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Chapter I. Representations

1. The groups that we will treat in detail

Let K be a field. The basic groups are

GL(n,K)={Ae€ K™";, detA+#0} (general linear group),
SL(n,K)={A e K™"; detA#0} (special linear group),

in particular
SL(2,R), SL(2,C).

We denote by E, the p x p unit-matric and by

e (0" 5,)
The orthogonal groups are
O(p,q) = {A € GL(n,R); A'E, A= qu}, p+qg=n
and the unitary groups are
U(p,q) ={A€GL(n,C); AE,A=E,}, p+q=n

Their subgroups of determinant 1 are denoted by SO(p,q) and SU(p,q) will
be studied in detail. In the case ¢ = 0 we omit ¢ in the notation, O(p) =
O(p,0),.... The main examples we will treat are

SO(2,R) € SL(2,R), SU(2,C) c SL(2,C).

We will occur some exceptional isomorphisms. Let S! be the group of complex
numbers of absolute value one. Obviously

St=U(1).
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There is also the isomorphism

a b

~ 1
SO(2,R) — S-, (C d

)>—>a—ib.

The Lorentz group is O(3,1). It contains two subgroups of index two. One is
SO(3,1), the other (the so-called orthochronous Lorentz group) can be defined
through

O+(3, 1) = {A S 0(3, 1), ail > O}

(We will see that this is actually a group). The intersection
SO™(3,1) = 0%(3,1)nSO(3,1)

is called the proper orthochronous Lorentz group. It is a subgroup of index 4
of the Lorentz group. This subgroup is closely related to the group SL(2, C).
We will construct a surjective homomorphism

SL(2,C) — SO™(3,1)

such that each element of SO (3,1) has two pre-images which differ only by
the sign. One says that SL(2,C) is a twofold covering of SO (3,1) and one
calls this the spin covering and uses the notation Spin(3,1) = SL(2, C).

The group O(3) can be embedded into the Lorentz group O(3,1) by means

1 0
A>—>(O A)'

It is contained in O%(3,1), hence SO(3) occurs as subgroup of SO (3,1). It
turns out that the subgroup SU(2) C SL(2, C) maps onto SO(3). Hence

of

SU(2) —s SO(3)

is also a surjective homomorphism such that each element of the image has
exactly two pre-images which differ by a sign. This should be considered again
as a spin covering, so the notation Spin(3) = SU(2) looks natural.

The group O(3,1) is also called the homogeneous Lorentz group. The inho-
mogeneous Lorentz group is the set of all transformations of R* of the form

v— A(v) +b

where A is a Lorentz transformation and b € R*. This group can be identified
with the set O(3,1) x R*. The group law then is

(9,a)(h,b) = (gh,a + gb).
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We write for the inhomogeneous Lorentz group simply
O(3,)R™.

There is an embedding

O(3, )R* — GL(5,R), (g,a) — (g ‘1”) .

This defines an isomorphism of the extended Lorentz group with a closed sub-
group of GL(5,R).

A variant of the inhomogeneous Lorentz group is the Poincaré group P(3).
As set it is
P(3) =SL(2,C) x R*
and the group law is
(9,a)(h,b) = (gh,a + gb).
There is a natural homomorphism P(3) — SO™ (3, R)R*. It is a twofold cov-
ering in the obvious sense.

The group P(3) can be considered as closed subgroup of SL(7, C), the em-
bedding given by
G 0 O
(G,a)— | 0 g a ],
0 0 1

where g € SO(3,1) is the image of G € SL(2, C).

Table of the important groups

St >~850(2) c SL(2,R)
SU(2) ¢ SL(2,C)
SO(3) Cc SO™(3,1)

) T
SU(2) € SL(2,C)

P(3) = SL(2,C)R*

The four little groups
There are 4 subgroups of SL(2, C) which are called little groups, namely

SL(2,C), SL(2,R), SU(2), Iso(2).
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Iso(2)::{(g Cil); CESl,zeC}

is the so-called isobaric spin group.

Here

The classification of the irreducible unitary representations of the Poincaré
group needs the following steps.

Classify all irreducible unitary representations of the little groups. The
easiest case is SU(2), since this is a compact group which implies that the
irreducible unitary representations are finite dimensional. The case SL(2, R) is
already involved. The classification in this case is due to Bargmann, V. (1947).
The case SL(2,C) has been settled be Gelfand, I. and Naimark, M. (1950).
The group Iso(2) is a special case that follows easily from the Mackey theory.

The irreducible unitary representations of the Poincaré group are derived
from the representations of the little groups through an induction procedure.
Irreducible unitary representations of the little groups are lifted in a certain
way to irreducible unitary representations P(3). These are called induced rep-
resentations. This is due to Wigner, E.P. (1938) and has been extended by
Mackey, G. (1978).

In these notes we will touch on all of these topics and some them will be
treated in very detail.

2. The Lie algebras that will occur

A (finite dimensional real or complex algebra) g is a finite dimensional real or
complex vector space g together with a (R- or C-) bilinear map g x g — g.
Every complex algebra has an underlying real algebra. There is an obvious
notion of homomorphism of real or complex algebras and there is an obvious
notion of cartesian product of two (real or complex) algebras g; X g,. The
product has to be taken componentwise.

(A1, B1), (A2, B2)] = ([A1, A2], [B1, Ba)).

An algebra g is called a real or complex Lie algebra if there exists an injective
R- or C-linear map g — C™*" such that the multiplication corresponds to the
Lie bracket

[A, B] = AB — BA.

Notice that any complex Lie algebra can be considered as a real Lie algebra.

We recall the exponential function for matrices A € cmn),

o0 An
exp(A) = Z P
n=0
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It is clear that this series converges absolutely. The rule
B~ lexp(A)B = exp(B~'AB)
is trivial. We need also the rule
det exp(A) = exp(tr(4))

which can be reduced to diagonal matrices (using the previous rule and the
fact that the set of all matrices with n pairwise different eigenvalues is dense
in the set of all matrices).

The rule
exp(A + B) = exp(A) + exp(B)

holds if A, B commute. There are generalizations to the case where A, B do
not commute. To get them one considers

log (exp(tA) exp(tB)).

This is defined when tA, tB are in a sufficiently small neighborhood of the
origin. It can be expanded for given A, B and sufficiently small ¢ into a power
series. One can compute

1
log(exp(tA) exp(tB))z tA+1tB + §t2 [A,B] +---

or
1
exp(tA) exp(tB) = exp (tA +tB + §t2 [A, B] + - - )

This formula is a link between the multiplication in the group and the Lie
bracket.

Let G C GL(n,C) be a closed subgroup. We consider the set g of all
matrices A such that exp(tA) € G for all t € R. It can be shown that g is a
real Lie algebra. (This does not exclude that in some cases it is a complex Lie
algebra.) This means that g is a real vector space and that A, B € g implies
that [A, B] € g. There is no need to give a proof, since in all cases that we
treat this will be clear.

We give an example. Consider the group SU(2). Its Lie algebra consists
of all 2 x 2-matrices A such that et is unitary for all real t. This means
eAteA’t = E. We differentiate this formula by ¢ and evaluate at t = 0. By
means of the product formula above we get A + A’ = 0. Conversely this
formula implies that e*4 is unitary for real t. Hence the Lie algebra of SU(2)
consists of all A with the property A + A’ = 0. This algebra is denoted by
su(2). Similar notations are used for other groups.

There is another basics fact which we will use in some particular cases where
it will be clear. Let G C GL(n,C), H C GL(n,C) be two closed subgroups
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and let G — H be a continuous homomorphism. Then there exists a unique
real Lie homomorphism g — b of the corresponding Lie algebras such that the
diagram

G — H
) )
g — b

commutes. If G — H is a topological isomorphism then g — b is an isomor-
phism too. But there is even a better result. If G — H is locally topological
at the origin then g — b is an isomorphism of Lie algebras. Assume for ex-
ample that G is an open subgroup of H, then the canonical inclusion induces
an isomorphism of Lie algebras. Hence the groups O(3,1), SO(3,1), 0(3,1),
SO (3,1) have the same Lie algebras.

A similar result states. Let G — H be a surjective continuous homomor-
phism with discrete kernel. Then g — b is an isomorphism.

Some Lie algebras

We associate to each group G in the list
GL(n, C), SL(n, C), GL(n,R), SL(n,R), O(p,q), SO(p,q), U(p,q), SU(p,q)

their Lie algebra g

gl(n,C) =C"*",
sl(n,C) ={A € gl(n,C), tr(A) =0},
gl(n,R) =R"*",
sl(n,R) = {A € gl(n,R), tr(A) =0},

o(p,q) ={Acgl(n,R), A'E,,+E,,A=0},
s0(p,q) = o(p,q) Nsl(p+¢q,R)},

u(p,q) = {Aegl(n,C), AE,,+E,,A=0},
su(p,q) = u(p,q) Nsl(p+ ¢, C).

A basic fact states that there is an isomorphism of Lie algebras We mentioned
that we will construct a surjective homomorphism SL(2, C) — SO (3, 1) whose
kernel consists of two elements +F. Then the induced homomorphism of Lie
algebras is an isomorphism,

SL(2,C) — SO™(3,1)
T T

~

sl(2,C) —  s0(3,1)

We will construct this isomorphism explicitly later. The groups SL(2, C) and
SO(3,1) have the same Lie algebra. But they are not isomorphic.
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Next we investigate the Lie algebra of the extended Lorentz group. In our
setting it is arises es set of all real 5 x 5 matrices of the form

(‘g ?), Ac€so(3,1), a € R

This can identified with the vector space
s0(3,1) x R*
equipped with the Lie bracket
([(A,a),(B,b)] = (|[A, B], Ab — Ba).
In this formula a, b are understood as column vector. The exponential function

computes as
exp(A,b) = (e, ).

Similarly the Lie algebra of the Poincaré group group can identified with the
space of all matrices

A 0 O
0 B a|, Aecsl(2,C), B its image in s0(3,1), b € R*.
0 0 1
This can be also identified with the pairs (A, a). Hence the Lie algebras of the
extended Lorentz group and the Poincaré group are isomorphic. We take for
the Lie algebra of the Poincaré group the model
p = sl(2, C)R*
equipped with the Lie bracket
([(A7 a)7 (Bv b)] - ([Aa B]v Ab — Ba)

Again the exponential function is given through

exp(A,b) = (e?,b).
In all our cases we described concretely a map

exp:g — G, exp(A) =e.

We formulate a general fact which is rather clear in our cases.
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2.1 Lemma. In all cases above, the map exp : g — G is locally topological at
0, i.e. it maps a suitable small open neighborhood of 0 € g onto a small open
neighborhood of the unit element in G.

Proof. The proof is very easy. One constructs an inverse of the exponential
map by means of a matrix logarithm

oo

An

—log(E — A) = —

g(E — A) nz_:l p

which converges in a small neighborhood of A = 0. g

From now on we restrict to G = SL(2, R). In this case we have
g={AecR®Y; {r(4)=0}.
Besides g we need also its complexification
gc ={A4eC®Y; r(4) =0}

This is a complex Lie algebra (i.e. it is a complex vector space and invariant
under the Lie bracket).

3. Generalities about Banach- and Hilbert spaces

Usually, we consider only vector spaces over the field of real or complex num-
bers. If E, F' are two vector spaces, we denote by Hom(FE, F') the space of all
(real- or complex-) linear maps. In the case E = F we write Hom(E, FE) =
End(FE). The group of all invertible operators in End(FE, E) is denoted by
GL(E).

A norm on a vector space E is a real valued function || - || on E with the
properties ||a|]| > 0 and = 0 only for a = 0, ||Cal| = |C|||al|, ||a+b] < ||a|+ |||
(a,be€ E), C € C (or R)). Then |la — b|| is a metric on E. The normed space
FE is called complete, or a Banach space, if every Cauchy sequence converges.
Every normed space E can be embedded into a Banach space E as a dense
subspace (with the restricted norm) in an essentially unique manner. One calls
E the completion of E. Let FF C E be a linear subspace of a Banach space.
It is a closed subspace if and only if it is a Banach space (with respect to the
restricted norm). The closure of a linear subspace in a Banach space is a linear
subspace and hence a Banach space. It can be identified with its completion.
Since any two norms on a finite dimensional vector space are equivalent, every
finite dimensional normed vector space is a Banach space. As a consequence,
every finite dimensional subspace of a normed vector space is closed.

ExpTop
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A linear map A : F — F between normed vector spaces is called bounded
if there exists a constant C' > 0 such that ||Aa| < CJla| for all @ € E. Then
there exists a smallest number C' with this property. It is called the norm of
A and is denoted by ||A||. We mention that A is bounded if and only if it is
continuous (at the origin is enough). For finite dimensional E, F' each linear
map is bounded. Let E be a normed space and F' be a Banach space. The
subspace of all bounded operators

B(E,F) C Hom(E, F)

of Hom(F, F') is a Banach space (equipped with the operator norm). We use
the abbreviation
B(E) = B(E, E).

If F is the ground field (R or C) then E' = B(FE, F') is the so called dual space.

An imported theorem on Banach spaces is the open mapping theorem. It
states that any linear bounded and surjective operator f : E — F of Banach
spaces is open, i.e. the image of an open subset is open. In particular a bi-
jective linear bounded operator f : £ — F' has the property that its inverse
is automatically bounded, hence an invertible element in B(E). We denote
the group of invertible elements by B*(F). A consequence of this is the closed
graph theorem. It states that a linear map f : E — F between Banach spaces is
bounded if an only of the graph {(z, f(z)); = € E} is a closed subset of E x F'
(equipped with the product topology).

All what we have said so far about Banach spaces can be formulated and
is true for real and complex Banach spaces. Now we consider complex vector
spaces.

A Hermitian form on a complex vector space E is a function (-,-) : ExX E —
C which is linear in the first variable and which has the property (a,b) = (b, a).
It is called positive definite if (a,a) > 0 for all a # 0. Then ||a|| := /(a,a) is
norm. We call (E, (-,-)) a Hilbert space if it is a Banach space with this norm.

We will make use of the theorem of Riesz:

Let L : H — C be a continuous linear functional on a Hilbert space H. Then
there ezists a unique vector a € H such that L(x) = (x,a) (and each linear
functional of this kind is continuous and has the norm ||L|| = ||a|| ).
These special linear forms show that for every vector a € H, a # 0, there exists
a continuous linear functional L with the property L(a) # 0.

This statement is also true for Banach spaces. From the theorem of Hahn-
Banach follows the following result:
For each non-zero vector a € E of a Banach space there exists a continuous
linear functional L with the property L(a) # 0. One can obtain ||la|| = ||L||.

We will make use of another important result about Hilbert spaces. Let A C H
be a closed linear subspace. Denote by

B={be H; (a,b) =0for all a € A}
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the orthogonal complement of A. This is a closed linear subspace and one has
H=A®B.

A family (a;);er is called an orthonormal system if any two members with
different indices are orthogonal and if the norm of each member is one. A
Hilbert space basis of a Hilbert space is by definition a maximal orthonormal
system. It is easy to show (using Zorn’s lemma and the above remark about
orthogonal complements) that Hilbert space bases do exist. Even more, every
orthonormal system is contained in a maximal one.

A Hilbert space H is called separable if it contains a countable dense subset.
One can show that this is the case if and only if each Hilbert space basis is
finite or countable.

We recall some basics about infinite series. A series a; +as+- - - in a Banach
space F is called convergent if there exist a such that

n
||a—Za,,|| — 0 for n — oc.

v=1
A sufficient condition is that ) |la,| converges. But this condition is not
necessary.

In the special case that £ = H is a Hilbert space and that the a; are
pairwise orthogonal one can show the following. The series converges if and
only if >~ ||a,||? converges.

We give an example of a separable Hilbert space. The space 2 consists of
all sequences (aj,as,...) of complex numbers such that Y |a,|? converges. It
can be shown that for two a,b € £? the series

(a,b) = Z anbn,

converges absolutely and equips ¢? with the structure as a Hilbert space. The
usual unit vectors (1 at one place and 0 at the others) give a Hilbert space
basis.

Let now H be any infinite dimensional separable Hilbert space with a Hilbert
space basis e, ea, . ... For each a € £2 the series

o) N
g Antn = lim E UnCn
N—o00

then converges in H. This gives a map

~

2 = H.

This map is actually an isomorphism of Hilbert spaces (which means that
it is an isomorphism of vector spaces which preserves the Hermitian forms).
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Hence all infinite dimensional separable Hilbert spaces are isomorphic as Hilbert
spaces. (The same kind of argument shows a standard result of linear algebra,
namely that two finite dimensional Hilbert spaces are isomorphic as Hilbert
spaces if and only if their dimensions agree.)

Assume that Hy, H,,... is a sequence of pairwise orthogonal closed sub-
spaces of the Hilbert space H. Assume that their algebraic sum is dense in H.
If we choose a Hilbert space basis in each H; and collect them, we get a Hilbert
space basis of H. This shows that every a € H has a unique representation as
convergent series a = ay + as + - - - where a; € H;. Recall that this means that
>~ llail|* converges. We write this as

H:@Hi

and call this a direct Hilbert sum.

There is an abstract version of this. Let H,, be a family of Hilbert spaces.
We define H to be the set of all sequences (hy,), hy, € H, such that > ||h,|?
converges. There is a natural imbedding of H,, into H. The image H,, consists
of all elements of H such only the nth component can be different from 0. The
space H carries a natural structure as Hilbert space and it is the direct Hilbert
of the H,,. Usually one identifies H,, with H,, and calls H the direct Hilbert
sum of the H,,.

4. Generalities about measure theory

All topological spaces that carry measures are assumed to be Hausdorff, locally
compact and to have a countable basis of the topology. The latter means that
there exists a countable system of open subsets such that each open subset can
be written as a union of sets from this system. Every metric space with an
countable dense subset (for example C") has this property. Every subspace
(equipped with the induced topology) keeps this property.

We denote by C(X) the set of complex valued continuous functions on a
locally compact space X and by C.(X) the subset of all continuous functions
with compact support. A Radon measure is a linear functional I : C.(X) — R

which is real in the sense I(f) = I(f) and positive in the sense that I(f) > 0
for real f > 0. Usually one writes

1(f) = /X f()da.

We assume that the reader is familiar with some way to extend a Radon measure
to the class of integrable functions. We just indicate the steps, how this can be
done.
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One introduces R U{oo} as ordered set (z < oo for all z). Every non-empty
set M C R U {oo} has a smallest upper bound Sup(M) in R U {oc}. One
extends the addition to RU{oo} by x4+ 0o = oo+ 2 = z for all z and similarly
the multiplication with a positive C' > 0 by Coo = oc.

A function f : X — R U {oo} is called a Baire function if there exists an
increasing sequence f,, € C.(X), fi < fo < ...such that f(z) = Sup{f.(z); x €
X}. One can show that

I5(f) := Sup{I(fn)}

is independent of the choice of the sequence. Every f € C.(X) is a Baire
function and in this case Ig(f) agrees with I(f). We mention that the function
“constant co” is a Baire function. Hence we can define for an arbitrary nowhere
negative function f: X — R U {oco}

I(f) =Inf{Ig(h); f < h Baire function}.

The general rule I(f + g) < I(f) + I(g) holds.
Now one can define integrable functions:

A function f: X — R is called integrable if there exists s sequence f, € Co(X)
such that I(|f — fn]) is finite and tends to zero.

One can show that then (I(f,)) converges and that the limit

Ir(f) = lim I(fa)
is independent of the choice of f,. This is called the integral of f. One can
show even more that Baire functions f with finite I5(f) (for example elements
of C.(X)) are integrable and that I1,(f) = Ig(f) in this case. Hence we can
simply write I(f) = Ig(f) for Baire functions and I(f) = I (f) for integrable
functions. I(f) = I(f) for integrable f. It is easy to see that the space
LY(X, dz) of all integrable functions is a vector space. It has the property that
with f also |f| is integrable. The integral is a linear functional on £!(X,dx)

with the property I(f) > 0 for f > 0.

A function f : X — C is called a zero function if I(|f|) = 0. This means
that for each € > 0 there exists a Baire function h with |f| < h and I(h) < €.
It is easy to see that zero functions are integrable. A subset of X is called a
zero subset if its characteristic function is a zero function. A function f is a
zero function if an only if {x; f(x) # 0} is a zero set. If f is integrable and g

is a function that coincides with f outside a zero set then g is integrable too
and I(f) = I(g).

We recall the basic limit theorems:

4.1 Theorem of Beppo Levi. Assume that f1 < fo... is an increas-
ing sequence of integrable functions such that the sequence of their integrals
is bounded in R. Then the pointwise limit f(x) = lim f,(x) exists outside a

BepLev
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zero set. If one defines f(x) arbitrarily for this zero set, one gets an integrable
function with the property

/Xf(:z:)dm: lim fn(z)dz.

n— o0 X

4.2 Lebesgue’s limit theorem. Let f,(x) be a pointwise convergent se-
quence of integrable functions. Assume that there exists an integrable function
h with the property |fn(x)| < h(x) for all m and x. Then f(x) = lim f,(x) is
integrable and one has

/Xf(a:)da:: lim an(a:)daj.

n—o0

The subset NV C L1(X,dx) of zero functions is a sub-vector space and the
integral factors through the quotient

LYX,dz) == LY X, dx)/N.

From the limit theorems one can deduce that this space gets a Banach space
with the norm

11l = /X () |dz.

Let (f,) be a sequence in £}(X,dz) and f € L(X,x). Assume that f, — f in
the Banach space L'(X,dz). (Usually we will denote the class of an element
f € LY(X,dz) in L(X,dx) by the same letter f. A more careful notation would
be to use a notation like [f] for the class. For sake of simplicity we avoid this
as long it is clear whether we talk of f or of its class.) Then one can show that
there exists a zero set S and a subsequence of (f,,) that converges pointwise to
f. (This is the essential step in the proof that L'(X,dx) is a Banach space.

Let us assume that the Radon measure is non-trivial in the following sense:
Let f € C.(X) be a non-negative function with the property I(f) = 0. Then
f = 0. For such a measure the natural map

Co(X) — LY (X, dx)

is injective and L!(X,dz) is the completion of C(X) with respect to the norm
|| - [[1- Hence integration theory can be understood as a concrete realization of
the completion.

There is another important notion:

LebLim
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A function f : X — C is called measurable if for any non-negative function
h € C.(X) the function
fulx) = {f(w) if —=h(z) < f(z) < h(z),
0 else
18 integrable.

Integrable functions are measurable. All continuous functions are measurable.
Measurability is conserved under all kind of standard constructions of func-
tions which are used in analysis as addition and multiplication of functions but
also taking pointwise limits and constructions as sup, inf, limsup, liminf for
sequences of functions. A subset of X is called measurable if its characteristic
function is measurable. Open subsets of X are measurable. Complements of
measurable sets are measurable. Countable unions and intersections of mea-
surable sets are measurable. Hence all sets which can be constructed from open
and closed subsets be taking countable unions and intersections and comple-
ments are measurable with respect to each Radon measure. (They are called
Borel sets.) So the statement “all functions are measurable” is not really true
but nearly true. (Counter examples need sophisticated application of the axiom
of choice.)

4.3 Theorem. A function f is integrable if and only if it is measurable and
if 1(]f]) < oc.

Together with the previous remark this means that integrability means a kind
of boundedness.

Let p > 1. The spaces LP(X,dz) consist of all measurable functions f such
that |f|P is integrable. This is the case for zero functions. One defines

11l ZZ/XV/X!f(x)lpda:.

This satisfies the triangle inequality. It induces a norm on the space
LP(X,dx) = LP(X,dx) /N

which is a Banach space with this norm. The case p = 2 is of special importance.
One can consider on £%(X,dz) the Hermitian form

(f,9) :/Xf(ac)mdw

This induces a positive definite form on L?(X,dr) and equips this space with
a structure as separable Hilbert space.

As a special example one can take the space X = N equipped with the
discrete topology and the Radon measure I(a) = Y a,. The associated L?-
space is £2.

There is an extension of measure theory, the Bochner integral. For a Banach

space E we can consider the space of compactly supported continuous functions
Cc(X, E) with values in E.

InMe
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4.4 Lemma. Let (X,dz) be a Radon measure and E a Banach space. There BanInt
exists a unique linear map

C.(C,FE) — E, fr—>/ f(x)dz,
X

such that for each continuous linear functional L : E — C one has

L(/X f(x)da:) =/XL(f(x))dx.

The uniqueness follows directly from the Hahn-Banach theorem. So the exis-
tence, but not so quite obvious. Since for our purposes it would be sufficient
to treat the case of Hilbert spaces we mention that the existence in this case is
a direct consequence of the theorem of Riesz.

There is also the notion of a measurable function. We only need it in the case
where E is separable which means that it contains a countable dense subset.
Then a function f : X — E is measurable if and only if its composition with
all continuous linear forms is measurable. A measurable function f : X — F is
called a zero function if it is zero outside a zero set. Now the spaces LP(X, F, dx)
can be defined in the same way as in the case E = C. They contain the space N
of zero functions and the quotients LP(X, E, dx) are Banach spaces. If £ = H
is a Hilbert space, the space L?(X, H,dxz) gets a Hilbert space with an obvious
inner product.

Finally we mention the notion of the product measure. Let (X, dz), (Y, dy)
be two locally compact spaces with Radon measures. We consider X x Y
equipped with the product measure. This is also locally compact space. Let
f e C(X xY). If we fix y we get a function f(x,y) which is contained in
C.(X). It is easy to see that the integral [ f(z,y)dy is contained in C.(Y).
Hence we can define the product measure

/X  fydedy = /Y [ /X f(say)dx]dy.

We claim that one can interchange the orders of integration, i.e.

/y{/xf(x’y)dx}dy:/X{/Yf(i’%y)dy]dx.

This is trivial for splitting functions f(z,y) = a(z)8(y) and follows in general
by means of the Weierstrass approximation theorem. The formula

[tz = [ { / f(w,y>dx]dy: /. { / f(:v,y)dy]dx
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extends to a broader class of functions and is then called Fubini’s theorem.
One has to assume that f € £1(X x Y,dxdy). But one has to be somewhat
cautious with the interpretation of the formula. One only can say that the
function y — f(x,y) is integrable outside a set of measure zero. Inside this
exceptional set one can take for [ « f(7,y)dy an arbitrary value, for example 0.

There is a variant, the theorem of Tonelli. Assume that f is measurable
and that the iterated outer integral Iy Ix f(z,y) is finite. Then f is integrable
(and the Fubini formula holds).

5. Generalities about Haar measures

A topological group G is a group which carries also a topology such that the
maps

GxG—G, (¢g,h)—gh, G—G, gr— g ",
are continuous. Here G x GG has been equipped with the product topology. A
locally compact group is a topological space whose underlying space is locally

compact. We always assume that G has a countable basis of the topology.

Examples of locally groups are GL(n, C). One just takes the induced topol-
ogy of C™*"™. Closed subgroups of a locally group are locally compact groups
as well. Hence SL(n, C), GL(n,R), SL(n,R), O(p,q), U(p, q) are locally com-
pact groups. Also the additive groups R"™, C™ and the inhomogeneous Lorentz
group and the Poincare group P(3) = SL(2, C)-R* are locally compact groups.
(Take the product topology.)

