

i [ () - 0,()0) dola) = ().

By density of the set {fx , k > 1} one checks that for every w € g, for every f € Cy(X),
the sequence f,(w) = [ f - gn(w)x)dr(z) is a Cauchy sequence so it is convergent
to a limit denoted by v, (f )

Then by uniqueness of the limit v, (f) associated to each function f € Cy(X), we see that
the map f € Co(X) — v,(f) € R is a positive, unital, linear functional, so it corresponds
to a probability measure v, by Riesz representation theorem. By definition, v, is the
weak-* limit of the sequence g1(w)« - - gn(w)sv

Moreover, for every f € C'(X), the Lebesgue convergence theorem implies that
[ vtp ape) =tim [ [ flan(e)--g.()) dvt@) aP@)

=lim [ f(x) d(u™ 5 0)(x) = w(f). O

LEMMA 3.38. For every k > 1, for u**-almost every g € G, and for P-almost every
w € Q, the sequence of measures g1(w)« -+ gn (W) g weak-* converges to v,.

PRrROOF. Fix k > 1, f € Cy(X), and define a function ¢ : G — R by the formula

3(f)(g) _/ F(gz) dv(x), for all g € G.

This function is right-y-harmonic, in the sense that ®(g) = [, ® o ®(gh)du(h), for all g € G.
This is because v is py-harmonic. As in the previous proof we denote by fn the function
on ) given by

fa(w) = @(g1(w) -+ gn(w)),w € L.
and we also introduce f9:w € Q+— ®(g1(w) - - gn(w)g). We compute

e[ / [falw) — £2()F dP(w) du(g)

= [ [ 100 - atho)P i auo)

/ k) = fulu >|2dw
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We implicitly used the fact that f, is a martingale, to get the last equality, through the
equality (fnik, fn) = anH%
This computation shows that 7, is a summable sequence:

k—1 k
STL =300 L = D03 WMsnisild = [ farrill3 < 2] £

neN i=0 neN i=0 neN
By Fubini-Tonelli’s theorem, we find that

/Q/G(Z | fol(w) — f9(w)]?) dP(w) du*(g) < occ.

This shows that for P-almost every w € Q and for p**-almost every ¢ € G, the sum
> [ fa(w) = f2(w)|? is finite. In particular, for such w and g, f¢(w) converges to the same
limit as f,(w), which is v, (f).

In order to conclude, we need to show that the convergence holds almost surely, inde-
pendently on f, i.e. the conull sets of w’s and ¢’s on which convergence holds must
be independent on f € Cy(X). But this is ok thanks to the separability of Cy(X), by
proceeding as in the proof of the previous lemma. O



CHAPTER 4

Projective dynamics

In this chapter we present some special features of dynamics on projective spaces. We
will be given a representation of a group G on a finite dimensional vector space V' and we
will study invariant and stationary measures on the projective space P(V'). The invariant
setting will be used to prove the so-called Borel density theorem, asserting that lattices
in semi-simple Lie groups are Zariski dense. The stationary setting will be used later, in
our proof of Margulis superrigidity result.

For simplicity, we will restrain ourselves to vector spaces over K = R or C, but everything
in this chapter applies in fact to any local field (meaning: any valued field whose valuation
gives a locally compact topology). For instance it could be applied to K = Q,, for any
prime p.

1. A general lemma

In this chapter we will study the support of certain invariant or stationary measures on
projective spaces.

DEFINITION 4.1. The support of a Borel measure p on a second countable topological
space X, denoted by supp(u), is the complementary of the largest open subset U C X
such that u(U) = 0. Such an open set exists by second countability: just take for U
the union of all open sets with measure 0, and observe that this U can be realized as a
countable union, and thus has measure 0.

In particular, when we say that a probability measure p on a lesc space X is supported on
a closed subset F' C X, we simply mean that supp(u) C F or equivalently, that u(F) = 1.

Let V' be a finite dimensional vector space. For any g € End(V) and = € P(V), simply
denote by g(z) € P(V) the image of x by the projective transformation g € PGL(V).

All our results about projective dynamics are based on generalizations of the following
observation: if a,,b,, n € N are real numbers such that lim, |a,/b,| = oo, then the
sequence of matrices g, = diag(a,, b,) acts on the projective line P! = P(R?) by “pushing
almost every point towards the point Re; € P(R?)”. More precisely, for every z € P!,
with z # Rey, we have lim,, g,(z) = Re;. In particular, every probability measure on P*
which is invariant under the elements g, is supported on Re; U Res.

This situation somewhat specific to diagonal matrices. A more general situation would
be that of a sequence g, = k, diag(a,, b,), with k, a sequence of rotations: k, € SO(2).
Then this sequence k,, must admit a convergent subsequence so in the end, the projective
action of g, is also easy to describe. This example should be the one to have in mind in
the following lemma.

LEMMA 4.2. Consider a finite dimensional vector space V and a sequence of transfor-
mations g, € GL(V) for which there exists a sequence of scalar numbers (\,), such that

31



2. INVARIANT MEASURES AND THE BOREL DENSITY THEOREM 32

Angn converges to a non-zero endomorphism A € End(V'). Take a Borel probability mea-
sure v € Prob(P(V)), and assume that the sequence of measures (g,)«v € Prob(P(V))
converges to a measure Vo, € Prob(P(V')). Then the following two facts hold true:

o vy is supported on a union P(Vy) UP(Va), where Vi = Img(A) and dim(Vs) =
dim(Ker(A)) (but Vo needs not be equal to Ker(A)).

o [fu(P(Ker(A))) =0, then vy is supported on P(Img(A)), and in fact vo, = Asv,
in the sense that vy (Y) = v(A™Y(Y)), for every Borel subset Y C P(V).

PROOF. Denote by X := P(V) and set k := dim(Ker(A)). For v € V, we denote
by v € X the corresponding line. If v € V' \ Ker(A), then \,g,(v) converges to A(v),
and hence lim,, g,(v) € P(Img(A)). Moreover, by Exercise below, up to taking a
subsequence of (g,)n, there exists a k-dimensional subspace P(V3) C X such that any
limit point of the sequence (g,(?0)), belongs to P(V5), for all v € Ker(A).

In this case, if we take a continuous function f € C'(X) such that 0 < f <l and f =1
on P(Img(A))UP(V;), we see that lim,, f(g,(x)) =1 for all z € X. For any neighborhood
U of P(Img(A)) UP(V,), we may find such a function f which is supported on U. Then,
applying Lebesgue convergence theorem, we get

)2 [ fav=tim [ fla@) dvia) = [ lim flgn(e)) doe) = 1.

So Vs (U) = 1. Since we may find a countable family of such open sets U whose intersec-
tion is P(Img(A)) UP(V3), this gives the first assertion of the lemma:

Voo (P(Img(A)) UP(V3)) = 1.

In the special case where v(P(Ker(A))) = 0, then the transformation A : v € X + Av €
X is well defined v-almost everywhere on X. And for v-almost every x € X, we have
lim, g,(z) = A(x). As before we may apply Lebesgue convergence theorem to deduce
that for every continuous function f € C(X), we have

[ pdve=tin [ fg @) dvie) = [ jAn)dula)
P(V) P(V) P(V)

This means that v, = A,v, which is exactly the formula given in the second item. In
particular, v, is supported on Img(A). O

EXERCISE 4.3. Consider a vector space V', an integer k£ < dim(V') and a sequence (V},),>1
of k-dimensional subspaces of V. Prove that, up to replacing (V},), by a subsequence,
there exists a k-dimensional subspace V,, of V' such that any limit point of a sequence
(Tn)n>1 in P(V) such that v, € V,, for each n belongs to P(V.).

2. Invariant measures and the Borel density theorem

The next lemma is due to Furstenberg, and follows easily from Lemma [4.2]

LEMMA 4.4 (Furstenberg). Let G C GL(V) be a subgroup such that the projective action
G ~ P(V) admits an invariant probability measure v. Then either the image of G in
PGL(V') has compact closure, or there exists two proper subspaces Vi,Vy C V' such that
dim(V) = dim(V}) + dim(V2) and v is supported on P(V;) UP(V3).

