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1. Introduction

Classical Harmonic Analysis concerns a decomposition of a function (signal) into a
superposition of components corresponding to simple harmonics. The analysis of the
signal aims at finding these components and the synthesis is the reconstruction of the
signal out of them. There is often some “signal processing”, dictated by applications,
between the analysis and synthesis.

The simple harmonics behave well under various symmetries and this is the reason
for the decomposition. The fundamental results are Parseval’s Theorem (1806) for the
Fourier series, [Par06], and Plancherel’s Theorem (1910) for the Fourier transform, [Plal0].
Among the best known applications is the Magnetic Resonance Imaging, for which Peter
Mansfield and Paul Lauterbur were awarded a Nobel prize in 2003.

If the function is defined on a commutative group, such as the additive group of the real
numbers or the multiplicative group of the complex numbers of absolute value one, then
the simple harmonics are the eigenvectors under the translations. This is the ultimate
symmetry one could expect.

Problems arising in Physics and Number Theory motivated a rapid growth of Harmonic
Analysis on non-commutative groups. The earliest examples were the Heisenberg group,
necessary for a formulation of the principles of Quantum Mechanics (J. Von Neumann
1926, [vN26]), and the compact Lie groups (Peter-Weyl 1927, [PW27]). Here the simple
harmonics are replaced by irreducible unitary representations. All of them may be found by
analyzing the square integrable functions on these groups, so that an analog of Plancherel’s
Theorem may be viewed as the top achievement of the theory.

However, there are plenty of other groups of interest which have irreducible unitary
representations occurring outside the space of the square integrable functions on the
group. The main class are the non-compact semisimple Lie groups, such as SLy(R).
Though the irreducible unitary representations of most of them are not understood yet,
the representations that can be found in the space of the square integrable functions on
the group are known and the decomposition of an arbitrary such function in terms of these
representations is known as the Plancherel formula. For the group SL,(C) this formula
was first found by Gelfand and Naimark in 1950, , and for SL,(R) by Gelfand and Graev
in 1953, . The Plancherel formula on an arbitrary Real Reductive Group was published
by Harish-Chandra in 1976, [Har76], and is considered as one of the greatest achievements
of Mathematics of the 20th century.
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A goal of these lectures is to explain the ingredients of Harish-Chandra’s Plancherel
formula, explain how they fit together, study particular cases and go through all the
details for the group of the real unimodular matrices of size two.

All the necessary information in its original nearly perfect form is contained in Harish-
Chadra’s articles [HC14a], [HC14b], [HC14d], [HC14c], [HC18]. The example SLy(R) is
explained in classical books such as [Lan75]. For all of that, a good understanding of
the Fourier Transform and Distribution theory on an Euclidean space is needed. Here
Hoérmender’s “The Analysis of Linear Partial Differential Operators I” is one of the best
references, [Hor83].

2. The Fourier Transform on the Schwartz space S(R)

Here we follow [H6r83, section 7.1]. Recall that the Schwartz space S(R) consists of all
infinitely many times differentiable functions f : R — C such that for any two integers
n, k>0

sup |2"0F f ()] < 00
zeR

In particular S(R) C L!(R) and we have the well defined

Theorem 1. The Fourier transform

f)=F1w)= [ (eR, feS®) (1)
maps the Schwartz space S(R) into itself, is invertible, and the inverse is given by
fla) = [ emoFf)dy @ e R feSE®). ®)
f0)= [ Fiwydy (7€ S@®).
R
Since p
TF) = [ e =2mia) f(a) da Q
and
[ emmpi@ de = 2mivF (o). (4)
R

the inclusion FS(R) C S(R) is easy to check. For the rest we need a few lemmas.

Lemma 2. Let f € S(R) be such that f(0) = 0. Set g(x) = fol f'(tx)dt. Then f(x) =
zg(z) and g € S(R).

Proof. The equality f(z) = zg(z) is immediate from the Fundamental Theorem of Cal-
culus, via a change of variables y = tz.
Fix two non-negative integers n and k. Suppose || < 1. Then
1
z" / R FEHD (1) dt
0

1
o7 )| = < [ 170 )t < ol 10 < o
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Notice that

x”g(k)(:v) = " (d

p=0
and that

max |2" 7" 1f(k_p)(av)| < 00

EES!
Hence

max[z" g™ ()] < oo
O

Corollary 3. Fizy € R. Let ¢ € S(R) be such that ¢(y) = 0. Then that there is ¢ € S(R)
such that

¢(x) = (z —y)i(x).

Lemma 4. Let T : S(R) — S(R) be a linear map with the property that if ¢(y) = 0 for
some y € R then T¢(y) = 0 for the same y. Then there is a function c(x) such that

To(x) = c(x)o(z) (¢ € S(R).
(In other words, T is the multiplication by the function c.)

Proof. Let ¢y(z) = e, As we know this function belongs to S(R). Fix z € R. Then
for any ¢o € S(R)

(P2(2)p1 — P1(x)P2) (z) = 2(z)P1(x) — P1(x)Pa(x) =0

Hence, by the assumption on 7T,

=T (¢2(z)¢1 — ¢1(2)d2) (2). (5)

Since T is linear

T (p2(x)p1) = d2(2)T(¢1) and T(¢1(x)d2) = ¢1(2)T(¢2).
)

Thus evaluation at x and using (5) we see that

0= ¢2(2)T(01)(x) — d1(2)T(¢2) ().

Therefore T(60)(@)
T(02)(a) = — o)
Thus the claim holds with
o1(
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Lemma 5. Suppose T : S(R) — S(R) is a linear map which commutes with the multipli-
cation by x:

T(xf(x)) =2T(f)(x)  (f € SR)).
Then there is a function c(x) such that
To(r) = c(x)¢(x) (¢ € S(R)).

Proof. 1t'1l suffice to show that T satisfies the assumptions of Lemma 4. Fix y € R. Let
¢ € S(R) be such that ¢(y) = 0. Then, by Corollary 3 there is ¢y € S(R) such that

¢(x) = (z = y)Y(z).

Hence

which is zero if x = y. 0

Proposition 6. Suppose T : S(R) — S(R) is a linear map which commutes with the
multiplication by x:

T(xf(z) =2T(f)(x)  (f €SR))
and with the derivative
T(f)=10)  (f€SR)).
Then there is a constant ¢ such that

To(x) =cop(z) (¢ € SR)).

Proof. We know from Lemma 5. that T' coincides with the multiplication by a function
¢(x). Since T commutes with the derivative we see that for any f € S(R)

c(x) f'(x) = (c(z) f(2))"
Since the multiplication by ¢(z) prserves the Schwartz space, ¢(z) is differentiable and
(c(z)f(2)) = () f(x) + c(x) f'(x) .

Hence ¢(z) = 0. therefore ¢(z) is a constant. O

Lemma 7. Let Rf(z) = f(—x). The map T = RF?: S(R) — S(R) commutes with the
multiplication by x and with the derivative.

Proof. Since
R(zf(z)) = —zf(—2) = —zR(f)(x) and R(f')=—R(f),
it’ll suffice to check that
Faf(2)) = —oF*(f)(z) and F(f) =~ (F*()",
which follows from the relations (3) and (4). O

Lemma 8. Let f(x) = e~ Then Ff = f. (Fourier transform of the normalized
Gaussian is the same Gaussian.)
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Proof. Since

d
% fa) = ~2maf(a)
the formulas (3) and (4) show that

d

- (Ff@) - fw) = 0.

Hence
Ff(x) = constf(x).

Evaluating at x = 0 gives

/ f(y) dy = const .
R

By squaring the integral and using polar coordinates we show that const = 1. 0

Now we are ready to prove the inversion formula in Theorem 1. We see from that the
map RF?: S(R) — S(R) is the identity,

RFf=f (f€SR)).

We know from Lemma 7 and Proposition 6 that the map RF? is a constant multiple of
the identity: ¢/ = RF?. Now Lemma 8 shows that with f(z) = e ™

cf =RF*f=Rf=1.
Thus ¢ = 1. Hence
RF=F1
and the formula2 follows. This completes the proof of Theorem 1.

Problem 1. Let P(R) denote the space of complex valued polynomials f(x), on the real
line. Suppose T': P(R) — P(R) is a linear map that commutes with multiplication by x
and with the derivative. Is it true that T is a constant multiple of the identity? If yes,
prove it. If no, give a counterexample.

The answer is YES and the proof goes along the same lines we followed for the case
of S(R). Another approach is to define c(x) = T(1) and from the commutation with
multiplication by x deduce that
T(2%) = c(x)2" (k=0,1,2,....
Hence
T(f(z)) = clx)f(z)  (f(z) € P(R)).

Since T commutes with the derivative, we conclude that ¢/(x) = 0. Therefore c(z) is a
constant.
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Problem 2. Show that
Ft=1.

Since
F*=R'=R.
we see that

Fr=R’=1.

Problem 3. Let y(z) = e ™ and let A = 21z — 9,. We already know that Fry = .
Check that

F(AFy)y =e 2% Ak (k=0,1,2,3).
Thus we found an eigenvector for each of the four possible eigenvalues.
This may be done by an explicit computation using the formulas (3) and (4). For a

systematic treatment see [HT92, section 2.1].
Integration by parts shows that for any f € S(R),

F(Af)(y) = —iAF(f)(y) -

By taking f = A¥~y we obtain the following recurrence equation
F(AM ) (y) = —iAF(AFy) (k=0,1,...).
Since Fry =y, we see that
FAM) @) = (=) A*(y)  (k=0,1,...).

3. Magnetic Resonance Imaging

Suppose a source at s € R is emitting a signal with frequency ks € R and amplitude
A(s). The collective signal received is

B(x) = / A(s)e* s s
R
By Fourier inversion,
A(s) = k/ B(z)e 2™wks dy .
R

Hence we can recover A(s) from B(x). In particular, if we the function A(s) is linear (in
some large interval contained in [0,00)) and if we know A(s) then we know s, i.e. the
location of the source. For the related physics see

youtube.com /watch?v = pGeZvSG805Y  youtube.com/watch?v = djAxjtN TV E.
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4. The Fourier Transform on the space C*(U,)
Here U; = {u € C; |u| = 1} is the group of the unitary matrices of size 1. We shall
use the following identification of groups
R/277 3 0 + 2rZ — € € U, .

Here we follow [SS03, section 2.2]. Recall that a function f : Z — C is called rapidly
decreasing if
suIZ)|(1+|n|)k|f(n)|<oo (nez).
ne

Theorem 9. The Fourier transform

f(n)=Ffn) = /0 e M f(p)dr  (neZ, feC®(Uy)) (6)

maps the space C*(Uy) into the space of the rapidly decreasing functions on 7, is invert-
wble, and the inverse given by

fle)=> ™" Ff(n) (z€R, feC®Uy)). (7)

F0)=>_Ffn).

Notice that the integral (6) converges as long as the function f is absolutely integrable.
Hence we have the Fourier transform Ff for any f € L'(U;). Since

/0 e 2 f(x) de = 2minF f(y), (8)

the rapid decrease of Ff is easy to check. The inversion formula is immediate from the
following Lemma.

Lemma 10. If f : Uy — C is continuous and Ff =0, then f = 0.

Proof. Since
1 1
/ 6727riamf<x + y) dr = e27riyn/ 6727ri:vnf<x) dr
0 0

it’ll suffice to show that if Ff = 0, then f(0) = 0.
Suppose the claim is false. We may assume that f is real valued and that f(0) > 0.
We shall arrive at a contradiction. Choose 0 < § < i so that

f) > T g < 0).

Let € > 0 be so small that the function
p(x) = € + cos(2mx)

satisfies
pa) <1-5  (5<

2 - )-

N | —

2] <
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Choose 0 < 1 < 4 so that
p@) 2 1+5 (ol <)
Then for £k =0,1,2, ...,

J St e <ol £l (1-5)

< :
/ f(z)p(z)fdz >0,
n<|z|<d
/|w<n f(@)p(x)* do > 20@ (1 N g)k |
Therefore

However p(z)* is a trigonometric polynomial (linear combination of powers of exponen-
tials). Hence the assumption F f = 0 implies

/ Sl =0,

This is a contradiction we have been looking for. 0

Set
en(x) = e (neZ,zeR).

Problem 4. Prove the inclusion
L?(R/Z) C LY(R/Z).
This follows from Cauchy’s inequality. Let f € L*(R/Z). Then

/Ollfu)‘dx_/oll-\f(x)\dﬂ?ﬁ\//0112-dx\//olyf(x)|2.dx
:\//01|f(:c)|2-dx<oo.

Sv(f)= > fme, (N=0,1,2,.).

For f € L*(R/Z) define the partial Fourier sums

The crown jewel of the L? theory for Fourier series is the following theorem.
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Theorem 11. For any f € L*(R/Z)
Lim | f = Sn(f) [2=0 9)

and

1 15= ) 1) (10)

ne”Z

Problem 5. Find a prove of Theorem 11 and copy it by hand.

My favorite is [SS03, section 1.2], but there are plenty of other references.

Problem 6. Compute f(n) for f(z) = x, restricted to the interval [—2.3) (and repeated
periodically with period 1).

Integration by parts shows that

Problem 7. Compute

From Problem 6 and Theorem 11,
1V &1 1 o, 17, 1
(%) 25 2 )l 2/_11; Y
n=1 n€Z\{0} 2
Therefore

> E= G

5. Symmetries of platonic solids

The group S; acts on R* by permuting the coordinates and multiplication by the sign of
the permutation:

R* > 2 = (21,29, 73,74) = 02 = ((02)1, (02)2, (0 2)3, (0)4) € RY,
(0x); = sgn(0) To-1(j) (0 €8y, 1<j<4).
Recall the scalar product
(z,y) = T1y1 + T2Y2 + T3Y3 + T4y
It is easy to check that

(o(z),0(y)=x-y  (z,y eRY).
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Let
V ={x = (x1,79,73,24) € RY 21 + 29 + 23 + 24 = 0}.
The action of S; on R* preserves the subspace V. The vectors

er=(—1,1,1,-1), e =(1,-1,1,-1), e3=(1,1,—1,—1)

form an orthogonal basis of V. Let C' be the cube whose faces are centered at point +e;,
1<j<3.

Here is a description of how each of the 23 nontrivial elements of S, acts on the cube

C.
Rotations by 180 degrees about the axis going though midpoints of opposite edges:
I €1 — —€9, € — —€1, €3 — —E€3,

. €1 — —€3, g — —E9, €3 — —€1,

. €1 — —€1, g — —€3, €3 — —E€g,

)
)

14): e — —eq, €3 —> e3, €3 — €9,
)
): ep —e3, €a — —eg, €3 — €1,
)

. €1 — €y, €3 — €1, €3 — —E€3.

Rotations by 120 degrees about the axis going through opposite verticies:

(123) : e; — eq, €2 — €3, €3 — ey,

(132) : €1 —> e3, e = €1, €3 — e,

(134) : e1 — —eg, €3 — —e3, €3 — ey,
(143) : e1 — e3, ex = —eq, e3 — —ea,
(243) I e1 — —e€3, €a — €3, €3 —» —€q,
(234) : e; — —e3, e — —eq, €3 — €9
(124) : e; — —e3, €3 — €1, €3 — —e,
(142) : e1 — eg, €3 — —e3, e3 — —ey.

Rotations by 180 degrees about the axis going through the centers of the opposite faces:

(12)(34) : e; — —e1, ea = —ea, €3 — €3,
(13)(24) I ey — —€1, € — €2, €3 — —E€3,
(14)(23) : €1 — €1, ea = —e, €3 — —e3.
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Rotations by 90 degrees about the axis going through the centers of the opposite faces:
(1234) ey — e3, g — €9, €3 — —€4,

(1324) : e; — e3, ea = —ey, €3 — e,
(1432) : e; — —eg, €3 —> €9, €3 — €1
(1243) : e; — eq, ea — —es, e3 —> €,
(1342) : eg — eq, ea —> €3, e3 — —eg,
(1423) : e = —eq, €2 — €1, €3 — e3.

Let T be a regular tetrahedron whose edges are centered at £e;, 1 < j < 3. Then
the subgroup of Sy that preserves T" is Alt(4), the subgroup of the even permutations.

Let Alt(n) C S,, denote the subgroup consisting of all the even permutations. Then Alt(5)
is generated by Alt(4), identified with the subgroup of Sj fixing the number 5, and the
cycle s = (12345).