A Haar measure on a locally compact group G is a non-zero left invariant
Radon measure

/G f(x)dz = /G flgn)de (g€ G).

We make use of the fact that a non zero Haar measure always exists and is
uniquely determined up to a constant factor.

The usual integral on R is a Haar measure on the additive group R and a
Haar measure on the multiplicative group R* is given by

dt
.. f(t)?

where dt is the usual measure.

If f € C.(G) is a function with the properties f > 0 and I(f) = 0. Then
f = 0. Hence we have C.(G) — LP(G, dx).

Let g € G. Then
fr— /Gf(wg)dx



85. Generalities about Haar measures 17

is also left invariant. Hence there exists a positive real number A(g) = Ag(9g)
with the property

/Gf(wg_l)dsz(g)/Gf(x)d:c.

The function A : G — R+ is of course independent of the choice of dx. It is
called the modular function of G. It is clearly a continuous homomorphism,

A(gh) = A(g)A(R).

5.1 Lemma. For every function f € LY(G,dx) the formula InvMod

/Gf(a:_l)A(a;_l)dx:/Gf(sc)dx

holds.

Proof. One can check that the integral on the left hand side is a Haar mea-
sure. Hence it agrees with the right hand side up to constant a factor C' > 0.
Applying the formula twice we get C? = 1 and hence C = 1. a

The group G is called unimodular if A(g) = 1 for all g. There are three
obvious classes of unimodular groups:

1) Abelian groups are unimodular.
2) A group G is unimodular if its commutator subgroup is dense.

3) Compact groups are unimodular, more generally, for arbitrary G the re-
striction of Ag to any compact subgroup is trivial.

3) Discrete groups are unimodular.

The last statement is true since the only compact subgroup of the multiplicative
group of positive reals is {1}.

We give an example of a group which is not unimodular. Let P C SL(2,R)
be the group of all upper triangular matrices of determinant 1. Each p can be
written in the form

p=an, Gz(g a91>’ n:(é T) (e #0).

Moreover the map

is topological. The measures

da:d—&7 dn = dx

«

are Haar measures on A and N.
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5.2 Lemma. Let P C SL(2,R) be the group of upper triangular matrices. Let
da be a Haar measure on R* and dn a Haar measure on R. Then the measure

/Pf(p>dp:: /R*/Rf(an)dadn

is a Haar measure. The modular function is
A(p) = a*.

(One can also write [ [ f(an)dndn for the right hand side, since orders of
integration can be interchanged, but [ [ f(na)dadn would be false.)

Proof. The proof can be given by a simple calculation which rests on the

formula
a 0 1 =\ _ (1 = a? 0 0O
0 at 0 1) \0 1 0 o t)”

We also need quotient measures. Let H C G be a closed subgroup of a locally
compact group G. Then H is also locally compact. We consider the coset space
H\G that consists of all right cosets Hg. This is the quotient space of G by
the natural action of H (multiplication from the right.) We equip it with the
quotient topology with respect to the natural projection G — H\G. Then this
projection is continuous and open. We claim that H\G is Hausdorff. Hausdorff
means that the diagonal in H\G x H\G is closed. This means that its inverse
image in G X G is closed. But this inverse image of H with respect to the map

GxG— G, (v,y)— xy™ L.

Since G — H\G is open, the space H\G is locally compact. There is also
a natural continuous map

(H\G) x G — H\G, (Hg1,92) — Hg192
which as action from the right. A Radon measure dx on X = H\G is called
G-invariant if
f(xg)dx = f(z)dx.
H\G H\G

5.3 Proposition. Let H C G be a closed subgroup. Assume that Ag|H =
Ap. Then there exists a non-zero invariant Radon measure dy on H\G and this
Radon measure is unique up to a positive constant factor. It has the following
property. Let dh be a right invariant Haar measure on H. Then

|t | . { / f(hy)dh} dy

s a right invariant measure on G.
We should mention that the function y — [ 7 f(yh)dh can be considered as a
function on H\G. It is continuous and with compact support there.

We indicate the general proof of the existence of an invariant measure. We
formulate without proof a key lemma.

HaarP

QuotMea
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5.4 Lemma. The map
CG) — CL(H\G), fr [, fly) = /H f(yh)dh,

18 surjective.

For a function f’ we define the integral [ e f(y)dy using the formula in Propo-
sition 5.3 where on the left hand side a right invariant Haar measure is taken.
There is a problem. The function f’ does not determine f uniquely. Hence one
has to prove a Lemma.

5.5 Lemma. Let f € C.(G). Then
f(hy)dh =0 = / f(z)dx.
G

H

It is a good exercise to do this for a finite group G. The integrals then just
are finite sums. In the general case the condition Ag|H = Ay will play a role.
We give the argument in some detail, since we want to weaken this condition
later. There is a basic formula.

5.6 Lemma. Let dh,dx be right invariant Haar measures on H and G. The
condition Ag|H = Ay implies

/G F'(@)g()dz = /G F(2)g()de.
(f',g" as in Lemma 5.4.)
Proof. We consider the product measure dhdg on H x G. Then we have

[ @ = [ |[ sthajan]grae= [ sagtaranas

by Fubini’s theorem we can reverse the order of integration,

| e = [ { /| f<hx>g<x>dx]dh.

In the inner integral we replace z — h~'x. By means of the assumption about
the modular functions we finish the proof of the lemma. ad

In this way we get the existence of an invariant measure on H\G such the
claimed formula holds. The proof of the uniqueness of the quotient measure is
the same as the proof of the uniqueness of the Haar measure. O

We also mention that the formula in Proposition 5.3 holds for all f €
LY(G,dz) with the usual caution: the inner integral exists outside of a set
of measure zero and gives — extended arbitrarily — an integrable function on
H\G.

Instead of H\G one can also consider the space of left cosets G/H and G
acts by multiplication from the left. Proposition 5.3 remains true if one replaces
“right” by “left”. The two versions can be transformed into each other using

the transformation g +— g~ 1.

Liss

LIin
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6. Generalities about representations

A representation w of a group G on a complex vector space is a homomor-
phism 7 : G — GL(V) of G into the group of C-linear automorphisms of V.
Frequently we will write g(a) or even simply ga instead of m(g)(a). The map

GxV —YV, (g,a) — ga,

then has the properties:

1)ea=aforallaeV (e denotes the unit element of G).

2) (gh)a = g(ha) for all g,h € G, a € V.

3) gla+b) =g(a) + g(b), g(Ca) = Cga  (C € C).

Conversely, a map with the properties 1)-3) comes from a unique representa-
tion 7.

Left and Right

Let G be a group and V simply a set. A map
GxV —YV, (g,a) — ga,

with the properties 1)-2) is also called an action of G from the left on V. If
one replaces in 2) the condition by (gh)a = h(g(a)) one gets the notion of an
action from the right. This looks better if one uses the notation ag instead of
ga since then the rule takes the better looking form a(gh) = (ag)h. If ga is
an action from the left then g~ !a is an action from the right, and conversely.
Hence there is no essential difference between the two. Keep in mind that due
to our definition representations are actions from the left.

Continuous representations
There are several equivalent ways to define when a representation of a locally

compact group on a Banach space is continuous. A natural way is a follows.

6.1 Definition. A representation of a locally compact group G on a Banach
space E is called continuous if the corresponding map

GxFE—FE

18 continuous.

Here G x E of course carries the product topology. For a continuous represen-
tation the operators m(g) : E — E are continuous (hence bounded) and the
map G — FE, g — g(a), is continuous for each a € E. The converse is also true.

DCr
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6.2 Proposition. A representation w of a locally compact group G on a
Banach space E is continuous if all operators (g) : E — E are bounded and
if the map

G—E, g—m(g)(a),

18 continuous for all a € F.

Hence we can write also G — B*(F) for a continuous representation. The proof
rests on the theorem of uniform boundedness:

PCr

6.3 Theorem. Let E be a Banach space and let M C B(E) be a set of TUB

bounded operators such that {Aa, a € E} is bounded for each a € E. Then M
is a bounded subset of B(E).
We omit the prove. O

For the proof of Proposition 6.2 we need another observation.

6.4 Lemma. Letn:G — GL(E) be a continuous representation and K C G
a compact subset. Then the set w(K) is bounded in B(E).

Proof. Since 7w(K)a is compact and hence bounded for all a, the theorem of
uniform boundedness gives the claim. O

Proof of Proposition 6.2. 1t is sufficient to prove the m : GX E — FE is continuous
at a point (e,a). The proof follows from the lemma and the estimate

lg(z) = all < llg(x) = g(a)ll + [lg(a) — all. O

The condition of continuity in the definition of a representation can be further
weakened.

6.5 Lemma. Let m: G — GL(E) be a homomorphism with the following
properties:

1) all w(g) are bounded.

2) There is a neighborhood of the identity whose image in B(E) is bounded.

3) There is a dense subset of vectors a € E such that g — 7(g)(a) is continu-
ous.

Then m 1s a continuous representation.

Proof. We have to show that for fixed a the function z — 7 (z)a is continuous.
It is obviously enough to proof this at the unit element x = e. Hence we have
to estimate ||m(x)a — al|. For some b in the dense subset we use the estimate

Im(z)a = a|| < |[x(z)a = ()bl + |7 ()b = b][[[b — al|

If we choose b close enough to a we obtain the desired result. O

LRepB
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Algebraic Irreducibility

Let 7 : G — GL(V) be a representation. A subspace W C V' is called invariant
if g € G and a € W implies ga € W. Then we obtain a representation
7 G — GL(W). A representation 7 : G — GL(V) is called algebraically
irreducible if V' # 0 and if besides {0} and V there are no invariant subspaces.
Let W1, W5 be two invariant subspaces of V. Then W7 + W5 and W N W5 are
also invariant. If W7 and W5 are irreducible then either they are equal or their
intersection is zero.

Topological Irreducibility

Let now 7 : G — GL(V') be a continuous representation. It is called topologi-

cally irreducible if there is no closed invariant subspace different from {0} and
V.

For finite dimensional representations (this means that V' is finite dimen-
sional) algebraic and topological irreducibility is the same.

A representation of a topological group on a Hilbert space H is called unitary
if it is continuous and if all operators 7(g) are unitary operators. This means
concretely

(9a, gb) = (a,b)

for a,b € H and g € G. It is enough to demand this for a = b. If we talk about
an irreducible unitary representation, we always mean that it is topologically
irreducible.

We describe a fundamental example of a unitary representation. Let G be
a locally compact group. We consider a closed subgroup H C G. For sake
of simplicity we assume that both are unimodular. Then dx is left- and right
invariant. We consider the space of right cosets H\G. The group G acts on
H\G by multiplication from the right. This is an action from the right. Let
f : H\G — C be a function and g € G. We define the translate R,f of f by
(Ryf)(z) = f(xg). This is an action from the left of G on the set of function
on H\G. This defines a map

R:G — GL(L*(H\G, dx)).

By means of Theorem 6.3 one can show that this representation is continuous.
It is obviously a unitary representation. In the special case H = {e} one obtains
the so-called regular representation of G on L?(G).

One of the basic problems of harmonic analysis is the investigation of this
representation and to describe its spectral decomposition. This problem has
been studied for the regular representation of semi simple groups G (for example
SL(n,R)) by Harish Chandra. In the theory of automorphic forms one studies
the case where H =T is a discrete subgroup such that I'\G has finite volume.

What means “spectral decomposition”? This is not so easy to explain and
not the goal of these notes. Nevertheless it is useful to get an idea of it. We
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give two examples. The first example is the group S! of complex numbers of
absolute value one (circle group). The functions f on S! correspond to the
periodic functions (period 27) F on R through

F(t) = f(exp(2mit)).

From the theory of Fourier series one knows that L?(S?!) is the direct Hilbert
sum of the one dimensional subspaces H(n) spanned by f(¢) = (™ (n € Z).
These are invariant subspaces. The spectral decomposition of the regular rep-
resentation of S is -
L*(s") = @PH(n).

nez
The second example deals with the regular representation of R. There are also
one dimensional spaces H (t) generated by the function z + e?™¥% which are
invariant under translations ¢ — t +a. Now ¢ can be an arbitrary real number.
But the difference is that now H(t) is not contained in L?(R). Nevertheless the
theory of Fourier transformation shows that all f in a certain dense subspace
of L?(R) can be written in a unique way in the form

o= | L

-0

Hence one is tempted to say that L?(R) is the direct integral of the spaces H (t)
and to write this in the form

L*(R) = /}j H(t)dt.

For general G the spectral decomposition will include both types (discrete
and continuous spectra) and the constituents will not be one-dimensional but
irreducible unitary representations (often infinite dimensional).

Intertwining Operators

A morphism between two continuous representations m; : G — GL(E;) on Ba-
nach spaces is a continuous linear map E; — F5 which is compatible with the
action of GG in an obvious sense. Such morphisms are also called “intertwining
operators”. It is clear what it means that an intertwining operator is an iso-
morphism. If F' C F is a closed G-invariant subspace then the natural inclusion
F — E is a morphism. We call (G, F') a sub-representation of (G, E).

For unitary representations we will make use of a more restrictive notion
of isomorphy. An isomorphism H; — Hy between two unitary representations
7w : G — GL(H;) is called a unitary isomorphism, or an isomorphism of unitary
representations if the isomorphism H; — Hs is an isomorphism of Hilbert
spaces. This means that it preserves the scalar products.
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7. The convolution algebra

let G be a locally compact group with a chosen Haar measure. The convolution
of two functions f, g € C.(G) is defined by

(f % g)(x) = /G F)ely~ o)dy.

The convolution defines an associative product on C.(G). We leave the proof of
the associativity as an exercise. Hence C.(G) has the structure of an associative
C-algebra.

Let 7 : G — GL(H) be a continuous representation on a Banach space. For
any f € C.(G) and any h € H we can consider the function

G — H, xv+— f(z)n(z)h.

It is continuous and with compact support. Hence we can define the integral

/Gf(:v)w(x)hdx.

If we vary h, we get an operator H — H. One can check that it is linear and
continuous.

We denote this operator by

w(f) = /G f ()7 (x)de.

One verifies
m(f1* f2) = 7(f1) o m(f2).

What we obtain is an algebra homomorphism
7 :C.(G) — End(H).

The image of 7 consists of continuous linear operators T': H — H.

Now we assume that H is a Hilbert space. We denote the adjoint of an
operator T' € End(H) by T*. It is defined by the formula (T'z,y) = (z,T*y).
The existence of T' follows from the Riesz lemma. Of course T™ is continuous
as T', and moreover both have the same norm.

We define

fr(z) =A™ fla).

We now assume that 7 is unitary. It is easy to check in this case that the new
map 7 has the property that

m(f*) ==(f)"
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What we obtained is a x-algebra representation. We describe briefly what this
means. An algebra A is a vector space (in our case over C) together with a
bilinear map

AxA— A, (a,b) — ab.

We assume that this is associative but we do not assume that A contains a unit
element. An involution on A is a map

*

A— A, ar—a",

with the properties

a) (a+b)*=a"+0b*, (Ca)*=Ca*,

b) (ab)* = b*a*.

c) a** =a.

7.1 Definition. A x-algebra (A, x) is an associative algebra (not necessarily
with unit) together with a distinguished involution

An example of a x-algebra is the convolution algebra C.(G) with the involution
defined above. Please notice that the star has a double meaning in this example.
It denotes the product of the algebra and also the involution of the algebra.

Another example of a x-algebra is the space End(H) of continuous linear
operators on a Hilbert space H. Multiplication is the composition of operators
and the x-operator is given by the adjoint.

By a representation of an algebra A on a vector space V' one understands
a linear map A — End(V') which is compatible with multiplication. By a -
algebra representation of a x-algebra A on a Hilbert space H we understand a

representation
A — End(H)

such the image of A consists of continuous operators (so we could write A —
B(H) and that is also compatible with the star operators. We have seen that
a unitary representation m : G — GL(H) induces a *-algebra representation
7 :C.(G) — End(H).

There are obvious notions of irreducibility:

A representation A — End(V') of an algebra is called algebraically irreducible if
the image of A is not zero and if there is no invariant subspace of V' different
form 0 and V.

A x-algebra representation A — End(H) is called topologically irreducible if
the image if A is non zero and if there is no closed invariant subspace of H

different from 0 and H.

An example of a finite dimensional algebra representation is the tautological
representation of A = End(V) on V. It is just the identity map End(V) —
End(V). At least in the finite dimensional case it is clear that this represen-
tation is irreducible. A special case of a fundamental structure theorem of
Wedderburn states (in the case of the ground field C):

DefStar
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7.2 Theorem. Letw: A — End(V) be an irreducible representation of an WEDD
algebra A on a finite dimensional vector space V. Then 7 is surjective.

We don’t give the proof here and refer to the text book of S. Lang on algebra.
To be honest, we mention that Lang treats only the case where A contains a
unit element. The general case can be reduced by the technique of adjoining a
unit element.

A trivial consequence of Theorem 7.2 is as follows. Let T : V — V be a
linear operator that commutes with all 7(a), a € A. Then T is a multiple of the
identity. A basic result states that this carries over to the infinite dimensional
case.

7.3 Theorem (Schur’s lemma for algebra representations). Let m be SchurL
a topologically irreducible unitary representation of a *-algebra A on a Hilbert

space H. Assume that T : H — H is a linear and continuous operator that
commutes with all A = w(a), a € A. Then T is a constant multiple of the
identity.

Corollary. If A is abelian then H is one-dimensional.

Proof. The proof rests on the spectral theorem for self adjoint operators. This
is explained in the Appendices, Sect.1 and 2. One has to use Lemma VI.2.10.
We give the details. First one can assume that 7' is self adjoint, since one
can use the decomposition 2T = (T + T*) — i(i(T — T™*)). So we can assume
that T is self adjoint and commutes with all A = m(a). We assume that T’
is not a multiple of the identity. Then, by Lemma VI.2.10, there exists a B
in the bi-commutant (see VI.2) of T" whose kernel is different from 0 and H.
Since B commutes with all A = 7(a), its kernel is invariant under all A. This
contradicts the irreducibility. O

The same theorem is true for irreducible unitary representations of locally
compact groups. Actually it is a consequence of Theorem 7.3 as we shall point

out. The argument would be very easy if there exists for g € G a Dirac function
dg € Co(G) which means

dg(x) =0for x #¢g and / dg(z)dx = 1.
G

Such a situation is of course rare, but it occurs, namely for finite groups. A
simple computation then gives w(d,) = m(g). From this one can deduce that a
subspace of H is invariant under all 7(g), g € G, if and only if it is invariant
under all 7(f), f € C.(G). Actually there is a weak variant of Dirac functions.

7.4 Lemma.  For each locally compact group G there exists a sequence of DirSeq
functions 0,, € C.(G) with the following properties.

1) Supp(5n+1) - Supp(én)'
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2) For each mneighborhood U of the identity there exists an n such that
supp(d,,) C U.

3) dn(z71) = ().

4) 0p(z) >0 and [, 0n(x)dr =1.

We call (4,,) a Dirac sequence.

7.5 Lemma.  Let (6,) be a Dirac sequence. Then m(d,) converges to the DiracLim
tdentity in the sense

lim [|7(6,)h — h|| = 0.

n— oo

(This means pointwise convergence.)
Proof. We have
[7(0n)h — Al < /G5n($)!|ﬂ(l‘)h = hl.

Let € > 0. For n big enough we have ||w(x)h — h|| < € for all z € U,. We
obtain ||7(d,)h — h|| < e. 0

There is an obvious generalization. Let g € G then from Lemma 7.5 we see
that 7(f,) om(g) — m(g) (pointwise) A simple calculation shows

w(f)om(g) =n(f) where f(z)=A(g)f(xzg™").
This shows the following result.

7.6 Lemma. Let G — GL(H) be a unitary representation and let W C H be a  InvDS
closed subspace. Assume that there exists a subalgebra A C C.(G) that contains

a Dirac sequence and that is invariant under translation f(z) — f(xg) for all

g € G and such that W is invariant under A. Then W is invariant under G.

As an application of Lemma 7.6 we get the following lemma.

7.7 Lemma. Let 7 : G — GL(H) be a unitary representation. A closed InvDC
subspace W C H s invariant under G if and only if it is invariant under

C.(G).

Schur’s lemma now can be formulated also for group representations.

7.8 Theorem (Schur’s lemma for group representations). Letn: G — SchurG
GL(H) be an irreducible unitary representation of a locally compact group.

FEvery linear and continuous operator T : H — H which commutes with all

7(g), g € G, is a multiple of the identity.

Corollary. If G is abelian then H is one-dimensional.
Let m: G — GL(H) be a unitary representation. We say that another unitary

representation of G occurs in 7 if it is isomorphic (in the unitary sense) to a
sub-representation of .
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7.9 Lemma. Letnw:G — GL(H) be a unitary representations and A, B be
two invariant closed subspaces. Assume that the restriction of ™ to A is (topo-
logically) irreducible. Then either A is orthogonal to B or the representation
w|A occurs in 7|B.

Corollary. If both A and B are irreducible then either they are orthogonal or
isomorphic (as G-representations).

Proof. We consider the pairing (-,-) : A x B — C. We first notice that it is
non degenerate in the following sense. For each a € A their exists a b € B such
that (a,b) # 0 and conversely. This is clear since the orthogonal complement
of B intersected with A is a closed invariant subspace. Next we construct a
linear map f : A — B. By the Lemma of Riesz there exists for each a € A a
unique f(a) in B such that (a,b) = (f(a),b) for all b € B. One easily checks
that this is an intertwining operator. ad

7.10 Definition. A unitary representation m : G — GL(H) is called com-
pletely reducible if H can be written as the direct Hilbert sum of pairwise
orthogonal closed invariant subspaces

H:@Hi

which are irreducible as G-representations.

In general we denote by G the set of all isomorphy classes of irreducible uni-
tary representations of G' and call it the unitary dual of G. Recall that each
irreducible unitary representation 7 : G — GL(H) is one dimensional if G is
abelian. Hence it is of the form 7 (g)(h) = x(g)h where x is a character of G.
By definition, this is a continuous homomorphism from G into the group of
complex numbers of absolute value 1. Unitary isomorphic representations give
the same character. This gives a bijection with G and the set of all unitary
characters. Characters can be multiplied in an obvious way. Hence, for abelian
G, the set Gis a group as well. One can show that it carries a structure as
locally compact group.

7.11 Proposition. Let 7 : G — GL(H) a unitary representation which is
completely reducible,

H = PH,, H; C H.
iel
Let 7 € G. Then -
Hir)= P H
i€l, mET

1s the closure of the sum of all irreducible closed invariant subspaces of H that
are of type 7. In particular, it is independent of the choice of the decomposi-
tion.

IrrOrth
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This follows immediately from Lemma 7.9. ad

We call H(7) the 7-isotypic component of w. This is well-defined. The
irreducible components H; are usually not well-defined. Look at the example
of the group G that consists only of the unit element. Nevertheless the so-called
multiplicity

m(r)=#{iel; m e} <0

is independent on the choice of the decomposition. This can be seen as follows.
Let (H(7),7) be a realization of 7. We consider the vector space of all inter-
twining operators H — H(7). The space of intertwining operators H; — H ()
is zero if 7; is not in 7 and — by Schur’s lemma — one dimensional otherwise.
From this follows easily the space of intertwining operators H — H(7) has
dimension m(7). This shows the invariance of m(r).

This gives us the following result.

7.12 Proposition. Let 7 : G — GL(H) be a completely reducible unitary
representation. The multiplicities

m(r)=#{iel; mert} <o

(in the notation of Proposition 7.11 are well-defined). Two completely reducible
representations are unitary isomorphic if and only of their multiplicities agree.

8. Generalities about compact groups

In this section we treat some general facts about representations of compact
groups. Readers who are mainly interested in the classification of the irre-
ducible unitary representations of the group SL(2,R) can skip this section,
since the only compact group which occurs in this context is the group SO(2, R).
This group is not only compact but also abelian which makes the theory rather
trivial.

We need some results of functional analysis. We recall the notion of equicon-
tinuity:

8.1 Definition. A set M of functions on a topological space X 1is called
equicontinuous at a point a € X if for any point € > 0 their exists a neighbor-
hood U of a such that

|f(x) — fla)|<e forall xzeU, fe M.

The set is called equicontinuous if this is the case at all a € X.

(The point is the independence of the neighborhood U from f.) We recall a
basic result from functional analysis.

MultIso

EquiCon
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8.2 Theorem (theorem of Arzela-Ascoli). Let X be a locally compact
space with countable basis of the topology. Let M be an equicontinuous set of
functions on X such that the set of numbers f(z), f € M, is bounded for every
x € X. Then each sequence of M admits a subsequence that converges locally
uniformly on X.

There are variants of this theorem in which equicontinuity does not appear.
Let for example X C R™ be an open subset and assume that M is a set of
differentiable functions such that there exists a constant C' such that

If(z)| < C and [(0f/0x)(z)| < C forall z € X.

Then the mean value theorem of calculus shows that this set is equicontinuous.

Another main tool will be the spectral theorem for compact operators on
Hilbert spaces. Let H be a Hilbert space. A linear and continuous operator
T : H— H is called compact if the image any bounded set is contained in a
compact set. For example this is the case if the image of T is finite dimensional.
The identity is compact if and only if H is finite dimensional. The set of all
compact operators is closed under the operator norm. So, let T7,75,... be
a sequence of compact operator and 7" another bounded operator such that
|7, — T'|| tends to 0. Then T is compact. We will not give a proof here.

Recall that an operator 7' is called normal if it commutes with its adjoint,
ToT*=T*oT.

8.3 Theorem (Spectral theorem for compact operators). LetT : H —
H be a compact and normal operator. The set of eigenvalues is either finite or it
is countable and 0 is the only accumulation point of it. The eigenspaces H (T, \)
are pairwise orthogonal and for A # 0 they are finite dimensional. The sum of
all eigenspaces is dense in H. Hence we have a Hilbert space decomposition

H = @AH(T, A).

A proof can be found in the Appendices.

We give an example of a compact operator.

8.4 Proposition. Let X be a compact topological space (with countable
basis) and dz a Radon measure. Let K € C(X,X) be a continuous function.
The operator

Lg : L*(X,dz) — L*(X,dz), Lg(f)(z):= /XK(m,y)f(y)dy.

is a compact (continuous and linear) operator.

AA
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We mention that every square integrable function f on a compact space is
integrable (since one can write f = 1- f as product of two square integrable
functions). Since K(z,y) for fixed z is an L?-function the existence of the
integral in Proposition 8.4 is clear. Clearly the functions L f are continuous.
Even more we have

[Lx (f)(@)] < cl[f]l2

with some constant ¢ by the Cauchy-Schwarz inequality. This also implies that
Lxf € L*(X,dz) and moreover

Lk fll2 < C fll2

with some constant C. Hence the operator is linear and also continuous.