PROOF. Assume that the image of G in PGL(V') does not have compact closure. Then
the following claim and Lemma show that v is supported on a union P(V}) U P(V%)
with V1, V5 C V two proper subspaces satisfying dim(V') = dim(V;) + dim(V3).
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Claim. There exists a sequence (g,), in G and a sequence of scalar numbers (A,),, such
that \,g, converges to a non-zero, non-invertible endomorphism A € End(V).

Denote by || - || an arbitrary nom on the vector space End(V'). If there is no such sequence
(gn), then the closure C of the set {g/||g||, g € G} inside End(V) is contained in GL(V).
Moreover, C is a bounded closed subset of End(V') so it is compact. Therefore, the image
of C in PGL(V) is a compact subset which contains the image of G. Thus the image of
G in PGL(V) has compact closure. d

PROPOSITION 4.5. Let G be a connected semi-simple Lie group with trivial center and
no compact factor. Then for any continuous representation m : G — GL(V) of G on a
finite dimensional vector space V', any G-invariant Borel probability measure on P(V') is
supported on the set of G-fized points.

Proor. Write G as a direct product of simple factors, G = G; x --- x GG,,. Then
every quotient of G by a continuous map is a product of some of these factors. Denote
by v € Prob(P(V')) a G-invariant Borel probability measure.

Claim Let W C V be a subspace such that v(P(1/)) > 0 and which is minimal for this
property. Then W is globally G-invariant and G acts trivially on W.

Denote by a := v(P(W)). For every g € G, we have v(P(w(g)W)) = . Moreover since
W is minimal, so is w(g)W. If g, h are such that w(¢g)W # w(h)W, then by minimality,
v(P(m(g)W)NP(r(h)W)) = 0. Let us now see G as acting on the set of all subspaces of
V and denote by O := {n(g)W, g € G} the orbit of W under G. From the hayes rule,

we have
v(|JPE) =D a=al0]
E€O EecO
Since v is a finite measure, we deduce that O must be finite, and the stabilizer of W
in GG is a finite index closed subgroup H. As such, it must also be open and since G is
connected, we conclude that H = G: W is indeed G-invariant.

By assumption, the action G ~ P(WW) has an invariant finite measure (namely the
restriction of v to P(IW)). So we may apply Lemma[.4]to the representation G — GL(W).
By minimality of W, we deduce that the image of G in PGL(W) is compact. But since
every compact quotient of G is trivial, we deduce that the morphism G — PGL(W)
is trivial. Thus G acts on W by dilations. This means that there exists a continuous
morphism ¢ : G — R such that an element g of G acts on W by multiplication by ¢(g).
But since any abelian quotient of G is trivial, we deduce that ¢ is trivial, i.e. G acts
trivially on W. This prove the claim.

To conclude, denote by Vy, C V the largest subspace of V on which G acts trivially.
Denote by v the restriction of v to P(V4). In order to prove the lemma, it suffices to
show that vy = v. If not, then v — 14 is a non-zero G-invariant finite Borel measure on
P(V). We may renormalize it to assume that it is a probability measure vy. It satisfies
v1(P(Vp)) = 0. Then denote by W C V' a minimal subset of V' such that v, (P(W)) > 0.
Then the claim applied to v; implies that W is globally G-invariant and W C V. This
contradicts the fact the vy (P(Vp)) = 0. O

The following corollary is the so-called Borel density lemma, which asserts that lattices
in semi-simple Lie groups are Zariski dense.

COROLLARY 4.6. Let I' be a lattice in a connected semi-simple Lie group G with trivial
center and no compact factor. Let m : G — GL(V) be a continuous representation of
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G on a finite dimensional vector space V. Then any subspace of V' which is globally
[-invariant is globally G-invariant.

PROOF. Let W C V be a I'-invariant subspace and denote by k := dim(W).
STEP 1. We use an exterior product trick to reduce to the case where k = 1.

We define a linear representation 7 on the exterior product A¥(V') by the formula

T(g)(or A== Aog) = (m(g)vr) A== A (T (g)or)-

This is well defined by the universal property of exterior products, and it is still con-
tinuous. Moreover, the subspace A*(W) C A*(V) is a one dimensional subspace which
is invariant under 7(I"). If the corollary holds for one dimensional subspaces, then we
deduce that A¥(W) c A¥(V) is 7(G)-invariant. This implies that W is 7(G)-invariant
(exercise).

STEP 2. We prove the corollary in the case where k = 1.

In this case W defines a point x € P(V), which is I'-invariant. Then the orbit map
g € G— m(g)(x) € P(V) factors to a G-equivariant continuous map 6 : G/I" — P(V).
Since I is a lattice in G, G/T" admits a G-invariant Borel probability measure vy, whose
push-forward v := 0,14 is a G-invariant probability measure on P(V'), supported on the
orbit of z. Proposition then implies that this orbit consists of G-invariant points, i.e.
x is G-invariant. This proves that W is G-invariant. U

3. Stationary measures on projective spaces

Proposition tells us that invariant probability measures on projective spaces can only
occur for obvious reasons: they are supported on the set of fixed points; in particular there
must exist fixed points. In particular for irreducible non-trivial representations of semi-
simple Lie group there is no invariant probability measure at all. But as we observed in
Lemma[3.34] there always exist stationary measures with respect any probability measure
1 on the acting group G. In this section, we give conditions ensuring that such a measure
is unique: an irreducibility condition and a proximality condition.

Consider a continuous representation m : G — GL(V) of a lcsc group G on a finite
dimensional vector space V.

DEFINITION 4.7. The representation m is called irreducible if the only G-invariant sub-
spaces of V are {0} and V. It is called strongly irreducible if its restriction to any finite
index subgroup of G is irreducible.

EXERCISE 4.8. Check that 7 is strongly irreducible if and only if there is no finite family
F of non-trivial proper subspaces of V' which is G-invariant (meaning that 7(¢)W € F
for all W € F).

DEFINITION 4.9. The prozimal rank of 7 is the minimal rank of a matrix A € End(V)
which is the limit of a sequence \,7(g,), with g, € G and A, scalar numbers. We say
that 7 is proximal if its proximal rank is 1.

We also need a condition on the choice of the measure p (for instance the Dirac measure
at the trivial element p = J, is not expected to generate interesting random walks...).

DEFINITION 4.10. A measure p € Prob(G) is called generating if the semi-group gener-
ated by its support is dense in G.
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THEOREM 4.11. Let i € Prob(G) be a generating measure. If 7w is strongly irreducible and
proximal then there is a unique p-stationary measure v € Prob(P(V)). Better, there is
a unique pi-stationary measure in Prob(Prob(P(V))); it is supported on the closed subset
of Dirac measures on P(V).

The proof of the theorem is based on a series of lemmas. Let u € Prob(G) be a generating
measure and assume that 7 is strongly irreducible and proximal. We denote by v a u-
stationary measure on P(V'). We will use the notation (2, P) and {v, },ecq introduced in
Section [l

LEMMA 4.12. The measure v € Prob(P(V)) does not charge proper subspaces of V:
v(P(W)) =0, for every proper subspace W C V.

PROOF. Otherwise, we may consider the minimal dimension k& < dim (V') of a sub-
space W C V such that v(P(W)) # 0. For € > 0, denote by

F.={W cV|dim(W) =k, v(PW)) > ¢}.

By minimality of k, for any two distinct subspaces W, W’ € F., we have v(P(W) N
P(W")) = 0. So for any finite subset Fy C F., we get

1>v( [ PW) = > v(P(W)) > el Fl.

WeFo WeFo
This shows that Fy has cardinality at most 1/¢, and thus F. is finite. So if we define

a:=sup({v(P(W)) | W CV : dim(W) = k}),
we find that « is attained, and F, is finite.

Now, since v is p-stationary, we have, for all W € F,,
0 = W) = [ VPl W) dulo)

By maximality of o we have v(P(7(g~")W)) < a for all g € G and since p is a probability
measure, the above equality actually implies that v(P(mw(¢~*)W)) = « for y-almost every
g € G. In particular, 7(¢g~')W € F, for almost every g € G and every W € F,. But
observe that the set of elements g € G such that w(¢g~')W € F, for every W € F, is a
closed subgroup of G. Since it has measure 1, it must contain the support of u, and also
the closure of the semi-group generated by supp(ju). since u is a generating measure, we
conclude that G preserves the finite family F,, which contradicts our assumption that =
is strongly irreducible. O

LEMMA 4.13. For P-almost every w € §Q, the conditional measure v, is a Dirac measure
Vi = Opw)- The point p(w) depends almost surely only on w, not on the choice of the
stationary measure v.