Indeed, Notice that s is an even permutation, i.e. s € Alt(5). We need to show that
for every g € Alt(5) there is an element h € Alt(4) and an integer k such that

g = hs". (11)
There is a number x € {1,2,3,4,5} such that g(x) = 5. Since s~ is the full cycle, there

is k such that s~ maps 5 to . Hence the composition h = gs~* maps 5 to 5. Thus h

fixes 5 and is an even permutation. In other words, h € Alt(4). Hence (11) follows.
Recall the golden mean p = %g and the conjugate @ = %‘F’ In the three-dimensional
space V' = Rej + Reg + Res, let D be the regular dodecahedron whose faces are centered

on the vectors
—jieg +e3, el + i, e3—e;+ pes, —pe; — ey, —[ley — €3, [ey — €y (12)

and on the antipodal vectors. The action of Alt(4) preserves the dodecahedron (i.e. it
preserves the set of vectors (12) multiplied by +1).

Indeed, let
0= (12)(34), b= (14)(23), ¢ = (13)(24),
v = (123), y = (142), 2z = (243), w = (134).
The group Alt(4) consists of

2 2 2 2
17a7b7c7xax7y7y72727w7w'

Since,
rax~ ' =b, 2Par™ =¢, ara =1y, bxb=z, cxrc=w,
we see that Alt(4) is generated by a and x. Hence, it’ll suffice to check that a and x

preserve the dodecahedron.
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Let
Fy = —pey +e3, Fy=e +pes, F3=—e+ pes,
Fy= —per — ey, Fs= —pes—e3, Fg=pe —ey

These are the centers of the 6 faces of the dodecahedron. The centers of the antipodal
faces are

_Fla _F27 _F37 _F47 _F57 _Fﬁ'
We see from the explicit action of the group that

a:.e — —e1, € — —€g, €3 — €3

and
T ey — ey, €y — €3, €3 — €1.
Hence,
a: by — —F5, Fo — F;, F3 > Fy, Fy — —Fy, F5 — —F, Fy — —Fj,
and

X : F1 — —Fg, F2 — —F4, Fg — Fﬁ, F4 — F5, F5 — —FQ, F@ — —Fl.

By computing the angles between the vectors we see that the face F) shares one edge
with each of the faces Iy, F3, Fy, F5, Fs. Furthermore, F, shares one edge with F3, Fj
shares one edge with F}, F shares one edge with Fj, F5 shares one edge with Fy and Fj
shares one edge with F,. This determines the model of the dodecahedron and we check
that both a and x preserve it.

We extend the action of Alt(4) to an action of Alt(5) on V by letting s by

S —les +e3 —> —uey + €3
S:ep+ pnes — —ep+ pues —> —Uep — €y —» —U€g — €3 — [U€] — €9 — €1 + [es.
Then the action of s is the rotation by 27/5 about the axis passing through midpoints

—pes + ez and pes — e of the two opposite faces. (This way Alt(5) is identified with the
group of the rotations of a regular dodecahedron.)

Indeed, in terms of the notation used above, the action of s looks as follows:

81F1—>F1,
s:Fy = F3 — Fy — Iy — Fg — Fs.

We may construct a model of the dodecahedron using, for example a suitable link on the
web. Furthermore, since we may compute all the angles between the vectors we know
where to place the faces F, Fy, F3, Fy, F5, Fg, F5. After all that it is clear that s has the

desired property.
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The matrix of s with respect to the basis {ey, es, 3} is

—f| 1| —p
S Lyop|
po| w1

Indeed, We see from the definition of s that

1 1 1
siep = §(F2 — F) — §(F3 —F) = 5((—1 + p)er + ez + pies)
1 1 1
Siey = —§(F4 —+ FG) — —§(F5 + Fg) = 5(—61 + Hes — (/L — 1)63)
1 1 1
S:e3 = §(F1 — F5) — E(Fl — FG) = 5(—,&61 —+ (]_ — ,LL)GQ —+ 63).

Since, 1 — p = 1 the formula for the matrix follows.

6. Basic representation theory of finite groups

A good reference for this section is [FH91|. A representation of a finite group G on a
finite dimensional complex vector space V is a group homomorphism

p:G— GL(V). (13)

We shall denote it by (p, V) or just p. Also, when convenient we shall write gv instead of
p(g)v. A morphism, or a G-morphism, or a G-intertwinig map, between two representa-
tions (p,V) and (o', V') is a linear map 7" : V — V' such that

Tp(gv=p(9)Tv (g€ GveV).

Two representations (p, V) and (p/, V') are called isomorphic if there is an invertible mor-
phism between them. In that case we shall write (p,V) ~ (p/,V’). If the representations
are not isomorphic we shall write (p,V) % (p/,V’). The relation of an isomorphism of
representations is an equivalence relation.

Let V¢ denote the vector space dual to V. The contragredient representation (p¢, V) is
defined by

P (v) =v(plg~ ) (WEV, v° €V, gEG).
Given two representations (p, V) and (p’, V') define their direct sum (p @ p',V @ V') by

(p® p')(9) (v, v") = (p(g)(v), P'(9)(v)) (g9 € GuweV, v eV)
and the tensor product (p ® p',V ® V') by

(p@ ) (g)v@v]=[p(g)(v)] @[ (9)W)] (g€ G uveV,v eV

(
)
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Given a representation (p, V), one says that a subspace U C V is invariant if p(g)u € U for
all u € U. A representation (p, V) is called irreducible if the only G-invariant subspaces
of V are 0 and V.

Theorem 12. (Schur’s lemma) If (p,V) and (p',V') are two irreducible representations
of G and T : V — V' is a morphism, then either T is an isomorphism or T = 0. If
(p,V) = (p',V') then T is the multiplication by a complex number.

Proof. Notice thet Ker(T) C V is a G-invariant subspace. Hence, either Ker(T) = 0 or
Ker(T) = V. Similarly, the image of T', Im(7T') C V' is a G-invariant subspace. Hence,
either Im(T) = 0 or Im(T) = V. Thus the first statement follows.

The second statement follows from the fact tht C is algebraically closed. The point is
that T has an eigenvalue A € C and the corresponding (non-zero) eigen-space in V. By
irreducibility this eigenspace is equal to V. 0

Let Homg(V, V') denote the space of all the morphisms fro V to V/. Theorem 12 implies
the following Corollary

Corollary 13. For two irreducible representations (p,V) and (p',V') of G,

| N[ T (p V) = (o, V)
dim Homg(V, V') = { 0 if (p.V) 2 (/. V)

Lemma 14. For any finite dimensional representation (p,V) there is a G-invariant posi-
tive definite hermitian form (, ) on V.

Proof. Let (, ) be any positive definite hermitian form on V. Define
(w,v) =Y (p(g)u, plg)v) (w0 €V).
geG

It is easy to check that this form has the required properties. O

If V is equipped with an invariant positive definite hermitian form then (p, V) is called
a unitary representation of G.

Theorem 15. Any finite dimensional representation of a finite group decomposes into the
direct sum of irreducible representations.

Proof. This follows from Lemma 14 and the fact that the orthogonal complement of a
G-invariant subspace is G-invariant. O

Two unitary representations (p,V), (p',V’) are called unitarily equivalent iff there is a
morphism 7' : V — V' which is also an isometry.

Proposition 16. If two unitary representations (p,V), (p/,V') are equivalent then they are
unitarily equivalent.

Problem 8. Proof Proposition 40.
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Proof. Let (1, ) be the invariant scallar product on V and let ( , )’ be the invariant scallar
product on V'. Pick an isomorphism 7" : V — V'. Define T* : V' — V by

(Tu,v) = (u, T*v) (ueV,veV).

Then T*V' — V is also a morphism. Hence, T*T : V — V commutes with the action of
G. Hence, there is A € C such that T*T = A\I. Thus, for any u,v € V,

(Tu, Tv) = (u, T*Tv) = Au,v).

In particular, by taking u = v # 0 we see that A > 0. Hence,

1
—T:V >V

VA

is an isometry and a morphism. 0

It is easy to see from the above theorem that any irreducible representation of a finite
abelian group is one-dimensional. Indeed, let G be such a group and let (p,V) be an
irreducible unitary representation of G. For a fixed g € G, the map p(g) : V — V
intertwines the action of G. Theorem 12 implies that there is ch(g) € C such that
p(g9) = x(g)1y. Since p(g) is invertible, we see that x(g) # 0. Moreover the map G > g —
x(g) € C* is a group homomorphism, i.e. a character. Therefore every subspace U C V
is G-invariant. Since (p, V) is irreducible we see that dimV = 1.

Any finite abelian group is isomorphic to the direct product of cyclic groups and the
characters of cyclic groups are easy to describe. Hence to make things interesting we
need a non-abelian group. The simplest one is S5 the group of all the permutations of 3
elements.

As our first example we shall describe all the irreducible representations of S3. There
are two obvious one-dimensional representations: the trivial representation (¢riv, C) and
the sign representation (sgn, C):

triv(g)v = v, sgn(g)v = the sign of the permutation g times v (g € S5,veC).

There is also a two-dimensional irreducible representation (p,V) constructed as follows.
Define a representation (m, C3) by

ﬂ-(g)(zb 22, ZS) = (Zg*1(1)7 2g=1(2)s Zg*1(3)> (g S 537 (Zla 22 23) € CS)
This is a unitary representation with respect to the scalar product
(21, 22, 23), (21, 2, 25)) = 212] + 222 + 237}

The orthogonal complement U C C? of C(1, 1, 1) is Ss-invariant and two dimensional. Let
p denote the restriction of w to U. Then (p, U) is a representation of Ss.

Let ¢ = (123) € S5, t = (12) € S3, z = ™3 € C, u = (2,1,2%) € C® and let
v=(1,2,2%) € C. Then the vectors u and v form a basis of the vector space U and

p(c)u = zu, p(c)v = 2%, p(t)u =, p(t)v = u. (14)
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In particular we see thet U does not have any Ss-invariant one-dimensional subspace.
Thus the representation (p, U) is irreducible. We claim that up to equivalence there are
no other irreducible representations of Ss.

Indeed, consider a finite dimensional irreducible representation (p,V) of S3. Suppose
dimV = 1. Then p : S3 — GL(V) = C* is a group homomorphism. Hence, the kernel
Ker(p) C Ss is a normal subgroup. Since the group C* is abelian, Ker(p) # {1}. If
Ker(p) = Ss, then p is the trivial representation. If Ker(p) = {1,¢,c*}, the subgroup
of cycles of length 3, then p is the sign representation. Since there are no other normal
subgroups in S3, we see that there are no other one-dimensional representations of Sj.

Suppose dimV > 2. Then the subgroup {1, ¢, ¢} C Ss, of index 2, cannot act trivially
on V, because the quotient S3/{1,c,c*} is abelian. Hence there is a vector u € V such
that p(c)u = Au, where A = e?™/3 or e=2™/3, Notice that ct = tc?. Hence

ple)p(tyu = tctu = p(t)(N*u) = Np(t)u.

Therefore we may assume that A = ¢>™/3 = 2 in our previous notation (14). Let v = p(t)u.

Then, from the above computation, tv = A\*v. We see from the above and from (14) that
the vectors u and v span a two dimensional subspace isomorphic to the representation on
the space U constructed before. Since V is assumed irreducible, that subspace coincides
with V. Thus (p, V) is isomorphic to (p, U).

Problem 9. Read the newly added section 5 and correct errors if you find any.

There was [z in the center of the matrix of s. In the first line of “Rotations by 180
degrees about the axis going though midpoints of opposite edges”, in the first line we
should have e3 — —es.

Now we come back to general representation theory of a finite group G. By definition the
character yy = x, of a representation (p,V) is the following complex valued function on
the group:

xv(g) =tr(p(g))  (9€G).
This function is invariant under conjugation

x(hgh™) =x(g)  (h.g € G).
Also, we have
Xvev' = Xv + Xv/, Xvev = XvXv and X = X, (15)
(The last formula follows from the fact that the eigenvalues of p(g) are nth roots of unity,

where n = |G|, and therefore the inverse of such an eigenvalue is the same as its complex
conjugate.)

Theorem 17. Let X be a set and let V be the space of all the complex valued functions
defined on X . Suppose G acts on X by permutations. Define a representation (p,V) by
plopv() =v(g™'z) (g€ GueV,zeX).

Then
X,(g) = the number of points in X which are fized by g.
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Proof. Let 0, denote the Dirac delta at y € X. The set of all these Dirac deltas is a basis
of the vector space V. Notice that

p(g)dy =64 (g€ Gy X).

Let us order the set X as X = {y1,y2,...,yn}. The matrix [A(g),x] of p(g) with respect
to the order basis {d,,,0,,,...,d,, } are computed from the formula

p(9)dy, = ZA(g)j,kéyj'
j=1
Explicitly
Ogy, = Z A(g)j,k(syj-
j=1
Thus A(g); is either 0 or 1, and later happens if and only if d4, = d,,. In particular

A(g);; = 1 if and only if é,,, = d,,. Hence the formula for the character follows. U

As an application we compute the characters of the irreducible representations of S3 in
the following table. The characters for the trivial and the sign representation are obvious.
We see from the definition of the two-dimensional irreducible representation and from (24)
that its character is equal to the difference between the character ycs of the permutation
representation of S3 on C? and the trivial representation. Theorem 17 that

xcz(1) =3, xes((12)) =1, xe3((123)) = 0.
Hence the last line of the table follows.

conjugacy class in S3 | [1] | [(12)] | [(123)]
number of elements in the conjugacy class H 1 \ 3 \ 2
value of the character on the conjugacy class for || | \
trivial representation [ 1]1 |1
sign representation 1 |-1 1
the two-dimensional representation 210 —1

We introduce the following scalar (hermitian) product on the space of all the complex
valued functions on G

(6.0) = |é| S 6(9)0(9). (16)

geG

In other words we view the counting measure divided by the cardinality of the group as
a fixed Haar measure on G and we consider the corresponding space L*(G). Denote by
L2(G)¢ C L*(G) the subspace of the functions invariant by the conjugation by all the
elements of G. Our characters live in L2(G)¢.
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Lemma 18. Suppose (p,V) is a non-trivial irreducible representation of G. Then
Y plgu=0  (veV).
geG

Proof. Notice that

T=Y plg

geG
is a G-invariant vector in V. Since p is irreducible, either v = 0 or V = Cv. Since p is
non-trivial, the second option is impossible. 0

Corollary 19. Suppose (p,V) is a non-trivial irreducible representation of G. Then

Z Xp(g) =0.

geG

Corollary 20. Suppose (p,V) is a representation of G. Then
@ Z Xp(g) = dim V™,

geG

where V& C V is the space of the G-invariant vectors.

Lemma 21. The characters of irreducible representations form an orthonormal set in

L2(G)S.

Proof. Consider two such representations (p, V) and (p/,V’). Let Hom(V,V’) denote the

space of all the linear maps from V to V'. The group G acts on this vector space by
gT(v) = p'(9)Tp(g™ v (9€ G, T € Hom(V,V'),v € V).

This way Hom(V, V') becomes a representation of G. It is easy to check that as such it is
isomorphic to (p° ® p', V¢ ®@ V’). Hence, by (24),

XHomvv)(9) = Xp(9)xp(9) (9 €G).

Therefore,
1
(X:)a Xp) @ Z XHom(V,V’)<g)
geG
= dimension of the space of the G-invariants in Hom(V, V’).
Thus the formula follows from Corollary 39. U

Let (p, V) be a representation of G and let
V=Vi,eVy®..eV,

be the decomposition into irreducibles. The number of the V; which are isomorphic to
V; is called the multiplicity of V; in V, denoted m;. We may collect the isomorphic
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representations in the above formula and (after changing the indecies appropriately) get
the following decomposition

V=V aeVemo.. oVym™,
where the V; are irreducible and mutually non-isomorphic and
V;ij =V, ®V; ®..®dV; (m; summands).
This is the primary decomposition of V, which is also denoted by
V=mViemVo®..dm Ve =m1-Vidmy-Vo®...HBmy - Vg,
for brevity.

Proposition 22. Let
V =mVi ®msVso ® ... & mpVy,
be the primary decomposition of V. Then
Xv = MmiXv, + MaXv, + .. MEXv,
and
mj = (Xv,ij)-
In particular V is irreducible if and only if (xv, xv) = 1.

Proof. This follows from (24) and from Lemma 49. O
Let (L,L?(G)) be the left regular representation of G:

L(g)p(h) = ¢(g"'h)  (9,h € G,6 € LX(G)).