But we have a stronger property. It is easy to show that the set of functions

{Lxf; feLl’(X,dz), |fll2<1}

is equicontinuous. This implies that L is a compact operator. For this we have
to prove the following. Let f,, € L?(X,dz) be a sequence of functions such that
| fnll2 < 1. We have to show that Ly f,, has a sub-sequence that converges in
L?(X,dz). The theorem of Arzela-Ascoli shows that Ly f,, converges uniformly.
Hence it converges point-wise and all functions are bounded by a joint constant.
Since X is compact, constant functions are integrable and we can apply the
Lebesgue limit theorem to obtain convergence in L?(X, dz). O

8.5 Proposition. Let m : G — GL(H) be a unitary representation of a
locally compact group G on a Hilbert space G. Assume that there exists a
Dirac sequence 6,, € C.(G) such that all 7(d,,) are compact operators. Then the
representation decomposes into irreducibles with finite multiplicities.

Proof. We consider pairs that consist of a closed invariant subspace H' C H
such the restriction 9£ m to H' is completely reducible and a distinguished
decomposition H' = P, H; into irreducibles. We define an ordering for such
pairs. The pair H' = @, H] is less or equal than the pair H" = @, ;H}
if each space H] equals some H'. (Especially H' C H"). From Zorn’s lemma
easily follows that there exists a maximal member. We call its orthogonal
complement U. This space cannot contain any irreducible subspace since this

could be used to enlarge the maximal element. Hence we have to show:

let ™ be a representation as in the proposition which is not zero. Then there
exists at least one irreducible closed subspace.

To prove this we choose an element f of the Dirac sequence such that 7 (f)
is not identically zero. This element will kept fixed during the proof. We also
choose an eigenvalue \ # 0 of 7(f) Let H(f,A\) C H the eigenspace. This is a
finite dimensional vector space.

CompRed
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There may be other invariant closed subspaces which have a non-zero in-
tersection with H(f,A). We choose a a closed subspace E such that the di-
mension of its intersection with H(f, A) is non-zero and minimal. Then we set
W = EN H(f,\). There still may exist several closed invariant subspaces H
that share with F the property W = F N H(f,\). We take the intersection
of all these F' and get in this way a smallest closed invariant subspace F' C FE
with W = F 0 H(f,\). We claim that this F' is irreducible. For this we take
any orthogonal decomposition F' = A @& B. The eigenvalue A must occur as
eigenvalue of A in one of the spaces A, B. (The restriction of a compact opera-
tor to a closed invariant subspace remains compact and hence decomposes into
eigen spaces.) Let us assume that it occurs in A. Then AN H(f, \) is not zero.
It must agree with W because of the minimality property of dim W. Moreover
it must agree with F' because of the minimality property of F. This shows the
irreducibility.

It remains to prove that the multiplicities are finite. Let 7 € G. Let
Hq,...,H,, be pairwise orthogonal invariant closed subspaces of type 7. We
claim that m is bounded. There exists an element f = §, from the Dirac
sequence such that 7(f) is not zero on H;. There exists a non-zero eigenvalue
A. This eigenvalue then occurs in all H; since they are all isomorphic (as
representations). Since the multiplicity of the eigenvalue is finite the number
m must be bounded. ad

A special case of Proposition 8.5 gives the following basic result.

8.6 Theorem. Let K be a compact group. The reqular representation of CompIrr
K on L*(K) (translation from the right) is completely reducible with finite
multiplicities.

Proof. Let f € C(K). We have to show that the operator R; is compact.
Recall that Ry is defined as Bochner integral

Ry(h) = /K f@)Ro(h)dr,  (Roh)(y) = hlya).

It looks natural to get this as function by interchanging the evaluation if this
function with integration, i.e. one should expect

Ry(h)(y) = /K f(x)h(yz)dz.

This is actually true but one has to be careful with the argument since the
evaluation map h — h(y) is not a continuous linear functional on the Hilbert
space L?(K). Instead of this one uses the following argument. Two elements of
a Hilbert space are equal if and only if their scalar products with an arbitrary
vector are equal. Taking scalar product with a vector is a continuous linear
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functional which can be exchanged with the Bochner integral. In this way one
obtains the desired formula. We can rewrite the formula as

Ry(h)(x) = /K f(a1y)h(y)dy.

This is the integral operator with kernel K(x,y) = f(z~1y). O
There is a more general result.

8.7 Proposition. Fvery unitary representation of a compact group K on a
Hilbert space H is completely reducible.

Proof. We have to show that the operators

T = n(f) = /K f(@)m(z)da

are compact. For this it is sufficient to construct for each € > an operator T”’
with finite range such that [|T — T"|| < e.

8.8 Theorem. Fvery topologically irreducible representation of a compact
group on a Hilbert space is finite dimensional.

8.9 Proposition. Let 7 : K — GL(H) be a Banach representation of a
compact group on a Hilbert space H. There exists a Hermitian product on H
whose norm is equivalent to the original one and such that 7w is unitary.

The proof is easy. One replaces the original Hermitian product (-, -) by the new
scalar product

/ (r (k) (@), 7 (k) (9)).
K

(This is called Weyl’s unitary trick.) O
There is a broad structure theory for representations of compact groups,
in particular of compact Lie groups. We need only little of it. Basic for this

theory is the notion of the character of a finite dimensional representation
m: G — GL(H). It is the following function on G:

Xr:G— C, xx(z) =tr(n(x)).
For a one-dimensional representation this is the usual the underlying character.
The character is a class function. This means
x(yzy™') = x(z).
8.10 Peter-Weyl theorem. Let 7 : K — GL(H) be an unitary represen-
tation of a compact group and let o be an irreducible unitary representation

of K. We denote by H(o) the o-isotypic component of H. We denote by
P : H — H(o) the projection operator. Then

P = dim(a)/ x (k) (k).

K
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Proof. A proof can be found in the appendices.

Theorem 8.6 admits the following generalization:

8.11 Theorem. Let G be a unimodular locally compact group and I' C G
a discrete subgroup such that T\G is compact. Then the representation of G
on L?(T\G) (translation from the right) is completely irreducible with finite
multiplicities.

Proof. As in the proof of Theorem 8.6 we can rewrite the operator Ry as an
integral operator

/Gf(y)h(wwdy =/Gf(x‘1y)h(y)dy = /F\GZf(x_lvy)dy-

yel

This is an integral operator with kernel

K(z,y) =Y _ fla ')

~yel

Since f has compact support, this sum is locally finite and K is a continuous
function on X x X where X is the compact space '\G. So we can apply
Proposition 8.4. O

This theorem is of great importance for the theory of automorphic forms
and is one reason to study the irreducible representations of G.

GGfin



Chapter II. The real special linear group of degree two

1. The simplest compact group

We study the group
K =S0(2,R).

So K consists of all real 2 x 2 matrices k of determinant 1 with the property

Kk =e.

() 6= )

this means that k is of the form

k:(a —b)’ a2—|—52=1.
b a

For k € K the complex number ( = a+1ib is of absolute value 1. Recall that the
set of all complex numbers of absolute value 1 is a group under multiplication.
One easily checks that the map

SO(2,R) = S', kr—¢,

is an isomorphisms of locally compact groups. So we see that K is a compact
and abelian group. Hence we know that each irreducible unitary representation
is one-dimensional and corresponds to a character. The characters of S! are
easy. They correspond to the integers Z. For each integer n we can define

Xn(k) = xn(C) = ("
For an arbitrary unitary representation 7w : K — GL(H) we can consider the
corresponding isotypic component

H(n) :={h e H; m(g)(h) =xn(g)h}.
Another way to write the elements of SL(2, R) is
( cosf —sinf )
sinf  cosf |-
Here 6 is determined mod 27iZ. The character y,, in this presentation is given
by

Because of

n (]{I) — 627rin9 )
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2. The Haar measure of the real special linear group of
degree two

We use the following notations:

G = SL(2,R),

a 0
A—{a— (0 a_l), tER}, a >0,
N = (L @), eR
— TLI —_— O 1 ) x 9
cos —sinf
K_{ke_(sine COSH)’ GGR}'
2.1 Lemma (Iwasawa decomposition). The map IwaZ
AxNxK—G, (ank)— ank,

18 topological.

Proof. The elements of K act as rotations on R%. To any g € G one can find
a rotation k such that gk fixes the x-axis. Then gk is triangular matrix. This
gives the prove of the lemma. O

One can write the decomposition explicitly:

ab_ﬁ 0 (1 ac+bd) 1 d —c
c d) 0 Ve + d? 0 1 Ve +dz\c d )’

We denote the Haar measures on A, N, K by da, dn, dk. Recall

da = d_a, dn = dzx.
«

The measure dk is normalized such that the volume of K is 1.

We first consider the group P = AN of upper triangular matrices in SL(2, R)
with positive diagonal. The map A x N — P is topological (but not a group
isomorphism). Recall that

/Pf(p)dp ::/A/Nf(an)dnda

is a Haar measure (Lemma 1.5.2).
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2.2 Proposition. A Haar measure on G = SL(2,R) can be obtained as HaarSR

follows
ll LﬂW“iLAAﬂmm%mm

Proof. Since K is compact we have Ag|K = Ak . Hence the invariant quotient
measure nn K \G exists. There is a natural topological map P — K\G. The
quotient measure gives a Haar measure on P. The rest comes from defining
properties of a quotient measure (Proposition 1.5.3). O

3. The principal series

We construct the basic unitary representations of G = SL(2, R).

The principal series

We take G = SL(2,R), K = SO(2,R). We also consider the group P of upper

triangular matrices
(o %
b= 0 o 1

with positive diagonal elements. The Iwasawa decomposition gives a natural
bijection
P\G — K, pkr—k.

Since G acts on P\G from the right, we get an action of G on K. This can be
described as follows.

Let k € K, g € G. We write the Iwasawa decomposition of kg in the form
kg = Py(k)kg(k), By(k) € P, ky(k) € K..
Then the action of G on K is given by
KxG—K, (kg)— kyk).

Let dk be a Haar measure of K. It is not invariant under the action of G.
Instead of this the following transformation formula holds. Recall that A(p) =
a? is the modular function of P.

3.1 Lemma. Letg € G. We consider the (continuous) maps kg : K — K and TnT
Dg : K — P which are defined by kg = py(k)ky(k). Then for each f € C.(K)
the formula

/K F g (B)) A (5, (k) )k = /K £ (k) dk
holds.
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Proof. Since G and K are unimodular we can consider on G/K the invariant
quotient measure and this is a Haar measure on P which we can identify with
G /K. We choose an arbitrary function ¢ € C.(P) with the property

| ewap=1.

Then we consider the function F'(pk) = ¢(p)f(k). This is a function in C.(G).
The defining formula for the quotient measure on K\G is

/G F(2)dz = /P /K Fpk)dkdp = /K F(R)dk.

We use the right invariance of the Haar measure on G to obtain

[ stk = [ ey = [ [ P,k @)

We first integrate over p. Since the factor p,(k) € P is on the right from p we

get
[ s = [ [ Pk, o)A@, 0)dkdp = [ $E WAL ©
K KJP K
We derive a corollary from Lemma 3.1.

3.2 Corollary of Lemma 3.1. Let f: G — C be a function such that f|K CLTm
1s 1ntegrable and such that

f(pg) = a*f(p) = Ap)f(p) forallpe P, g<G.

Then for each g € G the function

f(z) = f(zg), z€G,

has the same property and we have

/Kf(:c)dx:/Kf(x)da:.

Proof. Tt is enough to prove this for f(k,(k)) instead of f, because the extra
factor is a continuous function on the compact space K. The proof that we
have in mind makes use of the fact that k = £, is a diffeomorphism K — K.
This can be expressed elementary in the following way. Consider the natural
map R — K, 6 — kyg. Then k can be liftet to a diffeomorphism p : I — J
where I, J C R are intervals of length 27. The function f lifts to a periodic
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function ' on R. The Haar measure corresponds to [, F(s)ds. Now the claim
follows from the transformation formula

/I F ) |()|dt = /J F(s)ds.

This proves the Corollary. ad

Now we consider the space of all functions

flpg) = a' ™ f(g) = A(p)IT)2f(g), peP geq.

Here s can be an arbitrary complex number. The group G acts on the set
of these functions by translation from the right. The Iwasawa decomposition
shows that such a function is determined by its restriction to K and every
function on K is the restriction of such a function f. Hence we defined an
action of G (depending on s) on functions on K. It can be described as follows.

Let f be a function on K and g € G. Then the transformed function is

Flk) = ABy (k)92 £ (kg (k).

Claim. a) Let f € £2(K,dk). Then the same is true for f. }
b) Let f be a zero function. Then this true also for f.

The proof is the same as that of Corollary 3.2.

Now we introduce the space H(s) of all functions on G with the property

flpg) =a'**flg), peP geC

and such that the restriction to K is contained in £2(K,dk). The above claim
shows that G acts on H(s). The space of zero functions (with respect to the
Haar measure) N (s) is invariant. Hence the group acts on H(s) = H(s)/N(s).
This space can be identified with L?(K, dk). We transport the Hermitian prod-
uct of L?(K,dk) to H(s). By means of Lemma 1.6.5 it is easy to show that this
representation is continuous.

3.3 Proposition (Principal Series Representations). For each complex
s there is a (continuous) Banach-representation of G = SL(2,R) on the space
L?(K,dk) which can be defined as follows. Take a square integrable function f
on K and extend it to a function on G with the property

flpr) =a'**f(x)  (z€G).
Consider the translation of G from the right on these functions.

We will see that the these representations play a fundamental role. They are not
irreducible. We can consider the subspaces H*"(s) and H°(s) of H(s) and
similarly Heve"(s), H°4(s) of H(s) that are defined through f(—g) = ££(g).

PrinS
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3.4 Remark. The principal series is the direct sum of the even and the odd Rpeo
principal series
H(S) — Heven(s) D HOdd(S)

which are defined through f(—g) = £f(g).

Even though the principal series act on a Hilbert space (L?(K,dk)) theses
representations are only Banach representations. But in particular cases they
can be used to construct unitary representations. The easiest case is as follows.

3.5 Proposition (unitary principal series). For s € iR the principal PSu
series representation is a unitary representation of G. In these cases the de-
composition

H(S) — Heven(s) D HOdd(S)

s an orthogonal decomposition.

We will see later that HV®"(s), s € iR, is always irreducible and that H°4d(s),
s € iR, is irreducible for s # 0. The odd case s = 0 is exceptional. Here the
representation breaks into an orthogonal sum

HOdd(O) _ Hodd(0)+ D HOdd(O)_

of two representations. Inside L?(K,dk) they are generated (as Hilbert spaces)
by € where n > 0 resp. n < 0. Later we will see that these two exceptional
unitary representations are irreducible. They are called the Mock discrete series
for reasons we will see.

So far we obtained three series of unitary representations which will turn
out to be irreducible.

even principal series H"(s) (s € iR)

odd principal series H°d(s) (s € iR, s#0)

Mock discrete series H°44(0)y (2 representations)
derived from the odd principal series
in the case s =0

4. The complementary series

We go back to the principal series representation for arbitrary complex s. Let
f € H(s) and g € H(—5). Then h = fg has thee property h(pk) = a?h(k). So

we can consider the Hermitian pairing

H(s) x H(~5), (f.9) — /K F(k)g(k)dk
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and this pairing is G-invariant (use Corollary 3.2).

In what follows it is convenient to introduce the subspace H>(s) C H(s) of
differentiable functions in H(s). This space is defined such that it is the inverse
image of C>°(K') with respect to

H(s) — L*(K,dk).
Clearly the group G acts on H>°(s). We want to construct an intertwining

operator
M(s) : H®(5) — H®(—s),

in the sense that it is an isomorphism of vector spaces, compatible with the
action of G.

4.1 Lemma. Let f € H(s) be a differentiable function. Then the integral

0 -1
flwn)dn, w = ( ) ,
I, Lo
Proof. We have to make use of the Iwasawa decomposition

(o —1)(1 )_(ﬁ 0 )(1 )<¢ ¢;£x2>
- 1 T .
10 0 1 0 V1+ 22 0 1 Vil s

It shows

1 x —1 1
V14 2? i i 01

Since the function f is bounded on K, we can compare the integral with

o0
1
/1 its dz.

This converges for Re s > 0. a

exists for Res > 0.

We can consider the integral in Lemma 4.1 for f(zg) instead of f(z),

[ o

and consider it as a function on G. For trivial reason we have:

LIe
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4.2 Remark. Let Res > 0. The operator LMs

(M(s)f)(9) = /N f(wng)dn

is compatible with the action of G.

As we know, L?(K,dk) is a Hilbert space. The functions e’ n € Z, define an
orthonormal basis. This follows for example from the fact that every function
in C*°(K) admits a Fourier expansion

00
E :amelme‘
m=0

Such a Fourier series occurs if and only if (a,,) is tempered, i.e. rapidly decaying
which means that a,, P(m) is bounded for all polynomials P. The Fourier series

and all its derivatives then converge uniformly. Hence they converge also in
L?(K,dk). We denote by

e(s,m) pk — altsem?
the corresponding functions in #(s). Considered in H(s) they build an or-

thonormal basis. (Recall that we consider at the moment the Hilbert space
structure on H(s) which is obtained by transportation from L?(K, dk)).

4.3 Proposition. Let Res > 0. Then PeG
M(s)e(s,m) = c(s,m)e(—s, m)

where
21757 (s)

D=5 (=)

c(s,m) =

An inductive formula for c(s,m) is

s mones
c(s,0) = NESN c(s, £1) = i NED)
s—(m+1) s+ (m —
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Proof. We have to prove

c(s,m) = /M e(s,m)(wn)dn.

Using the Iwasawa decomposition this means

/OO 1 ( i )mdx— 2'7°7I'(s)
oI 2 P \Wita?)  T(sESEmp(semy

This formula is proved and commented in (as far as I know unpublished) notes
of Garret, P. “Irreducibles as kernels of intertwinings among principals” (2009)
and later also in Casselman, B. “Representations” (2020 so far last version).
Both papers can by found on the internet. Casselman says that the proof in
his notes is due to Garret but that this formula already had been known to
Cauchy, who published it 1825 without proof. For the detailed proof we refer
to the two papers above. a

The I'-function has a meromorphic extension to the whole plane. The poles
are in 0,—1,—2,.... Hence the functions ¢(s,m) can be holomorphically ex-
tended to the complement of Z in C. It is easy to verify that c¢(s,m) has
moderate growth for fixed s ¢ Z and for m — +oo. We can use this extension
to define the intertwining operator M (s) for all s ¢ Z. This means that

le(s,m)| < cm|®
for suitable constants C, K which may depend on s. This implies that

(ame(m, s)) is rapidly decaying if (a,,) is so. This implies that M(s) can
be defined th rough

M (s) Z ame(s,m) = Z amc(s,m)e(s,m).

So we see that M(s) maps H>®(s) to H*>°(—s) Hence we proved the following
proposition.

4.4 Proposition. The intertwining operator M(s) : H>®(s) — H>(—s) can
be extended from Res > 0 to all s ¢ 7 by means of the formula

M (s) Z ame(s,m) = Z amec(s,m)e(s,m).

PioE
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Let f,g € H>(s). We consider the function h = fM(s)g. It is easy to check
that
heH*(2+s—3).

Now we assume that s is real. (Notice that this is in the extended domain.)
Now we can consider a pairing on H(s).

Ho(s) x H(s) — €, (f.g) = /K f(2)M (s)g(@)de.

Corollary 3.2 shows that this pairing is compatible with the action of G. The
constants c¢(s,m) are real for real s. Hence this pairing is a Hermitian form. If
all ¢(s, m) were positive this form would be positive definit. From the recursion
formula one can deduce that

c(s,m) >0 forse(—1,1), s#0, m even.

We can consider also the subspaces H V" (s) = H™(s) N H"(s) and simi-
larly for odd. The formula in Proposition 4.4 shows that theses subspaces are
G-invariant. We obtain the following lemma.

4.5 Lemma. Assume s € (—1,1), s # 0. The Hermitian form (f,g)
on HV(s) is positive definit. The action of G on H"V"(s) is unitary
(compatible with the action of G.

Assume s € (—1,1). We denote by H¢"®"(s) the Hilbert space which is obtained
from H*V°"(s) through completion.

4.6 Proposition (Complementary series). For each s € (—1,1), s # 0,
the representation of G on H®V*"(s) is a (continuous) unitary representation.
The functions €(s,n), n even, define an orthonormal basis. Two representa-
tions for s and —s are isomorphic.

5. The discrete series

Mobius transformations

Let

be a complex invertible 2 x 2-matrix. Denote by C = C U {cco} the Riemann
sphere. The transformation

az+b

9(2) = cz+d

Lmp

PCs
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is defined first outside a finite set of C but can be extended in a natural way
to a bijection C — C. This is an action of GL(2,C) on C from the left. It
is well known and easy to check that the subgroup SL(2,R) acts on the upper
half plane H. It is also well known that the Cayley transformation

(1 7)

maps the upper half plane unto the unit disk. The inverse transformation is
given by

As a consequence the group
oSL(2,R)o !

acts on the unit disk £. This group is also a well-known classical group. We
denote by U(1,1) the unitary group of signature (1,1) that is defined through

e (1 0O
gJg=J where J—(O _1>.

The special unitary group of signature (1, 1) is
SU(1,1) =U(1,1) N SL(2,C).
One can check
SU(1,1) = o SL(2,R)o ™ .

A very quick proof rests on the fact that a 2 x 2-matrix g has determinant 1 if
and only if

P (0 -1
glg=1 where [—(1 0).
Hilbert spaces of holomorphic functions

5.1 Lemma. Let U C C be an open subset and K C U a compact subset. Lhh
There exists a constant C' such that every holomorphic function satisfies the
inequality

|fla)]? < C/ |f(2)|?dz  forac€ K.
U
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Here dz = dxdy denotes the standard Lebesgue measure.

Proof. There exists r > 0 such that for each a € K the closed disk of radius r
around a is contained in U. We consider the Taylor expansion

f(z) = Zan(z —a)".

By means of

/ Mz =0 form#n
$2+y2sr2

we obtain
[lr@Pa= [ per=Y [ szl
U |z—a|<r n—0"|z—a|?<r2
We can take C = 7~ 1r—2. O

5.2 Proposition. LetU C C be an open subset and h : U — R an everywhere
positive continuous function. Consider the measure dw = h(z)dz. Then

L} (U, dw) = {f € L*(U,dw), f holomorphic}

is a closed subspace of L*(U,dw) and hence a Hilbert space.

Proof. Let (f,) be a sequence in L?_ (U, dw that converges to f in the Hilbert
space L?(U,dw). We have to show that f is holomorphic. This is true since
Lemma 5.1 shows that the sequence converges locally uniformly. ad

We denote by H the upper half plane in the complex plane. Recall that
the group G = SL(2,R) acts on H through (az + b)(cz + d)~!. The measure
dxdy/y? is invariant under the action of G. We consider more generally for
integers n the measures

n dzdy
v

dw, =y
Then we consider the space
H, = Ly (H, dw,)
of all holomorphic functions which are square integrable with respect to this

measure. We know that this is a Hilbert space. We define an action m, of
G = SL(2,R) on function on H,, by means of the formula

(mn(9)f)(2) = flg~ &) (cz +d) 7"

This defines a unitary representation of G.

PLzh
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5.3 Proposition. The Hilbert space H,, = L} |(H,dw,,) is different from 0
if n > 2. The formula

(mn(9))(2) = Flg™ %) (cz +d) ™"
defines a unitary representation of G = SL(2,R) on H,.

Proof. It remains to show that H,, is not zero if n > 2. For this transform
the measure dw,, to the unit disk £ by means of the Caylay transformation
w= (z—1i)(z+1i)7L. Its inverse is z = i(1 + w)(1 — w)~!. The imaginary part
y of z transforms as

1 Jwp?
T wp
The formula
dz  —2i
dw (1 —w)?

shows that the Euclidian measure dzdy transforms as

dv dudv

T —wff

where dudv is the Euclidean measure of £. This means that H,, can be identified
with the space of all holomorphic functions

n—2
fié—c, /yf(w)ﬁ(%) dv < oo
£ —w

O

This series is called the holomorphic discrete series. If one considers anti-
holomorphic instead of holomorphic functions one obtains the antiholomorphic
discrete series. Both together are the so-called discrete series.

6. The space Sm.n

We consider the groups
G =SL(2,R) and K =SO(2,R).

Making use of the Iwasawa decomposition, we can write any function f : G — R
as functions of the variables a, n, 6

f(g) =g(a,n,0).

Since g can be considered as a function on R-y x R x R, it makes sense to
talk about differentiable g and in this way of differentiable f. We denote the
subspace of differentiable functions of C.(G) by C°(G).

PnzR
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6.1 Definition. The space Sy, consists of all f € C2°(G) with the property

flkoxke) = f(z)e e 0 (2 e Q).

Let be f € C°(G). Then the Fourier coefficient

27 27
fmn(x) = / f(koxkg e ™0 e dode’
o Jo
is contained in 5,, . From the theory of Fourier series we obtain

f(x) _ Z fmm(l,)e—imee—inel

where the convergence is absolute and locally uniform in x. Let supp(f) be
the support of f. Then K supp(f)K contains the support of f,, . We have
proved the following result:

6.2 Lemma. Let be f € C°(G) and let be ¢ > 0. There exists a function g
which is a finite linear combination from functions contained in Sy, n and with
the following property:

a) supp(g) C K supp(f)K,

b) |f(z) —g(z)| < e forx € G.

Corollary. The algebraic sum ), . Sm.n is dense in the space LY(G,dz) with
respect to the norm || - 1.

Here dx of course is a Haar measure. Recall that G is a unimodular group,
hence we have to define

We study the convolution.

6.3 Lemma. We have

a) Smn*Spg=0ifn#p.

b) Sy = Snm-

¢) Smn *Snq C Sm.q-

The proof can be given by an easy calculation. We restrict to the case a). In
the convolution integral

(f % g)(x) = /G F)gly " o)dy

we replace y by yky which doesn’t change the integral. Now we use the trans-
formation properties of f and g and obtain that (f * ¢g)(x) remains unchanged
if one multipies it by e27(»~™? This proves a). O

From Lemma 6.3 we see that Sy, ,, is a star algebra.

Smn

LemSmn

FaltSmn



The space Sim,n 49

6.4 Proposition. The algebra S, , is commutative.

Proof. There is a very general principle behind this statement. It depends on
the fact that G = SL(2,R) admits two involutions

27 =a’ (transpose of x)

- (1 0)
x? =yxry where = 0 —1/-

We collect the properties of the two involutions that are needed in the proof.

1) o is an automorphism ((xy)? = z°y?) and 7 is an anti-automorphism
((zy)? = y7a7)

2) kT =k =k !forkeK.

3) Every element of G can be written as product sk of a symmetric matrix
(s =s") and an element k € K.

4) For every symmetric s = s7 there exist k € K such that

s% = ksk™!

for all symmetric s = s7.

1) and 2) are clear. To prove 4) we use that any real symmetric matrix s can
be transformed by means of an orthogonal matrix into a diagonal matrix

_ A0
k15k11:<01 AQ).