PrOOF. By Lemma(3.37] there exists a co-null set 0y C € such that (g1 (w) - - - gn(w) )V
converges weakly to v, for every w € )y. For w € €y, we denote by V,, C V the smallest
subspace W C V such that P(W) contains the support of v,,.

Fix w € €y and choose a norm || -|| on End(V). Denote by A a limit point of the sequence

(m(g1(w) -~ gn(w))/ |7 (gr(w) - - - gn(w))[)n- By Lemma [4.12, v(P(Ker(A))) = 0 and thus
Lemma {4.2| implies that v, = A,v is supported on the image of A. Moreover, using

again Lemma 4.12) we see that v,(P(W)) = v(A~}(W)) = 0, for any proper subspace
W C Img(A). So Img(A) =V,
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In particular, for P-almost every w € €, V,, does not depend on the stationary measure
v, but only on w.

Claim. V,, is one dimensional for P-almost every w € ).

This is where we use the fact that 7 is proximal. By Lemma [3.38 we may replace
Qo by a co-null subset if necessary to ensure that for every w € €2y, every &k > 1, and
p*k-almost every g € G, we have v, = lim, m(g;(w) - gn(w)g).v. Fix such w € Q,
k > 1, and ¢ € G. Then we know that An(g) € End(V) is a limit point of the
sequence (7(g1(w) -+ gn(w)g)/||m(g1(w) - - gu(w))||)n. Thanks to Lemma [4.2] we have
v, = (Am(g)).v. By continuity, this equation holds for every g € supp(u**), for every k.
Since p is generating, this holds for every g € G.

Since 7 is proximal, we may find a sequence (hy)ren in G and a sequence of scalars (\g)
such that \gm(hy) converges to a rank one endomorphism B € End(V) as k — oo. By
irreducibility of 7, we may assume that Img(B) € Ker(A), so that AB # 0. Recall that
A:P(V) — P(V) is in fact only defined on the co-null open subset P(V') \ P(Ker(A)),
on which it is continuous. Thus, for every v € V \ Ker(AB), we have Bv ¢ Ker(A),
and so w(hi)v ¢ Ker(A) for k large enough. In particular Am(hy)v € P(V) converges
to ABv. By Lemma [1.12] we have v(Ker(AB)) = 0, and thus for v-almost every z €
P(V), limy, Am(hy)x = ABx. Lebesgue convergence theorem then implies that (AB).v =
limy (A7 (hy))s«v = v,. In particular, v, is supported on Img(AB) C Img(A) = V,,. By
minimality, we must have Img(AB) = Img(A). Since AB has rank one, so does A. This
proves the claim.

The claim now implies that v, is the Dirac measure at the point p(w) € P(V') correspond-
ing to the line V,, = Img(A). Thus it only depends on w, and not on the choice of the
measure V. U

PROOF OF THEOREM [4.T1] Denote by X := P(V'). The uniqueness of a p-stationary
measure on X follows from the previous lemma and the fact that a stationary measure v
can be reconstructed as the integral of its conditional measures. Denote by v € Prob(X)
this unique p-stationary measure and let 7 € Prob(Prob(X)) be an arbitrary u-stationary
measure.

We will use the barycenter map Bar : Prob(Prob(X)) — Prob(X), given by
Bar(o) — / Cdo(C).
Prob(X)

This formula means that for every f € C'(X), we define Bar(o)(f) to be fprob(x) ¢(f)do(C),

and that this defines a unital, positive linear functional Bar(¢) on C(X), i.e. a proba-
bility measure on X. This barycenter map is well behaved: it is continuous with respect
to weak-* topologies, and it is G-equivariant with respect to the natural G-actions on X
and Prob(X). It is moreover an affine map, if we view Prob(Prob(X)) and Prob(X) as
convex subsets of the dual spaces of C'(Prob(X)) and C'(X) respectively.

Thanks to these properties, we see that the barycenter of v must be p-stationary. So
by uniqueness, we must have Bar(v) = v. Now for almost every w € €, we have
simultaneous convergence to conditional measures: lim,(g;(w)---gn(w))«v = 7, and
lim, (g1 (w) -+ - gn(w))sv = v,. By continuity and equivariance of the barycenter map,
this gives:
v, = Bar(v,).

By Lemma [£.13] we know that almost every v, is a Dirac measure, and thus is extremal
in Prob(X). This forces v, to be the Dirac measure at v,. So 1, does not depend on
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v for almost every w, thus v is unique. Moreover, v, is supported on the set of Dirac
measures on X, and thus, so is v. O

The following corollary will play a crucial role in our proof of Margulis superrigidity
theorem.

COROLLARY 4.14. Let G be an lcsc group, with a generating measure p € Prob(G). Let
m: G — GL(V) be a strongly irreducible and proximal representation of G. Let (Xo, 1)
be a (G, p)-space. Then

a) Any G-equivariant measurable map 0 : Xo — Prob(P(V')) almost surely ranges into
the set of Dirac measures.
b) There ezists at most one such map, up to vy-almost everywhere equality.

Proor. The push-forward 6.1y is a p-stationary measure on Prob(P(V')). By The-
orem (.11} it must be supported on the subset of Dirac measures on P(V'). This easily
implies a). Now given two such G-maps 61,6, : Xy — Prob(P(V)), we can form the
middle map:

0:2¢e Xy %(91(93) + 05(x)) € Prob(P(V)).

Then by item a), almost every value 6(x) is a Dirac measure, which implies by extremality
that 01(x) = 05(x), almost surely. O

In order to apply the above corollary, it will be convenient to be able to construct proxi-
mal, irreducible representations.

PROPOSITION 4.15. Let G be a connected semi-simple Lie group with trivial center, and
let A C G be a subgroup with non-compact closure. Then there exists a continuous linear
representation m : G — GL(V) which is irreducible (hence strongly irreducible), and
whose restriction to A is proximal.

PROOF. Since G is semi-simple with trivial center, the adjoint representation my of
G on its Lie algebra is a homeomorphism onto its image. In particular mo(A) has a non-
compact closure inside GL(g). Note moreover that since G is semi-simple it is perfect
(i.e. it has no non-trivial abelian quotient). Therefore my(G) is contained in SL(g). So
as a non-compact subgroup of SL(g), mo(A) contains a sequence (g,) such that g, /| g,
converges to a non-invertible matrix (here we pick for ||- || an arbitrary norm on End(V)).
This shows that the proximal rank of the restriction of my to A is an integer k strictly
smaller than dim(g).

Therefore the representation w5 of G on the exterior product A*(g) has its restriction to
A which is proximal. Since G is semi-simple, we may decompose this representation of
G as a direct sum of irreducible ones. Then one of them, at least, has a restriction to A
which is proximal. This is the desired representation.

Note that since G is connected, it has no proper finite index closed subgroup. So any
irreducible representation of G is strongly irreducible. U



CHAPTER 5

Extra topics

The proof of Margulis’ superrigidity theorem will require two more lemmas that we isolate
in this chapter. The first lemma is the existence of boundary maps, Lemma |[5.8] which is
based on the classical notion of an amenable group. The second lemma is Lemma [5.9] in
which we construct a nice measure on a lattice I' in a semi-simple Lie group, which will
be our reference measure for some dynamical systems.

1. Amenable groups

There are many equivalent formulations of amenability for topological groups. The one
that we will use is based on a fixed point property for affine actions on compact convex
sets.

DEFINITION 5.1. A compact convex space is a non-empty compact convex subset C of a
locally convex topological vector space space E. We denote by Aff(C) the vector space of
all affine functions on C, i.e., of all restrictions to C of continuous affine functions £ — R.
An affine action of a group G on a compact convex space is by definition a group action
G ~ C which extends to a continuous action on E by affine transformations.