Theorem 23. The character of the left reqular representation is given by
= { 705" (1

Let (p1,V1), (p2,V2), ..., (pk, Vi) be the set of all (up to equivalence) irreducible represen-
tations of G. (Lemma 49 shows that this set is finite.) Then

Xz = dimVy xv, +dim Vs xv, + ...dim Vi, xv,,
or equivalently,

L*(G) = dimV, -V @ dimVy - Vo & ... & dim Vy, - V.

In particular every irreducible representation of G occurs in L*(G). Also,

|G| = (dimV1)?* + (dim V3)? + ... + (dim V},)*.

Proof. The formula for x follows from Theorem 17. Suppose a representation (p;,V,)
occurs in the left regular representation. Then the multiplicity of V; in L?(G) is equal to

(Xp,» XL) = ﬁ1| > X0, (@)xL(9) = x,, (1) = dim V;,,

geG
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where the second equality follows from (17). Since we already have Lemma 49, it remains
to check that every irreducible representation (p;,V;) occurs in (L,L*(G)). For two a
non-zero vector u,v € V; define the corresponding matrix coefficient of the irreducible
representation

Mu,v(g) = (U,p](g)v) (g € G)
It is easy to check that the map

V; > u— M,, € L*(G)
is a morphism. Since this map is non-zero, we see that (p;,V,) occurs in (L,L*(G)). O
Problem 10. Describe the irreducible representations of the group Sy and their characters.

There are the trivial and the sign representations, as in the case of S5. The group Sy acts
on C* and the orthogonal complement of the trivial representation (U = C(1,1,1,1)*+ C
C?) provides a 3 dimensional representation. Its character may be computed from Theo-
rem 17. Then one checks that (xu, xu) = 1. Hence Proposition 51 shows that U is irre-
ducible. Let U’ stand for the representation obtained from U via tensoring with the sign
representation. Then U’ is also irreducible (for the same reason). The squares of the di-
mensions of the representations we constructed so far add up to 12412432432 = 20. Hence
we know from Theorem 23 that we’ll be done if we find an irreducible two-dimensional
representation, call it W. In fact, since the characters of the irreducible representations
form an orthonormal basis of L#(G)¢ it suffices to find a function yw € L?(G)® which is
orthogonal to all the characters we found so far, has norm 1 (xw, xw) = 1) and xyw(1) = 2.
This can be done, of course. We summarize the results in the following table.

conjugacy class in Sy (1] | [(12)] | [(123)] | [(1234)] | [(12)(34)]
number of elements in the conjugacy class 1 6 8 6 3
value of the character on the conjugacy class for
trivial representation 1 1 1 1 1
sign representation 1 —1 1 —1 1
the three-dimensional representation U 3 1 0 —1 —1
U tensored with sign 31 —1 0 1 —1

the two-dimensional representation W 2 0 —1 0 2

(Notice that {1, (12)(34), (13)(24), (14)(23)} C S, is a normal subgroup. Then one checks
that W is the pullback of the irreducible two-dimensional representation of S3 to S, via
the quotient map

Sy — S4/{1,(12)(34), (13)(24), (14)(23)} = S.)

The alternating group A, C 54 contains {1, (12)(34), (13)(24), (14)(23)} as a normal sub-
group and the quotient is a cyclic group of order 3. Hence, A, has 3 one-dimensional
representations. Here is the charter table for A, where z = €27%/3.
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conjugacy class in Ay (1] | [(123)] | [(132)] | [(12)(34)]
number of elements in the conjugacy class 1 4 4 3
value of the character on the conjugacy class for
trivial representation 1 1 1 1
second one dimensional representation 1 z 2* 1
third one dimensional representation 1 22 z 1
the three-dimensional representation 3 0 0 —1

Lemma 24. Given an irreducible unitary representation (p,V) of G, consider End(V) as
a Hilbert space with the inner product

(S,T) = tr(ST*) (8,7 € End(V)).

Let
(g1, 92)T = p(g2)Tp(gr ") (91,92 € G, T € End(V)).
Then (m,End(V)) is an irreducible unitary representation of G x G.

Proof. The non-trivial part is to check the irreducibility. Notice that (7, End(V)) is iso-
morphic to outer tensor product (p°® p, V¢ ® V). Hence,

1 1
G x G > Il = Gx G > Xelg)xw (g2l
( (

91,92)€EGXG 91,92)€EGXG
1 1
= = )= D xelg)) = 1.
|G| |G|
g1€G g2€G
Hence, by Proposition 51, (7, End(V)) is irreducible. O

Given a representation (p, V) define a map
M, : End(V) = L*(G), M,(T)(g) = tr(p(g)T) = tr(Tp(g)).
In particular, if I € End(V) is the identity, then
Mp(I) = Xp-
Also, it is easy to see that the subspace M,(End(V)) C L?(G) depends only on the

equivalence class of p.
Recall the right regular representation of G,

R(g)f(h) = f(hg) (9.h € G, f€L*Q)). (18)
and the outer tensor product L ® R,
L® R(g1.92)f(9) = f(91'992) (91,929 € G, feL*G)). (19)

It is easy to see that

L(g0)My(T) = My(Tp(9: ")),  R(g2)Mo(T) = My(p(92)T) (91,92 € G).  (20)
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In particular,

M,(T)(g~ " hg) = M,(p(9)Tp(g)")(h)  (9,h € G). (21)

Lemma 25. Given an irreducible unitary representation (p,V) of G, The map
M, : End(V) — L*(G)
intertwines the representation m with the outer tensor product L @ R, is injective, and
1
dimV
Proof. The intertwining property follows from (20). Therefore the irreducibility of =
implies the injectivity of M,,.
Recall the adjoint map between Hilbert spaces,

M : L*(G) — End(V).

tr(ST*) = (M,(S), M,(T))  (S,T € End(V)).

Notice also that
M;M, : End(V) — End(V)
is G X G-intertwining. Hence there is A € C such that M;M, = Al. Furtheremore,
A-dimV = (I, M;My(I)) = (M,(I), My(I)) = (Xp: Xp) = 1

and we are done. 0
Theorem 26. Suppose (p,V) and (p',V') are two irreducible unitary representations of G.
Then

a) if (p,V) is not equivalent to (p',V'), then M,(End(V)) L M, (End(V")),

b) for any S, T € End(V), (M,(S), M,(T)) = 2 tr(ST*).

dimV

Proof. We have the adjoint map
* . T2
My L5(G) — End(V').
Notice also that
My M, : End(V) — End(V')

is a morphism (i.e. G x G intertwining map). If the two representations are not isomorphic
then, by Theorem 12, M7, M, = 0. Thus for S € End(V) and T' € End(V'),

(M,(S), My (T)) = (S, My M,(T)) = 0
and a) follows. Part b) was verified in Lemma 25. O

Theorem 27. There are the following direct sum orthogonal decompositions of Hilbert
spaces

a) L(G) = 3 e M,(End(V)),
b) L2(G) = 3 e Cx,-

Thus the characters x, form an orthonormal basis of L2(G)¢.
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Proof. Part a) follows from Theorem 52 by counting dimensions. Part b) follows from
part a), because, by Theorem 12, End(V)G = CI. Indeed,

LX(G)% =) (M,(End(V)))® = > M,(End(V)¢) =) Cx,.
peC peG peG
where only the middle equation
(M,(End(V)))® = M,(End(V)%)
requires an explanation. We need to show that if
tr(Tp(ghg™")) = tr(Tp(h))

for all h € G, then p(¢g~")Tp(g) = T. Since tr(Tp(ghg™) = tr(p(g~)Tp(g)p(h)), we'll
be done as soon as we show that if tr(Sp(h)) = 0 for all h € G, then S = 0. But, since

the map M, is injective (because 7 is irreducible), this is indeed the case. 0J
Corollary 28.
Xp(l)
0=
[
pEG

Proof. We see from part b) of Theorem 53 that there are numbers m, € C such that

5:Zmp-xp.

peG

But Lemma 49 shows that m, = (4, x,) = leéll)' O

For a function f € Ll(G) define the Fourier transform
g9eG geG
Thus for a representation (p, V), f(p) € End(V).
Theorem 29. (Fourier inversion for G) For any f € L}(G),
9) =Y _xo()-tr(f(p)plg))  (9€G).
peC
In particular,

1) :ZX/)( |G| Zf 9)Xpe(

peC 9€G
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Xp(1)
pors IGI

Proof. This is straightforward:

flg) = D fmsh~'g)=>_ f(h)

heG heG

= > f(h) G| => f(h)

heG o heG

- S (?g )
= pezéxp( t?“<| |};f )

For two functions fi, fo € L'(G) define the convolution

p) (hilg)

o)

peG

fix falg) = L(f1) f2(g ‘Zfl
heG heG
Also, for f € L(G) define
f9) =1 (9eG).
Lemma 30. The following formulas hold:
a) for two functions fi, fo € LY(G), (f1 x fo) = f1f2;
b) for a function f € LYG), (f*) = f*.
Proof. This is straightforward:
(fix fo)p) = Zﬁ * f2(g
|G| poeret
= ZZfl ) f2(h™ g)p"(9)
heG geG
= G |222f1 h) f2(h ™ g)p
heG geG
- G2 Z Z fi(h Plg) =

heG geG

‘Zfl ) f2(h7'g)

‘(h'g)

fu(p) - falp)

|G| (h™'g)

25
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and

0 = 5 S F ) = @ ST

geG geq
1 YIRY *
= @ Z f(9)p"(9)
geG
- (@) o
gEG
O
Theorem 31. For any f € L?(G),
1 1P=D " xo(D)- 1 (o) 117
pGG
Proof. We see from Lemma 30 that the left hand side is equal to
= %, (1) - tr(f(p) f(p)"),
peG
which coincides with the right hand side. O

Problem 11. Read the proof of Theorem 56

7. Some Functional Analysis on a Hilbert space

Here we follow [Lan85, sections 1.2 and 1.3]. Let V be a Hilbert space. A continuous
linear map A : V — V is called compact if it maps any bounded sequence v, € V to a
sequence Av,, that has a convergent subsequence.

Theorem 32. Let A be a compact hermitian operator on the Hilbert space V. Then
the family of eigenspaces Vy, where \ ranges over all eigenvalues (including 0), is an
orthogonal decomposition of E:
V=V,
A

For X\ # 0 the eigenspace V) is finite dimensional.

Let S be a set of operators (continuous linear maps) on V. We say that V is S-irreducible
if V has no closed S-invariant subspace other than {0} and V itself. We say that V is
completely reducible for S if V is the orthogonal direct sum of S-irreducible subspaces.
Two subspaces Vi,Vy C E are called S-isomorphic if there is an isometry from V; onto
V5 which intertwines the action of S. The number of elements in such an isomorphism
class is called the multiplicity of that isomorphism class in V.

A subalgebra A of operators on V is said to be *-closed if whenever A € A, then
A* € A. As explained in [Lan85, section 1.2], the following Theorem is a consequence of
Theorem 32.
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Theorem 33. Let A be a x-closed subalgebra of compact operators on a Hilbert space V.
Then V is completely reducible for A, and each irreducible subspace occurs with finite
multiplicity.

The following theorem (and the corollary below) is known as Schur’s Lemma. For a
proof see [Lan85, Appendix 1, Theorem 4]

Theorem 34. Let S be a set of operators acting irreducibely on the Hilbert space V. Let
A be a hermitian operator such that AB = BA for all B € S. Then A = cl for some real
number c.

Corollary 35. Let S be a set of operators acting irreducibely on the Hilbert space V. Let
A be an operator such that AB = BA and A*B = BA* for all B € S. Then A = cl for

some ¢ € C. number c.

Proof. We write A = B +1C, where

1 1
B=—-(A+ A" C=—(A-A".
Then B and C commute with S. Hence there are real numbers b and ¢ such that B = b/
and C' = ¢l. Hence A = (b+ic)l. O

We shall also use a few facts concerning integral kernel operators. The proofs may be
found in [Lan85, section 1.3]

Theorem 36. Let (X, M, dx) and (Y, N,dy) be measured spaces, and assume that L*(X),
L*(Y) have countable orthogonal bases. Let ¢ € L*(X x Y). Then the the formula

Qf(x) = /Y o(z,9) F(y)dy

defines a bounded, compact operator from L*(Y) into L*(X) with || Q ||<]| q ||2-

Let A be a bounded operator on a Hilbert space V. We say that A is a Hilbert-Schmidt
operator if there is an orthonormal basis vy, vq, ... of V such that

o0
Z | Av, [|°< .
n=1

One checks that tjhis quantity does not depend on the orthonormal basis and denotes the
square root of it by || A ||g.s. This is the Hilbert-Schmidt norm of A.

A bounded operator T on a Hilbert space V is of trace class if it is the product of two
Hilbert-Schmidt operators, T'= AB. Then for any orthonormal basis v, of V

D (Ton, )l = Y [(Bow, Ava)| S| A sl B |mws=| A llusll B llms< oo

Therefore the following series

tr’l = Z(Tvn, Up)

is converges and defines the trace tr of T'. For all tht see [Lan85, section VII.1].
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Also, we have the following theorem, see [Kna86, Lemma 10.15] or [Lan85, Theorem 1,
page 128] for a special X,

Theorem 37. Let X be a compact smooth manifold and let dx be a measure on X that
is a smooth function times the Lebesgue measure in each coordinate neighborhood. Let
q € C®(X x X). Then the the formula

Qf(x) = /X a(a,9) Fy)dy

defines a bounded operator of trace class on L*(X) and

tr@ = / (z,z)dz.

Problem 12. Get familiar with the notions and theorems of section 7.

8. Representations of locally compact groups

Let G be a locally compact group and let V be a topological vector space. We shall
always assume that V # {0}. Let GL(V) denote the group of the invertible continuous
endomorphisms of V. A representation of G on V is a pair (7, V), where 7 : G — GL(V)
is a group homomorpism such that the map

GxV>3(g,v) > 7m(gveV

is continuous. A subspace W C V is called invariant if p(G)W C W. The representation
(p, V) is called irreducible if V does not contain any closed invariant subspaces other than
{0} an V.

If (m1, V1), (m2, Va) are representations of G, then a continuous linear map 7" : Vi — Vy
such that

Tm(g) =m(9)T (g€ G)

is called an intertwining operator, or a G-homomorphism. The vector space of all the in-
tertwining maps will be denoted Homg (V1, Va) or more precisely, Homg ((m1, V1), (72, V2)).
The representations (7, V1), (w2, V3) are equivalent if there exists a bijective T' € Homg(Vy, V).

A basic example of a representation of G is the right regular representation (R, C(G).
Here C(G) is the space of the continuous, complex valued, functions on G (with the
topology of uniform convergence on compact sets) and

R(g)f(z) = f(zg) (9,2 € G, [ cC(G)).
Similarly, we have the left regular representation (L, C(QG)),

L(g)f(z) = f(g"'z) (9,2 €G, feC(G)).
Given an irreducible representation (m,V) and an element A € V' (a continuous linear
functional on V) the formula

Tyw(z) = Ax(z)v)  (z€q)

defines a map 7y € Homg((m, V), (R, C(G))). If V has enough continuous linear function-
als, in the sense that for every 0 # v € V there is A € V' such that A(v) # 0, then T} is
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injective, so (m,V) may be viewed as a subrepresentation of (R,C(G)). Recall, [Rud91,
section 1.47], that for V = L?([0,1]) with 0 < p < 1 the dual space V' = {0}. Thus for
this space the above argument wouldn’t work.

The function

G332z — ANn(z)v) e C

is called a matrix coefficient of the representation (7, V).

If V is a Hilbert space, then a representation (7,V) is called unitary if every operator
7(g), g € G, is unitary. Two unitary representations (7, V1), (ma, Vo) are called unitarili
equivalen if there is a bjiective and isometric G-homomorphism 7" : V; — V.

Here is the classical version of Schur’s Lemma, which is an immediate consequence of
Corollary 35.

Theorem 38. Let (m,V) be an irreducible unitary representation of G. Then
Homg(V,V) =CI.
Corollary 39. For two irreducible unitary representations (p,V) and (p',V') of G,

. N Lif (p,V) ~ (p/, V)
dim Homg(V, V') = { 0 if (p.V) 2 (¢, V)

(Here ~ stands for unitary equivalence.)

Proposition 40. If two unitary representations (w,V), (7',V') are equivalent then they
are unitarily equivalent.