Here A1, Ao are the eigen values of s. Since we can replace k1 by vk, we can
assume that the determinant of k; is 1. The matrix s? is also symmetric and
and has the same eigen values as s. Hence we find an orthogonal matrix ko of

determinant 1 such that
or—1_ (M O

We obtain ksk™! = k° where k = k;lkl. Finally we prove 2). So, let
x € SL(2,R). We consider zz’. This is a symmetric positive definite ma-
trix. Transformation to a diagonal matrix by means of an orthogonal matrix
gives a symmetric positive matrix s with the property zz’ = s?. Then k = s~ 'z
is orthogonal and has the desired property. This finishes the proof of 1)-4).

We also mention that the Haar measure on G is invariant under the two
involutions. We give the argument for the anti-automorphism ¢. The integral
Jo f(xz7)dzx is right invariant. Since G is unimodular it agrees with [, f(x)dz
up to a positive constant factor C. Since o is involutive we get C? = 1 and
hence C' = 1.

SmnCom
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Now we can give the proof of Proposition 6.4. We extend the involutions to
functions on G by

fo@) = f(27), [fT(z) = f(aT).

We claim the following two formulae:
(fx9)” =f7xg% (fxg)" =g"=f".

We prove the second formula (the first one is similar). We have

(f+9) () = /G fWglyaT)dy and (g7 f7)(x) = /G oy (5™ 2)dy.

In the first integral we replace y by y7, then y by xy and after that y by
y~!. This transformations don’t change the integrals and proves the claimed
identity.

Now we assume that f € Sy, ,,,. In this case we claim f7 = f?. To prove
this we write € GG in the form x = sk. Then we get

fr(z) = f(k"s) = o(k)f(s)  (o(k) = ™)

and
fo(@) = f(s7k™Y) = o(k) f(57) = o(k) f(ysy™") = o(k) f(s)-
Now let f, g be both in S, ,,. Then f* g is in Sy, ,, too and we get (f xg)" =
(f *g)?. This gives
g fT=17*g°.

In this formula we can replace 7 by o. Since f, g € Sy, implies that f7, ¢ €
Sm,m we can replace f, g by f7, g’ to obtain the final formula f* g =g * f.
O

Now we consider a Banach representation of G = SL(2,R),
m: G — GL(H).

We assume that H is a Hilbert space. But it is not necessary to assume that
it is unitary. We restrict this representation to K. Without loss of generality
we can assume that the restriction to K is unitary (use Proposition 1.8.9). We
consider the (closed) subspace

H(m):={h e H; n(ky)(h)=e"n}.
The spaces H(n) are pairwise orthogonal and that H is the direct Hilbert sum

of the H(n). For an element h in the algebraic sum, we denote by h,, the
component in H(n).
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6.5 Lemma. The space Sy, ,, maps H(n) into H(m). It maps H(q) to zero
ifn#q.

The proof is very easy and can be omitted. O

6.6 Proposition. Assume that 7 : G — GL(H) is an irreducible represen-
tation on a Hilbert space. The algebra Sy, acts topologically irreducibly on
H(m) if this space is not zero.

Proof. Let h € H(m) be a non-zero element. We want to show that S, ,h
is dense in H(m). (This means that S,, ., acts topologically irreducible on
H(m).) We consider the space Ah. We know that .Ah is a dense subspace of
H. 1t is contained in the algebraic sum ) H(n). We consider the projection
of > H(n) to H(m). The image of Ah under this projection is dense in H(m).
Lemma 6.5 shows that this image equals S, ,,h. This shows that S, ,,, acts
topologically irreducible on H(m). O
Since Sy, is abelian, we now obtain the following theorem.

6.7 Theorem. Let 7 : G — GL(H) be an irreducible representation on a
Hilbert space. We assume that the restriction to K is unitary. Then H is the
direct Hilbert sum of the spaces H(n). Assume that H(n) is finite dimensional.
Then dim H(n) < 1. This is always the case if m is unitary.

We just mention that this a special case of a more general result that holds
for any semi simple Lie group GG and a maximal compact subgroup. Examples
are G = SL(n,R), K = SO(n,R). For every irreducible unitary representation
of G the K-isotypic components are finite dimensional. In other words: each
irreducible unitary representation of K (which is always finite dimensional)
occurs with finite multiplicity in w|K. The proof more involved, mainly since
K is not commutative in general.

A vector h € H is called K-finite, if the space generated by all w(k)h is finite
dimensional. The space of K-finite vectors is denoted by Hg. The elements of
H,, ,, are K-finite. Since every finite dimensional representation of a compact
group is completely reducible, we obtain the following description.

6.8 Lemma. Let m be a Banach representation of G on a Hilbert space H
such that the restriction to K s unitary. Then

Hy = Z H(m) (algebraic sum).

meZ

It is important to describe for a given irreducible unitary representation
the set of all n sich such that H(n) is different from zero (and then one-
dimensional). For this we look for operators that shift H(n) which means
that H(n) is mapped into another H(m). We will find such operators in the
Lie algebra. Finally we mention another result which is important in this
connection.

AHact

SnnIrr
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6.9 Lemma. The group G = SL(2,R) is generated by any neighborhood of GenNei
the unit element.

The following proof works for every connected group. (That SL(2,R) is con-
nected follows from the Iwasawa decomposition). Let U be a an open neigh-
borhood of the identity. By continuity the set of all @ such that a and a=* is
contained in U is also an open neighborhood. Hence we can assume that a € U
implies a~! € U. We consider the image U(n) of

Ut — G, (a1,...,a,) —> a1+ ap.

The union Gy of all U(n) is an open subgroup of G. Since G is the disjoint
union of cosets of Gy, the complement of Gy in G is also open. Hence G is
open and closed in G and hence Gy = G since G is connected. O

7. The derived representation

Differential calculus usually is defined for maps U — R™, where U C R" is
an open subset. There is a straight forward generalization where £ = R"
and ' = R™ are replaced by Banach spaces, where in this context they are
understood as Banach spaces over the field of real numbers. It is clear what
this means. A map f: U — F' in this context is called differentiable at a € U
if there exists a continuous (real) linear map L, : F — F' such that

(@)l
f(m) - f(a) = La(ﬂU - Cl) + ?“(JU) where lim ——— = 0.
w54z —al
If this is true for every a € U we call f differentiable. Then we can consider
the derivative

Df:U — Hom(E, F), df(a)= L.

Since the subspace of bounded operators of Hom(FE, F') is a Banach space too,
we can ask for differentiability of df. In this way one can define the space of
infinite differentiable functions C*°(U, F'). As in the finite dimensional case, the
chain rule holds for (infinitely often) differentiable functions. We also mention
that a continuous linear map is differentiable for trivial reasons.

We want apply this to functions G — H where H is a Banach space (as usual

over the complex numbers). Assume that 7 : G — GL(H) be a continuous
representation. We associate to an arbitrary vector h € H a function

G — H, xz+— m(x)h.

We call the vector h differentiable if this function is infinitely often differ-
entiable. We denote the space of differentiable vectors by H*. These is a
sub-vector space. It depends of course on 7. Hence, for example, H>° is a
more careful notation.

We give examples of a differentiable vector.
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7.1 Lemma. Let 7w : G — GL(H) be a Banach representation and f €
CX(G). Then the image of w(f) is contained in H*. As a consequence, the
space H* is a dense subspace of H.

Corollary. Assume that H is a Hilbert space and that the restriction of w
to K is unitary. Let m be an integer such that dim H(m) < 1. Then the
elements of H(m) are differentiable. (This applies if w is an irreducible unitary
representation.)

Proof. The first part follows from the formula

m(@)n(f)v = /G Fy)m(@)m(y)udy = /G F(a y)m(y)dy

by means of the Leibniz rule that allows to interchange integration and inte-
gration. (Of course we need a Banach valued version of the rule. We omit a
proof of this, since it can be done as in the usual case.)

To prove the corollary we observe that 7(S, »,)H (m) is dense in H(m) by
Proposition 6.6. In the case that H(m) is finite dimensional it is the whole of
H(m). Now we can apply the first part of the proof. O

Let X € gand h € H*>. The map
R — H, tr— w(exp(tX))h

is differentiable, since it is the composition of two differentiable maps. Hence
we can define the operator dn(X): H* — H:

dr(X)h = %W(exp(tX)h) o

This is related to a another construction, the Lie derivative (from the left).
This is for each X € g a map

Lx :C®(G, H) — C=(G, H)

which is defined by

Lxfla) = 4 Flaexp(X)|

(It is easy to show that Lx f is differentiable.) The Lie derivative has nothing
to do with the representation w. But we get a link to the derived representation
if we apply it to functions of the type x — 7(x)h.

ExDifV
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7.2 Lemma. Let X € gandh € H>*. We consider the differentiable function
f(z) =7m(x)h on G. Then the formula

m(a)dr(X)h = (Lx f)(a)

holds, in particular

dr(X)h = (Lx f)(e) € HE.

Proof. The second formula is just true by definition. The first one can be
obtained if one applies m(a) to the second one. One just has to observe that
m(a) commutes by continuity with the limit

lim m(exp(tX))h — h.

t—0 t

The Lie derivatives satisfy a basic commutation rule.

7.3 Proposition. For X,Y € g the formula
Lixyj=LxoLly—LyoLx ([X,Y] = XY - YX)
holds.

Proof. The formula states

9 FlexpltlX, YD), =

d d

dt ds (
Here f is a C* function on some open neighborhood of the unit element of
G = SL(2,R). It is easy to show that f is the restriction of a C*°-function
on some open neighborhood of the unit element of GL(2,R) (which can be
considered as an open subset of R*). Hence it is sufficient to prove the formula
for G = GL(2,Z) and g can be replaces we the space of all real 2 x 2-matrices.
Using Taylor’s formula one can reduce the proof to the case where f is a
polynomial. The product rule shows that the formula is true for fg if it is true
for f and g. Hence it is sufficient to prove it for linear functions. So we reduced
the sstatement to the formula

flexp(tX)exp(sY)) — f(exp(tY) exp(sX)))|,_,_,-

iexp(t[X7 Y])‘tzo =

dt
d d
i s (exp(tX) exp(sY)) — exp(tY) exp(sX)) ’t:s:O'
This is equivalent to the formula [X,Y] = XY — Y X. 0

As a consequence of the commutation rule of the Lie derivative we obtain
the following rule for the derived representation.

LieDer

DerK1l
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7.4 Proposition. Let 7w : G — GL(H) be a unitary representation. Then the DerCom
following rule

dr([X,Y]) = dr(X) o dr(Y) — dr(Y) o dr(X)

holds.

Propositions 7.3 and 7.4 provide special cases of the following definition.

7.5 Definition. Let A be a an associative algebra (over the field of real LieHom
numbers is enough). A map ¢ : g — A, A—— A is called a Lie homomorphism
if it is R-linear and if

¢([A, B]) = o(A)p(B) — ¢(B)p(A)

holds.

Hence Proposition 7.3 provides a Lie homomorphism
g+— End(C>*(G, H))
and Proposition 7.4 a Lie homomorphism
g — End(H®).

In both cases the algebra on the right-hand side is a complex algebra (since
H is a complex vector space and since we understand by End complex linear
endomorphisms. In such a case we can extend ¢ to the complexification g¢ by
means of the formula

gc — A 9(A4) = p(Re(4)) +ip(Im(A)).
It is easy to check that the formula
p([A, B]) = p(A)p(B) — ¢(B)p(A)

remains true where the bracket in gc is of course defined by the formula
[A, B] = AB — BA.
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8. Explicit formulae for the Lie derivatives

In the following we use the elements

o= (00w (00 = (0 ) (30

of g. Three of them give a basis of g. We also will consider the complexification
gc. Here we use the (complex) basis

W, E-=H-iV, ET =H+iV.

_ (1 - L1 i
ee(ha) e 0h)

Recall that the Lie derivatives to g can be extended by C-linearity:

So we have

»CA—HB = ,CA +i£B,

since H and hence C*°(G, H) is a complex vector space.

From the Iwasawa decomposition we know that we can write g € G in the

form
fa b\ (VI VY 'w cosf  sinf
g_(c d>_(0 \/g_l )(—Sin@ COSQ)
with unique x and y > 0. The angle 6 is determined mod 27. We need the
expressions for x, y,  in terms of a, b, ¢, d. To get them it is useful to use complex
numbers. Let 7 be a complex number in the upper half plane, Im 7 > 0. Since

¢, d are real but not both zero, the number ¢ + d is different from zero. Hence

we can define
at +b

et +d’

g(r) =

Let h be a second matrix from G. A direct computation which we omit shows

We also notice

go(i) =1
Hence we obtain )
al+b 4
=z +1i
ca+d y

This gives us « and y in terms of a, b, c, d.

1 ac + bd

Vmere YT axar
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Looking at the second row of the Iwasawa decomposition we get

¢y = —sinf, dy/y = cosé.

This shows .
0 d—ic

eV =cosf+isinf = ——.
A /CQ + d2
This gives as
d—ic
Ve +d?
Since 6 is only determined mod 27, we have to say a word about the choice of
the argument Arg. All what we need is that for a given gy € G one can make

the choice of Arg such it depends differentiably on ¢ for all g in a small open
neighborhood of gg.

0 = Arg

In the following we will fix ¢ € G and X € g and consider

9(t) = g exp(tX)

for small t. We write z(t),y(t),8(¢) in this case. As we mentioned the function
O(t) can be chosen for small ¢ such that it depends differentially on t. If we
insert t = 0 we get the original x,y, 6.

120gFor the Lie derivative we have to consider a differentiable function f
on GG. We can write it as function f of three variables. We get

By means of the chain rule we get

SH0) = S0 + S0 + i),

Recall that we have to evaluate this expression at t = 0 to get the Lie derivative.

As an example we take

(01 x (1t
(o) =Gh)

_(a b+ta
g<t)_(c d—f—tc)'

ai+at+b

cit+ct+d

Then we have

We obtain

z(t

~—
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Differentiation and evaluating at ¢ = 0 gives

. 1
O G
Using the formulae
_ 1 2o _ (d—ic)?
Tere ¢ T exa

we obtain
2(0) = ye?? or #(0) = ycos26, y(0) = ysin 26.
Finally, to compute 6(0), we use the formula
cosO(t) = (d+ ct)\/y(t).

Differentiation gives
—0(t)sinO(t) = (d + ct);JL + eV y(t).
Evaluating by t = 0 we get

(0 smg WO
6(0)sinf = NG

We insert —c,/y = sinf and g(0) = ysin 20 = 2ysin 6 cos 6 to obtain
0(0) = —d\/ycosh +1=—cos?f + 1 = sin? 6.

Another — even easier example — is Ly. A simple computation gives

0 1 cost sint
W_(—l O)’ eXptW_(—sint Cost)'

Hence we obtain that Ly is given by the operator 9/96. In a similar way other
elements of the Lie algebra can be treated. Since V =2X — W we get L. We
omit the computation for

. 1 0 tH €t O
i=(5 ) = (55

and just collect the formulae together.
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8.1 Proposition. Let f € C>® and A € g. We denote by F(x,y,0) the

corresponding function in the coordinates and similarly G(x,y,0) for g = Laf.
The operator F — G can be described explicitly as follows:

Lx = ycos 2(9& + ysin29£ + sin? (92

Ox oy 00’
0
£W — %7
0 . 0 0
Ly = 2y cos 29% + 2y sin 298_3/ — CoS 29%,

. 0 0 ) 0
L = —2ysin 29% + 2y cos 208_3/ + sin 29@,

and, as a consequence,

o/ 0 0 0 O
EEf = —21y€_210<% —|— lg_y) + 16_210%.

9. Analytic vectors

Let E, F be Banach spaces over the field of real numbers and let U C E be
an open subset. We introduced the notion of a differentiable map U — F' In
the case that E is finite dimensional (but F' may be not) we can also define
the notion of an analytic map. In the case E = R"™ this means as usual that
for each a € U there exists a small neighborhood in which there exists an
absolutely convergent expansion as power series

f@)= 3 aler—a)" - (wn—an)™  (ay €F).

veNp

This notion is invariant under linear transformation of the coordinates, hence
it carries over to arbitrary E. We denote by C* (U, F') the space of all analytic
functions. This is a subspace of C*°(U, F'). The basic property of analytic
functions is the principle of analytic continuation. Assume that U is connected
and that a € U a point that all derivatives of f or arbitrary order vanish (this
is understood to include f(a) = 0). Then f is identically zero.

Using the standard coordinates of GG, we can define the notion of analytic
function G — H into any Banach space. If 7 : G — GL(H) is a representation
we can define the notion of an analytic vector h € H. By definition this means
that the function 7(x)h on G is analytic. The set H“ of all analytic vectors is
a sub-vector space of H*.

LieDE
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We recall the formula for the Lie derivative

(Lx )W) = 5 f(yexp(t)|

dt t=0

We replace y by yexp(uX) and obtain

= L pyexp(ux)).

(Lx f)(yexp(uX)) = %f(y exp((u+t)X))| _ =

By induction follows

mn

(L% f)(yexp(uX)) = d%f(yexp(uX))-

The Taylor expansion of the function ¢ — f(yexp(tX)) is given by

Flyesp(tX) = 3 T fyesp(tx))| 1"

AL t=0

This formula is true for given X,y if || is sufficiently small, |t| < e. For a real
constant the formula £.x = ¢Lx can be checked. This shows that (for fixed
y) the Taylor formula holds if X is in a sufficiently small neighborhood of the
origin. We specialize the Taylor expansion to the function f(z) = m(z)h and
tot =1.

9.1 Proposition. Let h € H be an analytic vector. For sufficiently small X DerExp
the formula

m(exp(X))h = Z %dW(X)"h
n=0

holds.
Making use of Lemma 1.2.1 and Lemma 6.9 we now obtain the following im-

portant result.

9.2 Proposition.  Let 7 : G — GL(H) be a Banach representation and LieAnIrr
let V_.C H be a linear subspace consisting of analytic vectors that is invariant
under dm(g). Then the closure of V' is invariant under G.

In the next section we will prove the existence of analytic vectors.
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10. The Casimir operator

In the following we will make use of the basic commutation rules in g:
[ET,E7] = —4iW, [W,ET]=2E", [W,E"7|=-2iE".

They can be verified by direct computation.

Let A be an associative C-algebra and
o:g— A
be a Lie homomorphism, i.e. a linear map with the property

o([4, B]) = o(A)e(B) — o(B)o(A).

We also can consider its C-linear extension g — A. Our typical example is
that A is the algebra of (algebraic) endomorphisms of an abstract (complex)
vector space H. In this case we talk about a Lie algebra representation of g on
‘H. We denote the image of element A € g¢ by the corresponding bold letter
A. We define the Casimir element by

w=H+ V' - W
Using the above commutation rules we can check by a simple computation
w=H+V - W =E'E +2iW- W

The basic property of the Casimir element is that it commutes with the image
of g¢.

10.1 Lemma. The Casimir element w (with respect to o : g — A) commutes
with all A for A € g.

Proof. One uses the second formula for the Casimir operator and applies the
above commutation rules. O

The Lie algebra g acts on the space C*°(G, H). Hence we can consider the
Casimir operator w acting on this space. Using the formulae on Proposition
7.2 we get the explicit expression

& a2>_4y &

_ 2( ¥ —
w=4y <8x2 o 0200

We are especially interested on its action of functions of the type

fak) = e f(z).

CasCom
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Since 0f/00 = inf we see that the operator

o 0 0? . 0

4y (@ + 8_3/2> — 4ym%

has the same effect on f as the Casimir operator. The advantage of the lat-

ter operator is that it is — like the Laplace operator — an elliptic differential

operator. We make use of a basis result that C*>°-eigen functions Df = A\f of

an elliptic differential operator D are analytic functions. Usually this theorem

is formulated for scalar valued function. But it is also true for Banach valued
functions. For this one can use for example the following general result.

10.2 Proposition. A function f : G — H is analytic if an only if Lo f is
analytic for every continuous linear function L.

We do not give a proof. ad

Let now 7 : G — End(H) a Banach representation and let h € H by
a differentiable vector. Then there is the Casimir operator acting on H°.
Assume that h is an eigen vector and that h € H(m). We claim that h is an
analytic vector. We have to show that the function f(x) = m(z)h is analytic.
The condition h € H(m) implies

fr(zk) = einefh(a:).

For any A € g we have
Lafn = far(a)n-

This carries over to the Casimir operator. So we can write

wfh = fwh-

By assumption h is an eigen vector of the Casimir operator. This implies that
fn is an eigen function. So we get that f; is analytic. By definition this means
that h is analytic. This gives the following result.

10.3 Proposition. Let m: G — GL(H) be a Banach representation and let
h € H(m) be a differentiable vector which is an eigen vector of the Casimir
operator. Then h is analytic.

This gives us the possibility to identify many analytic vectors. For this we have
to study the action of the generators of g on the spaces H(m) in more detail.

10.4 Lemma. Let 7 : G — GL(H) be a Banach representation on a Hilbert
space H. We assume that the restriction to K is unitary. We also assume
that the elements of H(m) are differentiable. Then dm(W) acts on H(m) by
multiplication by im. The operator dm(E™) maps H(m) to H(m + 2) and
dr(E~) maps H(m) to H(m — 2).

WealAn

CasAn
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Proof. Recall that the space H is the direct Hilbert sum of the K-isotypic
components, which are H(m). A direct computation gives

—sint cost

exp(tIW) = ( cost sint)
This gives .
m(exp(tW))h = "h for h e H(m).

If we differentiate by ¢ and evaluate than by ¢ = 0 we get the desired result for
the action of W.

To get the statement for the action of E* we use the rule
dr(W)dn(E™) = drn[W, ET] + dn(ET)dr(W)
and the commutation rule [W, ET] = 2iE*. For a vector a € H(m) we get
dr(W)dm(ET)h = i(m + 2)dn(E™)h.

Hence dr(E™)h is an eigen value of dr(W) with eigenvalue i(m + 2). Hence it
must lie in H(m + 2). The argument for £~ is similar. O

From the second formula for the Casimir we see that H(m) is mapped into
itself. This gives the following basic result.

10.5 Theorem. Let w: G — GL(H) be an unitary representation such that HKinv
all H(m) have dimension < 1. (This is the case if w is irreducible). Then

the vectors from Hx = > H(m) (algebraic sum) are analytic and this space is
mvariant under g.

Proof. Since the spaces H(m) have dimension < 1 they consist of differentiable
vectors. The elements of H(m) are eigen elements of the Casimir operator.
O

By a representation of the Lie algebra g on the abstract vector space E we
understand a Lie homomorphism map 7 : g — End(F), i.e. a linear map with
the property

m([X,Y]) =n(X) on(X) = 7(Y) ow(X).

For a unitary representation 7 : G — GL(H) we can consider the derived
representation

dr: g — End(Hg).

10.6 Proposition. Let 7 : G — GL(H), be a unitary representation such DerIrr
that all H(m) have dimension < 1. Then 7 is irreducible if and only if the
derived representation

dr : g — End(Hg)

has the following property. Let A be the algebra of operators that is generated
by the image of g and by the identity. For each non-zero h which is contained
in some H(m) we have A(h) = Hg.
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Proof. We notice that the set A(h) = {A(h), A € A} is a vector space.
This vector space can also be described as follows. Let X = X;---X,, be an
operator such that each X; is one of the dn(E™), dn(E~), d(W). Then A(h)
is the vector space generated by all X (h).

For a X as above the space X(Ch) is either 0 or it is one of the H(n).
Hence we see that A(h) is generated by certain spaces H(n).

Now we assume that 7 is irreducible. We prove that A(h) is the full Hg.
We argue indirectly. So we can assume that there exist an H(n) # 0 which is
not contained in A(h). We recall that the spaces H (k) are pairwise orthogonal.
Hence the preceding remark shows that H(n) is orthogonal to A(h). But then
H (n) is orthogonal to the closure of A(h). We know that this space is invariant
under G. But this is not possible since we assumed that 7 is not the trivial
one dimensional representation.

Assume now that A(h) = Hg for all nonzero h € H(m). We claim that
7 is irreducible. Again we argue indirectly. We find a proper closed invariant
subspace H'. We can take a non-zero isotypic component H'(m). Consider a

non-zero element h € H'(m). By assumption then A(h) is Hx. This shows
Hy € H' and hence H = H'. O

Since the Casimir operator commutes with all elements of g we obtain the
following kind of a Schur lemma.

10.7 Proposition. Let 7 : G — GL(H) be an irreducible unitary repre-
sentation. Then the Casimir operator acts on Hy by multiplication by some
constant.

This constant is a basic invariant of .

11. Admissible representations

Let 7 : G — U(H) be a unitary representation of G = SL(2, R). Then we can
consider the space of K-finite vectors H = Hg. They consist of differentiable
vectors. The Lie algebra g = s[(2, R) acts on them The action of K and g are
tied together.

11.1 Remark. Letnw:G — H be a unitary representations of G. Then on
Hy the following formula holds,

n(k)odr(X) =nw(kXk Y on(k), Xcg, keK.

Corollary. This formula shows that g acts on Hg .

The action of g extends C-linearly to the complexification g = sl(2,C). We
are led to consider the following algebraic objects.

CasEig
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11.2 Definition. A g-K-module H is a complex vector space H together with
a homomorphism

m: K — GL(H)
and a Lie homomorphism

dr: g — End(H)
such the compatibility relation

m(k)odn(X) =n(kXk Von(k), Xecg, ke kK
is valid. Furthermore, let H(m) be the eigenspace
Hm) = {he H: nlky) = ™R},

then H is the algebraic direct sum of all H(m).

So each unitary irreducible representation induces a g- K- module. Even more,
it is admissible in the following sense.

11.3 Definition. A g-K-module H is called admissible if the eigenspaces
H(m) are finite dimensional.

11.4 Definition. An admissible g-K-module H is called irreducible, if it is
not the zero representation and if the following condition is satisfied. Let A
be the C-algebra of operators that is generated by the image of g. For each
non-zero h which is contained in some H(m), we have A(h) = H.

It is clear what an isomorphism of admissible representation means. We em-
phasize that this is understood in a pure algebraic way. As we have seen, every
irreducible unitary representation G — GL(H) has an underlying irreducible
admissible g-K-module. We also recall that the Lie homomorphism can be
extended C-linearly to g¢.

We study in detail admissible representations. For this we will use the basis
ET,ET,W for gc. We recall

[ET,E7] = —4iW, [W,ET]|=2E", [W,E7|=-2iE".

We mention that W acts by multiplication with in on H(n). The same argu-
ment as in Lemma 10.4 shows

EY(H(n)) Cc H(n+2), E~(H(n)) C H(n—2).

We notice that the operators ETE~ act on H(n). We consider the C-algebra
generated by all operators from End(H(n)) generated by ETE~ and by mul-
tiplications with scalars. It is rather clear that this acts irreducible on H(n).
These operators commute with the Casimir operator. Hence the Casimir op-
erator w = ETE~ + 2iW — W? acts on H(n) by multiplication with a scalar.
It follows that ETE~ acts as scalar.

DgK

DAdm
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11.5 Theorem. Let H be an irreducible admissible g-K-module. Then
dim#H(n) < 1.