ExaAMPLE 5.2. The typical example is that of probability spaces. If X is a compact set,
then the space Prob(X) of all Borel probability measures on X is a compact convex space,
when viewed as a subset of E' = C'(X)’, endowed with the weak-* topology. This is due
to Banach-Alaoglu theorem. Any continuous action o of a group G on X induces a norm
continuous action of G on C'(X) by the formula g- f := foo™!, forall f € C(X), g € G.
By duality, this gives a weak-* continuous action of G on E (by linear transformations).
When restricted to Prob(X), this action is exactly the action given by the push forward
of measures. Indeed, we have for all y € Prob(X), f € C(X), g € G:

(9 1)) = ula™ ) = n(F 00,) = [ Flg)du(o) = ()
We get that G ~ Prob(X) is an affine action.

DEFINITION 5.3. A topological group G is said to be amenable if every affine action of
G on a compact convex space admits a fixed point.

Alternatively, amenability can be expressed in terms of invariant measures.

LEMMA 5.4. A topological group G is amenable if and only if for every continuous action
of G on a compact space X (not necessarily convez), there exists a G-invariant probability
measure on X.

Proor. If G is amenable, and if G ~ X is a continuous action on a compact space
X, then the push forward action G ~ Prob(X) is an affine action on a compact convex
space. So it must have a fixed point, i.e. a G-invariant probability measure on X.

38
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The converse is based on the barycenter map Bar : Prob(C) — C, where Bar(u) is the
unique point z € C such that f(z) = [, f(y) du(y), for all affine map f € Aff(C). Take
an affine action of G on the compact convex set C. If there is a G-invariant probability
measure on C, then its barycenter must be a G-invariant point in C. U

The class of amenable groups is rather large, as the following lemma shows. But the
class of non-amenable groups is very large as well. Typically, connected semi-simple Lie
groups will never be amenable, unless they are compact.

LEMMA 5.5. The following facts are true.

(1) Compact groups are amenable.

(2) Abelian groups are amenable.

(8) Amenability is stable under taking (continuous) quotients, extensions.

(4) A connected semi-simple Lie group is amenable if and only if it is compact.

ProOOF. (1) If G is a compact group acting on a compact set X, then we may fix a
point x € X, and consider the orbit map g € G — gr € X. Then the normalized Haar
measure on G is left G-invariant, and its push forward under the orbit map becomes a
G-invariant probability measure on X.

(2) Assume that G is any abelian topological group. Consider an affine action of G on
a compact convex space C. For any subgroup H < G, we denote by C? C C the closed
subset of fixed points under H. Since G is abelian, this subset is globally G-invariant.

We first claim that if H = (g) is generated by a single element g, then C¥ is non-empty.
Indeed, take an arbitrary point z € C and consider the sequence (x,,),>; defined by

n—1
1
Tn = ng(:c) eC.
k=0

Denote by y € C any limit point of this sequence. Then for all n > 1, we have gx,, — z, =
(¢"(x) — ) /n, which tends to 0 in E as n goes to infinity. This shows that gy = y, and
hence C is not empty.

More generally, if H is a subgroup of G such that C* is not empty and g € G is any
element, then the above paragraph applied to the action G ~ C¥ shows that C{79) =
(CH)9 is not empty. We may apply this observation inductively to prove that CH is
non-empty for any finitely generated subgroup H of G.

Therefore, the family C9’, g € G, has the finite intersection property: any finite intersec-
tion of such sets is non-empty. This proves that

cY=[)C #0.

geG

(8) Any action of a quotient of G is in particular an action of G, so it is straightforward
from the definition that amenability passes to quotients. Consider now an extension
1 H — G — @ — 1 with H and ) both amenable. Take an affine action on a
compact convex space G ~ C. Then by assumption the set C is non-empty. It is
moreover globally G-invariant since H is normal inside G. The action G ~ C¥ then
factors to an affine action of @, and thus (C#)? is non-empty. But this set coincides with
CC.

(4) We only treat the case where G has finite center. The proof of the general case is the
same but one needs to know that the universal cover of a compact semi-simple group is
compact.
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If G is a non-compact connected semi-simple Lie group with finite center, then it admits
a simple quotient with trivial center which is non-compact. Let us show that such a
quotient G is non-amenable. By simplicity, in the adjoint representation of Gy there
is no invariant vector. Since Gy is non-compact Theorem tells us that there is no
invariant probability measure under the projective action of Gy on P(gg). So Gy is non-
amenable. O

REMARK 5.6. Although we will not use this, let us mention that amenability passes to
closed subgroups. This relies on the axiom of choice. Be careful however, amenability
does not pass to arbitrary subgroups! For example, one may embed a non-abelian free
group (densely) into the compact group SO(3). But non-abelian free groups, viewed as
discrete groups, are not amenable.

COROLLARY 5.7. Solvable groups are amenable. In particular the minimal parabolic sub-
group P of a connected semi-simple Lie group is amenable.

ProOOF. The fat that solvable groups are amenable is checked by induction thanks
to the previous lemma. Now it is known from Iwasawa decomposition that a minimal
parabolic subgroup P as in the statement is a compact extension of a solvable group. So
P must be amenable. U

Of course, in our special case G = SLy4(R), P is nothing but the (solvable) subgroup of
upper triangular matrices. So it is clearly amenable.

2. A boundary map

PROPOSITION 5.8. Let I' be a lattice in a connected semi-simple Lie group G and denote
by P a minimal parabolic subgroup. Consider a continuous action of I' on a compact
metrizable space X . Then there exists a I'-equivariant map 0 : G/P — Prob(X).

Here we mean that the map 6 : G/P — Prob(X) is such that 6(yz) = v0(x) for every
v € T" and almost every x € G/ P. The only property of P used in the proof is amenability.

PROOF. As usual, we view Prob(X) as a compact convex subset of the dual space
C(X)', endowed with the weak-* topology.

We denote by F := LL(G,C(X)) the Banach space of all measurable '-equivariant func-
tions f : G — C(X) such that

1l = / r)ldg <o

In the above integral, we use the fact that f is I-equivariant, and thus, g € G — || f(g)]|| is
left I'-invariant to view the latter as a function on I'\ GG, which we integrate with respect to
the unique right-G-invariant probability measure on I'\G. We'll use this again implicitly
a few lines below.

On the other hand we denote by E := LY (G, C(X)’) the vector space of all measurable,
bounded, I-equivariant maps ¢ : g € G — ¢, € C(X)'.

In the definition of £ and F, C(X) (resp. C(X)’) is endowed with the Borel o-algebra
of its norm topology (resp. its weak-* topology). Measurability of functions is thus

considered with respect to these o-algebras. Of course we abuse with notation here, and
in fact elements of £ and F' are only considered modulo almost everywhere equality.
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Since X is separable, one can prove that F identifies with the dual of the Banach space
F' thanks to the pairing

(m, )= | dy(f(9))dyg.

G
So we may endow E with the weak-* topology. Inside F we have the convex subset
C := L¥(G,Prob(X)). This set is easily seen to be bounded in E with respect to the
dual norm on E (coming from the norm on F'), moreover it is a weak-* closed subset of
E, so it must be weak-* compact, thanks to the Banach-Alaoglu theorem.

Now observe that the right action of GG on itself gives by pre-composition a norm con-
tinuous linear action of G on F, and hence a weak-* continuous action on E. Observe
that since the measure on I'\G is right G-invariant, this dual action on F is also given
by pre-composition, i.e.

(g-®)n = ¢ny, forall p € E,g,h €G.

Moreover C is clearly globally invariant under this action. By amenability of P, we
may find a fixed point # € C under the action of P. This fixed point is then a map
G — Prob(X) which is left I'-equivariant and right P-invariant. We may thus factorize
it to a I' equivariant map G /P — Prob(X). O

3. Existence of nice measures on lattices

Let G be a connected semi-simple Lie group P a minimal parabolic subgroup and K
a maximal compact subgroup of GG. Then it follows from the Iwasawa decomposition
K acts transitively on G/P. Moreover, since K is amenable, there exists a K-invariant
Borel probability measure vy on G/P. By transitivity, this measure is unique, and any K-
quasi-invariant measure on G /P is equivalent to vy. In particular any G-quasi-invariant
measure on (G/P is equivalent to 1, which implies that v is in fact quasi-invariant under

G.

Moreover from uniqueness, it follows that if g € Prob(G) is any left K-invariant proba-
bility measure on G, then any pg-stationary measure on GG/P must be K-invariant, and
hence, vy is the unique pg-stationary measure on GG/ P. The following proposition shows
that even though a lattice in G does not carry a K-invariant probability measure, there
still exist measures i on it such that v is p-stationary.