Proof. Let (, ) be the invariant scallar product on V and let (, )’ be the invariant scallar
product on V’. Pick an isomorphism 7" : V — V'. Define T* : V' — V by

(Tu,v) = (u, T*v) (ueV,vevV).

Then T*V' — V is also a morphism. Hence, T*T : V — V commutes with the action of
G. Hence, there is A € C such that T*T = AI. Thus, for any u,v € V,

(Tu, Tv) = (u, T*Tv) = Mu,v).

In particular, by taking u = v # 0 we see that A > 0. Hence,

1
—T:V >V
VA

is an isometry and a morphism. 0]

Problem 13. Define the Heisenberg group
H=RxRxR

with the multiplication

(0, 6,0 &) = (r 42/ 6+ &t +1 + %(x & E)
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The Schwartz space S(R) is equipped with a topology, [Hor83, section 7.1]. One may check
that the formula

(p(2,&,0)f) (y) = 7TV [y — ) (23)
defines a continuous function
HxS[R)> (g, f) = plg)f € S(R)
Assuming that, check that (p,S(R)) is a representation of H on the linear topological
space S(R), i.e. show that p(gq’) = p(g)p(g'). Also show that
Endy(S(R)) =CI.

One may check, but it could take too much of your time, that the representation (p, S(R))
is irreducible and that the same formula (23) defines an irreducible unitary representation

of H on L*(R).
Here is one more version of Schur’s Lemma. For a proof see [Wal88, 1.2.2].

Theorem 41. Let (m,V) be an irreducible unitary representation of G. Let Vo C V be a
dense G-invariant subspace and let A : Vo — V be a linear G-intertwining map.
Suppose V1 C V be a dense subspace and let B : V¢ — V a linear map such that

(AUQ, 1)1> = (UQ, B’Ul) (U() - Vo,?}l - Vl) .
Then A is a scallar multiple of the identity restricted to V.
9. Haar measures and extension of a representation of G to a representation
of L'(G)
A proof of the following theorem may be found in [HR63, (15.5)-(15.11)]

Theorem 42. There is a positive Borel measure dx on G such that

/ f(g) dz = / flr)de (g€ C,feCuQ)).
G G

This measure is unique up to a constant multiple. Furthermore there is a group homom-
rphism A : G — Rt such that

/ f(xg) dz = A(g) / flr)de (g€ C,feCuQ)).
G G

Also, the converse of this theorem holds: if a topological group has a left invariant
Borel measure the it is locally compact, see[?].

The measure dx is called the left invariant Haar measure on G. The group G is called
unimodular if A = 1. This is certainly the case if G is compact. The Lebesgue measures
we used in sections 2 and 4 are Haar measures and the groups are unimodular. An
example of a non-unimodular group is

P-{p—(% abl>a€RX,b€R}.

Here |a|™2da db is the left invariant Haar measure and A(p) = a?.
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The convolution ¢ * 1 of two functions ¢, € L}(G) is defined by

- /G o)

The Banach space L' (G) with the product defined by the convolution is a Banach algebra.
This algebras may have no identity, but they always has an approximate identity.

Theorem 43. There is a sequence ¢, € C.(G) such that

/gbn = (n=0,1,2,..),
) Given a neighborhood U of the identity in G,
the support of ¢, is contained in U for all n sufficiently large.

(See [Lan85, secion 1.1] for a proof.) Given a representation (m, V) the formula

0= [ olom@) el
defines a representation of the Banach algebra L'(G) on V, i.e.

T(pxy) =a(e)r(v) (4,4 € LY(G)).
By restriction, (m,V) is also a representation of the convolution algebra C.(G). As
straightforward consequence of Theorem 43 we see that a subspace W C V is G-invariant
if and only if it is C.(G)-invariant. Also, (7, V) is G-irreducible if and only if it is C.(G)-
irreducible.

10. Representations of a compact group

Let G be a compact group with the Haar measure of total mass equal to 1. If (7, V) is
a representation of G on a Hilbert space V, then, by averaging the norm on V over G, we
obtain another norm with respect to which the representation is unitary.

Hence, while considering representations of G on Hilbert spaces, we may assume that
they are unitary.

Theorem 44. Any irreducible unitary representation (w,V) of G is finite dimensional.

Proof. Let v € V be a unit vector and let P be the orthogonal projection on the one-
dimensional space Cv. Let () be the continuous linear map defined by

Q= / Y1 Pr(z) dx .

Then Q = Q* commutes with the action of G. Hence Schur’s Lemma, Theorem 36, implies
that there is a constant ¢ € R such that () = ¢I. Since 7 is unitary,

(Qu.v) = /G(Pw(m)v,ﬂ(x)v) dm:/G(ﬁ( )0, 0) (0, 7)) da = /| 2o, v)dz > 0.
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Hence ¢ > 0.

Let vy, v, ... be an orthonormal basis of V. Then for each = € G, 7(z)vy, 7(z)vy, ...is
also an orthonormal basis of V. Hence

> (Pr(@)vn, w(x)vn) = > ((x(@)vn, v)v, 7(2)vn) = > |[(w(2)vn, 0)]> =[| v [|= 1.

n=1 n=1 n=1

But (Pr(z)v,, 7(z)v,) = (n(x) ' Pr(x)v,,v,). Hence, after integration over G we see
that

o0

Z(Qvn,vn) =1.

n=1

Thus ¢ times the number of the elements in the basis is equal to 1. Hence, dimV < co. [

By combining Theorem 44 with the Spectral Theorem from Linear Algebra we deduce
the following corollary.

Corollary 45. An irreducible unitary representation of a compact abelian group is one
dimensional.

If dimV < oo, we let V¢ denote the vector space dual to V. The contragredient repre-
sentation (7€ V) is defined by

7¢(g)v°(v) = v°(m (g~ )v) (veV,v°eVigeQG).

Given two finite dimensional representations (m,V) and (7',V’) define their direct sum
(rdn',VaV) by

(& 7)(9)(v,0) = (7(g)(v), 7'(9)(v)) (g9 € G,veV, v eV)
and the tensor product (7 ® 7',V ® V') by
(r@)(g)lve ] =[r(g(v)] e[ (9)] (9€GrveV, eV).

By definition the character ©y = O, of a finite dimensional representation (m, V) is the
following complex valued function on the group:

Ov(g) =tr(r(g9)) (g€ G).

This function is invariant under conjugation
O(hgh™') =0O(g9)  (h,g€G).

Also, we have
@VEBV’ = Oy + Oy, @V®V’ = OyOy and O, = @_ﬁ (24)

Denote by L2(G)¢ C L2(G) the subspace of the functions invariant by the conjugation by
all the elements of G. Our characters live in L2(G)¢.

Lemma 46. Suppose (m,V) is a non-trivial irreducible unitary representation of G. Then

/Gﬂ'(I)U dr =0 (vev).
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Proof. Notice that the integral defines a G-invariant vector v € V. Since 7 is irreducible,
either u = 0 or V = Cu. Since 7 is non-trivial, the second option is impossible. 0

Corollary 47. Suppose (m,V) is a non-trivial irreducible unitary representation of G. Then

/GW(.r)d:E:O.

Corollary 48. Suppose (w,V) is a finite dimensional representation of G. Then
/ O, (z) dr = dimV°,
G

where V& C V is the space of the G-invariant vectors.
Proposition 49. The characters of irreducible representations form an orthonormal set
in L2(G)C.
Proof. Consider two such representations (7,V) and (7',V’). The group G acts on this
vector space Homg(V, V') by

gT(v) =7'(g)Tr(g v (g € G, T € Homg(V,V'),v € V).

This way Homg(V, V') becomes a representation of G. It is easy to check that as such it
is isomorphic to (7¢® 7', V¢ ® V). Hence, by (24),

@Hom(v,v')(9> = 0.(9)0(9) (g € G).

Therefore,

(@;’7@”) = /G@HOIIl(V,V’)(g>dg

= dimension of the space of the G-invariants in Homg(V, V').
Thus the formula follows from Corollary 39. 0J

Proposition 50. Any finite dimensional representation of G decomposes into the direct
sum of irreducible representations.

Proof. This follows from the fact that the orthogonal complement of a G-invariant sub-
space is G-invariant. O

Let (7, V) be a finite dimensional representation of G and let

be the decomposition into irreducibles. The number of the V; which are isomorphic to
V; is called the multiplicity of V; in V, denoted m;. We may collect the isomorphic
representations in the above formula and (after changing the indecies appropriately) get
the following decomposition

V=V eVime.. oVim™,
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where the V; are irreducible and mutually non-isomorphic and
V;ij =V,;®V; ®..®V; (m; summands).
This is the primary decomposition of V, which is also denoted by
V:m1V1®m2V2®...@mka = my Vl@m2V2®@mka,
for brevity.

Proposition 51. Let

V= m1V1 D m2V2 S...P mka,
be the primary decomposition of V. Then

@V = ml@vl + m2@v2 + ..mk@vk

and
m; = (@V,@V].).
In particular V is irreducible if and only if (©y,Oy) = 1.
Proof. This follows from (24) and from Lemma 49. O
Given a finite dimensional representation (7, V) define a map
M, : End(V) = L%(G), M.(T)(g) = tr(n(g)T) = tr(Tx(g)).
In particular, if 7 € End(V) is the identity, then
M. (I) = O,.

Also, it is easy to see that the subspace M,(End(V)) C L?*(G) depends only on the
equivalence class of 7.

Theorem 52. Suppose (mw,V) and (7',V') are two irreducible unitary representations of
G. Then

a) if (m,V) is not equivalent to (x',V'), then M, (End(V)) 1 M (End(V")),

b) for any S, T € End(V), (M.(S), M.(T)) = tr(ST*).

Proof. Define a representation (II, End(V)) of the group G x G on the vetor space End(V)
by

dzm \Y

(91, 92)T = 7(g2)Tm(9r") (91,92 € G, T € End(V)).
Notice that (I, End(V)) is isomorphic to outer tensor product (7¢® 7, V¢ ® V). Hence,

/ |@H($1,x2)|2 dxy dry = / ]@,r(azl)@,,(mg)\del dxs
GxG GxG

/\@ a:1|dx1/|@ (z2)|? day = 1.

Hence, by Proposition 51, (II, End(V)) is irreducible.
We view End(V) as a Hllbert space with the following scalar product

(Sl, SQ) = tT’(Sl;S’;) (Sl, SQ € EHd(V)),
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and similarly for V’. In particular, we have the adjoint map
M7, : L*(G) — End(V).
Notice also that
MM, : End(V) — End(V)
is a G x G-intertwining map. If the two representations (7, V) and (7', V') are not isomor-
phic then The G x G-modules End(V) and End(V’) are not isomorphic. Hence Corollary
39 shows that M* M, = 0. Thus for S € End(V) and T € End(V’),
(Mz(5), Mz (T)) = (S, Mz Mz(T)) = 0

and a) follows.

Similarly, there is A € C such that MM, = A\I. Furtheremore,

A-dimV = (I, MM (1)) = (M.(I), M(I)) = (0,,0,) =

and b) follows. O

The following statement is known as the Peter-Weyl Theorem, see [PW27].

Theorem 53. There are the following direct sum orthogonal decompositions of Hilbert
spaces

a) L2(G) =3 c¢ Mx(End(V)),
b) L*(G)% = Y rec COx.

Proof. Part b) follows from part a), because, by Theorem 38, End(V)G = CI. Indeed,
LX(G)% =) (M (End(V))% = M. (End(V)9),=> C6,.

e reG reG

where only the middle equation
(M (End(V)))¥ = M, (End(V)%)
requires an explanation. We need to show that if
tr(Tn(ghg™")) = tr(Tx(h))

for all h € G, then 7w(g~)Tn(g) = T. Since tr(Tn(ghg™') = tr(r(g~)Tr(g)n(h)), we'll
be done as soon as we show that if ¢tr(Sw(h)) = 0 for all h € G, then S = 0. But, since
the map M, is injective (because 7 is irreducible), this is indeed the case.

Part a) requires some work. We follow the argument in [Kna86, Theorem 1.12]. Let
U=73 oM (End(V)). Thisis a subspace of L?(G) closed under the left and right trans-
lations and under the % operation, ¢ — ¢*, ¢*(x) = ¢(x~!). Hence so is the orthogonal
complement Ut C L%(G).

Suppose UL # {0}. We shall arrive at a contradiction. Let ¢ € UL be non-zero.
Let ¢, € C.(G) be an approximate identity, as in Theorem 43. Then a straightforward
argument shows that

lim || ¢nx¢—¢|2=0
n—00
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Hence there is n such that ¢, * ¢ # 0. But this function is continuous. Thus we may
assume that ¢ is continuous. Furthermore, applying the translations and the * operation
we may assume that ¢(1) > 0 and ¢ = ¢*. Replacing ¢ by the integral

/GL(Q:)R(x)gﬁ dx

we may assume that ¢ is invariant under conjugation. Let
7o) = [ oa i) dy.
G

Since the integral kernel ¢(z~'y) is continuous on G x G, T is a compact operator on
L2(G). Furthermore, T = T* # 0, because ¢ = ¢*. Hence, by Theorem 32, T has a
non-zero finite dimensional eigenspace V), C L?*(G). Since T' commutes with L(G), V)
is closed under L(G). Hence Theorem 50 shows that there is a G-irreducible subspace
W, C V). Let f; be an orthonormal basis of W,. Set

has () = (L()fir f;) = / Fia ) F () dy.

This is a matrix coefficient of an irreducible representation of G, thus it belongs to U.
Therefore,

0= (0 his) = /G/GQS(@mfz(y) dy dx
:/G/G¢(yx1)fl(a€)fz(y) dydx:/G/ng(xly)fi(y) dy () da
:/Tfi(x)mdx:)\/ F) ) de
@ el

which is a contradiction. O

Theorem 54. Any unitary representation (p, W) of G is completely reducible, i.e. the
Hilbert space W is the orthogonal sum of irreducible finite dimensional representations of

G.

Proof. We follow [Kna86, Theorem 1.12]. Suppose (p, W) is not completely reducible. By
Zorn’s Lemma we may choose a maximal orthogonal set of finite dimensional irreducible
invariant subspaces. Let U denote the closure of their sum. Suppose 0 # v € Ut. We'll
arrive at a contradiction.

Let ¢, € C.(G) be an approximate identity, as in Theorem 43. Then, as we have seen
before, there is n such that p(¢,)v # 0. We fix this n.

Theorem 53 a) implies that there is a finite set F C G and ¢ € @
such that

M, (End(V)),

TeF

1

| ¢n— ¢ [l2< 2ol | p(dn)v || -
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Since the total mass of G is 1, we have

Hence
1
I o(@n)o = p(@)o NIl dn =@ ILll 0 lI< 5 Il p(dn)o || -
Therefore
1
(@) 121 p(@n)v || = [ p(én)v = p(@)v (12 5 Il p(¢a)v [|> 0.

This is a contradiction because p(¢)v lies in a finite dimensional invariant subspace of
W. O

For a function ¢ € L'(G) define the Fourier transform

_ /G () (z) de = 7(3) (25)

Notice that in order to be consistent with the theory of Fourier series, section 4, we should
replace 7 by 7¢ in this definition. However we shall follow the tradition and not do that.
Thus for a representation (m,V), Fo(n) € End(V). Notice that

m(9)Fo(r) = F(L(g)e)  (9€G). (26)
Set d(m) = dim V) = O,(1). This is the degree of the representation (m, V).

Theorem 55. (Fourier inversion for G) For any ¢ € @ __s M.(End(V)) (algebraic sum),

Zd tr(Fo(mm(g™)  (9€G), (27)

or equivalently

=Y d(m) - 6.(¢)  (9€G), (28)

WEG

Notice that in the case of the classical Fourier series, section 4, the above formula (27)
refers only to trigonometric polynomials, ¢.

Proof. Clearly (28) is a particular case of (27). Also, (27) follows from (28) and (26).
Let us write (7, V) for (7, V) in order to indicate the dependence of the vector space
on 7. By definition, there is a finite set F' C G and operators T, € End(V,;) such that

=Y u(Tlg) (9€G).

peF

Z/tr w0(9))7(g) dg .

peF

Hence
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Therefore, by Theorem 52

wrom =Y |

peF G

= (Tun(g)).7(9) = - tr(Tyn(g)n(9)) = - ta(Ty).