Choose some h € H(n), h # 0 for suitable n. We know that the Casimir
operator w acts as scalar oon h. Then also ETh, E~h, Wh are eigenvectors
of w with the same eigenvalue. The irreducibility shows that w acts with the
same scalar on the whole H.

11.6 Theorem. Let H be an irreducible admissible g-K-module. Then the
Casimir operator acts by multiplication with a constant on H.

Now we study in detail the irreducible unitary representations. We see that
the spaces
Heven — Z H(n), Hodd — Z H(n)
n even n odd

are invariant subspaces. Hence we have to distinguish between an even case
(all H(2n + 1) are zero) and an odd case (all H(2n) are zero).

Let S be a set of all integers which are all odd or all zero. We call S an
interval if for m,n € S each number of the same parity between m and n is
contained in S. We claim now that the set S of all n such that H(n) # 0 is an
interval. To prove this we consider an n € S such that H(n) is different from
zero. Recall that H(n) is one-dimensional. We choose a generator h. The space
H is generated by all A; ... A,,h where A; € gc. From the relations between
the generators we see that H is generated by EV*h and E™h. Let for example
H(n+2k) =0, k> 0. Then E"***h = 0 and hence all H(m), m > n+ 2k, are
zero. Hence S is an interval.

11.7 Proposition. For the set S of integers m with the property H(m) # 0
of an admissible representation there are the following possibilities:

1) S is the set of all even integers.
2) S is the set of all odd integers.

3) There exists m € S such that S consists of all x > m with the same parity.
4)

5)

There exists n € S such that S consists of all x < n with the same parity.
There exist integers m < n of the same parity such that S consists of all
x €7Z, m<x<n, of the same parity.

In the cases 3)-5) we call m the lowest weight and the non-zero elements of
H(m) the lowest weight vectors. Similarly we call n the highest weight.

We study case 1) in more detail. We choose a non-zero vector h € H(0).
We know that E7 is non zero on all H(n) (n even). Hence we can define for
all even n a uniquely determined h,, € H(n) such that

ho=h, E‘h, ="h,o.
Then we define the number ¢, # 0 by
E_hn = Cnhn_g.

TTI

TTI

AdmS



§11. Admissible representations 67
The system of numbers (¢, )y, even 18 independent of the choice of h. It is clear
that the action of g¢ is determined by this system of numbers and it is also

clear that isomorphic representations lead to the same system. A much better
result is true. The relation [ET, E~] = —4iW shows

Cn — Cpt2 =4m, co= A

Hence all ¢,, are determined by one, for example by ¢y. This equals the eigen-
value A\ of the Casimir operator, actually

wh = (EYE™ +2iW — WHh = h =coh for h e H(0).

Hence we obtain in the case 1)

Con =A—4(n—1)n

(and ¢, = 0 for odd n). So the representation is determined up to isomorphism
by A. What can we say about the existence? We start with some complex
number A We can take for each even n a one dimensional vector space Ch,, and
then define the vector space H = € Cha,,. The we can take the above formulas
to define ET,E~,W. It is easy to check that this gives a representation.
Obviously this is an admissible representation if all ¢o,, are different from zero.
In this way we obtain the following result.

11.8 Proposition.  An irreducible admissible representation of type 1) (in ParTyp
Proposition 11.7) is determined up to isomorphism by the eigenvalue X of the
Casimir operator. An eigenvalue X occurs if and only if it is different from

4(n — 1)n for all integers n.

The case 2) is very similar. Here we choose a non-zero vector h € H(1). Then
we define for all odd n h,, such that hy = h and E*h,, = h, 2. Then we define
¢, through E~h,, = ¢,hy—2. Then one gets

c1=A+1, ¢, —cpio=4n.

Here the solution is

Cont+1 = )\—4(71— 1)n+ 1

(and ¢, = 0 for even n).
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11.9 Proposition. An admissible representation of type 2) (in Proposition
11.7) is determined up to isomorphism by the eigenvalue \ of the Casimir
operator. An eigenvalue \ occurs if and only if it is different from 4(n—1)n+1
for all integers n.

Assume now that there is a lowest weight m. Now we choose a non-zero h €
H(m) and define h,, = h and E*hy = hp,o for k > n (same parity as n).
They are all different from 0. Then we define the constants ¢, £ < n, through
E~hyyo = cphy for k > m. We have E~E™h,,, = ¢;yhy, andE™h,,, = 0. Hence
the relation [ET, E~] = —4iW gives

Cm = —4m and cp_o — ¢ = 4k for k > m.

The only solution is

11.10 Proposition. An admissible representation with a lowest weight vector
but no highest weight vector is determined up to isomorphism by its lowest
weight m. An integer occurs as lowest weight if and only if m > 0.

We also mention that the eigenvalue of the Casimir operator is
A =m? —2m.
The same argument works if there is a highest weight vector.

11.11 Proposition. An admissible representation with a highest weight vec-
tor but no lowest weight vector is determined up to isomorphism by its highest
weight n. An integer occurs as highest weight if and only if n < 0.

In this case the eigenvalue of the Casimir operator is
A =n?+2n.

It remains to treat the case where a lowest weight m and a highest weight n
exist. The are the only finite dimensional cases. In this case we get for the
eigenvalue of the Casimir operator

A=n?+2n=m?—-2m.

This (and m < n) imply m = —n and n > 0. Hence we get the following result.

ParTypb
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11.12 Proposition. An irreducible admissible g-K-module is finite dimen-
sitonal if and only if it has a lowest weight m and a highest weight n. These
have the property m = —n, n > 0. It is determined by n up to isomorphism. Its
dimension is n + 1. Hence it is determined als by its dimension Every integer

n >0 occurs. The eigen value of the Casimir operator is n? — n.

We mention that the trivial representation occurs here (m = n = 0).

We can describe the finite dimensional irreducible admissible g-K modules
in slightly modified form as follows. We write n = 2[. Here [ is a nonnegative
integer or half integer. Then the dimension is 2/ + 1. The above description
shows that there exists a basis

€l,—1, €l —1+15---,€LI-1,€[1

such that

kgel’k = 621k0€k.
This implies

Welyk = Qiel,k.
Moreover

E+el,k = €k+1, -1 <k<l

and

E~ e k1 =arerr, —1 <k<l, c=-8 Z v (k>1).

—1<v<k
v—IlEZ
We collect the main result in a table.

Irreducible admissible representations

Tpye determined by condition

even, no highest or lowest weight X\ € C A#4(n—1)n (ne€Z).

odd, no highest or lowest weight X\ e C A#4(n—1)n+ 1.

lowest but no highest weight weight m m >0

highest but no lowest weight weight n n <0

finite dimensional weights m <n m=-n, n>0

For later purpose we look at the finite dimensional representations of gq in
some more detail. Here the assumptions can be weakened.

LowH



70 Chapter II. The real special linear group of degree two

11.13 Proposition. For each integer n > 0 there exists one and up to
isomorphism only one irreducible admissible g-K -module of dimension dim H =
n+ 1. We write n = 2l where [ is integral or half integral, | > 0 There exists
a basis e;,_j,e;,—141,...,€11-1, €1, with the following properties. The group K
acts through kee; ), = e2%9¢,. . The Lie algebra gc acts through

VVehk ::2i€Lk,
E+el,k = €l,k+1, —-I1<k< l,
E~ e k1 =aperr, —l <k<l, c¢,=-8 Z v (k>1).
—1<v<k
v—IlEZL

12. The Bargmann classification

Let m : G — GL(H) be an irreducible unitary representations. Then the
derived representation g — End(Hg) has the property that the operators
dm(A) for A € g are skew symmetric,

(Ah,h'y = —(h, AK).

This follows immediately from the definition of the derived representation. It
is clear that this formula extends to all A € g¢ in the following way

(Ah, By = —(h, AR).
Hence it is natural to ask for an admissible representation gc on H whether

there exists a Hermitian scalar product on H such that the elements of g act
skew-symmetrically.

12.1 Definition. An admissible representation is called unitdarizible if there
exists a Hermitian scalar product on H such that

(Ah,h') = —(h, A

for Aege.

We want to pick out in the list of all admissible representations the unitary
ones.

Peia
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12.2 Proposition.  An admissible representation is unitdarizible if and of WeiUni
one of the following conditions is satisfied.

1) Even case without lowest or highest weight: The eigenvalue A of the Casimir
operator is real and \ > 0.

2) Odd case without lowest or highest weight: The eigenvalue \ of the Casimir
operator is real and X\ > 1.

3) All representations with a lowest but no highest weight m, m > 0, are
unitdarizible.

4) All representations with a highest but no lowest weight n, n < 0, are unit-
darizible.

5) A finite dimensional admissible representation is unitdarizible if and only if
it is trivial.

Proof. We treat the case 1) since all other cases are similar. There is a non

zero element h € H(0) and EYE~h = Ah. From the condition that the real

elements A € g act skew Hermitian we obtain the rule (Eth,h') = —(h, E"h)

and hence

(E"h,E~h) = —(h,—ETE™h) = —(h,A\h) = —X(h, h).

It follows that A is real and negative. Assume conversely that this is the
case. Then we define a scalar product on H such that the H(n) are pairwise
orthogonal and such that (h,h) = 1. Then we define (ETh, ETh) = 1 and so
on. The proof no should be clear. O

12.3 Proposition. Two unitary representations m : G — GL(H), ' : G — Infls
GL(H'") of G = SL(2,R) are unitary isomorphic if and only if the underlying
admissible representations are (algebraically) isomorphic.

Proof. Let T : Hx — H'(K) be an isomorphism of the admissible representa-
tions. We choose scalar products such that g acts skew symmetric. We choose
a non zero h € H which is contained in some H(m). We normalize h such that
(h,h) = 1. We set b’ = Th. Without loss of generality we may assume that
(h',h") =1 since we can replace the scalar product of H' by a multiple. Now
we claim that T preserves the scalar products. For the proof we Definition 11.4.
It implies that Hg is generated by all Ay --- A, h, where A; € g. So we have to
show that T preserves the scalar products for such elements. This is done by in-
duction. We just explain the beginning to the induction to give the idea. Since
H(m) is one-dimensional and since the spaces H(n) are pairwise orthogonal,
we know all scalar products (h,z). Let A € g. The formula (Ah,z) = —(h, Az)
gives all scalar products (Ah,x). Proceeding in this way we get that all scalar
products are determined (from (h,h) = 1). The same calculation can be done
in H’. In this way we can see that T preserves the scalar products. Now we can
extend to an isomorphism of Hilbert spaces T : H — H'. From Proposition
9.1 in connection with the Lemmas 6.9 and 1.2.1 we obtain that T" preserves
the action of G. O
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The question arises whether each admissible representation can be realized
by unitary representations of G (in the sense that it is isomorphic to its derived
representation).

12.4 Theorem. FEach unitdarizible admissible representation can be realized
by an irreducible unitary representation.

Proof. In Sect. 3-5 of this chapter we gave several examples of unitary represen-
tations. It can be checked we will see this below that we obtain all unitdarizible

admissible representations. This gives the proof. We consider the representa-
tions H (s) which have been described in Chap. I, Sect. 7.

12.5 Lemma. Let f € H(s) be an element that is C*° considered as function
on the group G. Then the image of f in H(s) is a C*-vector of the represen-
tation ™ and we have

Lxf=dns(X)f.

Proof. 1t is easy to check that Lx f has the transformation properties of func-
tions from H(s). Since it is continuous it is contained in H(s). We have to

show that X )
K

t—0 t

by definition of £ the integrand tends pointwise to 0. Using the mean-value
theorem it is easy to show that the integrand is bounded for small ¢. Hence
the Lebesgue limit theorem can be applied. O

The space H(n,s) of all K-eigenfunctions which pick up the nth power of
the standard character is one dimensional and generated by the function

VY * cosf) —sinf _ . (s+1)/2 inf
90<( 0 \/g_l sinf  cos@ Y <

We can use the formula in Proposition 8.1 to compute the derived representa-
tion. The result is

drs(W)pn = inpn,
drs(E™ )pn = (s + 1 —n)pn_2
d7TS<E+)<Pn = (s+1+n)pni2

From this description, it is easy to to invariant subspaces, namely

H(S)even — @ CQDn, H(S)Odd _ @ C(pn~

n even n odd

AdmReal
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We first treat the even case. Then the parameter ¢ from the previous section
computes as ¢ = (s + 1)(s — 1). This was the reason that we introduced
already somewhat the parameter s as solution of this equation. We recall that
the representation 7, is unitary if Res = 0. We see that the corresponding
derived representation is the even principal series. But one cannot realize the
complementary series in this way, since this would demand s € (—1,1), s # 0.
But in this case 74 is only a Banach representation. Hence one needs for the
complementary series a different kind of realization. We indicated it in Chapt. I,
Sect. 7. We will give more details.

The odd principal series is obtained completely from 7,. Here the parameter
c is computed as ¢ = s? which again explains the conventions from the previous
section. Hence in the case that s is purely imaginary but s # 0 In this way we
get realizations of the two principal series where s = 0 has been excluded.

In the case s = 0 the odd space can be decomposed into subspaces again.
We obtain in the case s = 0 two irreducible subspaces of the odd space,

@ Con, @ Cop.

n>1 odd n<l odd

Obviously they are realizations of the two mock discrete representations. So
in this sense the mock discrete representations are simply degenerations of the
principal series.

Hence we have found realizations of the principal series and the tow mock
discrete representations and we mention that the complementary series can also
be realized by concrete unitary representations.

It remains to realize the discrete series. The holomorphic discrete series
gives the discrete series with a lowest weight and the antiholomorphic discrete
series gives the discrete series with a highest weight. O

Collecting together, we get the classification of the irreducible unitary rep-
resentations of G. First we introduce some notations. Recall that in case 1)
and case 2) the representation is determined by a single parameter A, the eigen-
value of the Casimir operator. Instead of A we will use a new parameter s. It
is defined through

A=(s+1)(s—1)
and is determined up to its sign.
1)\ is real and A < —1 if and only if s is purely imaginary.
2)Aisreal and —1 < A < 1 if and only if s is real and —1 < s < 1, s # 0.

We use the following notations for irreducible unitary representations 7 : G —

GL(H).

12.6 Definition. The even principal series consists of all representations
of even type without highest or lowest weight and with the property that s is
purely imaginary. (Then A < —1

Dser
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The complementary series consists of all representations of even type with-
out highest or lowest weight and with the property that s € (—1,1) but s # 0.
(Then —1 <A <0)

The odd principal series consists of all representations of odd type without
highest or lowest weight and with the property that s is different from zero and
purely imaginary (Here A < —1.)

The holomorphic discrete series consists of all representations with a high-
est weight n < —1 and now lowest weight.

The antiholomorphic discrete series consists of all representations with a
lowest weight m > 1 and now lowest weight.

The mock discrete series consists only of two representations, namely those
with highest weight m = —1 (and no lowest weight) and conversely n = 1.

The border cases with highest weight —1 or lowest weight 1 have some special
properties. Hence they are separated from the other representations with a
highest or lowest weight vector. Those with m < —2 or n > 2 define the
discrete series and the two with m = —1 or n = 1 define the mock discrete
series.

Collecting together we obtain Bargmann’s classification of all irreducible
representations w of GG. If this representation is not the trivial one dimensional
representation then g acts non identically zero (Proposition 2.9.1) and then the
derived representation is a unitdarizible admissible representation. The above
discussion gives now the main result.

12.7 Theorem. Each unitary irreducible unitary representation of G =
SL(2,R) is either the trivial one-dimensional representation or it is unitary
isomorphic to a representation of the following list.

1) The even principal series, s € iR,

2) the odd principal series, s € iR — {0},

3) the complementary series, s € (—1,1) — {0},

4) the discrete series with highest weight m < —2 or lowest weight n > 2.

5) the mock discrete series (two representations, (highest weight —1 or lowest
weight 1).

In the first three cases, s is determined up to its sign. In the last two cases the
weight 1s uniquely determined.

Why has the mock discrete series been separated from the discrete series? If
G is an arbitrary locally compact group, one has a general notion of a discrete
series representation. An irreducible unitary representation is called a discrete
series representation of it occurs (as unitary representation) in the regular
representation L?(G). It can be shown that the discrete series representations
of G = SL(2,R) in this sense consist of all representations with a higher or
lower weight vector with two exceptions, the weights 1 and —1 do not occur.
Hence these play a special role. Since they look similar as the discrete series
representations they are called “mock discrete”.

BargM
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13. Automorphic forms

We consider a discrete subgroup I' C G with compact quotient I'\G. We recall
that the representation of G on L?(I'\G) is completely reducible with finite
multiplicities. One can ask which representations of the Bargmann list occur
and for their multiplicity. For this we make a simple remark.

13.1 Lemma. Let f:H — C be a function on the upper half plane and let
m be an integer. We consider the function

a b ai+by, . —m
F(c d):f<ci+d)(a+d) '

then we have ‘
F(gke) = "™ F(g)

and every function on G with this transformation property comes from a func-
tion f on H. Moreover we can write F' as

(0 ) (5 ) = s e

The function F' is right-invariant under I' if and only if f satisfies
f((az +b)(cz+d)™1) = (cz +d)"f(2)

for all elements in I'.

Proof. The proof is straight forward. O

Now we assume that their is an irreducible closed subspace H C L*(I'\G)
which belongs to the holomorphic discrete series with lowest weight m > 2.
Wir consider a non-zero lowest weight vector h. From Lemma 13.1 we know
that h comes from a function f : H — C with the transformation property

flas bz a7 = @t an@), (8 h)er.
Since h is a lowest weight vector we have E~h = 0. Using the explicit formula

for £~ we obtain that
0 0

(2 *i5,)1 =

This means that f is holomorphic. This means that f is a holomorphic auto-
morphic form. Conversely it can be shown that every holomorphic automorphic
form occurs in this way.

HochHeb
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But als other representations of the Bargmann list may occur. For example
assume that an even principal series representation with parameter s occurs.
We can now consider a non zero vector h of weight 0. This is invariant under
K and corresponds to a function f on the upper half plane. Recall that A is an
eigen form of the Casimir operator with eigen value A = (s+1)(s—1). Looking
at the explicit expressions for E* we see that this means

y2(§—; + aa—;)f =M.

What we have found is so-called wave form in the sense of Maass. Mass gave
a generalization of the theory of modular forms replacing holomorphicity by
certain differential equation. All these Maass forms can be recovered in the
following way: Consider an irreducible sub representation H C L?(T'\G). Take
a vector h € H(m) for an arbitrary m. By Lemma 13.1 this corresponds to
function f on H with a certain transformation property. Make use of the fact
that h is an eigen form of the Casimir operator. This produces a differential
equation for f. In this way on recovers precisely the differential equations that
Maass has introduced.

14. Some comments on the Casimir operator

Let U C R"™ be an open subset. We are interested in maps
D:C>*(U) — C>=(U)

which can be written as finite sum

ai1+"'+i7rLf
Df = Piy.oiig ————
f=2 M oz'h ... 9ziy

with differentiable coefficients h . Clearly they are uniquely determined. We
call D a linear differential operator. This notation is due to the fact that
obviously D(f + g) = Df + Dg and D(Cf) = CDf. When D is non-zero
there exists a maximal m such that h;, . ; is non-zero for some index with
i1+ -+ 1, = m. We call m the degree of this operator and the function on
UxR"

P(zy,... oz, X1, Xp) = > iy, (0) XX

iHtin=m

is called the symbol of D. This is a homogenous polynomial of degree m for
fixed x. The operator D is called elliptic, if it is not zero and if

P(z,X)#0 forall X #(0,...,0).
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There are two simple observations:

a) Let V C U C R" be open subsets and let D be a linear differential operator

on U. Then there is a natural restriction to a linear differential operator on
V.

b) Let ¢ : U — V be a diffeomorphism between open subsets of R™ and let D
be a linear differentiable operator on U. Then the transported operator to
V' is a linear differential operator as well. Ellipticity is preserved.

It is clear how to define the notion of a linear differential operator on G =
SL(2,R) (use Iwasawa coordinates): We have seen that elements of g = s((2, R)
acts on differentiable functions on G through

Af() = 5 flaexp(tA)],_,

It is clear that this is a linear differential operator on G This is a Lie homo-
morphism

g — End(C®(G)).

Here C*°(G) denotes the space of all differentiable functions on G with values
in some complex Banach space. So the space is a complex vector space and the
Lie homomorphism can be extended C-linearly to gc. From construction it is
clear that the images of g are left invariant operators, i.e. they commute with
the operator “translation from the left”

Ly : C=(G) — C2(G), (Lyf)(x) = f(yx).
We also can consider translation from the right
Ry : C*(G) — CT(G),  (Byf)(z) = flzy).

14.1 Definition. We denote by D(G) the smallest subalgebra of End(C*(G))
that contains the image of g.

It can be shown that D(G) equals the algebra of all left invariant linear differ-

ential operators: We don’t need this.

14.2 Definition. A Casimir operator is an element of D(G) that commutes
with the image of g.

14.3 Lemma. Casimir operators C' have the property

Ryo0C =CoR,.

Proof. Since the Casimir operators commute with X € g they also commute
with eX. But we know that G is generated by the image of g. ad

Hence Casimir operators are left and right invariant linear differential op-
erators.

DbfD

DCa

LCp
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1. Unitary representations of some compact groups.

In this section we mention some results about the representation theory of the
compact groups U(n) and SU(n). Here U(n) denotes the group of all n x n-
matrices A with the property A’A = E and SU(n) denotes the subgroup of
elements of determinant one. We want to describe the unitary irreducible
representations of them.

We recall some facts for compact groups K:

1) Each irreducible unitary representation of a compact group is finite dimen-
sional.

2) If K — GL(V) is a finite dimensional (continuous) representation of K, then
there exists a Hermitian scalar product on V such that the representation is
unitary.

3) Let K — GL(V;) be two finite dimensional irreducible unitary representa-
tions. They are unitary isomorphic if and only of the isomorphic in the usual
sense.

Hence the classification of irreducible unitary representation of a compact group
and the classification of finite dimensional irreducible representations is the
same. So we can forget about the scalar products.

The representation theory of the group SU(n) is closely related to the theory
of rational representations of GL(n, C). We have to consider polynomial func-
tions f on GL(n,C). These are function which can be written as polynomials
in the n? variables a;;. Moreover, a function f on GL(n,C) is called rational
if there exists a natural number k such that (det A)¥f(A) is polynomial. We
mention the following result (which we will prove in the case n = 2).

1.1 Proposition. Every finite dimensional (continuous) representations
7 : U(n) — GL(V) extends to a rational representation. Two finite dimensional
representations of U(n) are isomorphic if and only if their rational extensions
are isomorphic. The representation m is irreducible if an only if its rational
extension is irreducible.

Hence the classification of irreducible unitary representations of U(n) is the
same as the classification of irreducible rational representations of GL(n,C).
The classification of the irreducible rational representations can be given by
their highest weight.

RatExt
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1.2 Theorem. Let 7w : GL(n,C) — GL(V) be an irreducible rational repre-
sentation. There exists a one-dimensional subspace W C V' that is invariant
under all upper triangular matrices and W is unique with this property. There
exist integers

LTy 2 2Ty

such that the action of diagonal matrices A with diagonal ay,...,a, is given
by
T(Aw=al'---arw (weW).

n

This gives a bijection between the set of isomorphy classes of irreducible rational
representations of GL(n,C) and the set of increasing tuples ry > -+ > ry, of
integers.

We will not prove this result here. O

The tuple (r1,...,7,) is called the highest weight and the elements of W
are called highest weight vectors.

This theorem does not tell, how the representations of a given highest can
can be constructed and, in particular, it does not tell the dimensions of the
representations.

For us, the case n = 2 is of special importance. Let
1€{0,1/2,1,3/2,...}

be a non negative integral or half integral non-negative number. We consider
the special V} of all polynomial functions P : C?* — C which are homogenous
and of degree 2[. So the dimension of V; is 2l + 1. We define a representation

o1 : GL(2,C) — GL(V})

by
(o(9)P)(x) = P(g'x).

(We use the standard action of GL(2,C) on C? of linear algebra which is an
action from the left.) The subspace W that is generated by the polynomial
P(z,y) = y is invariant under upper triangular matrices and it is the only one
dimensional subspace with this property. From this one can deduce that g; is
irreducible. The highest weight is (0,2[). More generally, we can consider the
representation det(g)*o;(g). Its highest weight is (k,k -+ 2r). These pairs ex-
haust all highest weights. Hence we have found all representations of GL(2, C)
and as a consequence also of U(2).

We are more interested in SU(2). It is not difficult to show that every
finite dimensional irreducible representation of SU(2) is the restriction of a
representation of U(2). In this way one can prove the following result.

ClasRat
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1.3 Theorem.  The restriction of o; to SU(2) is irreducible. Every finite SUl
dimensional irreducible representation is isomorphic to one and only one rep-
resentation (V, o1).

Proofs in the case n=2

We study the group SU(2). It consists of all complex matrices

a b
(5% 2)0 k=1,

This can be identified with the 3-dimensional sphere S3. We parameterize an
open part of SU(2) through

{x:<x17x27x3); x%+x%+$§<1}—>SU<2), T (_a/b Z)?

a =1z + iry, b:x3+i\/1—a:%—:1:§—:c§

Using this one can define when a function on this open subset of S is differ-
entiable or analytic. The functions are allowed to be Banach valued. Using
similar maps we can introduce differentiable or analytic functions on any open
subset of SU(2). (The reader who is familiar with manifolds will se that there
is a natural structure of a real analytic manifold on SU(2).)

Let m : SU(2) — GL(H) be a continuous finite dimensional irreducible
representation (on the complex vector space H). As in Chap. II, Sect. 8 we can
define the subspace H* of differentiable vectors and we can define a derived

representation
dr : su(2) — End(H™).

This is a Lie homomorphism in the sense of Definition I1.7.5. The same proof
also shows that H* is dense. Since H is finite dimensional, this means that
every vector of H is differentiable. We will see more, namely that every vector
is analytic. This is more difficult and needs some insight into the structure of
g = su(2). Therefore we consider su(2) as subset of s[(2,C). This is a real
subspace. One checks

s[(2,C) = su(2) @ isu(2).

And one checks that the Lie multiplication on sl(2,C) is just the C-bilinear
extension of the Lie multiplication on su(2). (In the notions of the next sec-
tion this says that sl(2, C) is the complexification of su(2)). In the same sense
s[(2,C) is also the complexification of sl(2,R). So sl(2, C) arises as complexi-
fication of two different Lie algebras.)

The representation extends C-linearly to a Lie representation

7 :5((2,C) — End(H).
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We studied such representations in detail. In particular, we constructed a
Casimir operator w which commutes with all A € s[(2,C). Then it commutes
also with e?* and hence with all g in a small neighbourhood of the unit element.
Since SU(2) is connected this neighbourhood generates the full group. Hence
w commutes with the full group SU(2). Since the action is assumed to be
irreducible, w acts by a scalar on H.