LEMMA 5.9. Let I be a lattice in a connected semi-simple Lie group G with trivial center.
Denote by vy the unique K-invariant measure on G/P. Then there ezists a probability
measure f1 € Prob(I") whose support is all of I and such that vy is u-stationary.

PRrROOF. For t € [0, 1], we define a set
Py :={p € Prob(G) | u(I') > 1 —t and p({h}) > 0, for all h € T'}.
Consider the function 7 : G — [0, 1] given by
7(g9) =inf{t € [0,1] | Fpu € Py : gavo = 1 * 1}

We admit that this is a measurable function on G, with respect to the o-algebra of Haar
measurable subsets. This can be proved using [Arv76, Section 3|, but this would require
us introducing too much formalism in view of the time we have.

We now prove a series of claims that will eventually lead to the fact that 7 is uniformly
bounded away from 1.
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Claim 1. For every g € G, v € T', there exists €,, > 0 and a finite measure j4, on G
such that g.1p = €470 + g * o.

We first introduce an auxiliary measure po € Prob(G). We let U C G be an open
neighborhood of the identity with compact closure and which is left K-invariant. We
denote by py € Prob(G) the restriction to U of an appropriately normalized Haar measure
on G (to ensure that y is indeed a probability measure on ). Observe that |J -, U"
contains an open subgroup of G, hence is equal to G by connectedness. Then we know
that vy is a po-stationary measure on G/P.

Observe that any convolution power pj", n > 2, of g is absolutely continuous with
respect to the Haar measure, and that the corresponding Radon-Nykodim derivative is
continuous and supported on U™. Since U is compact and Un21 U™ = G, we may find
n such that gU™ contains y(U) = supp(7.fto). Therefore there exists €, > 0 such that
Gultg" > €94V bo- In particular, the measure piy ., := guptg" — €4V« lto i a positive measure.
And we have

g« = g*(ﬂén * VO) = (59777*,“0 + ,ug,v) ¥ Vg = Eg Vsl T gy * V.
This proves Claim 1.
Claim 2. For every g € G, 7(g) < 1.

Choose a family (a,),er of (strictly) positive numbers such that 3 a, =1, and sum up
the equalities from Claim 1 as « varies:

9xo = § :avg*’/o = § 0 (Eg7el0 + fgn ¥ 0) = (§ :avgg,v(sv + Qg ) * Vo.
vel yerl vyel

Note that the measure 1 := 3 1 a,€40,+ay iy, isin Py, where t =1-3" pa,g., < 1.
This proves that 7(g) < 1.

Claim 3. We may find ¢ < 1 such that 7(g) < ¢ for every g € G.

We will use the auxiliary measure py € Prob(G) again. First observe that 7 is left I'-
invariant: 7(vg) = 7(g) for every g € G, v € I'. Moreover, since vy is po-stationary, we
have

(3.1) 7(9) g/GT(gh) dpo(h).

This is based on von Neumann’s measurable selection theorem, see for instance [Arv76,
Theorem 3.4.3]. Although we omit the proof of the theorem, let us briefly sketch how to
use it to prove the inequality. Fix ¢ > 0 and consider the Borel subset of G x Prob(G)

X :={(9,1) € G x Prob(G) | pt € Pr(g)te, guVo = P * i}

The Borel map 6 : (g,u) € X — g € G is surjective. Then the measurable selection
theorem tells us that we may find a measurable section ¢ : G — X such that 6 o 0 = id.
Then o(g) is of the form (g, p1y), and g € G — p, € Prob(G) is measurable. For every
g € GG, we then have

( /G tign dpio(R)) # vo = /G tign  vo dpio(h) = / (gh).0 dpo(h) = g,

Moreover the measure p = fG tgn dpto(h) has atoms at every point of I' and satisfies

n0) = [ (Dol > 1= [ rlah)n(r) =

This shows that 7(g) < [, 7(gh)dpo(h) +e. Since e can be arbitrarily small, we get (3.1)).
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Now we view 7 as a function on X := I'\G. Denote by Ay the right G-invariant probability
measure on X. Equation (3.1)) and Cauchy-Schwarz inequality give

/XT(x)szX(x) S/X(/GT(CCh) dpo(h))? dAx ()
< /X /G r(2h)? duo(h)) dAx (2)
_ /G /X 7(wh)? dAx(z) do(h)
:/XT(J:)Qd/\X(x).

So all the implied inequalities are actually equalities. In particular the equality in the
Cauchy-Schwarz inequality tells us that h +— 7(xh) is pg-essentially constant for almost
every x € G. We further deduce that 7 is essentially constant on G. This does not give
on the nose that 7 is constant on G, since it is a priori not continuous, but since is
true for every g € G, this gives the claim.

Applying von Neumann’s measurable selection theorem once again, and using an av-
eraging argument, we conclude that for every pu; € Prob(G) we may find a measure
i € Py such that py x vy = p*x 1. We may decompose i as a convex combination
w = (1 —0)uy + lus where ), ps € Prob(G), supp(p) = I'. So we can inductively
construct measures fi,, i, € Prob(G), n > 1, such that supp(ul,) =T, 1 = J., and
vo =y * g = (1 = O)py x v + Lug * 1

= (1= 0)py v+ L((1— )y * vg + Lus * 1)

=1 —Op)*vo+ (1= Olpyxvo+ (1 — 0Py xvo+ . ...
Thus, we find that vy = pieo * o, Where poo = (1 = £) 37, o i1 This measure has
support equal to I O



CHAPTER 6

Margulis superrigidity theorem

1. Algebraic preliminaries

The general statement of Margulis superrigidity theorem requires the language of alge-
braic groups. We will try to keep it to a minimum, and rather state the result in the
setting of Lie groups. Nevertheless some unavoidable language needs to be introduced.

We will use a naive approach to algebraic geometry, focusing on the points of rather than
the function rings.

1.1. The Zariski topology. In this section k£ denotes an arbitrary field.

DEFINITION 6.1. A subset V' C k™ is said to be Zariski closed if there exists a family of
polynomials I C k[X1,...,X,] such that V is exactly the set Z(I) of common zeroes of
all elements of I.

One checks that the Zariski closed sets form the family of closed sets of a topology,
called the Zariski topology. 1f V is Zariski closed, then in fact V' = Z(I(V')), where
I(V) C k[X,...,X,] is the ideal of all polynomials vanishing on V. More generally, if
V' C k™ is any subset, then Z(I(V)) is a closed set containing V', it turns out to be equal

to the Zariski closure of V', denoted by v’ (or V when there is no ambiguity).
EXAMPLE 6.2. Let us give some comments and examples in the setting of groups.

e The set SL(n, k) is Zariski closed inside M, (k) ~ k", being the zero set of
det —1.

e The set GL(n, k) is not Zariski closed inside M,,(k), but it can still be seen as
a Zariski closed subset of M, (k) x k ~ k™1, as the zero set of the polynomial
P(Ajx) = 1 —xdet(A), A € M,(k), x € k. Concretely, this corresponds to
identify the group GL(n, k) with its image under the map

A€ GL(n, k) v (A, 1/ det(A)) € My (k) x k.

Exercise: check that the induced topology on GL(n, k) of the Zariski topology
in any of these two embeddings is the same.

Let us record an easy fact.

LEMMA 6.3. If G C GL(n, k) is a subgroup, then its Zariski closure G inside GL(n, k) is
again a subgroup.

PROOF. By the comments above, G is equal to Z(I(G)) N GL(n, k), where I(G) is
the set of polynomials in n? variables that vanish on G C M, (k) ~ k™. Assume that
a,b € G and take P € I(G). Since G is a group, we know that for all » € G, the
polynomial Ry, : x — P(xh) vanishes on G, i.e. Ry, € I(G). Since a € G, we deduce that
P(ah) = Rp(a) = 0 for all h € G. Thus the polynomial L, : y — P(ay) vanishes on G.
Since b € G, we conclude that P(ab) = L,(b) = 0. Hence ab € G.

44
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We want to proceed similarly for the inverse, but unfortunately, the inverse map = €
GL(n, k) — 2= € GL, (k) does not extend to a nice polynomial map on M, (k). Instead,
we use the other embedding GL(n, k) C M, (k) x k described above. With this embedding,
the inverse map extends to the map 0 : (A,z) € M, (k) x k — (zA’,det(A)) € M,(k) x k,
where A’ is the transpose of the commatrix of A.