™ ™

tr(T,p(g)) tr m(g) dg = /G tr(Tym(g)) tr m(g) dg

Hence

D d(m) - O(¢) = d(m) - tr Fo(m) =Y tr(Tx) = ¢(1).

e neG e
OJ
Theorem 56. (Parseval formula) For any ¢ € @, ¢, M-(End(V)),
1o 13=" " de | Fo(x) |I*.
neG
Proof. That the left hand side is equal to
0% ¢"(1) = Y due tr(Fo(m) F(m)"),
reG
which coincides with the right hand side. ([l

10.1. Unique factorization domains and Hilbert’s Nulstellensatz. This section is
included to explain Hilbert’s Nullstellensatz, to be used in the following section.

A ring R, with an identity, is called a Unique Factorization Domain (UFD) if and only if
R has no zero divisors and every element of R decomposes into a product of indecomposible
elements uniquelly up a permutation of factors and multiplication by units. In particular,
any finite subset of an UFD has the greatest common divisor, and any indecomposable
element of an UFD is prime.

Proposition 57. Let F be a field. Then the ring F[X] is a UFD.

Proof. Euclid’s algorithm shows that R = F[X] is a Principal Ideal Domain. Hence, if
a,b € R, then the ideal generated by a and b,

(a,0) = (c)
for some ¢ € R.
In fact ¢ is a greatest common divisor of a and b, denoted gcd(a,b). Indeed, since
a € (¢) and b € (c), we see that ¢ divides a and b. Hence ¢ divides gcd(a, b). On the other
hand,
c=ada+bb
for some o', € R. Thus gcd(a, b) divides c.
If p € R is indecomposable, then p is prime. Indeed, suppose a,b € R are such that
p divides ab but does not divide a. Since p is indecomposable we see that ged(p,a) = 1.
Hence, there are a’ € R and p’ € R such that

1=da+pp.
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Therefore
b = d'(ab) + p'pb.
Thus p divides b.
By looking at the degrees of the polynomials we see that any element a € R decomposes
into a product of indecomposables. Suppose we have two such decompositions

a = p1p2...Pr = ¢142...qs.

Since p; is prime, it divides one of the ¢;. We may assume that it divides ¢;. Hence there
is a unit u; such that ¢; = piuy. Since R has no zero divisors we see that

P2.-.Pr = U1Ga--.qs.

Repeating this process we see that the decomposition is unique, as stated. O
Theorem 58. If R is a UFD then R[z] is a UFD.

Proof. A polynomial in R[z] is called primitive if the greatest common divisor of its
coefficients is 1. In particular any primitive element of R[z| is indecomposable if and
only if it cannot be written as the product of two elements of positive degree. Also, any
element of R[z| is the product of an element of R and a primitive polynomial.

Also, it is clear that any indecomposable element of positive degree in R[z| is the
product of a prime in R and an indecomposable primitive element of the same degree.

Since any element of R[z] is the product of indecomposables we’ll be done as soon as
we show that the decomposition is unique (up to a permutation and multiplication by
units). Let I be the field of fractions of R. Then

R[x] C Flx].

Hence, by Proposition 57, the only fact we need to verify is that a primitive indecompos-
able element f € R|[x] of positive degree is also indecomposable in F[z].
Suppose, there are gp, hp € F[z], of positive degree, such that

f=grhr.

There is b € R such that bgr € R[z]. Also, there is a« € R and a primitive g € R[z], of
the same degree as gp, such that

bgr = ag.
Hence,
a
f=g <6hF> .
There is ¢ € R such that
c (%hp) € Rx].

If ¢ is a unit in R then we see that f decomposes in R[z], a contradiction.
Suppose c¢ is not a unit. We see that g divides c¢f in R[z]. Take ¢ with minimal possible
number of primes in it such that ¢ divides c¢f in R[z]. Thus there is h € R[x] such that

cf = gh.
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Let p € R be a prime which divides c.
Since p divides the left hand side, it divides the right hand side. Since ¢ is primitive, p

divides h in R[z]. Thus
c 1
_f =g <_h> ’
p D

where (%h) € R[z], a contradiction. O
Now we turn to Hilbert’s Nullstellensatz. We present an argument made by Daniel
Allcock, which according to him goes back to Zariski.

Theorem 59. Let k be a field and K a field extension which is finitely generated as a
k-algebra. Then K 1is algebraic over k.

Proof. We will assume throughout that K is transcendental over k£ and finitely generated
as a k-algebra, and deduce that K is not finitely generated as a k-algebra, a contradiction.

Suppose first that K has transcendence degree one; this means that it contains a subfield
k(x) which is a copy of the one-variable rational function field, and that K is algebraic over
k(x). This, together with the finite generation of K, shows that K has finite dimension
as a k(x)-vector space. Choose a basis ey, ..., e; and write down the multiplication table
for K:

aiji ()
eiej = ) €k,
’ ; biji ()
with the a’s and b’s in k[z]. We will show that for any fi,..., f, € K, the k-algebra A
they generate is smaller than K.
It is convenient to adjoin fy = 1 as a generator. Express fo, ..., f, in terms of our basis:

NGl

with the ¢’s and d’s in k[z]. Now, an element a of A is a k-linear combination of fy =1
and products of fi, ..., f,. Expanding in terms of our basis, we see that a is a k(x)-linear
combination of products of the e;, with the special property that the denominators of the
coefficients involve only the d’s. Using the multiplication table repeatedly, we see that a
is a k(z)-linear combination of the e;, whose coefficients’ denominators involve only the
b’s and d’s.

A precise way to state the result of this argument is: when a is expressed as a k(z)-
linear combination of the e;, with every coefficient in lowest terms, then all its coefficients’
denominators’ irreducible factors are among the irreducible factors of the b’s and d’s.
Therefore

1

some other irreducible polynomial

cannot lie in A, and A is smaller than K.
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This argument requires the existence of infinitely many irreducible polynomials in k[x];
to prove this one can mimic Euclid’s proof of the infinitude of primes in Z. (If k is infinite
then one can just take the infinitely many linear polynomials x — ¢, ¢ € k.)

Now suppose K has transcendence degree > 1 over k, and choose a subextension F
over which K has transcendence degree 1. By the above, K is not finitely generated as
a F-algebra, so it isn’'t as a k-algebra either. (To build F explicitly, choose k-algebra
generators i, ..., x, for K over k and set F' = k(x,...,2;_1), where z; is the last of the
x’s which is transcendental over the field generated by its predecessors.) 0

Theorem 60. (The ‘Weak’ Nullstellensatz’.)

Let k be an algebraically closed field. Then every maximal ideal in the polynomial
ring R = k[xy,...,x,] has the form (1 — a,...,x, — a,) for some ai,...,a, € k. As a
consequence, a family of polynomial functions on k, with no common zeros generates the

unit ideal of R, i.e. R.

Proof. If m is a maximal ideal of R then R/m is a field which is finitely generated as a
k-algebra. By the previous theorem it is an algebraic extension of k, hence equal to k.
Therefore each x; maps to some a; € k under the natural map R — R/m = k, so m
contains the ideal (zq — aq, ..., x, — a,). This is a maximal ideal, so it equals m.

To see the second statement, consider the ideal generated by some given polynomial
functions with no common zeros. If it lay in some maximal ideal, say (x1 —ay, ..., z, —a,),
then all the functions would vanish at (ay,...,a,) € k,, contrary to hypothesis. Since it
doesn’t lie in any maximal ideal, it must be all of R. U

Theorem 61. (Nullstellensatz.)

Suppose k is an algebraically closed field and g and fi,..., fm are members of R =
klxy,...,x,], regarded as polynomial functions on k™. If g vanishes on the common zero-
locus of the f;, then some power of g lies in the ideal they generate.

Proof. The polynomials fi, ..., f, and 2,19 — 1 have no common zeros in k"™, so by the
weak Nullstellensatz we can write 1 = py f1 + +pmfin +Pma1 - (Tni19—1) ,where the p’s are
polynomials in zy, ..., z,y;. Taking the image of this equation under the homomorphism
klzy, ..., pia] = k(x1, ..., 20) given by x40 — 1/g, we find 1 = py(zy, ..., 00, 1/9) f1 + +
Pm(T1y ooy Ty 1/9) frn. After multiplying through by a power of g to clear denominators,
we have Hilbert’s theorem. 0

10.2. Spherical harmonics in R”. The Laplacian in R™, n > 2, may be written as

1 1
O, + r_QL’ (29)

n_
Ay =02 +05, +..+02 =02+

r
where 2 = 2?2 + 23 + ... + 22 and L is the Laplacian on the sphere S"!.

Lemma 62. If ¢ is a smooth harmonic function on R™\ {0}, homogeneous of degree k,
then Lo = —k(k +n — 2)¢.

Proof. The assumption that ¢ is harmonic means that A,¢ = 0. Thus (29) shows that

1 1
0+ L)6.

n —

0= (07 +

r
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Therefore
Ly = —1?0?¢— (n—1rd.¢ =—((rd,)* —10,)¢ — (n — 1)rd,¢
= —(r0,)%¢ — (n —2)rd.¢ = —k*¢ — (n — 2)k¢.
O

Lemma 63. Let P denote the space of the complex valued polynomial functions on R™.
For ¢,¢ € P define

(¢> ¢) = ¢(89617 a’m? ) axn)a(())

Then ( , ) is a positive definite hermitian form on P. Moreover

(o, 9m) = OW)p,n)  (p,9,n €P).

Proof. In the multi-index notation, let

o(z) = Z o, P(x) = Z bgacﬂ.
B

Then
(6,0) =D aabs0®e’|ocg = Y aaba al.
0575 (e}

Hence the form ( , ) is hermitian and positive definite. Furthermore,

(&,9m) = (¥, d) = 0(¥)d(n)$(0)
0(md(1)$(0) = 0(n)0(1)$(0) = (n,0()¢) = (), ).

O

Lemma 64. Let P, C P be the subspace of the polynomials of degree k and let Hy C Py
be the subspace of the harmonic polynomials. Then we have the following direct sum
orthogonal decomposition:

Po=Hi+1°Hy_ o+ 1 ' Hy_y+ ...+ 7" Hy_op,
where m is the largest integer such that 2m < k.
Proof. Let ¢ € Py. Notice that ¢ € Hy, iff
(Ano,1) =0 for all Y € Py_o,
or equivalently, by Lemma 63,
(¢, 7%) = 0 for all ¥ € Py_s.

Hence
Hk = (TQ,Pk,Q)J' N Pk
Therefore
Pk = Hk + szk_g = Hk + T2Hk_2 + T47)k—2 = ...
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Theorem 65. FExplicitly, for k > 2,
Hy = span{(c1x1 + cowg + ... + cnxn)k; AA4ci+ ...+ =0}

Proof. 1t is easy to check that the right hand side of the above equation is contained in
the left hand side.

Consider an element ¢ € Hj which is orthogonal to the space on the right hand side.
Then

0 = (¢, (11 + .. + Coz)®) = O(9)(Cray + ... + )" (0)
|
- a0y e e = X dutabl = KG(0).

Thus ¢ vanishes on the variety
V={celC" ci+..+c =0} (30)
Let I = r?P. This is an ideal in P. Recall Hilbert’s Nullstellenstatz (Theorem 61):

Ideal(Variety(Ideal)) = v 1deal.
Since for our ideal I and our variety V,
Variety(I) =V,

we see that ¢ € v/I. Thus there is p = 1,2, 3... such that

o € r*P.
Suppose n > 3. Then a simple computation using the homogeneity of 72 shows that r? is
an irreducible polynomial. Since P is a Unique Factorization Domain (see Theorem ?7),
r? is prime and therefore

b € r*P.
Hence,

Qb S T2Pk_2.
Lemma 64 shows that ¢ = 0. Thus the equality follows.
Suppose n = 2. Then Re ¢ is a harmonic polynomial. Hence there is a holomorphic

function ¢ (x; +iz3), in fact a polynomial in xy 4 ixs, such that Re ¢(xy, z2) = Re(xq +
iz3). Thus

1 : —
Re ¢(x1,72) = 5@(% + ix2) + Y(21 + ix2)),
which is in the desired space. Similarly we deal with the imaginary part. U

Lemma 66. Let Uy = Hy|gn-1. Then L*(S"71) =57 Uy,

Proof. The algebra P|gn-1 is closed under conjugation and separates points of the sphere.
Hence, the algebraic direct sum of the Uy, is dense in C(S™!), and therefore also in
L2(S™!). Furthermore, by Lemma 62, Uy is the —k(n + k — 2)-eigensubspace for the
action of the selfadjoint operator L. Since all these eigenvalues are different the subspaces
are orthogonal. 0
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(Notice that the hermitian form on the space of the polynomials defined in Lemma 63
is not the same as the one given by the restriction to the sphere and integration there.
Indeed, the homogeneous polynomials of different homogeneity degrees are orthogonal
with respect to the hermitian form defined in Lemma 63, but they may have the same
restriction to the unit sphere (r?|gn-1 = 1).)

Define a representation p of the group O(n) on the Hilbert space L*(S™') by the
formula

p(9)d(o) =¢(g7'0) (9 €0(n), o € 8", o€ L*(S")). (31)

Theorem 67. For any k = 0,1,2, ..., the restriction of p to Uy is an irreducible represen-
tation of O(n).

Proof. Let e, = (0,0,...,1) € S® ! be the north pole. Since the evaluation at e, is a
continuous linear functional on the finite dimensional space Uy, there is ¢ € Uy such that

P(en) = (0)p(o) dp(o) (¢ € Up).

Sn—1

Let O(n — 1) € O(n) be the stabilizer of e,. Clearly ¢ is O(n — 1)-invariant. But ¢, or
rather its k-homogeneous extension to R", is harmonic.

Consider an arbitrary O(n — 1)-invariant function n € Hy. Since an O,,_;-invariant
polynomial on R"! is a polynomial in the variable r2 | = 23 + 22 + ... + 22_,,

m
_ E k—2j5,.2j
7](1]) - ijn Tn-1>
Jj=0

where m is the greatest integer < g Furthermore,

0 = Z ¢ (85, (wy 2L ) + oy P A, L)
0<j<§
= Y k—2) (k=2 + D2l VY 4 > 2j(n+2j — 222k Ml
0<j<Ez2 1<j<5
= ) (eoa(k =25 +2)(k =25 + 1) + ;2 (n + 2j — 2))ak 2 .
1<5<4
Therefore,
k—27+2)(k—25+1 . _k
2j(n+2j—2) 2

We see that the space of the O(n — 1)-invariants in Uy is one-dimensional.
Let V C Uy be a non-zero O(n)-invariant subspace. Then there is ¢ € V such that

¥(en) # 0. Let
o) = 0)dg.
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Then
len) = /O L Vlaends = / b(en) dg 4 0.

O(n—1)

Thus 1) is a non-zero O(n — 1)-invariant in Uy. Since ¢) € V we see that ¢ € V. Therefore
¢ is in every non-zero invariant subspace of Ug. This shows that Uy is irreducible. 0

Lemma 68.

dimPk:<n+k_1>

n—1

(32)

Proof. The dimension is equal to the number of ways one may put &k balls in n boxes.
Imagine that these boxes are lined up in a row (along the z-axis). In front of each box
line up all the balls that go into it (in the direction of the y-axis). Suppose these balls
are blue. Insert a red ball between two consecutive boxes. We end up with k£ + (n — 1)
balls, n — 1 of them red. The number of such arrangements is (32). 0

Corollary 69. The space of the O(n—1)-invariants in Uy, is one-dimensional. In particular
there is a unique function ¢ € Uy such that ¢r(e,) = 1. Furthermore,

dimUk:(”Zle)—<"‘£fIB).

11. Square integrable representations of a locally compact group
In this section G is a locally compact group. We follow [Wal88, section 1.3].

Lemma 70. Let (1,V) be an irreducible unitary representation of G. Suppose that for
some non-zero vectors ug, vg € V

/ |(7(x)ug, vo)|? dz < 0. (33)
Then for arbitrary u,v € V,
/ |(7 >dr < 00. (34)
Moreover, the map T : V — L*(QG) defined by
Tu(z) = (1(x)u, vo) (weV, req)
1s G-intertwining and has the property that there is t > 0 such that
(Tu, Tv) = t(u,v) (u,v € V). (35)

Proof. We may assume that ug, vy € V are unit vectors. Let Wy be the linear span of all
the vectors 7(g)ug, g € G. This is a G-invariant subspace of V. Since V is irreducible, Wy
is dense in V. Let

W = {uEV/| z)u,vo)|* dr < o} .

Then W is also a G-invariant subspace of V and W contains Wy. Hence W is dense in V.
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Clearly
T7(g9)u= R(g9)Tu (g €G).
Define an inner product on W by
<U}1, w2> = (wl, U)Q) + (Twl, TU)Q) (wl, Wy € W) .