We choose a basis of su(2) and compute the exponentials

_L/io0 X, elt 0

Xl_é(o —i> T\ 0 et
170 1 otx, [ cost sint
XZ_§(—1 O) € ~ \ —sint cost
170 i otx, _ [ cost isint
X3_§(i O) € ~ \isint cost

Notice that 2X5 = W which we introduced earlier. The commutation relations
are
[X17X2] :X37 [X27X3] :Xla [X37X1] :X2~

(This means that su(2) is isomorphic to R? with the cross product.) The
expressions of ET in the X; are

E* =2(+£X5 —iX)).
For the Casimir operator w we get the expression
w=EYE™ +2iW - W? = —4(X7 + X7 + X3).
We compute the Lie derivatives

d

(Lx(f))(z) = T

(:z:etX) ‘t:O (X € su(2))

which transforms functions on SU(2) (may be Banach valued) to functions of
the same kind. We restrict the function f to a function on the open ball

{(z1, 22, 23); o] + a5 + 25 <1}
through
b . .
f0(5131,962,333) =f b al’ a = x1 +ize, b= 23+ iy,

x4:\/1—:c%—x§—x§.
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One computes

! 2 8%1 81’2 8:113 ’
P L R R

2 2 (91‘1 8x2 8I3_’
‘CX :1 _$4i +$Bi_x2i-

3 2 89@1 8x2 8903

We have proved that every vector of H is analytic. This implies, as in the case
SL(2,R), that the derived representation dr : su(2) — End(V) is irreducible in
the sense that every su-invariant subspace is V' or 0. Notice that all subspaces
of V are closed since V is finite-dimensional.

The representation dm extends C-linearly to the complexification of u(2)
which is s[(2,C). This can be restricted to a Lie homomorphism sl(2, R) —
End(#). Also SO(2) acts on H, since it is a subgroup of U(2). This means that
H is a sl(2, R)-SO(2, R)-module. For trivial reason it is admissible. Clearly
it is irreducible. Such modules have been determined in Proposition 11.11.12.
From the description that follows this proposition we see that there is exactly
one such module for each dimension n. This finishes the proof of Theorem 1.3.

1.4 Theorem. For each integer or half integer | > O there exists a unique TCiru
irreducible unitary representation of SU(2) on a Hilbert space V) of dimension

20+ 1. There exists a basis €; _j,€;.—141,-..,€1,1-1, €1, Such that
koerm = eimeel,m, —1<m<lI,
i
Xlelm - Z(el,m—kl + Cl,m—lel,m—1)7
Xgelm = imel,m,
X3epm = Z(el,erl — Clm—1€l,m—1)-

2. The Lie algebra of the complex linear group of degree
two

We need the notion of the complexification of a real vector space V. By defi-
nition this is Vo =V x V as real vector space. The multiplication by i is given
by

i(a,b) = (=b,a).

This extends to an action of C on V¢ through

(a+iB)r = ax +iBz (z € Vc)
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and this equips V¢ with a structure as complex vector space. We can embed
V into V¢ by a — (a,0) and if we identify V' with its image than Vo = V @iV.
The following universal property holds. Let f : V — W be an R-linear map
into a complex vector space W. Then there exist a unique C-linear extension
Ve — W. Just map (a,b) to f(a) +if(b).

We must give a warning. The vector space V might be a complex vector
space in advance. Of course we can consider V' as real vector space and then
take its complexification. But on V' x V we can also consider the complex
product structure. So we have two different complex structures on the vector
space V' x V. This might lead to confusion. To avoid this we denote the new
multiplication by i by

J(a,b) = (—=b,a)

and the old one by
i(a,b) = (ia,ib).

2.1 Remark. Let V be a complex vector space. On V x V we have two
complex structures.

1) Internal multiplication with i is defined through i(a,b) = (ia, ib)
2) External multiplication with i is defined through J(a,b) = (=b,a).
Obviously iJ(a,b) = Ji(a,b). The complexification of V' is V x V together

with the external J. We write this complex vector space as Vg =V x V' (with
external multiplication J). In simplified notation we can write

V=V +JV, J(a+ Jb) = —b+ Ja.

We apply this construction to the Lie algebra sl(2,C) of all complez 2 x 2-
matrices with trace zero. We have to consider its complexification s((2,C)¢ =
s[(2,C) xsl(2,C). We define a Lie bracket on s[(2, C)¢ by means of the formula

[A1 + JAg, B1 + JBs)| := [A1, B1] — [A2, Ba] + J([A1, Ba] + [A2, B1]).

Embed s((2,C) into sl(2, C)c by A — A+ JO. Then the Lie bracket that we
introduced on sl(2,C)¢ is just the C-linear extension of the Lie bracket on
s[(2,C). This bracket is C-bilinear (where multiplication by i is given by J).
This means

[J(A1+ JAs), By + JBs) = J[A1 + JAs, By + JBs| = [A1 + J A, J(B1 + JBs)]

which is easy to check. In this sense we can call s[(2, C)¢ the complexified Lie
algebra of s[(2, C) considered as real Lie algebra.

We also can consider s[(2,C) x sl(2,C) as complex vector space (with the
internal multiplication by i and the Lie bracket

(A1, Bi], [A2, Ba]) = ([A1, B1], [A2, Ba)).

We call this the product Lie algebra. A priori this is different from s((2, C)¢.
Nevertheless we will see that both are isomorphic.

RcV
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2.2 Lemma. The maps

s5l(2,C) — 5l(2,C)e, A — AF,
1

At = (4,14),
AT = %(A, —i4),

are C-linear homomorphisms of Lie algebras.

Proof. The C-linearity means of course for example (i4)* = JA*. This and
the compatibility with the Lie bracket is easy to check. O

We simplify the notation and write for (A, B) € sl(2,C)¢
A+ JB:= (A, B)

Then we have ) )
AT = §(A—|— Jifl), A = i(A_ JiA).

Recall that in s[(2, C) we considered the basis ET, E~, W. (Here the signs in
the exponent have nothing to do with Lemma 2.2.) We consider their images
in the complexification and get 6 elements of s[(2, C)¢

Wt ETT E~t, W, ETT E T
which give a complex basis. Now we can proof a structure result.
2.3 Lemma. The map
sl(2,C) x sl(2,C) = sl(2,C)¢, (A,B)— AT+ B~

18 an isomorphism of complex Lie algebras where on the left hand side i acts
componentwise (and the Lie product comes from the product structure) and on
the right hand side via J.

Proof. One has to use Lemma 2.2 and one has to check [AT, B~] = 0. ]

The both sides in Lemma 2.3 are equal as vector spaces. But they have
different structures as Lie algebras. Nevertheless they are isomorphic.

Now we consider a (complex associative) algebra A and a real linear Lie

algebra homomorphism
p:sl(2,C) — A

“Lie homomorphism” means that ¢([A4, B]) = ¢(A)¢e(B) — ¢(B)p(A). We can
extend it to a C-linear Lie homomorphism

@ : 5[(2, C)(C — A.

Lhi

LieCZ
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Here C-linear refers of course to the complexification complex structure of
s[(2, C)¢ where multiplication by i is given by J. This means that we have to
define

©(A+ JB) = ¢(A) +ip(B).

The C-linearity means
p(J(A+ JB)) =ip(A+ JB) =i(¢(A) +ip(B)) = —p(B) + ip(A4).

Restricting ¢ to s[(2,C) by means of A — A4 or (A_), we get two (complex
linear) Lie homomorphisms

ot :5l(2,C) — A.

Recall that such a homomorphism produces a certain Casimir element in A.
It has the property that it commutes with the image of s[(2,C). For trivial
reason it also commutes with the image of sl(2,C)c. Hence we get now two
Casimir elements

wy = p(ETT)o(E™T) + 2ip(WH) — p(WH)?,
w_ = p(ETT)p(E~7) + 2ip(W™) — p(W™)?,

which commute with the image of sl(2, C)¢ in 2.

2.4 Proposition. Let sl(2,C) — A be a real linear Lie homomorphism. We
extend it by complex linearity to (2, C)c and restrict it in two ways to complex
linear Lie homomorphism sl(2,C) — A. These Lie homomorphisms produce
Casimir elements wy € A. They commute with the image of sI(2,C)c.

3. Structure of the complex special linear group of degree
two

We need a generalization of the upper half plane. The hyperbolic space is
defined through
H, =R" 1 x Ryo.

We can identify Hs with the usual upper half plane. Now we need the three
dimensional hyperbolic space. We identify it with C x Rsg. We write its
coordinates in the form (z,r) where z is a complex number and r > 0. An
elegant way to describe the action of SL(2, C) on H3 is to use the skew-field of
quaternions R +iR 4+jR +kR. A quaternion is called pure if its k-component is
zero. We identify the elements (z,r) € H3 with the pure quaternion P = z+jr.
Let M = (ZZ) € SL(2,C). On can show that the quaternion c¢P + d is different

TwoCas
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from zero and define then M (P) = (aP+b)(cP+d)~!. On also can check that
M (P) is in H3 again and that this defines an action of SL(2, C) from the left.
We leave this as an exercise for the reader (see [EGM], 1.1). The action in the
coordinates (z,r) can be calculated.

(az +b)(¢z + d) + aer?
lcz + d|? + |c|?r?
. r
rt = :
\cz 4+ d| + |c|?r?

(5, r") = M(z,r), =2"=

We consider the distinguished point (0, 1) (which corresponds to j). One checks
that the stbilizer of this point is SU(2) and one checks

(5 ) 7i)on=co

In the rest of this section, we use the following notations:

G = SL(2,C),
a 0
A:{a:(o a_l); a>0},
1 =z
N_{n—(o 1), zE(C},

K =SU(2).

Similar to the real case there is an Iwasawa decomposition.

3.1 Lemma (Iwasawa decomposition). The map
AxNxK—G, (a,n,k)— ank,
1$ topological.

Proof. Let g € G. We consider ¢g(0,1) = (z,r). We have
B (VT 0 1 rtz
p(0,1) = (2z,7) where p= ( 0 \/7_“_1 0 1 :

Then k = p~lg stabilizes (0,1) and is hence in K. So g = pk is the Iwasawa
decomposition. O

We choose the Haar measure dk of K such that the volume of K is one. We
denote by da the Haar measure on A. (Recall that it is da/a. We denote by
dz = dxdy the usual Lebesgue measure on C.

3.2 Proposition. A Haar measure on G = SL(2,C) can be obtained as

follows:
/G f@)de = /A /N /K F(ank) dk dn da.

The proof is the same as that in the case SL(2,R).

IwaZz

HaarSR
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4. Casimir operator for the complex special linear group
of degree two

We have to start with a real Lie homomorphism
p:sl(2,C) — A

where A is a complex assoziative algebra. First we have to extend ¢ to a

C-linear map
v :50(2,C)c — A.

To extend ¢ in the C-linear way we have to define
(A + JB) = p(A) +ip(B).
Now we make use of the two embeddings
s[(2,C) — sl(2,C)c, Ar— A*
They induce the two C-linear homomorphisms

o ol(2,0) + A o (4) = (o) +ip(iA),

1

0™ (4) = 5 (9(4) — ip(iA)).

The point is that these are C-linear (but ¢ needs not). Hence each of the both
gives a Casimir operator.

We consider a special ¢,
¢ :51(2,C) — End(C*(G))

that is defined through the Lie derivative.

(PA)F) = & [l exp(tA))],_,

This map is only real linear (but C*°(G) means the space of complex valued
functions. Even more general, one can consider differentiable functions on G
with values in a complex Banach space). We use the notations

A = p(4)
and sometimes we write simply

Af = Af
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if the context clearly indicates what is meant.

In the case of the group SL(2,R) we got explicit formulas for a concrete
basis of the Lie algebra. The case SL(2,C) is more involved. We must be
satisfied with a weaker result. For this we consider a finite dimensional unitary
representation o : K — GL(H) of the compact group K = SU(2). Then we
consider differentiable functions

f:SL(2,C) —» H, f(ak)=o0(k)f(z) (x € SL(2,C), k € K).
Such a function is determine by its restriction fy to AN, since

f(ank) = o (k) fo(an)

and each differentiable function fy on AN extends to a function f.

We consider now a Casimir operator C. Since C' is right invariant, we get
the following result.

4.1 Lemma. Let C be a Casimir operator for G = SL(2,C) and f: G — H LCtr
be a differentiable function with the transformation property f(xk) = o(k)f(x).
Then g = C(f) has the same transformation property.

Hence there exists an operator
Cp:C*(AN) — C*°(AN)

such that C'f = g means Cy fo = go.

We apply this to the operators w4 instead of C'. The corresponding op-
erators Cy are denoted by Ai. They depend on o. We will compute them
explicitly.

5. Differentiable vectors

As in the case of SL(2,R) we can define the notion of analytic functions (may
be Banach space valued) on G. Just use the Iwasawa coordinates. It is clear
that GG acts on the space of differentiable or analytic vectors by translation
(from left or right). We consider irreducible unitary representations 7 : G —
GL(H). A vector h € H is called differentiable (analytic) if the function 7(z)h
is differentiable (analytic). We denote by H* the subspace of differentiable
vectors and by H“ the subspace of analytic vectors and we denote by Hpg
the space of the K-finite vectors. Recall that this is the algebraic sum of all
(finite dimensional) subspaces which are invariant under K. The spaces of
differentiable (analytic) elements are invariant under the action of G. As in
the case SL(2,R) it is easy to prove that the space of differentiable functions
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is dense. In the case SL(2,R) we proved more. Again we need more, namely
that the space of analytic functions is dense. To prove this, it is sufficient to

show
Hyg C H¥ (CH*™ C H).

This is more involved that in the case SL(2,R) and needs several preperations.

We consider the restriction of K and decompose the representation into
isotypics with respect to K.

H= @UGKH(U).
Then Hy is the algebraic sum of the H(o).

5.1 Lemma. Let 7 :G — GL(H) be a unitary representation. The space of Lkfd

differentiable elements in H (o) is dense in H (o).
Proof. As in the case of SL(2,R) we know that the elements

r(f)h = /G f@)n(@)dr, feC2(G),

are differentiable. They generate a dense subspace of H. Hence their orthogonal

projection to H (o) generates a dense subspace of H (o). It remains to show that

the projections are differentiable. This follows from the Peter Weyl theorem.
O

6. Multiplicity one

In this section we generalize the multiplicity one theorem (Theorem I1.6.7) to
G =SL(2,C), K = SU(2).

6.1 Theorem. Letw:G — GL(H) by an irreducible unitary representation.
In the restriction of ™ to K each irreducible representation of K occurs with
multiplicity < 1.

Proof. The proof is different from the proof in the SL(2,R). There we made
use of the commutativity of the algebra &,, ,, which now is not available.

We explain the analogue of S,, ,,. For this we need a generalization of the
convolution product. Let G be a locally compact unimodular group and let
K C G be a compact subgroup and let dx,dk be their Haar measures. Then
we have convolution products ax 3 on C(K) and f+*g on C.(G) and, in addition

C(K) xC.(G) — C.(G), (axf)(z)= /Koz(k:)f(k_lx)dk,

Co(G) x C(K) — C.(G), (f*a)(:v):/Kf(xk)a(k_l)dk.

MulOne
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Notice that in the case G = K this is the usual convolution product. The
associative law remains valid, for example f * (a* 5) = (f *x a) * 5.

Now we consider a unitary representation = : G — U(H). We want to study
its restriction to K. Therefore we consider some o € K. We recall the element
e, that is an idempotent in the convolution algebra C(K). For any f € C.(G)
we consider e, * f x e,. From the Peter Weyl theorem follows that m(ey * f x o)
maps H (o) into itself. Therefore it looks natural to consider

Cow(G) ={esx fres; feEC(G)}

6.2 Theorem. Let G be a locally compact group and let K C G be a compact
subgroup. Let o € K. Then Coo(G) is a star algebra (sub algebra of Co(G)).
Let m : G — U(H) be a unitary representation. Then C.,(G) acts on the
isotypic component H (o).

In the following we need the von-Neumann density theorem. It is explained in
Sect. 3 from the Appendices (Chap. VI). It uses the SOT-topology on B(H)
where H is a Hilbert space. We have to use Theorem VI.3.3. Let 7 be irre-
ducible. Then the image of C.(G) in B(H) is SOT-dense. An easy consequence
is that the image of C. , is SOT-dense in B(H(0)).

6.3 Definition.  An associative algebra A admits many finite dimensional
representations, bounded by n, if for every A € A, A # 0, there exists a
homomorphism 7 : A — End(H), dim(H) <n, 7(A) # 0.

6.4 Theorem (Kaplansky-Godement). Let A be an associative algebra
that admits many finite dimensional representations, bounded by n. Let H be
a Hilbert space and A — B(H) a homomorphism such that the image of A is
SOT-dense, then dim(H) < n.

Wie apply the theorem of Kaplansky-Godement to A = C. , and to H = H (o).
We make use of a result which we will formulate and prove a little later. It
concerns the construction of the principal series of SL(2, C). The corresponding
representation of C. , will turn out to be isomorphic to o. This means that A
admits many finite dimensional representations, bounded by dim(Ho)). So we
obtain that H (o) is irreducible. This completes the proof of Theorem 6.1.

O

7. Admissibility

In the case G = SL(2,R), K = SO(2) we considered admissible g-K-modules.
This concept works also in the case G = SL(2,C), K = SU(2) (and even in
more generality). We keep short.

TGc

DcAf

TKG
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Let 7 : G — U(H) be a unitary representation of G = SL(2,C). We
decompose H into isotypic components H (o), 0 € K. Their algebraic sum H g
consists of all K-finite vectors. They are differentiable and the formula

7(k) odm(A) = dr(kAk™ ") o dr(A ke K, Ac
(k) o dm( : : g,

holds. Here g = sl(2,C) considered as real Lie algebra. This formula shows
that g acts on Hi. So we are lead to the notion of a g- K-module (K = SU(2)).
This is a complex vector space H together with an action of K (homomorphism
m: K — GL(H)) and an action of g (R-linear) Lie homomorphism dr : g —
End(#) such that the above compatibility relation is true and such that all
elements of H are K-finite.

Since the Lie homomorphism dr : g — End(#) it is not determined through
the restriction to sl(2,R) or su(2). But we can extend it to a C-linear Lie
homomorphism ge — End(H).

Such a g-K-module is called admissible of the isotypic components H (o),
o € K are finite dimensional and irreducible admissible if, in addition if for
each h € H(o), h # 0, one has A(h) = H. Here A is the C-algebra generated
by the image of g.

7.1 Remark. Let H be an irreducible admisible g-K-module (g = sl(2,C),
K =SU(2)). Then the Casimir operators act by scalars on H.

So we have seen that, as in the case SL(2, R), every unitary irreducible represen-
tation of G = SL(2, C) on a Hilbert space H induces a structure as irreducible
admissible g-K-module on H = H. It should be clear what it means that two
g-K modules are isomorphic. Then we have, as in the case SL(2, R).

Two irreducible unitary representations of G = SL(2, C) are isomorphic if and
only of the assicated g-K-modules are isomorphic.

Now we have the following two tasks.

1) Classify all irreducible admissible g- K-modules.

2) Exhibit those which come from an irreducible unitary representation of G =
SL(2,C).

In the case SL(2,R) we solved both problems. Now we are content with a
slightly weaker argument.

A g-K -module is called unitdarizible if there exists a (Hermitian positive definit)
scalar product on H such that the elements A € g act skew symmetric, (Az,y) =
—(z, Ay) and if the operators m(k) are unitary.

As in the SL(2,R) it is rather clear that the g-K-module associated to an
irreducible unitary representation of G = SL(2, C) is unitdarizible.

We have to classify unitdarizible irreducible admissible g- K-modules.

RCas
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8. Unitary dual of the complex special linear group of
degree two

Let 7 : G — U(H) be an irreducible and unitary representation of G =
GL(2, C). We restrict it to K = SU(2). We know that the isotypic components
H(o) for o € K are finite dimensional.

We also know that space of differentiable vectors in H (o) is dense. Hence
all vectors of H (o) are differentiable. Hence we can apply the Casimir operator

C.

8.1 Theorem. Letw: G — GL(H) be a unitary representation. The K -finite
elements h € Hy are analytic.

Proof. We denote by H = Hy the algebraic sum of the K-irreducible subspaces
of H. It can be shown that they consist of differentiable (even analytic) vectors
such that the derived representation

dr : g — End(H)

can be defined through the same formula as in the SL(2, R)-case. Notice that
this is an R-linear Lie homomorphism. The complex structure of s[(2, C) plays
no role here. Here we have to consider s[(2, C) as real Lie algebra. Of course
we can extend this representation C-linearly to the complexification

sl(2,C)c =sl(2,C) + Jsl(2, C).

Then we can consider the Casimir operators w® € End(#). Similar to the
SL(2,R)-case it can be shown that both act by multiplication with constants
p*. These are basic invariants of the representations. We can define an other
invariant ly € {0,1/2,1,...}. Tt is the smallest [ such that the representation
o: K — GL(V;) occurs in 7| K.

8.2 Theorem. A unitdarizible irreducible admissible s1(2,C)-SU(2)-module

is determined by the parameters lo, u*, u~ up to unitary isomorphism. The
parameters p* are real and satisfy the relations

ps = 3205 (1 + 813 — 8),  32(lg + 1)*(p1 + 81§ + 161) — u3 > 0.

Proof. We have a decomposition

nH= P HO)

certain [

Lkfd

ThSC
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where #(l) is invariant and irreducible under SU(2) of dimension 2/ + 1. As in
Proposition 11.11.12 we use a basis of H ()

el,—l7 el,—l—|—17 s 7el,—l—17 el,l
and we set
H(l,m) = Cey .-

So we have

H= P Hlm).

—1<m<l

The bases have the following properties.

i
Xlelm - _<el,m—|—1 + Cl,m—lel,m—l)y

4
XQelm = i7716[,1717
1
X36lm - Z(el,m—kl - Cl,m—lel,m—l)-

We choose an explicit R basis of sl(2, C),
X17X27X27 inaiX27iX3'

We know how the elements X, X5, X3 act on H. But we do not know so far
how iX7,1X5,iX3 act. Recall the module structure of H is given through real
linear Lie homomorphism

¢ :5l(2,C) — End(H).

This has been extended C-linear to sl(2,C)c. This means p(JA) = ip(A).
But ¢(iA) and ip(A) are different.

The basis X1,...,iX3 is also a C-basis of the complexification s[(2, C)¢.
Since the extension of dm to this complexification is C-linear, it seems to be
natural to work in the complexification with a C-basis. There is another natural
C-basis of s[(2,C)c. For this we recall the two C-linear embeddings

s[(2,C) — sl(2,C)¢c, A— AT,
A% = LA+ J0A), AT = L(A-J(A).

We choose in s[(2,C) the elements W, E™, E~ and take there images under
A AT,
Wt ETt ETt, W, ETT BT,

Tis is also an C-basis of the complexification.
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We have )
E++: 1+J1E—,
2
e 1_J1E+
2 )
E—-I-: 1+J1E+
2 )
- 1_J1E_,,
2
w = Ly
2
1—Ji
W= — ‘W,

Making use of W = 2X, and E* = 2(£X3 —iX;) we obtain
E++ = —(1+ Ji)(X3 +iXy),
= (14 Ji)(X35 —1Xy),
W+ = (1+ Ji)Xo,
=(1-Ji)(X35 —iXy),
B = —(1— Ji)(X3 +iX1),
W~ = (1— Ji)X.

We apply ¢ which is C-linear with respect to J (but not to i and obtain

T (ET) = —p(X3 +iX1) +ip(X1 —1X3),
eT(E7) = (X3 —iX1) 4+ ip(X; +1X3),
T (W) = p(Xz) +ip(iX2),
e~ (EY) = p(X3 —1X1) — ip(X1 +1X3),
e~ (E7) = —p(X3 +1X1) +ip(— X1 +1X3),
e~ (W) = p(X2) —ip(iX2).

For the Casimir operators we get
wi = (ET)p " (E7) + 2ip™ (W) — (¢ (W))?,

— (p(X1)? + p(X2)? + 9(X3)%)
+(iX1)? + p(iX2)® + p(iX3)?
— 2i(p(X1)p(iX1) + 9(X2)p(iX2) 4 ©(X3)p(iX3)

=~ (ET)p™ (E7) + 2ip™ (W) = (¢~ (W))*,

= — (p(X1)? + ¢(X2)? + 9(X3)?)
+o(iX1)? + 9(iX2)? + ¢(iX3)?
+ 2(i(p(X1)p(iX1) + o(X2)p(iX2) + o(X3)p(iX3))
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Instead of w,,w_ we will use also

Wy +w_ LW — wo
He=mm o BeE

Oy =o(X1)? 4+ ©(X2)? + ¢(X3)? — 0(iX1)* — ¢(iX2)? — ¢(iX35)?
O- =p(X1)p(iX1) + o(X2)p(iX2) + ¢(X3)p(iX3)

We introduce a new basis.

W =2X,, R'=2X;—JX)), R =2(—Xs5-JX1)

Its advantage is that R* are lowering resp. raising operators
Wep = 2imem, R eim =eimi1, R €m = Clm 1€Lm 1.

The generated complex sub-vector space of s[(2, C)¢ (complex structure com-
ing from J) is

u(2) + Ju(2).

This is isomorphic to SL(2, C) (complex structure coming from 4). The iso-
morphism comes from the correspondence

W W, Ete RY, E- <R
We consider also the elements
W' =iWw, R'T=iR", R =iR".

Then the 6 elements
W Ry, R_, W’,RQF,R'_

give a complex basis (complex structure coming from J) of s[(2,C)c. The
relations between them can be computed. The result is

(W, R*] =2JR* (W,R™] = —-2JR™ [RT,R7] = —4JW+
W' R*]=-2JR" [W’ R =2JR™ [R'+ R~ ]:4JW
(W, R =2JR'" [W R~]=-2JR"~ W, W' =
[RT,R*]=0 [RT, R~ ]: —4JW' [R+ W] = 2JR’+
[R™,R'"] = 4JW' [R™, R’ ] = [R~,W'] = +2JR'~

The first row of this table corresponds to the known relations between W, ET,
E~. The second row is a trivial consequence of the first row. The rest can be
verified directly.
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We want to work out the action of W', R/, R” on H. Recall that

H= B #(lm)

certain [
—1<m<l

where the occurring H(l,m) = Ce,,, are one dimnsional. We know already
the action of W, R™, R~. The basis elements e; ,, can be taken such that

W H(,m) — H(l,m), Wepm = 2ime; m,
Rt :H(l,m) — H(,m+1), Reim=erm1 (=l <m <),
R™:H(I,m+1) = H(,m), R eimi1=cimeim (=l <m <)

with known constants ¢; ,,. We notice that we can change for each [ the basis
element ¢; ,,, by a constant depending on /.

We introduce the operator
K=R'R™ —2JW+W?=R R" +2JW + W=

Recall that we have a Lie homomorphism s[(2, C)c — End(#) which is C-
linear with respect to the complex structure on sl(2, C)¢ defined through J.
The element K can be considered as element of End(). It commutes with
the image of su(2) + Jsu(2). Recall that this is isomorphic to SL(2,C) and
KC corresponds to the Casimir operator ETE~ — 2iWW + W?2. But K doesn’t
commute with the image of s[(2, C)c. Since the group SU(2) acts irreducibly
on H;, the operator I acts through a scalar on H;.