Again, e may be expressed as Z(I(G)) where this time I(G) is the set of polynomials
in n? + 1 variables that vanish on G C M, (k) x k. If a € G, and P € I(G), then the
map z — P(6(z)) is a polynomial that vanishes on G, thus it vanishes on a: P(6(a)) =
P(a™') = 0. This shows that ™' € G. O

The above proof illustrates that the embedding GL(n, k) C M, (k) x k is more relevant
to consider functions on G. In this respect, we will say that a function GL(n,k) — k
is rational if it is the restriction to GL(n,k) of a polynomial map on M, (k) x k. In
particular, the map g — det(g)~! is rational.

DEFINITION 6.4. An (affine) algebraic group is a Zariski closed subgroup of some GL(n, k).

A function G — k on such a group is called rational if it is the restriction to G of a rational
function on GL(n, k).

Note that in the above definition the ambient linear group GL(n, k) is part of the data.
This is because we didn’t take the time to describe the relevant category associated with
the Zariski topology and rational maps. This may seem annoying but it will be enough
for our purposes.

DEFINITION 6.5. An algebraic representation of an algebraic group on a k-vector space
V' is a group homomorphism 7 : G — GL(V) such that for any rational function f :
GL(V) — C, the function f o is rational on G.

EXERCISE 6.6. Check that 7 is algebraic if and only if for every v € V and x € V*, the
coefficient function g — x(7(g)v) is rational on G.

LEMMA 6.7. If G C GL(n, k) is an algebraic group and I' C G is a Zariski dense subset,
then for any algebraic representation m : G — GL(V), n(G) is Zariski closed and w(T") is
Zariski dense in 7(Q).

PrOOF. We admit the first fact. It is based on commutative algebra. The second
fact is trivial: in any topological space the image of a dense set by a continuous map is
dense. O

1.2. Algebraic Lie groups. In this section, we specify to the case where £k = R or
k = C. In this case, k and M, (k), GL(n, k),... all carry both a Zariski topology and a
locally compact topology. We will add the term Zariski to any property that refers to
the Zariski topology.

REMARK 6.8. An algebraic group G C GL(n,k) is closed inside GL(n,k) (for both
topologies), so G is naturally endowed with a Lie group structure over k.

The following result is a special feature of algebraic Lie groups.

THEOREM 6.9. An algebraic group G C GL(n, k) has only finitely many connected com-
ponents, when seen as a Lie group over k.
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ELEMENTS OF PROOF. The proof splits into two parts: First one shows that G has
only finitely many Zariski-connected components. Then one shows that if G is Zariski
connected, then it has only finitely many connected component, when viewed as a Lie
group.

The first part follows from the Noetherian property of the ring k[X7,..., X,241]: any
non-decreasing chain of ideals is eventually constant. So topologically, any non-increasing
chain of Zariski closed subsets of GG is eventually constant. Exercise: fill the blanks!

The second part is more involved. A good reference is [Shal3l Chapter 7.2]. O

As for Lie groups, the adjoint representation plays a pivotal role in the study of algebraic
groups.

LEMMA 6.10. Let G C GL(n, k) be an algebraic group. Then the adjoint representation
Ad: G — GL(g) is algebraic.

PROOF. The result is obvious for G = GL(n, k) itself as the adjoint representation is
just given by Ad(g)(A4) = gAg™!, g € G, A € M, (k).

In the general case we use a restriction trick. Since G C GL(n, k), we have an embedding
of Lie algebras g C M, (k). Denote by G C GL(M,,(k)) the algebraic subgroup of elements
that leave globally invariant the subspace g C M, (k). Then the adjoint representation
GL(n, k) — GL(M,(k)) restricts to an algebraic representation 8 : G — GL(M,(k)),
with range inside G. Moreover, the restriction map o : G — GL(g) is clearly algebraic.
So the result follows from the observation that a0 5 : G — GL(g) is exactly the adjoint
representation of G. U

Given a connected semi-simple Lie group G with trivial center, we will freely speak about
the Zariski topology on G to refer to the Zariski topology in its adjoint representation,
i.e. in the algebraic group Aut(g) C GL(g).

2. The statement

THEOREM 6.11 (Margulis superrigidity theorem). Let G and H be connected semi-simple
Lie groups with trivial center. Assume that G has rank at least equal to 2 and that H
has no compact factor. Let T' be an irreducible lattice in G and w : I' — H a group
homomorphism such that w(I") is Zariski dense in H.

Then 7 extends to a Lie group homomorphism G — H.

Let us discuss some of the assumptions of this theorem.

REMARK 6.12 (Assumptions on (). The requirement that G is connected and has trivial
center is a natural assumption and will not be discussed. The rank condition on G is
necessary. In our simplified setting where G = PSL4(R), it means that d > 3. In fact, we
may observe that the theorem fails when d = 2. Indeed, G = PSLy(R) contains a lattice
which is isomorphic with a free group on two generators F,. This free group itself has
a finite index subgroup I' isomorphic with a free group on three generators 3. Then I
is still a lattice in G, while the surjective morphism I' — Fy given by killing one of the
generators does not extend to a continuous morphism G — G, because G is simple, while
the morphism I' — [F5 has infinite kernel.
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REMARK 6.13 (Assumptions on I'). The irreducibility assumption is necessary, other-
wise we could produce a counterexample by considering a product lattice F3 x [F3 inside
PSLy(R) x PSLy(R) as before.
Besides, note that the definition of irreducibility we gave prevents G' to admit compact
factors. A softer definition could allow this situation, but we would then have to assume
that G' has no compact factors.

REMARK 6.14 (Assumptions on H). In fact in the conclusion of the theorem, one can
prove that the extension of 7 is a surjective morphism. Thus several assumptions on H
are necessary: trivial center, semi-simplicity, no compact factors. Let us mention about
this last assumption that the morphisms from I' into compact simple Lie groups are well
understood. We provide below one example of such a morphism.

EXAMPLE 6.15. Consider the quadratic form @ : R® — R given by
Qx) = ff% + x% + ffg - \/Exi — \/ﬁxg, for all z € R®.

Then it follows from Borel and Harish-Chandra’s theorem that SO(Q,Z[v2]) is a lat-
tice inside G' := SO(Q,R). But the non-trivial Galois automorphism ¢ of Z[v/2] over
Z changes the quadratic form () to a positive definite quadratic form 7. This Galois
automorphism ¢ induces an embedding of rings Z[v/2] < R and further a group homo-
morphism 7 : I' < GL(5,R) such that 7(I') C H := SO(Q?,R). But since G is simple
and non-compact there is no non-trivial continuous morphism G — H into the compact
group H.

About the conclusion of the theorem, we make the following observation.

PROPOSITION 6.16. The extension morphism given by Margulis’ superrigidity theorem is
unique.

PROOF. Representing H on a finite dimensional vector space V, it suffices to show
that two continuous representations m,ms : G — GL(V) which coincide on a lattice I'
are equal. To that aim, define a finite dimensional representation 7 : G — GL(End(V))
by the formula

7(g) : T € End(V) = m(g)Tm(g)"" € End(V), for all g € G.

Then by assumption 7(I') fixes the line Rid C End(V). So by Borel-density theorem
(Corollary [4.6)), 7(G) must fix this line as well. Since G is semi-simple, it has no character,
so in fact 7(G) must fix the element id € End(V'). This implies that m(g) = ma(g) for
all g € G. O

3. The proof

3.1. First reduction. We observe that it suffices to prove Margulis’ theorem in the
case where H is simple. Indeed, if this is true in this case, then if H is an arbitrary
connected semi-simple Lie group with trivial center, we may write H as a product H; X

- x H, of simple Lie groups with trivial center. Then composing the morphism 7 :
I' — H with each projection on the factors H;, we obtain morphisms m; : I' — H;, which
must extend to continuous morphisms G — H;, still denoted by 7;. Then the morphism
g€ G (m(g),...,m(g)) € H, is a continuous extension of 7.
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3.2. What do we aim for? It will be useful for us to assume that H is represented
(non-trivially) on a vector space V. Since H is simple, this amounts to having an em-
bedding o : H C GL(V). But we also want to keep track of the Zariski topology, so we
will assume that this representation o is algebraic. We then claim that o(H) C GL(V)
is equal to the connected component of its Zariski closure. Indeed, first recall that since
H is simple, it is equal to the connected component of the algebraic group Aut(h). In
this context, an algebraic representation of H is by definition the restriction to H of an
algebraic representation o of the algebraic group Aut(h) on V. By Lemma , we deduce
that o(Aut(h)) is Zariski closed and contains o(H). Which easily implies the claim.