One checks that W with this inner product is complete. (Every Cauchy sequence in W
has a limit in W.) Thus (R, W) is a unitary representation of G.
The inclusion
Iw:Wo>w—weV

is a bounded linear map which intertwines the actions of G. The adjoint
Iy :V—>W

is also a bounded linear map which intertwines the actions of G. Now we apply Theorem
41 with A = I, Vo =V, B = Iw and V; = W. The conclusion is that Iy, is a scalar
multiple of the identity. Hence W = V. Since any two elements u,v € W satisfy (34), the
claim (34) follows.

Now V is equipped with two inner products (-,-) and (-,) preserved by G. Define a
map S :V — V by

(u,v) = (Su,v).

Then S commutes with the action of G. Hence S = s/ for some s € C. Taking u =v # 0
we see that s > 0. This implies (35). O

An irreducible unitary representation of G is called square integrable if one, or equiva-
lently all, its matrix coefficients are square integrable.

Proposition 71. Let (0,U) and (7,V) be irreducible unitary square integrable representa-
tions of G. Then
/(a(w)ul,UQ)(vg,T(x)vl)da: =0 (u,ue €U, vy,1a€V) if o7 (36)
G

There is a positive number d(7) such that

/(T(x)ul,u2)(7)2,7'(l‘)vl)dx = 1
G

m(ul,vl)(vg,m) (U17U2,1}1,U2 € V) . (37)
Proof. Define

Su(x) = (o(x)u, us) (uelU, zeG)
and
Tu(z) = (1(x)v,vq) (veV, zeq).
Then (35) shows that there is a positive constant C' such that for u € U and v € V
|(Su, Tw)| <[| Su[laf| T o< C [ u [l v ] -
Hence there is a bounded G-intertwinig linear map A : V — U such that
(Su,Tv) = (u, Av) (ue UveV).



LIE THEORY II, SPRING 2020 47

This map is zero if the representations are not equivalent. Since
/(O’(Z’)Ul,UQ)(’UQ,T(I)Ul) dr = (Suy, Tvy) = (uy, Avy) ,
G

(36) follows. Suppose ¢ = 7. In this case let us write 7T, for T" and T, for S. Then
(Tu,u, Tyyv) = (Su, Tv) = (u, Av) (u,v €V),

where A is a constant because the representation is irreducible. Thus A = al for some
a € C. This constant a = a,, ,, depends continuously and anti-linearly on u, and linearly
vy. Thus there is a constant b such that

Ay 1y = b(V2, us) (ug, vy € V).

By taking us = vy we see that b > 0.

/(T(x)ul, Us) (U2, T(x)v1) A = Ty 0y (U1, 1) = b(uy, v1) (v, us) .
G

O
The constant d(7) is called the formal degree of 7. It depends on the choice of the Haar

measure on G. If G is compact with the Haar measure of total mass 1 then, as we have
seen in Theorem 52, d(7) = dim V. Hence the name.

12. G = SLy(R)
12.1. The finite dimensional unitary representations.

Theorem 72. The only finite dimensional unitary representation of the group SLo(R) is
the trivial representation.

Proof. Let (p,V) be a finite dimensional representation of the group SLy(R). We shall
work under the additional assumption that the group homomorphism

SLa(R) 2 g — p(g) € GL(V)

is a polynomial map. We shall see later in these notes that this assumption is not neces-
sary. Then the above map extends to a group homomorphism

SL2(C) 2 g — p(g) € GL(V).
In particular for any X € sly(C) we have

Ap(X )0 = - plexp(tX))lco.

This way we obtain a C-linear map
dp : sl3(C) — End(V).

Since the subgroup SU, C SLy(C) is compact, there exists a positive definite hermitian
form (-,-) on V preserved by SUs. Hence all the operators

dp(X), X €suy
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are skew-hermitian and therefore have imaginary eigenvalues.
On the other hand, suppose there exists an SLy(R)-invariant positive definite hermitian
form (-,-) on V. Then all the operators

dp(X), X €sl(R)
are skew-hermitian and therefore have imaginary eigenvalues. Define
p =isus Nslh(R).
Then the operators
dp(X), X e€p
are skew-hermitian and therefore have imaginary eigenvalues. But dp(iX) = idp(X).
Hence the operators

dp(X), X e€p
are both hermitian and skew-hermitian. Thus
dp(p) = {0}
It is easy to check that the commutator
[p, p] = s0;.
But
slh(R) =s00 +p.
Therefore
dp(sly(R)) = {0}.
Hence

plexp(sly(R))) = {I}.
But since the group SLy(R) is connected it is generated by exp(sla(R)). Thus the repre-
sentation is trivial. 0

This is a particular case of a general theorem of Segal and von Neumann, [SvN50].
Define the following subgroups of G:

cosf sinf
K = {(—sin@ cosQ)’eeR}’
N AP
N = {(é Tf),neR}.

The following map, is a bijective diffeomorphism

AXxNxK>(a,n,k)— ank € G. (38)
In particular G = ANK. This is called the Iwasawa decomposition of G.
Problem 14. Prove that the map (38) is bijective.
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This is straightforward.
Let S be the subset of G consisting of the symmetric and positive definite matrices.
Then

G =KS. (39)
This is the polar decomposition of G.
Problem 15. Prove that the map
KxS> (ks) > kseG (40)

18 @ surjective.
This follows from Spectral Theorem.
Problem 16. Prove that the map
KxAxK> (kn,k)— kak € G (41)
is a surjective. In particular G = KAK. This is called the Cartan decomposition of G.
This is immediate from (40) and Spectral Theorem.

12.2. The maximal compact subgroup K = SO, (R).
We let
cosf sind
k(0) = ( —sinf cosf )

K =S05(R) = {k(#); 0 € R}.
This is a maximal compact subgroup of G, which is unique up to conjugation. The group
K is commutative. Define the characters

Xa(k(0)) =e™ (0 eR,neEZ).
For two integers n and m define
S = {f € Ce(G); f(k(01)gk(ba) = e f(g)e™™} .

Lemma 73. The algebraic sum €, ,,, Snm s L!-dense in C.(G). In fact, given ¢ > 0 and
f € C(G), there exists a function g € €D, ,,, Snm such that the support of g is contained
in K(supp f)K, and such that || f — g ||co< €..

and define

Proof. This follows from the properties of the Fourier series. See [Lan85, page 20]. O

Lemma 74. The following formulas hold.
Spm xSy = {0} if m#L,
Spm = S,
Snm *Smg S Snyg-

Proof. This is straightforward [Lan85, page 22]. O
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Lemma 75. Let S = {x € G; x = z'}. Then the map
KxS>(k,s) = kseG

1s a bijective diffeomrophism.
Proof. This is well known from Linear Algebra. See straightforward [Lan85, page 22]. O
Lemma 76. The algebra Sy is commutative.
Proof. The argument is due to [. M. Gelfand. Consider an element z € G. Then there is
k € K and s € S such that x = ks. Hence the transpose

vt =ks =kls =k ekt (42)
Also, the group G is unimodular. Hence the Haar measure is invariant under the change
of variables © — a'. Let f,g € Spo. Set f'(x) = f(z'). It is easy to check that

(fxg) =g *f".
Notice that ft = f. Indeed,
fia) = f(a') = f(Rak™) = f(2),
because elements of Sy are K-bi-invariant. Hence
g xfl=gxf.
By Lemma 74, f x g €€ Spo. Hence (f x g)* = f * g. The conclusion follows. OJ

Lemma 77. For any n € Z, the algebra S, , is commutative.

Proof. The argument is due to S. Lang, see [Lan85]. Let

(10
T=\o -1 )"
Clearly v = 7. Let s = st € G. Then there is k € K such that ksk~! = d is diagonal.
Therefore
vsy = kT dky = vk yydyvky = vk ydyky
Thus there is k, € K such that
sy =k sk .
Notice that
vky =kt (k€ K).
Recall that ff(z) = f(a') and let f7(z) = f(ya7y). Then, for f € S,
f(z) = (=)
Indeed, write = ks. Then
fi(ks) = flyksy) = f(E vs7) = xu(k) f
= Xn(k)f(k; sks) = xn(k)xn(ks) f
= Xa(k)f(s) = f(s)xn(k) = f(sk~
= f t(/fs) -

(vs7)
(s)xn(ks)™"
Y= f((ks)")
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Therefore for any f,g € S, ,,
fragi=fxg =(gxf)=(gxf)=9g"+f
and we are done. O
For a representation (m, V) of G on a Banach space V define
V, ={veV; n(k()v =", 0 c R}.
This is the y,, isotypic component of V.
Lemma 78. Let (m,V) be a representation of G on a Banach space V. Then
T(Snm)V CV,

and for q # m,
T(Snm)Ve =0.

Proof. See [Lan85, page 23]. O

Lemma 79. Let (m,V) be an irreducible representation of G on a Banach space V. Then
for any q such that V, # 0, the space Vy is S, ,-irreducible. Also, w(S,4)Vq # 0.

Proof. This follows from the fact that the % algebra
D S

is L'-dense in C.(G) see [Lan85, page 24]. O

Theorem 80. Let (m,V) be an irreducible unitary representation of G on a Hilbert space
V. Fix an integer n. Then dimV, =1 or 0.

Proof. In this case 7(S,,) is a commutative * algebra. Hence the claim follows from
Theorem 34. O]

From now on we consider only the representations for which dimV,, <1 for all n € Z.

Theorem 81. Let (m,V) be an irreducible representation of G on a Banach space V. Then
the space of finite sums
Pv. cv

nez
15 dense.
If (7, V) be an irreducible unitary representation of G on a Hilbert space space V, then

V:ZVn

nez
15 a Hilbert space direct sum orthogonal decomposition.

Proof. This follows from the fact that the % algebra
D S

is dense in C,(G) see [Lan85, page 25]. O
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12.3. Induced representations. Let us fix Haar measures on these groups

cosf sinf 1 a 0 da 1 n
d(—sin& COSQ):%dQ’ d(O a‘l):;’ d(O 1):dn.

Then, in terms of the Iwasawa decomposition, the formula
dx = dadn dk (x =ank, a € A)n e N,k € K)

defines a Haar measure on G. Furthermore

a O 2 a O
WNoat)=% Pl ot )T

Let P = AN. This is a subgroup of G with the modular function

((52) (1)

Theorem 82. Let (0,V) be a representation of P on a Hilbert space V. Denote by V(o)
the space of functions f : G — V such that

flpz) = Alp)io(p)f(z)  (z€Q)

whose restriction to K is square integrable:

‘LHf%HPdk<w-

Set
m(9)f(x) = f(zg) (9,2 €G)

Then (m,V(0)) is a representation of G. If o is unitary then so is 7.
Proof. See [Lan85, Theorem 2, page 44]. O

Our main example is going to be the case when V = C and for some fixed complex
number s,

o(an) = p(a)® (a€e A,neN).
Then we shall write V(s) = V(o) and m; = . Then the transformation property of
functions in V(s) looks as follows

flanz) = pla)' 5 f(x) (ae AineN,zeqG). (43)
The resulting representation(7,, V(s)) is called the principal series representation.

Lemma 83. Let
ps(ank) = p(a)'** (ae A,neNkeK).

Then ps € V(s) is K-ivariant, has norm 1, and

(ms(x)ps, ps) = /K ps(kx) dk = /K p(ka) ™+ dk .

Proof. See [Lan85, page 47]. O
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The function
.= [ olho)'s di (44)
K
is known as a spherical function.

Lemma 84. For a function ¢ € C.(G), ms(¢) is an integral kernel operator with the
integral kernel

w (kK //¢ (K'tank)p(a)'™** dadndn .

Furthermore the operator ws(¢) is of trace class and

trﬂs(w):/qu(k,k) dk:/A/N/Kz/J(kank1)dkp(a)1+sdkdnda.

Proof. The formula for the integral kernel is obtained via a straightforward computation
in [Lan85, page 48]. It is a continuous function. Hence the of trace class. 0

By computing a few Jacobians, as in [Lan85, page 68], we obtain the following lemma.

Lemma 85. For ¢ € C(

/qbana n')dn = (a)1_1|/N¢(n)dn, (45)

“lax a'::M ank ™! n
/A\G¢(x ))d |D<a>’/N/K¢(k k=) dk dn, (46)

D(a) = pla) — pla)"  (a € A). (47)
Theorem 86. Let O, be a function on G defined as follows.

and therefore

where

pl@)f+p@==  r o . ;
O, (2) = 2 Dla)] z.fx %s conjugaz?e toa €A, (48)
if x is not conjugate to any element of A .
Then
tr )= [ On@i@dr (e C), (19)
G
Proof. By combining Lemmas 84 and 85 we see that
tr () = / |D(a)| Y(z~ax) di p(a)® da . (50)
A A\G

Changing the variable a to a=! gives

tr g (¢ /|D (a™h)] Y(x e 2) dz p(a) *da.
A\G
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However |D(a™!)| = |D(a)| and

Yz ta ) de = Y(zrar) dz .
A\G A\G

Therefore

trg () = /A |D(a) Y(z rax) dx pla) + pla)™ da .

A\G 2
On the other hand,

1 2 -1 -1 :
/C;@ﬂs(:p)w(x)dx = §/A|D(a)| /A\G@,Ts(x ax)y(z” ax)dz da

1 -1 -
AL |V a0) i O (@ID() da

and (48) follows. O

Notice that the trace is given via integration against a G-invariant locally integrable
function. Let °M = {1, —1} C G. This is the centralizer A in K. If § is a character of the
group "M, we define V(4,s) C V(s) to be the subspace of functions ¢ such that

d(mz) = d(m)(x) (me M,z € Q).

Denote by (75, V (9, s)) the resulting representation of G. Clearly (7, V(s)) is the direct
sum of the two subrepresentations (s, V(9, 5)).

Theorem 87. Let O, be a function on G defined as follows.

pla)+pa)=  op o s ; 0
O, (ma) = d(m) Dla) zfx ?s con]ugat? to ma, where m € "M and a € A,
0 if © is not conjugate to any element of +A .
Then
trs(0) = [ On@v(@)de (b€ CG). 61)
G

Problem 17. Deduce Theorem 87 from Theorem §6.

12.4. Finite dimensional representations. Define
D(k(0)) =¢? —e™  (k(0) €K). (52)

Lemma 88. Fix an integer n > 1. For non-negative integers p,q with p+q =n — 1 let
fp.q be a function of
[ a b
T=\ecda

such that f,.(x) = Pd?. Then f,, € V(0,—n), where 6(—1) = (=1)**%. The functions
Ip.q span a G-invariant finite dimensional subspace

U@, -n)= @ Cfhy CV(©,—n)

p+g=n—1
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of dimension n. Denote the resulting representation by (o5 _,, U(d, —n)). Then
pla)" —pla)™"

tros _n(ma) = 6(m) Da) (me€°M,a € A). (53)
Also, L
tr o5 (k(8)) = W (k(0) € K). (54)

Proof. Everything till (53) is straightforward. See [Lan85, page 151]. The formula (54)
follows from (53). Indeed, let G¢ = SLy(C). Then G C Gg is a subgroup and the
representation (o5 _,, U(d, —n)) extends to a representation of G¢ so that o5, : G¢ —
GL(U(d, —n)) is a polynomial map. Notice that

i 1 —i cos@ sinf L 1 1Y) e? 0
N —sin® cost ) /o \ i —i B 0 e

Thus k() is conjugate to
e 0
0 e—iG

within G¢. Hence Lemma 88 shows that
ein@ _ efme

tros—n(k(0)) = -~ D(k(0)

(k(0) € K). (55)
O

Problem 18. Prove that for n = 2 the representation (o5_n,U(d, —n)) is irreducible.
(We’'ll see soon that they are all irreducible.)

In this case this representation is isomorphic to the representation of G on C* = M 5(C)
via right multiplication. Since no non-zero line in C? is preserved by G, the claim follows.

Problem 19. Prove that for n > 2 the representation (os_n, U(d, —n)) are not unita-
rizable. (We know from Theorem 72 that this is the case. Try to find an independent
arqument.)