8.3 Lemma. The operator K acts on H(l) through multiplication with the
scalar —41(1 4+ 1).

Proof. The easiest way to get this scalar is to compute it on H;;, since R
annihilates this space. The result is

K:H(l) =5 H(), Kepm=—4(+ 1)egm. O

We have to determine the action of W/, R"*, R"~ on H. For this we have to
use the commutator relations between them and W, RT™.R™~.

Our next goal is to determine the action of R'* on H(l,1). We know that
this space is in the kernel of RT. (The kernel of R™ is the sum of all H(l,1)
theta occur in H. Since RT and Rt commute, the element R™(v) for every
v € H(l,1) is contained in the kernel of RT. Hence it is contained in the sum
S H(v,v). Now we make use of the commutation rule [W, R'T] = 2JR'". Tt
implies

W(R™T) =2i(l+1)R .

A similar argument works for R~. So we get the following result.

LKop
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8.4 Lemma. We have LRsp
R H(ID) — HA+ 1,14+ 1),
R~ :H({,~1l) — HI+1,-1-1).

Next we want to compute the action of W’ on H(l,1). This is more involved.
We have to bring the two Casimir operators Oy into the game. A straight
forward computation shows

Oy = 2(e(W)* — o(W')?) = 8ip(W) + 20(R"")p(R'™) + 2p(RT)p(R™),
O = 4p(W)p(W') — 8ip(W') + 2ip(R™)p(R"™) + 2ip(R™)p(R™).

We will use akso the simplified notation

O, =2(W? - W"?) —8iW +2RTR'~™ +2RTR™,
O =4WW’' —8iW’ +2iR"R'" +2iR'"R™.

We know that these operators acts by a scalar on H,
Ota = u+a, O a=pu a.

We apply the second equation to a € H(l,1). Since a is annihilated by RT, we
get commute we get

AWW' —8iW' + 2iR"R'")a = p a.
Since W and W’ commute we get
(AWW' —8W")a = 8(1 — 1)W'a.
This gives the following result.
8.5 Lemma. We have LWs

W H ) — 1D @ HA+1,0).

Next we want to determine the action of W’ on H(l,l —1). For this we use the
relation

[R*,[R~, W] = 8W'

which follows from the table of relations above.
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8.6 Lemma. Let H(l,1) be non zero. Then R'" is non zero on H(l,1).
Corollary. Let ly be the smallest ly such that H(lo,ly) is non zero. Then
H(l,1) is non zero for all l > ly.

Proof. We have to show that } -, H(l) is invariant under s[(2, C) or which
means the same, under s[(2, C)c.

The point is now that in the cases which are described in the theorem,
all parameters under the described constraints can be actually realized by an
irreducible unitary representation of g. Similar to the SL(2, R)-case, it is better
to introduce a new parameter s be the definition

s? = (uy + 8% — 8)/8.

This means
pr =8(s* +1—1%), us=(161s)%

In the case | # 0 we can fix s such that

po = 161s (I #0).

In the case s = 0 this makes no sense. So in this case we have to be satisfied
with the fact that s is only determined up to sign.

Now we have to check for which s the inequality in Theorem 8.2 is satisfied.
Obviously it is satisfied if s is a real number. We call the triples [, u™, 4~ which
came from real s the prinicipal series. But that ist all. In the case [ = 0 one
This parameter is defined up to the sign. With this parameter we can also take
s = it where t € (—1,1). This is called the complementary series.

8.7 Theorem. Principal Series.
For every I € {0,1/2,1,...} and for any real s there exists an irreducible
unitary representation s which produces the parameters (I, ™, u~) where

pr = 8(s* +1—1%), g = 16ls.

The parameter s is uniquely determined if | # 0 and up to the sign if | = 0.

Complementary Series.
The same statement is true for | = 0 and s = it, t € (—=1,1). Here s is also
determined.

Every unitary irreducible representation of GL(2,C) is unitary isomorphic
to a representation of these two lists.

In the following we will describe the realization of the principal series.

Llom
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Chapter IV. Mackey’s theory of the induced
representation

1. Induced representations, simple case

The basic idea of induced representations is easy to explain. Let P C G be
a subgroup of a finite group and o : P — GL(H) a representation of the
subgroup. We consider the space Ind(o) of all functions f : G — H with the
property

fpz) =0o(p)f(z) for peP zed.

Then G acts by right translation on Ind(o). Assume that G is a locally compact
group and that P is a closed subgroup. We want to modify this construction
in such a way that we get — for certain o — a unitary induced representation.
An example was already given by the construction of the principal series in
Chap. I, Sect. 7. Here G = SL(2,R) and P is the subgroup of all upper
triangular matrices with positive diagonal, o was the one dimensional unitary
representation given by the character o(p) = a'** where Res = 0.

Already in this case we had to deal with the problem is that the condition
Ag|P = Ap may be false so there is no G-invariant measure on P\G.

Before we go to the general case we make a very restrictive assumption which
was satisfied in the example of the principal series. We assume that there exists
a closed subgroup K C G be a closed subgroup of the locally compact group G
such that the multiplication map P x K — (' is a topological map. We assume
that G and K are unimodular but we do not assume that P is unimodular.
Let A be the modular function of P.

1.1 Lemma. Lety € G. We consider the (continuous) maps o : K — K
and 8 : K — P which are defined by ky = B(k)a(k). Then for each f € C.(K)

the formula
| s = [ s
holds.

Proof. This is a generalization of Lemma I1.3.1. The same proof works.
O

Now we can give a straight forward generalization of the principal series.
Let 0 : P — GL(H) be a unitary representation of P. We consider functions

TmIz
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f G — V with the transformation property

floy) = Ap)' Po(p)f(y), peP yea.

(it is essential that we do not induce o directly but modify it with the factor
A(p)*/2.) Such a function is determined by its restriction to K and every
function on K can be extended to a function with this transformation property
on GG. The group G acts by translation from the right on the space of functions
with this transformation property. We can this consider as an action of G on
the space of all functions f: K — V.

1.2 Proposition. We assume that G = PK and that G and K are both
unimodular. Let o : P — GL(V) be a unitary representation. The group G
acts on functions f : G — V with the transformation property

floy) = A Po(p)f(y), peP, yeq

by translation from the right. These functions can be identified with functions
f i+ K — V. Zero functions on K are transformed into zero functions and
square integrable functions into square integrable ones. This induces a unitary
representation ™ of G on L?(K,V,dk).

The proof is the same as that of Proposition I1.3.3.

2. Induced representations, the general case

Unfortunately this construction which we gave in Sect. 2 is not good enough.
We want to give up the existence of a decomposition G = KP. We simply
assume that P C G is a closed subgroup of a locally compact group.

The following procedure to overcome this difficulty is due to Mackey. Since
we have do differ between left- and right-invariant measures, we will denote by
djx a left invariant measure on G and by d,.p a right invariant measure on P.

2.1 Assumption. There exists a function q : G — R<q which is measurable
for any Radon measure on G such that ¢ and ¢~ are locally bounded and with
the property

q(pr) =

There is an important case where the existence of a function ¢ is trivial.

IndRep

AssuC
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2.2 Remark. Let P,K C G we closed subgroups of a locally compact group PKAss
such that the map
PxK = G, (pk)— pk,

is topological. Then the function

q(pk) =

satisfies the Assumption 2.1.

In this case the function ¢ is continuous. The essential point that the Assump-
tion 2.1 is satisfied in much more general situations (with functions ¢ which
may be nor continuous).

Let us assume for example the following:

There exists an open non-empty subset U C P\G and a continuous section

s: U — @G.

(Section means that s(a) is a representative of the coset a € P\G.) Let U be
the inverse image of U in G and 7 : U — U the natural projection. We can
consider the continuous function

w0 = Reo, qul)= ﬁ—i(xsm(x))—l).

Then ¢y has the desired transformation on U. Taking translates we can cover
P\G with sets U. Since we have countable basis of the topology we can write

P\G=U,UU,U---

such that in each inverse image U, a function ¢; = qu,) with such a property
exist. We want to glue the ¢; and do this in the most simple way. We consider
the disjoint decomposition

P\G:BlLJBQU where Bn:Un—(Ulu...UUn_l).

We now define ¢ such that its restriction to B; is ¢;. This is a measurable
function for any Radon measure, since the sets B; are measurable sets. (They
are Borel sets).

The assumption that a local continuous section s exists is weak. It is always
satisfied in the context of Lie groups. The reason is that for a Lie group G
there is a vector space g (the Lie algebra) and a surjective map g — G which is
a local homeomorphism close to the origin. Even more, there exists a subspace
p C g which plays the same role for P. Consider a decomposition of vector
spaces g = p@®a. Then a — P\G is a local homeomorphism close to the origin.
Now the existence of a local section is clear, it just corresponds to the natural
imbedding of a into g.

This argument applies in all situations which we need. In the following we
take Assumption 2.1 to be granted. We need a generalization of the construc-
tion of quotient measures (Proposition 1.5.3).
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2.3 Proposition. Assume that P C G is a closed subgroup of a locally
compact group and that q is a function as in Assumption 2.1. Then there
exists a unique Radon measure dz on P\G (depending on q) such that the

formula
L= [ [ e as

holds for f € C.(G). Here d,.p denotes a right invariant measure on P. and
diz a left invariant measure on G (suitably normalized).

The proof is the same as that of the existence of the quotient measure, Propo-
sition 1.5.3 (which we did not give in full detail). We just mention the essential
fact that the inner integral is left invariant as function of x, since d,.p has been
taken to be right invariant. We also mention that for f € C.(G), the function
f(z)g(x) is an integrable function on G (with respect to any Radon measure).

Usually we will write dx instead of dz as long this is not expected to cause
confusion.

This measure on P\G is not invariant under the action of G. But it has still
the weaker problem that the space of zero functions is invariant under (right)
translation with elements of G.

One can use this measure to define the induced representation of a unitary
representation o : P — GL(H).

2.4 Definition and Remark. Assume that P C G is a closed subgroup
of a locally compact group and that q is a function as in Assumption 2.1. Let
dx be the corresponding measure on P\G. Let 0 : P — GL(H) be a unitary
representation. Consider the space of all measurable functions f : G — H with
the property f(px) = o(p)f(x) and such that || f(x)||? is integrable considered
as function on P\G. The quotient of this space by the subspace of all functions,
such that ||f(z)||2 is a zero function (considered on P\G), is a Hilbert space
H (o) with the Hermitian inner product

(f.9) = /P @)oot

The group G acts on it by means of the modified translation from the right: for
g € G the operator R, is defined by

(Ryf)(z) = f(xg)

This is a unitary representation, called the (unitary) induced representation of
o to G. It is independent of the choice of q up to unitary isomorphism.

QuotGen

IndRe
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3. Stone’s theorem

We study unitary representations of the additive group R" which are not nec-
essarily irreducible. We give an example. Let (X, dz) be a Radon measure and
f : X — C be a measurable and bounded function. Then we can define the
multiplication operator

my: L*(X,dr) — L*(X,dz), g+ fg.

This is a bonded linear operator. A bound is given by sup,cy |f(x)|. The
adjoint of my is my. Hence my is self adjoint for real f and unitary if | f(z)] =1
for all x. If f is the characteristic function of a measurable set, we have mfc =
my. This means that P = my is an orthogonal projection. This implies that
there exists an orthogonal decomposition H = Hy & Hj such that P(hy 4+ hg) =
ho. Just take for H; the kernel of P and for Hy its orthogonal complement.
This is the image of P.

If f,, is a sequence of uniformly bounded functions that converges pointwise
to f then my, converges pointwise to my.

Now we assume that f : X — R" is a measurable (not necessarily bounded)
function. Then we can consider for each a € R™ the bounded and measurable
function

z — el (@) ((a,b) = arby + - - - apby).

We denote by U(a) the multiplication operator for this function. Obviously this
is and unitary operator and moreover a — U(a) is an unitary representation.
We call it the multiplication representation related to f.

3.1 Stone’s theorem. Let U : R" — GL(H) be a unitary representation.
Then there exists a Radon measure (X,dz) and a continuous function f : X —
R"™ and a Hilbert space isomorphism o : H — L*(X,dx) such that the transport
of U to L*(X,dx) equals the multiplication representation related to f.

The space (X, dz) is not uniquely determined.

In the following we use the notations of Stone’s theorem. We consider a
bounded function ¢ : R™ — C. We always assume that ¢ o f is measurable
with respect to dx. This is for example the case when ¢ is continuous. Another
case which we will use is that ¢ is the characteristic function of a Borel set
B C R™, since then ¢ o f is the characteristic function of f~1(B) which is also
a Borel set. Then we can consider the multiplication operator m. .. We use
the isomorphism in Theorem 3.1 to transport it to a bounded linear operator
which we denote by same letter

My, = myop : H— H.

3.2 Remark. The operator M, depends only on the representation U(a) and
the function ¢ (and not on the choice of (X,dz) and the isomorphism o).

ST

Rrf
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We omit the proof since we do not need in what follows. ad

In the special case that ¢(x) = €@ we get back M, = U(a). If ¢ is
the characteristic function of a Borel set B C R", we denote this operator by

M(B)= M, : H— H.

3.3 Lemma. We use the notations of Theorem 3.1. The map B — M (B) from
Borel sets to orthogonal projection operators on H has the following properties.

1) M(0) = 0.
2) M(R"™) =id.
3) Let B = B1UBsU... by a disjoint union of countable many Borel sets. Then

M(B) =Y M(B,)

(pointwise convergence of operators).

Usually M is called a the “spectral measure” of the representation U.

4. Mackey’s theorem

Let G be a locally compact group and let L, A be two closed subgroups. We
assume that A is an abelian normal subgroup and that the map

LxA— G, (h,a)— ha,

is topological. Then L acts on A by conjugation gag—'. We are interested in
continuous characters

a:A— St
They form a group A’. The group L acts on A’ in an obvious way. Two

characters «, [ are called equivalent if there exists g € L such that § = g(«).
This means

Bla) = a(gag™).

The equivalence classes with respect to this equivalence relation are called
orbits. For a character a we consider the group

Lo={g€L; a(gag™')=alg)}.

This group depends essentially only on the orbit of aw. This means the following.
Let 8 = g(a) be another character in the orbit. Then

L/j = gLag_l.

LBb
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The subgroups of L of the form L, are called [little subgroups of L. They are
determined through L and the action of L on A.

Now we consider an irreducible unitary representation
o: L, — GL(H).
We can extend this to a representation
o-a:L,A— GL(H), (x,a)— ala)o(x).

We can induce this representation to an unitary representation of G. We say
that a unitary representation of G comes from a pair (L, o) if it is isomorphic
to the representation constructed in this way.

Mackey’s theorem states that — under a certain assumption — this is an
irreducible unitary representation of G and that each irreducible unitary rep-
resentation is isomorphic to such one.

We now explain this assumption. For this we have to know that A’ carries a
structure of a locally compact group as well. For our purposes the case A = R"
is enough. Hence we will only explain this for this group

4.1 Lemma. Let (-,-) be any non-degenerated bilinear form on R™. Every
continuous character on R™ is of the form

L:R" — St L(z) =¢@® (a € R™).
This gives an isomorphism

R" — (R™), a+— L.

We use this isomorphism to equip (R™)" with a topology. Of course this topol-
ogy is independent on the choice of (-, -). Using this isomorphism we can identify
R"™ with its dual. It is the same to consider the orbits of L in R™ or in the
dual.

Now we can formulate the assumptions for Mackey’s theorem.

4.2 Assumption. There exists a closed subset in A" which intersects with
each orbit in exactly one point.

This means that we can choose from each orbit a representative in some regular
way.

Now we can formulate Mackey’s theorem.

CharRn

AssB
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4.3 Mackey’s theorem. Assume that G = LA satisfies the assumption.
Then each unitary representation of G that comes from an irreducible unitary
representations of a little groups is unitary and irreducible. FEach irreducible
unitary representation of G is isomorphic to one of this type.

One can ask when two irreducible representations of GG are isomorphic.
4.4 Theorem, Mackey. Two irreducible unitary representations that come

from pairs (Lq,0), (Lg,T) are (unitary) isomorphic if and only if there exist
g€ L, 8=g(a) and a commutative diagram

L, — U(H,)

I \
Lﬁ — U(Hﬁ)

The right vertical arrow has to come from a Hilbert space isomorphism H, —
Hpg.
Hence we can choose a system S of representatives of the orbits and then write

G2 | L.

aeS

This means that we have to determine a system of representatives of the orbits
and the irreducible unitary representations of the corresponding little groups.

An example

We consider the group

Iso(2)::{(g Ci); CGSl,zEC}.

(Its name will be explained later.) The subgroup L is defined through z = 0 and
isomorphic to S'. The subgroup A is defined through § = 0 and is isomorphic
to C. The action of S! on C is given by

(¢, 2) —> 2z,

As representatives of the orbits we can take z = r real, »r > 0. The corre-
sponding little group is S' in the case r = 0 and the trivial group {1,—1}
else. The case r = 0 leads to the one dimensional representations that factor
through Iso(2) — S!. For each r > 0 we get one infinite dimensional irreducible
representation of Iso(2).

MackT

TMz
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4.5 Theorem. The group Iso(2) has two series of irreducible unitary repre-
sentations. The first series is parameterized through 7 and corresponds to the
one-dimensional characters that factor through Iso(2) — St. The second series
is parameterized through R~o x {1,—1}. They all come from the little group

{1,-1}.

We write the representation coming from (r,e), r > 0, explicitly. Here € as
a character of {1, —1}. It is either the trivial representation or it corresponds
to the non-trivial character Z/2Z — S'. Then we have to extend this to the
character (one-dimensional representation)

{1,-1} x C — 8% (a, 2) — e()e!(™?),

TIso



Chapter V. unitary representations of the Poincaré
group

1. The Lorentz group

The Minkowski space of dimension n + 1 is the vector space R™ ™! that has
been equipped with the symmetric bilinear form

<LE, y) = —T1Y1 + T2Y2 + - Tn+1Yn+1-

A vector is called time-like if (z, z) = 0. The set of all time like vectors consists
of two connected cones. One of them is define by x; > 0. We call this the
future cone.

The Lorentz group is the subgroup of GL(R""!) that preserves this form,

(gz,gy) = (z,y). If one identifies GL(R™"!') with GL(n + 1,R) in the usual
manner, then this means

—1
A'JA=J where J=
1

We denote the Lorentz group by O(n,1). We always assume n > 0. There are
two important subgroups. The first is the special orthogonal group SO(n, 1)
which consists of all elements with determinant one. The second is the subgroup
O™ (n,1) that preserves the future cone. Since time like vectors are mapped to
time like vectors, it is sufficient to know that the vector (1,0,...,0) is mapped
to a vector a with a; > 0. For the matrix A this means that a;; > 0. Hence we
have seen that the set of all matrices in the Lorentz group with this property
build a group. The elements of this group are called loxodromic. The matrix
J is in the Lorentz group and has determinant -1. This shows

O(n,1) = SO(n,1) USO(n,1)J.
The negative of the unit matrix E is not loxodromic. Hence we see

O(n,1) = 0" (n,1) UOT (n,1)(—E).
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We use the notation
SO (n,1) = Ot (n,1) NSO(n, 1).
We see
O(n,1) =SO0%(n,1) U SOt (n,1)J U SOT(n,1)(~E) U SO (n,1)(—J).

It can be shown that SO (n, 1) is open in O(n, 1) and connected. Hence O(n, 1)
has 4 connected components.

For small n one can find different descriptions. We start with O(2,1). For
this we consider the vector space X of all skew symmetric real 2 x 2-matrices

X = ( 2 xl) .
—x1 I3
Their determinant is —a? + 22 + 23. We identify X with R?* in the obvious
way. The group SL(2,R) acts on X through (A,X) — AXA’. For given
A this transformation can be considered as element of GL(3,R). The above
formula for the determinant shows that it is in O(3,R). From the Iwasawa
decomposition one can see that SL(2,R) is connected. Hence we constructed

a homomorphism SO™(2,1) — SL(2, R).. This is surjective and each element
of the target has two pre-images. Hence we write

SL(2,R) = Spin(2,1).
1.1 Proposition. The homomorphism
SL(2,R) — SO™(2,1)

is continuous and surjective. Each element of SO (2,1) has precisely two in-
verse images which differ only by the sign.

We skip the proof of the surjectivity. O

Proposition 1.1 is only a special case of a general result. For each n there
exists connected locally compact group G and a continuous surjective homo-
morphism G — SO (n, 1) such that each element of the image has precisely
two pre-images. This group is (in an obvious sense) essentially unique and
called the spin covering. The usual notation is Spin(n, 1) for this group. We
don’t give this (not quite trivial construction) in the general case and treat
besides n = 2 only the case n = 3 which is fundamental for physics.

Similar constructions hold for the compact groups O(n), n > 1. It is known
that SO(n) is already connected (there are no plus groups in this case). The
spin group in this case is a connected group Spin(n) together with a continuous

SpinZw
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homomorphism Spin(n) — SO(n) such that each element of the target has
precisely two pre images.

So far we constructed Spin(2,1) = SL(2,R). For the construction of
Spin(3, 1) we consider the space of all Hermitian 2 x 2-matrices

[ ho M
H_(Bl hQ).

We identify # with R* through

<h0+h2 ho — ha
2 ’ 2

H—s ,Rehl,Imhl).

Then we have

_ 2.2 2 2
det H = 27 — 25 — x5 — .

The group SL(2,C) acts on H through (A, H) — AHH' It preserves the
determinant. Hence we obtain a Lorentz transformation. It can be shown that
SL(2, C) is connected two. Hence we get a homomorphism

SL(2,C) — SO™(3,1).
1.2 Proposition. The homomorphism
SL(2,C) — SO™(3,1)

is continuous and surjective. Each element of SOT(3,1) has precisely two in-
verse images which differ only by the sign.

This allows us to write

Spin(3,1) = SL(2, C).

The existence of spin coverings is not tied to signature (n,1). For example
we can consider the Euclidian orthogonal group O(3,R). Recall that O(n, R)
consists of all A € GL(n,R) with the property A’A = E. This is a closed
subgroup. The rows and columns have Euclidean length 1. Hence O(n,R) is
a compact group (in contrast to the Lorentz group!). The subgroup SO(n,R)
of elements of determinant one is called the special orthogonal group. One
can show that it is connected. The group O(n,R) can be embedded into the
Lorentz group O(n, 1) by means of

1 0
A»—>(O A)'

We consider this in the case n = 3. We can consider the inverse image in
SL(2,C). One can check that this inverse image is the special unitary group
SU(2). Recall that The unitary group U(n) is the subgroup of all A € GL(n, C)
with the property A’A = E. This is a compact group. The special unitary
group is the subgroup of all A with det A = 1. One can show that it is
connected.

SpinDr
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1.3 Proposition. The homomorphism SpinDef
SU(2) —s SO(3,R)

is continuous and surjective. Each element of SO(3,R) has precisely two in-
verse images which differ only by the sign.

Hence we can write

Spin(3) = SU(2, C).

What could be Spin(2). It should be a two fold covering of SO(2,R). This
group isomorphic to S'. Here we have the natural map

St— st ¢—s 2
Hence it looks natural to define
Spin(2) = S*

together with the map

Spin(2) —80(2), & ( “BED O ).

2. The Poincaré group

In the following we call O(n, 1) the homogeneous Lorentz group. The inhomo-
geneous Lorentz group is the set of all transformations of R™*! of the form

v— A(v)+0b

where A is a Lorentz transformation and b € R™ ™. This group can be identified
with the set O(n, 1) x R™"*. The group law then is

(9, a)(h,b) = (gh, a + gb).
We write for the inhomogeneous Lorentz group simply
O(n, )R™ ",

We want to define also a “spin covering”. For this we have to consider the action
of Spin(n, 1) on R™ ™! which is defined by means of the natural homomorphism
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Spin(n, 1) — O(n, 1) and the natural action of O(n, 1) on R"*. We write this
action simply in the form (g,v) — gv. The Poincaré group P(n) is the set

P(n) = Spin(n,1) x R™*!
together with the group law
(g, a)(h,b) = (gh,a + gb).
It is clear that this is a group and that the natural map
P(n) — O(n,1)R™*!

(spin covering on the first factor and identity on the second factor) is a ho-
momorphism. This image is SO (n, 1)R™*! and each element has two inverse
images.

There is a Euclidian pendent of the inhomogenous Lorentz group. The
Euclidian group is the set of all transformations of R™ of the form

v— A(v)+b

where A € O(n) and b € R™. This group can be identified with the set
O(n) x R™. The group law then is

(g,a)(h,b) = (gh,a + gb).

We write for the inhomogeneous Lorentz group simply
E(n) =0(n)R"

and
Ey(n) =SO(n)R".

Orbits

The Lorentz group O(3,1) acts on R* in a natural way. Two elements a, b are
in the same orbit if and only if (a,a) = (b,b). Here (-,-) means the Lorentz
scalar product. It is easy to derive a system of representatives of the orbits and
the corresponding stabilizers.

Representatives of orbits and their stabilizers for the Lorentz group
(natural action of O(3,1) on R?)

1) (0,0,0,0) 0(3,1)

2) (0,m,0,0), m>0 0O(2,1)
3) (m,0,0,0), m>0 0O(3)
4) (1,1,0,0) E(2)
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The subgroup SO(3,1) has the same orbits since the representatives are fixed
by substitution that has determinant —1. Simply change the sign of the last
coordinate. But this is not true if on takes SO™ (3, 1). Here the representatives
are as follows.

Representatives of orbits and their stabilizers for the restricted
Lorentz group
(natural action of SO (3,1) on R*)

1)  (0,0,0,0) SO™(3,1)

2)  (0,m,0,0), m >0 SO*(2,1)
3)  (0,m,0,0), m<0 SO"(2,1)
4)  (m,0,0,0), m >0 SO(3)
5) (1v 1v ) EO<2>
6) —(1,1,0,0) Eo(2)

Finally we treat the action of SL(2,C) on R*. The orbits are the same as
that of SO (3,1). The stabilizers are the inverse images of the stabilizers in
SO™(3,1).

Representatives of orbits and their stabilizers for the Spin group
(natural action of SL(2,C) on R*)

1) (0,0,0,0) SL(2,C)
2)
3)
4)
5)
6)

Here Iso(2) means the inverse image of Ey(2) in SL(2,C). Hence we see that
the irreducible unitary representations of the Poincaré group come from the
irreducible unitary representations of the little groups

SL(2,C), SL(2,R) two possibilities, SU(2), Iso(2) two possibilities.

They have been all determined in the book. Not all irreducible representations
of P(3) are of physical significance.

There is the notion of “positive energy” for an irreducible unitary repre-
sentation of P(3). The definition needs rests on the Hamilton operator which
we will introduce a little later (Definition 3.3). Here we just mention that the
cases 4) and 5) lead to representations of positive energy. These are the repre-
sentations of physical interest. In both cases (a,a) is non-positive and we can
define the mass of such a representation by

m = +/—(a,a).