From now on we omit the letter o and really see H C GL(V) as a subset. In this context,
we may view 7 as a representation of I' on V.

A classical construction when we are given a representation of I' is to induce it to a
representation of G. So let us denote by LY(G, V) the space of all measurable maps f
from G into V that are I'-equivariant, in the sense that f(yg) = m,(f(g)) for all v € T,
and almost every g € G. Consider the induced representation 7 of G on LA(G, V) given
by right translation:

(Fy(f))(h) = f(hg), forall fe Lp(G,V) g,h€G.

Since the initial representation 7 is not unitary, we need not find a nice G-invariant norm
on LY%(G, V). However, this representation is continuous for the topology of convergence
in measureE]. All what we need to know about this is that if £ C LY(G,V) is a fi-
nite dimensional G-invariant subspace then the restricted representation G — GL(E) is
continuous. This essentially follows from Lemma [6.19]

EXERCISE 6.17. Assume that the initial representation 7w does extend to a representation
of G (still denoted by 7). Check that 7 is then conjugate with the representation of G
on LY(G/T') ® V defined by the formula Ag/r(g) ® n(g), g € G. (Hint. Study the map
6:L°(GT)®V — L°(G,V) defined by (f ®v) : g € G — f(g~'T)m,(v) € V)

Deduce that the induced representation 7 contains a finite dimensional subspace which
is globally invariant, and on which the representation 7 is conjugate with the initial
representation .

From the above exercise, it appears that a good step towards proving the theorem is to
try to find a finite dimensional G-invariant subspace inside LX(G, V). Let us prove that
this is indeed sufficient.

PROPOSITION 6.18. If there exists a finite dimensional subspace of LY(G,V) which is
globally G-invariant and which contains a non-constant function, then the homomorphism
m: ' — H extends to a Lie group homomorphism G — H.

PROOF. Let E C LY(G,V) be such a G-invariant finite dimensional subspace. Let us
first prove a very useful claim.

Claim 1. Any element f € E, viewed as a measurable function defined almost surely,
admits a continuous representative.

The restriction of the induced representation 7 to E gives a representation my : G —
GL(F), which can be checked to be a measurable group homomorphism. Thanks to
Lemma below, we deduce that 7 is in fact continuous. Take an element f € E and

'We will not use this but it may be reassuring to know that this is a so-called Polish topology: it is
metrizable, separable and complete.
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fix a basis fi,..., fr of E. Then we may find continuous functions ¢y,...,¢, : G — R
such that for all g € GG, we have
¢
mo(9)(f) =Y cilg) fi-
i=1
By Fubini’s theorem, we deduce that for almost every h € G, for almost every g € G, we

have .
hg = Z cz

In particular, we may find an element h € G such that for almost every g € G,
flg) = S0 ci(hg)fi(h). This last expression is continuous in the variable g € G
(we emphasize that h € G is fixed). This proves Claim 1.

Observe that since E contains a non-constant function, 7y is a non trivial representation
of G. By Borel density theorem, it is a non-trivial representation of I

Thanks to the claim, we may select a (unique) continuous representative of each ele-
ment in £. From uniqueness it actually follows that this representative is everywhere
[-equivariant. Then the following evaluation map is well defined, and linear:

U:feEw fle)eV.

Moreover, the I'-equivariance property of each element f € E C LY%(G, V) implies that
for all v € I', we have ¥ ((m),(f)) = f(v) = 7, (f(e)) = 7,(¥(f)). In other words, ¥

intertwines the representations my and 7 of I'.
Claim 2. V is injective and W (F) C V is globally H-invariant.

Note that Ker(¥) is mo(I')-globally invariant. By Borel density theorem, we deduce that
Ker(V) is globally m(G)-invariant. So if f € Ker(¥), then (m),(f) € Ker(¥) for all
g € G, and hence f(g) =0 for all g € G. This proves that ¥ is injective. For the second
part, observe that W(F) is globally 7(I')-invariant. Since 7 is an algebraic representation
of H, and I is Zariski dense in H, Lemma [6.7] shows that 7(I") is Zariski dense in 7(H).
This implies that m(H) is contained in the algebraic group of elements of GL(V') that
leave W(E) globally invariant, as desired.

Since W := U(F) is globally H-invariant, we may consider the restricted representation
H — GL(W). This is a non-trivial representation of H. Indeed, we observed that I' acts
non-trivially on E, so Claim 2 and the I'-equivariance property of ¥ show that I' acts
non-trivially on W. Since H is simple, the representation H — GL(W) is faithful. Now,
observe that the group homomorphism

p:g€G— U(m),¥ e GL(W)

is continuous and satisfies p(y) = 7 () for all v € I'. In particular, p(I') C H. Since G
is semi-simple and connected, Borel density theorem implies that p(G) is contained in
the Zariski closure of H. Since p(G) is connected, it must be contained in the connected
component of this Zariski closure, i.e. in H. So p is the desired extension. U

We used the following general lemma.

LEMMA 6.19. A measurable morphism ¢ between two lcsc groups G and H 1is continuous.

PrROOF. Let O C H be an open neighborhood of the identity in H and U an open

set such that UU ™! C O. Then using countably many translates of U one can cover the
whole H. Better: ¢(G) C J,, ¢(h,)U for countably many h, € G. This implies that
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G = Uph,¢ '(U). Hence the measurable set ¢~'(U) has positive Haar measure. This
means that ¢~ (UU ') contains an open neighborhood of e, because the convolution
function 1,-1(yy * 1g-1(y-1) is continuous, supported inside ¢~'(UU™'), and non-zero at
eq. Hence ¢~1(0O) contains a neighborhood of eg, which shows that ¢ is continuous. [

3.3. Finding a nice representation. To apply the previous strategy, we will need
to find a nice representation of H.

PROPOSITION 6.20. Let H be a connected non-compact simple Lie group and let A < H
be a Zariski-dense subgroup. Then there exists an algebraic representation H — GL(V)
which s irreducible and such that A acts prozimally on V. In fact this representation is
strongly irreducible for A.

PRrROOF. This is based on Proposition [4.15] In order to apply it, we need to check that
A does not have compact closure. View H as a subgroup of GL(h). If A had compact
closure, then it would preserve some scalar product on §, hence it would be contained
in an orthogonal group (which is algebraic). The intersection of this orthogonal group
with H would be an algebraic group containing A, and strictly contained in H,because
H is non-compact. This would contradict the fact that A is Zariski dense in H. So
Proposition .15 applies, and it is clear from its proof that the representation that we get
is algebraic.

Moreover if W C V is a subspace invariant under a finite index subgroup A of A, then
it is invariant under its Zariski closure. Denote by Hj this Zariski closure. Since Ag has
finite index inside A, we may find g1, ..., gn € A such that

i=1
Since the left multiplication by each g; is algebraic, we find that the Zariski closure of
giAo is g;Hy. So taking the Zariski closure in the above equality gives H = J!", g;Ho. So
Hj has finite index inside H. Since H is connected, it has no-proper closed finite index
subgroup. So H = Hy and W is in fact H-invariant. This forces W = V. U

3.4. Finding a finite dimensional subspace in the induced representation.
Represent the group H on some vector space V' as in Proposition applied to A =
7(['). We denote by p this representation. In fact the representation to which we will
apply Proposition is the representation o : H — GL(End(V)), given by o,(T) =
pnTp;, ', for all T € End(V), h € H.

A first step will be to find an element f; in the induced space L%(G, End(V)) with good
invariance properties under the G-action. Then we will make sure that the G-orbit of
this function spans a finite dimensional subspace.

The composition of 7 : I' — H with the representation p : H — GL(V) gives a linear
representation of I on V', and therefore, an action of I on the projective space P(V).

From now on, we assume that G = PSLy(R), and we use the notation A, P, N given in
Chapter 2, Section

LEMMA 6.21. There exists a I'-equivariant measurable map G/P — P(V).