Fach f,, is an eigenfunction for the action of the subgroup A and the eigenvalues may
go to infinity. Hence, no matter what the inner product, the diagonal matriz coefficient
defined by f,, s not bounded. This is impossible for a unitary representation

12.5. Smooth vectors and analytic vectors. Let (7, V) be a representation of G on
a Banach space V. Denote by V> C V the subspace of all vectors v such that the map

Gozrx—-mxveV (56)
is smooth (infinitely many times differentiable). This subspace is dense because, as is
easy to check, T(C®(G))V C V™. For X € g = sl5(R), the Lie algebra of G, define

dr(X)v = %W(exp(tX))v\tzo (v e V™). (57)
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One checks without difficulties that the map
dr : g — End(V*™) (58)
is a Lie algebra homomorphism. By linearity we extend it to the complexification gc =
dr : gc — End(V™) (59)
and obtain a representation (dm, V) of the Lie algebra gc.
One drawback of this representation is that the closure of a g-invariant subspace U C
V> in V does not need to be G-invariant. Indeed, consider the right regular representation
(R,L*(G)) of G. Let U C G, U # G, be a non-empty open set. Then the space U =

C>(U) is closed under the action of dR(g), but the closure L*(U) is not R(G) invariant.
For this reason one is lead to study the space V** C V of all vectors v such that the map.

Gozx—mx)veV (60)
is analytic.

Theorem 89. Let X C V" be a g-invariant vector subspace. Then the closure of X in V
1s G-invarant

Proof. We follow [Var89, Theorem 2, page 108]. It is enough to prove that for any v € U
and for any x € G, 7(x)u belonges to the closure of U. Suppose not. Then by Haan-
Banach Theorem there is A in the dual of V such that A is equal to zero on the closure of
U, but for some zy € G, A(7(z))v # 0.

By assumption the function

Gox— ANn(z)v) € C
is analytic. By the choice of A, its Taylor series at * = 1 is zero. Indeed, for any
X1, X9,..,X, €9
dr(Xy)dn(X3)...dn(X,)v € U
Hence
Adr(Xy)dr(Xs)...dn(X,)v) =0

Also, A(v) = 0. Thus the function is zero because G is connected. This is a contradiction.
O

12.6. The derivative of the right regular representation. Every element g € GL*(R)
has a unique decomposition as

_fa b\ [u 0 y x cosf) sind
g_(c d>_(0 u)(O 1)(—51119 cosQ)’ (61)

where u > 0,y > 0, z € R and 6 € [—7, 7). We extend any function defined on SLy(R)
to a function on GL*(R) by making it independent of the variable u. Also, we extend the
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right regular representation of SLy(IR) to act on such defined functions on GL*(R). Then
a straightforward computation, see [Lan85, 113-116] verifies the following formulas,

dR(g é) = yc0s200, + ysin209, +sin®0 g, (62)

0 1
(%) - a

dR(? é) = 2ycos200, + 2ysin20 0, — cos20 0y,

dR(? 8) = yc0s200, +ysin200, — cos’ 00,

dR(é _()1> = —2ysin200, + 2ycos20 0, +sin20 0y .

Problem 20. Verify the first two formulas in (62).

12.7. The universal enveloping algebra. Here g = sl(R) and G = SLy(R). The
universal enveloping algebra U(g) is the complex tensor algebra of g divided by the ideal
generated by element AB— BA—[A, B|, A, B € g. The Poincare-Birkhoff-Witt Theorem
says that if A, B, C form a basis of the vector space gc, then the elements

A*BbCe (0<a,b,ceZ)

form a basis of the vector space U(g). (Here A° = B® = C° = 1.) Furthermore, for any
A, B,C € gc satisfying the commutation relations

[A,B]| =2B, [A,C]=-2C, [B,C]=A
The element, called the Casimir element,
C=A?+2(BC+CB) (63)
generates the the center of ¢(g) and does not depend on the choice of the A, B, C.
Problem 21. Check that g acts trivially on C.

Thus the center of U(g) is equal to C[C]. Also, any representation of the Lie algebra

g extends to a representation of the algebra U(g). In terms of the coordinates used in
section 12.6,

dR(C) = 4y*(02 + 07) — 44,0 (64)

Proofs may be found in [Lan85, pages 191-198|.

12.8. K-multiplicity 1 representations. Here G = SLy(R) and we consider only rep-
resentations (m,V) of G on Banach spaces V such that for each integer n the isotypic
component V,, C V has dimension at most 1.

Lemma 90. For any n € Z, the space Sy, = Sppn N C>(G) is dense in Sy,
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Proof. See [Lan85, page 101]. O

Theorem 91. Let (7,V) be a representation G on a Banach space V such that for each
integer n the isotypic component V,, €V has dimension at most 1. Then

Vi = @vn c ven
nez

In particular Vi is a (g, K) module.

Proof. Since, by assumption, dimV,, = 1, we see from Lemmas 90, 78 and 79 that
Vo = 7(S55)Va -

In particular, V,, C V. It’ll suffice to show that for a fixed n and a non-zero vector
v € V,, the function

folg) =m(g)v (9 €G)
is analytic. Notice that

Jo(gk(9)) = €™ f.(g).
Hence (64) shows that
dR(C)f.(g9) = (4°(02 + 0;) — 4yduin) fo(g)

On the other hand dn(C) commutes with 7(K), hence preserves V,,. Since, by assumption,
dimV,, = 1, dn(C) acts on V,, via multiplication by a scalar, call it ¢,. Thus

dr(C)v = cpv.

Since

R(h)fv(g) = ffr(h)v(g) )
this implies
dR(C) fov = cnfo -
Since the characteristic variety of the system of differential equations
(4y2(ag + a;) - 4yaxzn)fv = Cnfv ) aé‘fv =1in
is zero the function f, is analytic. O

Theorem 92. Let (m,V) be a representation G on a Banach space N such that for each
integer n the isotypic component V,, €V has dimension at most 1. Then the map

is a bijection between closed G-invariant subspaces of V and (g, K)-submodules of V. The
wmverse 1s given by
Vg DX = CIl(X) C V.

where CU(X) denotes the closure of X in V. In particular (w,V) is irreducible if and only
if the (g, K)-module Vk is irreducible.

Proof. This is clear from Theorems 89 and 91. U
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Lemma 93. For any irreducible (g, K)-module X and any integer n such that X,, # 0, any
non-zero vector v € X, is cyclic for the action of U(g) on X.

Proof. Since U(g)v is a submodule of X, the claim is obvious. 0

Let X = @@, X,, ba a (g, K)-module with dimX,, < 1. A hermitian form (-,-) on X is
called g-invariant if

(Xu,v) = —(u, Xv) (u,v e X, X €g). (65)

A (g,K) module is called unitarizable if it admits an invariant positive definite hemitian
form.

Theorem 94. Let X = @, X, ba an irreducible (g, K)-module with dim X,, < 1. Then any
two positive definite g-invariant hermitian products on X are positive multiples of each
other (assuming they exist).

Proof. Denote the two g-invariant positive hermitian products on X by (+,-) and (-, ).
Then the spaces V,, are mutually orthogonal with respect to (-,-) and (-,-). Let P, :
V — V,, denote the orthogonal projection. Fix m € Z such that V,, # 0 and a vector
0 # v, € V. Lemma 93 implies that for any n there is a € U(g) such that P,av,, # 0.
Then

(@, aUy) = (U, a*avy,) = (U, Ppa®avy,) = c(vn, Pra®avy,)
= c{avpy,, avy,) ,
where ( )
Uy Urn
c= —(Um, o)

O

Theorem 95. Two irreducible unitary representations of G, of K-multiplicity at most 1,
are unitarily isomorphic if and only if their (g, K)modules are isomorphic.

Proof. Let (m,V), (0,U) be the two representations. If they are isomorphic, then clearly
so are the (g, K)-modules. Conversely, suppose

LVK—>UK

is a g-intertwinig map. Then (-,-)y and the pull-back of (-, -)y via L are positive definite
g-invariant hermitian products on Vk. Theorem 94 shows that there is a constant ¢ > 0
such that

(v, )y = (Lo, L")y (v,0" € V).
Hence
T — oL : Vi — U

is a g-intertwining isometry. We need to check that 7" is also G-intertwining.
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Since K-finite vectors are analytic, we have

(e 9]

rlexp(X)Jo =Y —

n=0

1
n

(dm(X))"v (v € Vk).

For X € g in some small neighborhood of zero. Hence, in this neighborhood,

oo

Tr(exp(X)v=» —

n=0

Thus there is an open neighborhood U of 1 € G such that
Tr(gv=0(g)Tv  (geU).

1

o (do(X))" Tv = o(exp(X))Tv.

Since G is connected U generates G, so the proof is complete. O

12.9. The character of a (g, K)-module.

Theorem 96. Let (m,V) be a representation of G on a Hilbert space V, with dimV,, <1
for allm € Z. Then for any ¢ € C°(QG), the operator w(¢) is of trace class and the map

CX(G)o¢—trm(p) € C
18 a distribution on G.

Proof. Recall that

/G¢<g> dg—/<z> 7(gh k) dg—/R (9)m(g) dg (k).

Hence by taking derivatives at k = 1,

O:/GdR(J) dg+/¢ 9)dgdr(J).

Let v, € V,, be a unit vector. Then

0= / dR(J)p(g)m(g) dg v, + / o(g)m(g) dginwv, .
G
By iterating we see that for m =0,1,2, ...

(=in)"7(P)vn = w(dR(J)"P).
Thus
(T (@)vn, v)| < (1 + [n])™™ || 7(dR(T)™9) || (neZ).

Since for m > 2,
Y (1t n])™™ < oo,
ne”Z

the claim follows. O
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Theorem 97. Let (7,V), (0,U) be representations of G on Hilbert spaces V' and U, with
dimV,, <1 and dimU, <1 for all n € Z. Assume that the (g, K)-modules Vk and Ugk
are 1somorphic. Then,

trm(¢) =tro(¢) (¢ € CF(G)).
Proof. Given a linear map A : U — V, recall the conjugate map 7% : V — U,
(Au,v)y = (u, A")y .
Let
T:Vk — Uk

be a (g, K)-intertwining isomorphism. Pick unit vectors v, € V,,. Notice that Tv,, n € Z,
form a basis of U and (7*) 'v,, form a dual basis. Then

tro(¢) = Z(ﬂ(gb)vn, vp)v and  tro(¢) = Z(J(gb)Tvn, (T, .

neL nes
By definition
(o(¢)Tvn, (T_l)*vn)U = (T_IU(¢)TUna Un)u
Since v, is an analytic vector,
T 'o(exp(X))Tv, = m(exp(X))
in a neighborhood of 0 € g. Hence

(7(9)vns va)v = (0(9)Tvp, (T71) 00 )u
in a neighborhood of 1 € G. Since both functions are analytic, they are equal everywhere.
Thus
(7(D)vns v )v = (0($) T, (TH) 0 ) -
O

In general one says that two representations (7,V) and (o, U) are infinitesimally equiv-
alent if the (g, K)-modules Vk and Uk are isomorphic.

Given a representation of G (with K-multiplicities at most 1) we define the character
of 7 as

6:(6) =trr(9) (6 €CF(C).
This is a distribution on G which, as shown in Theorem 97, does not depend on the
infinitesimal equivalence class of (7, V). Therefore we shall also write ©, = Oy,..

12.10. The unitary dual.
Lemma 98. Let

(0 1 L1 (1 =i
=(Ge) m-0h) (A D)

(B* B = —4iJ, [J,EY]=2E", [JE|=—2iE".
Proof. This is straightforward. See [Lan85, page 102]. O

Then
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Corollary 99. For any (g, K) module X, with the K-isotypic components X,
JX, C Xy EYX, CXpea, E X, CXps.
Proof. This is clear from Corollary 98 U
Recall the principal series representation (g, V(s)).

Lemma 100. In terms of (61), for n € Z define

(o0 ) (0 1) (oty oy ) =ueeene.
Then v, € V(s) and
drs(J)v, = inv,,
drs(E™)v, (s+1—n)v, 2,
drs(E v, = (s+14+n)vnsa.
Proof. We see from (62) that
dR(J)v, = inv,,
dR(E v, = (s+1—n)v,_a,
dR(ET)v, = (s+14+n)v,ea.

But the right regular action coincides with 74, hence the formulas follow. 0

By combining Lemma 100 with Theorem 91 we deduce the following Corollary.
Corollary 101. The (g,K) module of the principal series (ms,V(s)) is equal to

V(s)k = @ Cuy, .

nel

(Here V(s) = L?(K), by restriction to K, independently of s and the restriction of v, to
K is equal xy,.)

Lemma 100 implies the following Proposition, see [Lan85, pages 119-121].

Proposition 102. If s is not an integer then
V(s) = @ Cu, 2nd V(s)g = @ Cu,
ne2 ne2z+1

are irreducible submodules of V(s)kx and V(s)k is the direct sum of them.
If s =0, then V(0)k is the dirct sum of three irreducible submodules

V(0)x = @ Cuv, @ @ Cuv, @ EB Cu,, .
ne2z 1<ne27+41 —1>n€2Z+1
If m > 2 is an integer and s = m—1, then V(m—1)k contains three irreducible submodules

X = @ Cv,, XM= @ Co,, GB Co,, .

m<n, n—me2Z —m>n, n—me27Z n—me2Z+1
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The quotient module, V(m — 1)k divided by the three submodules is irreducible, finite
dimensional of dimension m — 1. It has a basis represented by the elements

Vem+2, Vom44 , ) Um—2 -

If m > 2 is an integer and s = —m + 1, then V(m — 1)k contains the finite dimensional
submodule
Cv_mro®Cv_pyigy ® ... ® Copy_o .
The quotient module, V(m — 1)k divided by this module is isomorphic to the direct sum
of modules X™ and X~ plus the sum of all K-types of parity opposite to m.
The (g, K)-modules V(m — 1)k and V(—m + 1)k are dual to each other.

Thus we have the highest weight modules, lowest weight modules, finite dimensional
modules and modules with unbounded K-types on both side.

Problem 22. Write down a proof of Theorem 102. Imagine studing the structure of
the principal series without the notion of a (g, K)-module and without Harish-Chandra’s
reduction.

This is written in Lang’s book.

Proposition 103. The Casimir elementC, (63), acts on the principal series representation
(75, V(8)) via multiplication by s* — 1:

dms(C) = (s> — 1)1
Proof. As checked in [Lan85, page 195],
C=-1—(J—i)’+EtE".
Hence a straightforward computation using Lemma 100 implies the formula. 0J

In particular, since the discrete series modules X"*1, X="~! are contained in a principal
series V(n)kx we see that the Casimir element acts on them via multiplication by n? — 1.
Similarly the Casimir element acts on an irreducible finite dimensional representation of
dimension n via multiplication by n? — 1.

The commutation relations Lemma 98 and the formulas Lemma 100 with some work
imply the following theorem, due to Bargmann, [Bar47]. See [Lan85, page 123].

Theorem 104. Here is a complete list of the irreducible (g, K) modules, up to equivalence.

(1) Lowest weight module X™ with lowest weight m > 1 and the highest weight module
X™ with highest weight m < —1

(2) Principal series V(it){. and V(iT)g, 7 € R\ {0};

(3) Principal series V(0);;

(4) Complementary series V(s)i, —1 < s < 1;

(5) Trivial module.

Problem 23. Based on Lang, write down a proof of this theorem. Also, deduce from
it that the only finite dimensional irreducible unitary representation of G is the trivial
representation.
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A similar result was obtained by Dan Barbasch, [Bar89] for the complex classical groups.

The closures of these modules in the corresponding principal series representation are
representations of G on Hilbert spaces. They are unitary representations except the
highest and lowest weight representations. In these cases the inner product inherited
from the principal series is not g invariant. Therefore there is a problem of constructing
the unitary representations of G whose (g, K)-modules are the highest and lowest weight
modules. This is explained in the theorem below. See [Lan85, page 181].

Theorem 105. Define

~(a b 1 o > a
a(c d>—§(a—|—d—zc—|—zb), ﬁ(c

Let m > 2. Then the closure V™ in L2(G) of the space

é C&fmfrér
r=0

QU o

1

15 invariant under the left action

L(g)p(x) = ¢(g~'x).

The resulting representation (L,V™) of G is irreducible and unitary. Its (g,K)-module
V%m) 15 isomorphis to the lowest weight module X™ with the lowest weight m. In order to
realize the lowest weight representations we take the complex conjugate of V™.

We shall skip the construction of the unitary representations whose (g, K)-modules are
X! and X~!. They are not square integrable. One may find them in [Kna86, page 36].

12.11. The character of the sum of discrete series. For an integer m > 2 let Oy(m)
denote the the character of the (g, K)-module X and Oy denote the the character
of the (g, K)-module X(=™), Let

et 0
ht_(() e—t) teR).