So we have
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a
a

(0,m,0,0) representation of positive energy and mass m > 0,
(1,1,0,0) representation of positive energy and mass m = 0.

These representations come from the little groups SU(2) and Iso(2).

3. Physical relevance

We keep short.
Special relativity

Minkowski space. The space of all space time events. It is a four dimensional
real vector space.

Observer.An isomorphism M = R*. So any event corresponds to a point
(xo,x1,x2,23), o is the time coordinate and the other are the space
coordinates.

Change of an observer.An isomorphism R* — R*. It preserves the form —x3+
23 + 23 + x3. The set of all possible changes of observers is the Lorentz
group O(3,1).

Quantum Mechanics

The physical Hilbert space H.An observer sees states, these are elements of the
associated projective space H = (H# — {0})/C”. Change of an observer
induces a bijection H — H. The transition probabilities

(¢,%)
lol14112

are preserved. The set of all these maps is denoted by Aut(’;':[).

Change of observers. This given by a homomorphism

G2~ 0°(1,3) x M — Aut(#H).
Special elements of Aut(#) come from unitary operators U : H — H.
But also antiunitary operators induce elements of Aut(#). Wigner has
shown that each element of Aut(?{) comes from a unitary or antiunitary
operator. Hence The image of

~

U(H) — Aut(#)

is a subgroup of index two One can show that the image of SO™(3,1) is
contained in this subgroup. Such a homomorphism usually can not be
lifted to a homomorphism into U(#H) But now the Poincaré group comes
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into the game. A not quite trivial theorem says that there exists a
homomorphism of the Poincaré group P — U(H) such that the diagram

P — UH)
1 \

A~

G — Aut(H)

commutes. Hence a unitary representation of the Poincare group is basic
for the (special) relativistic Quantum Mechanics.

The Poincaré algebra

We start with some remarks about Lie groups and Lie algebras. There is no
need to prove them here, since in all cases we need them, one can verify them
directly.

Let G, H be two Lie groups (one of the groups we consider) and let G — H
be a continuous homomorphism. One can show that there exists a unique
homomorphism of Lie algebras g — h such that the diagram

G — H
) )
g — b

commutes. In the case that the fibres of G — H are discrete (for example
finite) this map is injective and even more an isomorphism if their dimensions
agree. Examples are our spin coverings, for example

SL(2,C) — SO(3,1).

The induced homomorphism of Lie algebras sl(2,C) — s(3,1) must be an
isomorphism. It is a good exercise to work it out. Similarly su(2) = so(3), and
so on. Another observation is that a Lie group G has the same Lie algebra
as its connected component. Roughly speaking: the Lie algebra cannot see
discrete stuff.

Next we consider the extended Lorentz group. We want to consider it as a
matrix group. For this we consider

O(3, )R* — GL(5,R), (g,a) — (g ‘f) .

This defines an isomorphism of the extended Lorentz group with a closed sub-
group of GL(5,R). Hence the Lie algebra is defined. Following our general
remarks, the groups SO™(3,1)R* and the Poincaré group P(3) should have the
same Lie algebra. We skip the direct construction of the Lie algebra p of P(3)
and just define

p:= Lie algebra of the extended Lorentz group.
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Besides p we also consider its complexification pe = p + ip. From definition,
p consists of al real 5 x 5-matrices A such that exp(¢B) is in the group. It is
easy to check that B is of the form

A=<§ g).

One computes the Lie bracket as

A, B] = <[AbB] AbBBa).

This shows that we can identify p with pairs (A, a). We take this description
now as final definition

3.1 Definition. The Poincaré algebra p is as vector space DPa
p:=s50(3,1) x R*
with the Lie bracket
([(A,a),(B,b)] = (|A, B], Ab — Ba).

In this formula a,b is understood as column vector.

The natural embedding
s50(3,1) —p, Ar— (4,0)

is a Lie homomorphism. Hence s0(3,1) can be considered as Lie sub-algebra
of p. Similarly R* can be considered as subspace of p, via a — (0,a). We can
consider R* as Lie sub-algebra if we equip it with the trivial structure [A, B].
(On calls then R* an abelian sub-algebra.)

The dimension of p is obviously 10. It is easy to write down a basis. In the
following we denote the coordinates of R* by (zg,...,z3) and we denote the
standard basis of R* by ey, ..., es. Similarly the lables of matrices run form 0
to 3.

First we consider the standard basis eg, ..., e3 of R* and consider them as
elements of p. Then we recall that the elements of so are of the form

-1
E3,1A7 A= _A7 E3,1 -
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We denote by w(¥) 0 < i < j < 3 the skew symmetric matrix that has entry 1
at the position (4,7) and —1 at the position an der Stelle (j,4) den Eintrag —1
und zeros else.

The 10 elements e; € M und E3 w™) € p form a (real) basis of p. Of
course they form also a C-basis of p¢.

Physicists us a slight modification. They use
i

P = —ie;, JY = §w”.

3.2 Remark. The 10 elements P', J“ form a complex basis of pc The RPe
commutation rules

i[JHY | JPO) = nlP JHT — ke JVO 4 oY JPH,
i[PH, JP7) = kP P7 — pho PP,
[P, PP] = 0.

determine the structure of the Poincaré algebra.

If we have a unitary representation of the Poincaré group on the Hilbert space
H, we can define as earlier the dense subspace of differentiable vectors. The
elements of p and then, by C-linear extension, then induce operators H>* —
‘H°°. This operators often are denoted by the same letter, and, even more, the
elements of p are called “operators”. Their physical names are:

Hamilton operator H=P°
Momentum operators P := (P!, P?, P3)
Angular momentum operators J = (J?3, 73 J'2)
Boost operators K := (JO1, J02 jo3)

The Hamilton operator commutes with momentum and angular momentum
operators, but not with the boost operators.

The Hamilton operator is of great importance for the study of unitary rep-
resentations P(3) — U(H). The corresponding operator H : H™> — H™> is
symmetric,

(Ha,by = (a, Hb) for a,b € H>.

Hence (Ha,a) is real for all a € H>.

3.3 Definition. The unitary representation P — U(H) is of positive energy DUp
if the exists € > 0 such that

(Ha,a) > €(a,a).

The eigen values of H for a representation of positive energy are all positive.
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1. The spectral theorem

We have to consider the space C°(R) of infinitely many differentiable complex
valued functions on the real line. By a “Radon measure on C2°(R)” we under-

stand a C-linear map [ : C°(R) — C with the properties I(f) = I(f) and
I(f) > 0if f > 0. It is easy to show that such an I extends uniquely to a
Radon measure (on C.(R)). This follows from the fact that each f € C.(R) is
the uniform limit of a sequence f,, € C2°(R) whose supports are contained in
a joint compact set.

A function f : R — C is called rapidly decreasing if Pf is bounded for all
polynomials P. If f is measurable and rapidly decreasing, the (usual Lebesgue)

integral
| s

exists. A function is called tempered (or a Schwartz function) if it is infinitely
often differentiable and if all derivatives are rapidly decreasing. The space of
all tempered functions is called by S(R). For tempered functions f the Fourier

transform . -
fa)=—= [ eraa

exists. It is easy to show (using partial integration) that it is tempered again.
In particular, the Fourier transform of a C'°°-function with compact support is
tempered.

1.1 Fourier inversion theorem. The map S(R) — S(R), f ~— f, is an
isomorphism of vector spaces. It extends to an isomorphism of Hilbert spaces

F: L*(R,dt) — L*(R,dt)
where dt means the standard Lebesgue measure on the line. Moreover, one has

FF()(x) = f(=x).

Fit
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Let (X,dz) be Radon measure and let f : X — C be a bounded measurable
function. Then we can define a bounded and linear operator

L*(X,dr) — L*(X,dz), g— fg.

In the case ff = 1 this operator is unitary.

1.2 Spectral theorem. Let U : R — U(H) be a unitary representation of SpT

the additive group R on a Hilbert space. Then there exists a Radon measure
(X,dz) and a real continuous function f : X — R such that the representation
U is equivalent to the representation

U:R — UL*(X,dz)), U(t)(g) =eg.

Equivalence means of course that there exists a Hilbert space isomorphism
W : L*(R,dz) — H with the property U(t) = WU (t)W.

We first treat a reduction of the spectral theorem to a special case. Let
7 : G — GL(E) be a continuous representation. A vector a is called cyclic if
the subspace generated by all 7(g)a is dense in E. This means that E is the only
closed invariant subspace that contains a. The representation is (topologically)
irreducible if and only if each non zero vector is cyclic. The existence of a cyclic
vector is a much weaker condition.

When a cyclic vector exists, then the spectral theorem can be sharpened
slightly as follows.

1.3 Proposition. Let U : R — U(H) a unitary representation of the
additive group R on a Hilbert space. Assume that a cyclic vector exists. Then
in the spectral theorem we can take X = R (and dx some Radon measure) and

f(t) =t.

We first show that the general spectral theorem follows from Proposition 1.3
and hence after we prove the proposition.

Proposition 1.3 implies the spectral theorem 1.2. We claim the following.

Every unitary representation w : G — U(H) has the following property. H can
be written as direct Hilbert sum of a finite or countable set of sub Hilbert spaces
H; which are invariant and such that each of them admits a cyclic vector.

This can be proved by a standard argument using Zorn’s lemma. We leave the
details to the reader. Such a decomposition is not at all unique. Hence one
should not over emphasize its meaning.

The Radon measure that is used for the spectral theorem of (7, H) is the
direct sum of the Radon measures for the single H;. We explain briefly the
notion of the direct sum. Let (X;,dx;) be a finite or countable collection of

SpC
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Radon measures. Then one defines their direct sum as follows. One takes the
disjoint union X of the X;. This is the set of all pairs (z,4), z € X;. There is a
natural inclusion X; — X, x — (x,7), and X is the disjoint union of the images.
We equip X with the direct sum topology. This means that the (images of the)
X, are open subsets and that the induced topology is the original one. Then
one defines in an obvious way a Radon measure on X such that the restriction
to the X, are the given dx;. O

Proof of Proposition 1.3. To any bounded continuous function A : R — C we
associate the functional

I : C®(R) — C, In(g) :/Oo h(t)§(t)dt.

— 00

The integral exists, since g and hence hg are rapidly decreasing. We apply this
to the function h(t) = (U(t)a,a) where a is a cyclic vector. This function has
the property L

h(—t) = (U(—=t)a,a) = (a,U(t)a) = h(t).

Using this it is easy to check that I}, is real, i.e. real valued for real h. We will
see a little that Iy, is actually a Radon measure on C2°(R). For this reason, we
later use already now the notation

/R = [ T Uaaand (g€ CE(R)).

Next we define a linear map
W:CR(R) — H, g+ / GOU (b)adt.

This is a Bochner integral with values in the Hilbert space H. The integrand
is continuous, hence measurable and it is bounded by the integrable function
|g|. Hence the Bochner integral exists.

For g1, g2 € C°(R) we compute

/ 01 (0)@@Bdy
R

as follows. We make use of the fact that the Fourier transformation of the
product g1 9o of two functions equals the convolution of the two Fourier trans-
forms

91/9\2 = g1 * §a.
Recall that the convolution of two functions on the line is

oo

(91 % g2)(z) = / g1(z — t)ga(t)dt.

— 00
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So we get

‘4mGMNMu=/wWﬁM®£§@ﬁ

— o0

= [ wwaa) [~ ot imtsns

— 00 — 00

We compare this with the inner product of W(g;) and W (g2) in the Hilbert
space H. It is

o0 o0

W) W) = ( [ Wmamar, [

— 00 — 00

(U(s)a, a)>§2(3)dtds> :
The integrals are standard integrals along continuous functions with compact

support. They can be considered as Riemann integrals and hence approximated
by finite sums. In this way we see

W o W) = [ [ (000061000 (0050 das.

By means of the integral transformation (¢, s) — (t — s, s) we obtain

/R 01 (Dg20)dp = (W(g1), W(g2))

Now, let g € C2°(R) be a real nonnegative function. In the case that /g is
differentiable, we set g1 = g2 = /g to show that J gdp is non negative. But
/9 needs not to be differentiable (notice that the square root of z? is || which
is not differentiable at the origin). But it is always possible to approximate g
by functions g where g; is differentiable So we see that du is a Radon measure
as we have claimed. The map W : C3°(R) — H is unitary. Hence it is injective
and it extends to a unitary map

L*(R,dp) — H.

(Here one uses that a bounded linear map F — F of normed spaces extends to
the completions.) In particular, W extends to S(R). The image is a complete
and hence a closed subspace of H.

Next we prove WU (s) = U(s)W. This follows simply from the fact that the
Fourier transform of the function x — €'*g(x) is the function z — g(x — s).

It remains to show that W is surjective. Here we have to use that a is a
cyclic vector. It is sufficient that a is in the image, or even that there exists
a sequence g, of tempered functions such that W(g,) — a. For this purpose
we choose a differentiable Dirac sequence h,. Then the integrals [ h,(t)U(t)a
converge to U(0)a = a. We can write h,, = §,, where g, is tempered. O
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2. Variants of the spectral theorem

Let (X,dz) be a Radon measure. A function f : X — C is called essentially
bounded if there exists C' > 0 such that |f(z)| < C outside a zero set. We denote
by ||flleo the infimum of all C'. This is a semi norm on the space £>*(X) of
all measurable essentially bounded f. Zero functions are essentially bounded
and their infinity-norm is 0. The quotient L>°(X) of £>°(X) by the subspace
of zero functions is a normed space. It can be shown that it is a Banach space.

2.1 Remark. Let f be an essentially bounded measurable function on X.
Then gf is square integrable if g is and multiplication by f defines a bounded
linear operator

my : L*(X,dr) — L*(X,dz).
The norm of my equals || f|| -

Proof. Let g € £2(X,dx). Then ||fgll2 < ||fllocllgll2- This shows that my is
bounded and ||my|| < ||f|lcc- We have to prove the inverse inequality. For this
we assume for a moment that f is square integrable. Then we have | f[|2 =
1£fll2 < llmsllllfll2- This shows |fllee < [|my]|. in the case that f is not
square integrable we replace f by fxx where x g is the characteristic function
of a compact subset K. Take the supremum along all K in the inequality
| fxKlloo < M fyk |l We obtain the claim. 0

These are the most general multiplication operators due to the following
Lemma.

2.2 Lemma. Let f be an essentially bounded measurable function on X
such that fg is square integrable if g is square integrable. Then f is essentially

bounded.

Proof. First we show that multiplication by f is a bounded operator my :
L?(X,dr) — L?(X.dz). Here we use the closed graph theorem. It is enough
to show that the graph {g, fg); g € L?(X) is closed. Consider a sequence
(gn, fgn) that converges in the qraph. This means that

gn — 9,  fgn — h (both in L*(X,dz)).

Convergence in L?(X,dz) implies pointwise convergence of a suitable sub-
sequence outside a zero set. Hence we can assume that g, and fg, converge
pointwise outside the zero set. This shows 1 = fg in L?(X,dx).

The boundedness of m implies the existence of a constant such that

1fgll2 < Cllgll2-

RmfB
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Now we choose a constant A > 0 such that A2 > C. We consider the charac-
teristic function y of the set

{reX; |f(x)> A

For a moment we assume that this set has a finite volume. From A?y(z) <
|f(x)|x(x) and from x = x? we obtain

A2 /X x(@)dz < /X F(@)|x(@)%de < C /X \(@)ds =C [ x(a)da

X

we obtain that x is a zero function. This means that |f| is bounded by A
outside a zero set.

If x is not integrable, then we make a similar trick as in the proof of Remark
2.1. We multiply x with the characteristic function of an arbitrary compact
set K. O

We want to work out when my is an isomorphism. For this we introduce a
notation. Let f: X — C be a measurable function. We say that 1/f exists if
the set of zeros is a zero set. In this case we define

1/f)(z) = {é/f(ﬂf) if f(z) #0,

else.

2.3 Lemma. Let f be an essentially bounded measurable function on X. The
multiplication operator my : L*(X,dx) — L*(X,dx) is an isomorphism if and
only if 1/f exists and is essentially bounded.

Proof. Assume that m is an isomorphism. Then every h € L?(X, dx) is of the
form fg, g € L?(X,dz). In particular (1/f)h = g is in L?(X,dz). Now we can
apply Lemma 2.2. O

A bounded linear operator A : H — H is called self adjoint if (Ax,y) =
(x, Ay) for all z,y € H. We derive a spectral theorem for such operators. For
this we introduce the exponential

oo An
EA:ZZLF

This series converges in the Banach space B(H), since ||A™|| = |[|A]|™ and the
norm of e is bounded by ell4l. As for complex numbers one can prove

e =eleP if AB = BA.
Using this one can show that

U(t) = eltA

Liseb
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is a unitary representation of R on H. We can apply the spectral theo-
rem 1.2. It says that there exists a Radon measure (X, dz), an isomorphism
H — L?(X,dr) and a continuous function f such that U(t) corresponds to
multiplication with e!*/ on L?(X,dz). We want to follow that

Ag=fg on L*(X, dx)
For this we consider a sequence t,, — 0, t, # 0. Then

ith A, _
lim &~ 979 _ A,g.

n—oo n

This holds in L?(X,dx) but then, after replacing t,, by a sub-sequence, point-
wise outside a zero set. Since we have also

L Wg(r) — g(a)

n—00 tn

= f(x)g(x)

we get
Ag=fg on L?*(X, dx)

as stated This implies that f is essentially bounded. So we obtain the following
variant of the spectral theorem.

2.4 Theorem. Assume that A is a self adjoint (bounded) operator on a
Hilbert space. Then there exists a Radon measure (X, dx), a real continuous
and essentially bounded function f on X, and a Hilbert space isomorphism
H = L2(X) such that A corresponds to multiplication by f.

The spectral theorem of compact self adjoint operators (Theorem 1.8.3) is a
special case of this. To prove it we have to study when a multiplication operator
my : L?>(X) — L?*(X) for a real bounded continuous function is compact. A
necessary condition for this is that X carries the discrete topology. In particular
X must be a countable set. The measure is known if one knows the masses
(=volumes) m(a) of the single points. The set of all points with mass zero is
a zero set. Hence we can replace X by their complement. without changing
L?(X). This means that we can assume m(a) > 0 for all a. We then consider
the functions
fulz) = {é/m(a) forz =a,
else

This is an orthonormal basis. The functions f, are eigen functions of m; with

eigen value f(a). So we have proved.

Let A: H — H be a compact self adjoint bounded operator on a Hilbert space.
Then there exists an orthonormal basis e, e, ... of eigen vectors, Ae; = Ar;.

We notice that the eigenvalues are bounded. This follows easily from [[Aa| <
|Aa|| < ||A]|||la]| which shows that the eigenvalues are bounded by || A||. The
compactness of A implies that the multiplicities of the eigenvalues are finite. It
remains to show that the set of eigenvalues has no accumulation point different
from zero. So assume that A\ = lim \,, is different from zero and the limit of a
sequence of eigenvalues. We choose eigen vectors a, a,, of norm 1.

Tsab
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Functional calculus for self adjoint operators

The spectrum o(A) of a bounded operator on a Banach space consists of all
A € C such that A— \F is not a bounded isomorphism of Banach spaces. From
the spectral theorem we derive the following three propositions (which in other
approaches are proved directly and then the spectral theorem is a consequence
of them).

2.5 Proposition. Let A : H — H be a self adjoint operator, then the
spectrum o(A) is real and compact.

Proof. An argument with the geometric series shows that B*(H) is open in
B(H). This implies that the spectrum is closed.

For the rest of the proof we can assume that A is a multiplication operator
my : L*(X,dx) — L*(X,dz) where f is a real, locally bounded function. Now,
let A be a non-real number. Then 1/(f — \) exists an is locally bounded. The
same is true if A is a real number with |A| > ||| 0o. Hence in both cases A is not
in the spectrum. ad

Let P € C[X] be a polynomial and let .4 be an associative algebra with
unit. Then P(a) € A can be defined for arbitrary a € A in an obvious way. In
particular, one can define P(A) for an endomorphism A of a vector space. If
A is a a self adjoint operator on a Hilbert space and if P is real then P(A) is
self adjoint too.

2.6 Proposition. Let A be a self adjoint operator and let P € C[X] be a
polynomial whose restriction to o(A) vanishes, then P(A) = 0.

There is an obvious conclusion.

2.7 Lemma. Let A be a self adjoint operator such that its spectrum consists
of one point a € R. Then A is a multiple of the identity.

Proof. Consider P(x) = x —a. Then P vanishes on the spectrum. This implies
P —aid = 0. g

2.8 Proposition. Let A be a self adjoint operator and let P € C[X] be a
polynomial. Then we have

) o(P(4)) = P(o(4)),
b) IP(AY| = 1Pl

Here [|P(A)|| means the operator norm and ||P||;(4) the maximum of |P| on
o(A).

The three propositions immediately imply what is called “functional calcu-

lus”.
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2.9 Theorem. Let A be a self adjoint operator. For each real continuous
function P on o(A) the bounded operator P(A) can be defined in a unique way
such that the following properties holds. The map

C(a(A4)) — B(H)

18 a norm preserving Banach algebra homomorphism.

Additional Remark. Let B be a bounded linear operator that commutes with
A. Then B commutes with all P(A), P € C(c(A)).

Let A be a bounded linear operator on a Hilbert space. The commutator
of A consists of all bounded linear operators that commute with A. The bi-
commutant consists of all bounded linear operators that commute with all
operators of the commutator of A. Clearly A € G(A). The Additional Remark
in Theorem 2.9 shows that all P(A) are in the bi-commutant of A.

2.10 Lemma. Let A be a self adjoint operator on a Hilbert space H, Assume
that the bi-commutant contains only operators whose kernel is H or 0. Then
A is a multiple of the identity.

Proof. We assume that A is not a multiple of the identity. Then the spectrum
consists of more than one point. Hence we can find two continuous real func-
tions f1, fo on the spectrum which are not zero but their product is zero. Let
A; = fi(A). These are two non-zero operators in the bi-commutant of A with
the property A; o Ay =. This shows that A;(H) is in the kernel of A;. So the
kernel is neither 0 nor H. This proves the Lemma. O

3. The von-Neumann bi-commutant theorem

Let H be a Hilbert space and B(H) the algebra of bounded linear spaces. This
is a Banach space with the operator norm and hence a topological space. But
there are several other topologies. One of them is the strong operator topology
(SOT) which is defined with the help of a family of seminorms. For each a € H

we consider
pa(A4) = || Aall.

The SOT-topology on B(H) is the weakest topology such that these seminorms
are continuous. It can be described concretely as follows. For A € B(H) and
a € H and for ¢ > 0 we denote by

Bo(A;e) ={B €B; pu(B-A)<e}

In the SOT-topology these sets are open and each open subset is the union of
finite intersections

B.,(Aye1)N...N B, (A en).

Tfc
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We have to consider sub-algebras A C B(H). The commutant
A'={BeB(H); AB= BAforall Ac A}

is a subalgebra too. The bi-commutant A" contains A. We are mainly in-
terested in star-subalgebras of B. This means that with A also the adjoint
operator A* is contained in A. The von-Neumann density theorem states.

3.1 Theorem (von Neumann bi-commutant theorem). Let A be a
star-subalgebra of B(H) which contains the identity. Then A is SOT-dense in
A"

Proof. The proof rests on the following simple lemma.

3.2 Lemma. Let A C B(H) be a*-subalgebra and let P € B(H) be a projector
(i.e. P> = P). The space P(H) is invariant under A if and only if P € A’.

This theorem has an important consequence for unitary representations.

3.3 Theorem. Let w: G — U(H) be an irreducible unitary representation
of a locally compact group. Then the image of C.(G) in B(H) is SOT-dense in
B(H).

Proof. Consider the SOT-closure A of the image of C.(G) in B(H). This
is a star-algebra in B(H). It contains then unity. By Schur’s lemma, the
commutator A’ of A consists of multiples of the identity only. Hence A" =
B(H) and we can apply the density theorem. O

4. The Peter-Weyl theorem

Let K be a compact group and let 0 : K — U(H) be a finite dimensional
unitary representation. Recall that we defined the character

X(x) = Xo(z) = tr(o(2))

and a modified version
es = dim(H)x(x).

This a continuous function on K. unitary equivalent representations have the
same character.

Other important functions on K are the matrix coefficients of an unitary
representation o (Here K needs not to be compact.) They are defined for two
a,b € H through

(o(k)a,b).
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The span a space of continuous functions that we denote by
&, CC(K).

In the case that the representation is finite dimensional one can choose an
orthonormal basis e; of H. Then &, is generated by the entries of the matrix

(o(k)ei,ej).

They satisfy the famous orthogonality relations.

4.1 Theorem. Let 0,7 be two irreducible unitary representation of a compact
group K. Then the corresponding spaces E,, €, are orthogonal.

Proof. Let 0,7 be the two irreducible unitary (hence finite dimensional) rep-
resentations. Let B : H, — H, be an linear map. Then we can build the
operator

A:/ 7 (k) Bry (k1) dk.

Then the invariance of the Haar measure shows

The operator A can not be injective, since otherwise it would be an isomorphism
and o and 7 would be equivalent. So the kernel of A is not trivial. But the
formula above shows that the kernel of A is invariant under . Hence it must
be the whole space. So A is zero, whatever B might be. We will apply this for
a well chosen B. First we choose a € H,, b € H,. Then we define

B(z) = (z, a)b.

Then we choose two other vectors c € H,, d € H,. Then

0= (Ac,d):/K(T(k;‘l)Ba(k‘l)c,d)dk
:/K<<o(k_1)c,a>b,T(l{:_l)d>dk
:/ (o(k™Ye, a) (b, (k™1)d)dk
K
:/ (o(k™Ye,a)(r(k=1)d, b)dk
K
This proves the theorem. O

The space & for a irreducible unitary representation is non-zero. It follows
that there there are only finitely or countably many isomorphy classes of irre-
ducible unitary representations of a compact group K (recall that we assume

TOr
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that K has countable topology and that the Hilbert spaces are assumed to be
separable). Recall that we defined the unitary dual G to be the set of isomorphy
classes of unitary irreducible representations.

We have introduced the convolution algebra C(K). It depends on the choice
of a Haar measure which we normalize such that the volume of K is one.
Recall that an unitary representation of K can be extended to a representation
m: C(K) — B(H). Now, let 0 : K — GL(H,) be an irreducible unitary
representation. Then we can consider the operator (e, ).

4.2 Theorem. Let m: C(K) — B(H) be a unitary representation of the

compact group K and let o € K. Then m(ey) is the orthogonal projection of H
onto the isotypic component H (o).

4.3 Theorem. The functions e,, o € K satisfy the following relations.

€o ke =€y, €5xer =0 for different o,7 € K.

4.4 Theorem. Let K be a compact group and let f € L*(K). One has

(f. )= dim(o)tr(a(f)o(f)).

GGK

This means of course that the sum is absolute convergent.

4.5 Theorem. FEuvery irreducible unitary representation of a compact group
K occurs in the regular representation L?(K) and its multiplicity equals its
dimension.
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