PROOF. By Proposition [5.8] there exist a I'-equivariant measurable map 6 : G/P —
Prob(P(V')). Denote by vp the unique K-invariant probability measure on G/P. Thanks
to Lemma , we may find a probability measure p € Prob(I') whose support is the
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whole of I and such that pvp = vp. Since the representation pon : I' — V' is proximal
and strongly irreducible, the result follows from Corollary [4.14] U

In the above proof, it may not be so obvious why we need to use Lemma 5.9 at all.
Indeed one could a priori take for p any probability measure on I', and denote by v
a p-stationary measure on G/P, and apply Corollary in the same way. However,
doing so would only tell us that the map 6(x) is a Dirac measure on P(V') for vy-almost
every x € G/P. If we don’t have any control on the measure vy, this condition could
only happen for a very small set of x’s (for instance it might only happen on a countable
set of 2’s). So Lemma allows us to make sure that this happens for almost every x,
with respect to vp (which is a nice G-quasi-invariant measure).

LEMMA 6.22. There exists a non-constant I'-equivariant measurable map fy : G/A —
End(V).

PrOOF. The map G/P — P(V) given by Lemma also exists for the dual repre-
sentation p* : H — GL(V*), given by pi(x) = xop,' € V*, forall y e V*, h € H.
FEzercise. Check that the representation p*om : I' — GL(V*) is also proximal and strongly
irreducible.

So we also have a I-equivariant map G/P — P(V*).

Therefore, we may form the product map, G/P x G/P — P(V) x P(V*), which is I'-
equivariant with respect to the diagonal actions I' ~ G/PxG/P and I' ~ P(V) x P(V*).
This map is measurable, and maps the product measure vp X vp to the product measure
v x v*, where v (resp. v*) is the unique p-stationary measure on P(V') (resp. P(V*)).

Claim 1. There is one G-orbit in G/P x G/P (for the diagonal action) which has full
measure. It is isomorphic with G/A.

It is well known that any matrix having no vanishing principal minor can be written as
the product LU of a lower triangular matrix L with an upper triangular matrix U. This
is the so-called LU-decomposition, and can be checked by induction on the size of the
matrix. In particular, since the condition of having vanishing minors is of measure 0
inside GG, we find that almost every matrix g € G decomposes as a product LU.

We deduce that the group P of lower triangular matrices has a co-null orbit inside G /P,
namely the orbit of the point P. Denote by @ = PP this orbit. Now observe that
P is conjugate to P via the permutation matrix wy associated with the permutation
0o : it +— n+ 1 —i. In conclusion, the G-orbit of the point (P, wyP) contains its P-orbit,
which is equal to (P, PwoP) = (P,woPP) = (P,we0). So G- (P,wyP) contains all fibers
(9P, gwoO) for all ¢ € G. As gwoO has full measure inside G/P, the first part of the
claim followsZ

Note moreover that the stabilizer of (P,woP) is P NwoPwy;' = PN P = A. So the
G-orbit of (P, wyP) is isomorphic (as a G-space), with G/A.

Claim 2. In P(V) x P(V*), the set Z := {(z,x) | x(z) = 0} has measure 0. It is also
invariant under the diagonal I'-action.

Since we are dealing with a product measure it suffices to check that for every y € P(V*),
the fiber Z, := {z € P(V) | x(z) = 0} has measure 0: v(Z,) = 0. But each such fiber
Z, is equal to a (projective) hyperplane. So the claim follows from Lemma 4.12]

2When G is a general semi-simple Lie group, the decomposition LU that we used is superseded by
the so-called Bruhat decomposition. This decomposition gives a complete description of all the orbits of
the action of G on G/P x G/P
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So, we get a measurable I'-equivariant map G/A — Z¢ (by perturbing our initial map on
a subset of measure 0 if needed). We may compose it with the map
(Z,x) € Z°—{veV— %x € V} € End(V).
X(x
One checks that the composed map fy : G/A — End (V) is I'-equivariant when I' acts on
End (V') by the formula v(T") = pﬂ(v)Tp;(lv), for all '€ End(V'), v € I. One easily checks

that fy is non-constant. O

We may view the function fy from Lemma as an element fy € LY(G, End(V)) which
is (A)-invariant, and non-constant. Here, we recall that 7 is defined by the formula
o(f)(h) = f(hg) for all g.h € G, f € Lp(G, End(V)).

We want to check that span(7(G) fy) is finite dimensional. This is where we will use the
higher rank condition on G (in our case, the d > 3 condition for G = PSL4(R)). More
precisely, we will need the following property.

LEMMA 6.23. There exist infinite subgroups Ay, ..., Ax C A such that every element of g

can be written as a product g; .. . g of elements in the centralizers g; € Zg(A;). Formally,
G =2Zg(A1) - Zag(Ayp).

PROOF. For 1 < i <n—1, define A; = {diag(as,...,a,) | a; = aj41,[[a; = 1}.
FEzercise. Check that P is contained in a product Z(A4;,) - - - Z(A;,) for appropriate indices
i1, ..., 4p. Taking the transpose this is also the case of P, and hence of Y := PP. By the
LU-decomposition, this set is co-null in G. Hence G = Y'Y, which implies the lemma. [J

PROPOSITION 6.24. Let E C LY%(G,End(V)) be a finite dimensional subspace which is
globally A-invariant. Let Ay C A be an infinite subgroup and denote by C := Zg(Ap).
Then the linear span E' of m(C)FE is still finite dimensional and globally A-invariant.

The proposition relies on the following consequence of Howe-Moore theorem.

LEMMA 6.25. Let Ay C G be a non-compact subgroup and consider a linear, finite dimen-
sional I' x Ag-module W . Note that I' x Ay acts on G by left-right action. Then the vector
space of all measurable I' x Ag-equivariant functions from G to W s finite dimensional.

PRrROOF. Take finitely many such measurable functions fi,..., f, : G — W. For all
g € G, we denote by d(g) the dimension of span({fi(¢9),..., f.(¢9)}). Then d: G — R is
a bounded measurable function, which is I' X Ay invariant. By Howe-Moore theorem, Ay
acts ergodically on G/I', so I' x Ay acts ergodically on G. This shows that d is a constant
function, bounded by dim(WW'). We may now choose the family fi,..., f, such that the
corresponding pointwise dimension d is maximal. We may also assume that n = d.

Take now any other I' x Ap-equivariant measurable function f : G — W. Then for almost
every g € G, we may write f(g) as a (unique) linear combination f(g) = 32, ¢i(g) fi(9).
By uniqueness, the coefficient functions ¢; must be measurable. Since f and the f;’s are
equivariant, the functions ¢; must also be T x Ag-invariant (here we use the fact that W
is a linear I' x Ag-module). Applying Howe-Moore theorem again, these functions must
be constant. Then we deduce that

d
f= Zczfz

So fi,..., fq is a generating family, proving that our space has finite dimension. O
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PROOF OF PROPOSITION [6.24]. Note that A normalizes Ag, so it normalizes C' =
Z(Ag) as well. Therefore, 7(a)7(c)f = 7(aca ) (7(f)) € F', for all a € A, ¢ € C,
f € E. This implies that E’ is globally A-invariant.

We now need to prove that E’ has finite dimension. For this, note that every element
¢ € C acts as an Ag-equivariant linear map from F into LY(G, End(V)).

Claim. The vector space X := Homy, (F, LY(G,End(V))) is finite dimensional.

This claim implies the proposition, because E’ is contained in the image of the bilinear
map

(L, f) € X x Ew L(f) € L%(G,End(V)).

To prove the claim, denote by W := Hom(F, End(V')). This finite dimensional vector
space is endowed with a linear action of I' X Ay, coming from the action of I' on End(V/),
and the action of Ay on E. The proposition follows from Lemma [6.25] and the following
exercise.

Ezercise. Prove that X identifies as a vector space with L}, , (G, W). O

Using this proposition, we can prove by induction that for every finite family of infinite
subgroups Ay, ..., A, C A, the vector space span({Zg(A1) - - - Zg(An) fo}) is finite dimen-
sional. So Lemma [6.23| implies that indeed the G-orbit of fy; spans a finite dimensional
subspace. This concludes the proof of Margulis superrigidity theorem.
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