Proposition 106. The character of the sum of the two discrete series (g, K)-modules X(m)
and X=™) s represented by the G-conjugation invariant function Ox(m)gx(-m) given by

ei(m—l)G _ e—i(m—l)ﬁ
Oxemgxc-m (k(0)) = ——————=5 (0 €R),
e—t\m—l\
Oxim) px—m (zhy) = me (z==x1,t € R).

Proof. From Proposition 102 we know the structure of the principal series V(m —1)x, from
Theorem 86, the character of it, from Lemma 88 the character of the finite dimensional
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representation which is in the principal series. Now Theorem 97 justifies the formula

character of principal series

= character of the sum of discrete series + character of finite dimensional module .

This completes the proof O
For convenience define The following G-invariant functions on G
6z'(m—1)9
Oxem (k(0)) = ——Z——  (0€R),
m e_‘t||m_1|
@X(nL)(th) = Z m (Z = j:l,t € R) .
and
6i(m—l)b’
@X(fm)<k<0)) - m (0 < R) 5
e~ ldim=1]
@X(fm)(zht) = Z m (Z = Zl:l,t € R) .

These are the characters of the individual discrete series representations, but we don’t
need to know it to explain Harish-Chandra’s Plancharel formula in the SLy(R) case.

12.12. Harish-Chandra’s Plancherel formula for L*(G). It is not difficult to check
that K and H = A U (—A) are the only Cartan subgroups of G up to conjugacy. Let
A ={a € A; a#1}and let K = {t € K; t # £1}. We begin by recalling Harish-
Chandra’s orbital integrals of a function ¢ € C°(G), using the notation of [Lan85],

Hj (zhy) = |D(hy)] " (™ zhy) dac (z=%1,teR,t #0), (66)

HEW) = D) [ otk de (ke X),

The Haar measure on G may be expressed in terms of these integrals by

/¢ dx—/HK D(k) dk + = /HA )|D(a)|da + = /HA a)|D(a)| da. (67)

Theorem 107. The function Hq’? extends to a smooth function on H. The function Hf is
smooth on H' and its derivatives have one sided limits on the boundary. In these terms,

HE(RO+)) — HE(0-)) = LHA) (68)
HE (k(m+)) = HE (k(7=)) = SH} (=1)).

Furthermore,

OpHY (K(0))]o—0 = —igp(1) . (69)
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Proof. This is a problem concerning integrals on a 3 dimensional manifold, G = SLy(R).
Notice that we may replace ¢ by a K conjugation invarian function fK d(kxk™') dk. This
leads to analysis on the two dimensional manifold G/K. The computations are done in
[Lan85, page 164 -167]. O

Problem 24. Take a look at Lemma on page 164 in Lang’s book to understand the kind
of elementary calculus we are using here. Harish-Chandra proved an analogous statement
for an arbitrary semisimple group. Imagine the difficulties.

Recall the character x,(k(6)) = e™”.
Theorem 108. For any integer m > 2 and ¢ € C°(QG)

[ xot@oards = [ HE Wi (k) di
G K
1

1 A —|t||m—1 m A —1¢llm—
+ §/RH¢ (hy)e ! |dt+§/R(_1) Hi (—hy)e Mm=1 gt
and

/ Oxm(D)d(r)dr = — / FS () (k) dk
G K
1

¢
1 —|t|lm— m —|t|lm—
+ ngHi(ht)e . 1'dt+§/R(—1> HA (—hy)e 1m=11 g

Proof. This follows from (67) and the formulas for ©ym) in previous section. O

Theorem 108 gives formulas for the Fourier coefficients of Hg:

Hf(n) = /K HY(k)xo(k)dk — (n#0).

Indeed, for n > 1,

HE (n) = Oxenin () — %/RH;}(ht)e't” dt — %A(—1)mHg(—ht)e|t" dt
and

AL (=) = (@) = 5 [ ARt = 5 [ (1 H e a
In particular,
HJ (n) — HY (—n) = Oxsn) yxi-n-(0)
— / Hj (hy)e ™ dt — /(—1)mHg(—ht)e—t|" dt. (70)

On the other hand, for k£ # £1 ) ’

HY (k) =Y HE(n)x-n(k) =Y HE(n)xa(k™) =Y HE (—n)x (k™)

nez nez nez
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and therefore

Hif (k) = Hif (k™) = ) (H(n) = Hi (=n))x-n(k).

0#n€Z
Thus,

Hi(k(0)) = H (k(=0)) = > (Hi (n) = Hif (—n))(~i) sin(nd) . (71)
n=1
Continuing this way (and correcting the constants, if necessary) one obtains the following
lemma, see [Lan85, page 174],

Lemma 109.
%(ij(k(e)) HE (k Z@x<n+1>+x< w1 (@) sin(nd)
+Z / (HA(h) + (=1 HA (—hy)) sin(nf)e " dt . (72)
- o) = BTy 9= okow)

Then a straightforward argument shows that
Z / (HJ(he) + (—=1)"" HJ (—hy)) sin(nf)e 1" dt

(0) cosh(t) sin(20)
HA, (hy)—0 / / HA (h
/ or (R Cosh (2t) — cos(260) dt+ R o t)cosh(Qt) — cos(260)

For ¢ € C2°(G) we have the Fourier transform

/ Hj (hy) e" dt = Or,, (), (73)

where the second equality follows from (50). One computes the Fourier transforms of the
functions

sin(#) cosh(t) n sin(20)
cosh(2t) — cos(26) cosh(2t) — cos(26)
to deduce from Lemma (109) and (73) the following theorem. See [Lan85, page 173]

Theorem 110.

IE(E0) = HE(H9) = =3 O (0 sino)

+ % /0 T 0,,(0) COS};i; (_2 iw X+ % /0 Te. () Sm};ﬁ (_2 ?A) d\
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Now we take the derivative with respect to € of both sides, go to limit with § — 0 and
apply (69) to deduce the Harish-Chandra’s Plancherel formula.

Theorem 111. For any ¢ € C(G),

2o (1 Zn@X(n+1)+X( w1 (@)

n=1
+-/ O, ,X(gb))\tanh(ﬂ—)d)\—i——/ Or . (6) Acoth(Z2) dA.
2 ), 2 2/ % 2

This theorem was published by Harish-Chandra in 1952, [HC52]. Notice that knowing
the composition series of the principal series was crucial for this proof.
Since ©,(¢) = trm(¢) the formula of Theorem 111 may be rewritten as

O(1) = o= 31 (61 (8)) + tr(m1(6)

T or
1 [~ A 1 [~ A
+ ), trmiin(¢) A tanh(— )d)\ + ey tr m_ix(9) Acoth( YdX, (74)
7r m

where 7, is the discrete series representation of G with the (g, K)-module X(m). Let us
fix x € G and replace ¢ by R(z)¢. Then

R(z)o(1) = ¢()

and
w(R(@)o) = | olgr)no)d = / o(g)m(grY) dg = / b(g)m(g) dgm(z") = (o)m(z)
Hence,

2) = 5= 32 (s (@ra) + i aa (D))

n=1
S

A o0 A
+$ tr(m,u(gb)w(x—l))Atanh(%)dA+ﬁ /0 tr(7r_7i)\(¢)7r(x—1)))\coth(%)d/\.

Therefore one defines the Fourier transform of ¢ to be an operator valued function

F()(n / o(g)n(9)dg € End(V,) (¢ € C=(G)), (75)

where 7 is one of the irreducible unitary representations of G which occur in Theorem
(111), realized on a Hilbert space V,. Furthermore we have the Hilbert-Schmidt inner
product and norm on the subspace End(V,)gs C End(V,),

(S, T) =tr(ST*), || T|3=(T,T) (S, T € End(V,)).

With this notation, we have the following Fourier Inversion Formula
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Theorem 112. For any ¢ € C°(G),

r) = % > ((F (@) (ma)m (@) + te(F(@)(mp-r)m(a)))

+$ " (F@)mr 7@ )))\tanh(ﬂ2x\)d>\+$ T (F (@) (ra)r (@ Y) )\coth(g—)\) ~
Recall also that ¢*(z) = —) <o that

1918= [ oo = [ o) a)do= [ o) @ 1)z = o5 7).

Also, for a unitary representation ,

(p)" = (/Gﬂ(g)qb(g) d9>*=/c;ﬂ(g)*@dg=/(}7r(g1)@dg=/cﬂ(g)mdg

= n(¢").
Hence (74) implies the following theorem
Theorem 113. For any ¢ € C°(G),

16 1B= 5= S (1 F@)(mu) I3 + | F@) o) IB)

o [ IO mw) B At an+ o [T FO) ) 1 Aot dx.
Also, for 1 € C*(G),

(6,9) = 5= S 0 (FO) i), F ) i) + (FO) 1), F@) 1))

i [ FO ) F@) o) Atann(G) ax
i [ FOE ). F@) ) Acoth () dx.

Recall, [Kir78, page 68] the notion of the direct integral of Hilbert spaces H,, indexed
by x in some set X equipped with a measure g,

/X He dp(x)

This is a Hilbert space of functions f such that for each z € X, f(x) € H, and

1) 20 aniey = /X (F(2), b)), dpu(z)
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We take X to be the set Gtemp of the equivalence classes of the irreducible unitary repre-
sentations of G which occur in Theorem 111 and for each 7 € Gyepnp, Hr = End(V,). We
may identify

Gremp = (Z\{0}) U ({£} x RY)
and define the measure

dulm) = du(n ) =duln) = 5ol (n € 2\ {0)),
du(my ) = du(+,2) = i)\ tanh(%A) d\ (AeR"),
du(r_y) = du(—,\) = i)\coth(w—;\) A\ (AeRY).

The subspace C°(G) C L*(G) inherits the inner product and Theorem 113 implies
that the Fourier transform is an injective isometry of Hilbert spaces

F:O0X(G)— [ End(Vi)gsdu(r). (76)
Gtemp

The group G x G acts on C2°(G) via the left and right regular representation:

o(x) = ¢(g'xh)  (9,h,x €G).
This groups also acts on the direct integral of Hilbert spaces, (76),

End(V.)ps 3T — n(g)Tw(h) ™ € End(Va)us (7 € Giemp) (77)

and it is easy to see that the Fourier transform (76) intertwines these two actions. Clearly
both actions are by unitary representations. With some more effort one deduces the
following theorem.

Theorem 114. The Fourier transform (76) extends to a G x G intertwining bijective
1sometry of Hilbert spaces

F:L*G) — End(V,)gs du(r). (78)

CA;'te'mp
Recall that the map
Vﬂ. ®V7T SuRY U — Eu®v € End<v7r> y
Eu®v(w) = (w7u)vﬂ'v

extends to a bijective isometry. It is linear with respect to v and anti-linear with respect
to u. Moreover,

7(9) Eugom(h) " (w) = (x(h) " w, u)v, m(g)v = (w, 7(h)u)v, m(9)v = Erxnyusr(g)

If we introduce a new multiplication by complex numbers on the “left” copy of V, by

Z-u=7Zu (2 €C)
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then we still have z - w(h)u = 7w(h)z - u. Thus the new V,, call it _V,, still carries a unitary
representation of G, call it 7. The result is a representation (7, V). Altogether we have
a G x G intertwining bijective isometry which extends the map

V,@V:2u®v — Eug, € End(V,).

Theorem 115. The Fourier transform (76) extends to a G x G intertwining bijective
isometry of Hilbert spaces

F:LXG)— [ Va®Vadpu(r). (79)
Gtemp
Symbolically
FiLORING) = [ eV, eV.)du(r), (30)
Gtemp
or
L®R:/ TR mdu(rm) . (81)
Gte'mp

12.13. An irreducible unitary non-tempered representation of SLy(R).

12.13.1. An abstract (g, K)-module. We begin by constructing an irreducible unita-
rizable (g, K)-modules which is infinite dimensional and does not occur on the list of
(g, K)-modules which are present in the Harish-Chandra Plancherel formula, Theorem

111.
bet 0 1 0 0 1 0
=(00) =(0a) (o)
Then
let,e7]=h, [he]=2et, [he]|=—2e
and
g=Re" ®Re” ®RA.
Let
h=ile—e"), nt= %(h +i(et +e7)), n = %(h —i(et+e7)).
Then
It n7]=h, [AnT]=2n", [An]=-2n"
and
gc =Cn* ®Cn~ @ Ch.
Moreover

As a vector space
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where vy, vy, ... is a basis of X and the action of g¢ is given by
v; = (nTYvy  (1=0,1,2,..),
n*vj = —jz'l]j,1 (j = 1,2, ),
nv = 0,
hwy = (14+2)v; (j=0,1,2,..).
The group K = SO, acts by taking the exponential of the last formula
k(v = 0200, (1 =0,1,2,...).
Indeed,
k(0)v; = exp(0((e” —e7))v;
and
O((et — e )v; = ib(i(e” —e™))v; = i0(1 + 25)v; .

Hence the formula follows. Thus X is a (g, K)-module and it is not difficult to check that
it is irreducible.

We need to define an invariant positive definite Hermitian product (-, -) on X. Thus we
must have

(X +iY)u,v) = (u, —(X +1iY)v) (X,Y €g; u,veX).
We do it as follows. We declare the v; to be orthogonal and set
(vj,v;)=(D* (Gj=0,1,2,..).
Then
(0541, j51) = (0705, 0540) = (v, =17 v4) = (v, (7 + D?y) = (G + 1)%(v),05).-
This implies that the inner product is invariant indeed.
12.13.2. A realization of the abstract (g, K)-module. Next we realize the (g, K)-

module explicitly.
Define te following operators on the space S(R?),

w(h) = 210, + 220, + 1,

weh) = Slal+ad),

wiem) = (@2 +32).

The resulting map w : g — End(S(R?)) defines a representation of the Lie algebra gc.
Let a; = x; 4+ 0y, bj = x; — 0p,, A = 02, + 02, and let 7> = 27 + 23 A straightforward
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computation shows that

[N

T

Let vy = %6_7 and let (-, -) denote the usual L? inner product on S(R). Then

(Uo, ’Uo) =1.
We can realize the (g, K)-module constructed previously as
X =@PCv; CSR?).
j=0
where v; = w(n™)v, 7 =0,1,2, ...
12.13.3. The irreducible unitary representation of the group. Finally we describe

the representation of the group G whose (g, K)-module is equal to X. The orthogonal
group Oy acts on S(R?) in the usual fashion

w(g)v(z) = v(zg) (v e S(R?),r €R?* g€ Oy).
Let S(R?)°2 C S(R?) denote the subspace of the invariants. Recall the Iwasawa decom-
position G = KAN, (38). For v € S(R?) set
a 0
(5 o3 e = avtan)

A ) D) = enFuto),

1
0

() g Pt = 5 [ et ) dos e
2

Since he space S(R?)? is dense in LQ(]RZ)O2 and since the subgroups A, N together

O~ = 3

with the element ( _(1] (1) ) generate G we conclude that (w, L2(R?)92) is an irreducible

unitary representation of G with the (g, K)-module X desribed above.
13. The Heisenberg group.

13.1. Structure of the group. Let W be a finite dimensional vector space over R with
a non-degenerate symplectic form (, ). This means that ( , ) is a bilinear form such that

<w’ w,> = _<w,7 w>
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and if
(w,w'"y =0

for all w' € W then w = 0. As is well known, the dimension of W is even and W has a
basis

€1, €2, "'76n7f17 f27 EERE) fn

such that
(ej, fu) = O, (ejrew) = (fi fu) = 0.

By fixing such a basis we get linear isomorphism
n n
R?™ 3 (W, oy Wy, Wy 1, -y Wap) — W = ijej + an%fk cW. (82)
j=1 k=1

Moreover the formula
J(e) =—fi, J(fr) = ex
defines a linear map J € End(W) such that J?> = —I and the bilinear form
(- (33)

is symmetric and positive definite. Any map with these properies is calle a positive definite
compatible complex structure on W.
Using the identification (82) we define a Lebesgue measure dw on W by

dw = dw;y...dws,

It is characterized by the property that the volume of the unit cube with respect to the
form (83) is 1.
Furthermore, the two subspaces

X:imej, Y:il@f]—
j=1 =1

are maximal isotropic and
W=XaY. (84)

By the Heisenberg group we understand the direct product H = H(W) = W x R with the
multiplication given by

(w,r)(w', ") = (w+w,r+r + %(w, w')) ((w,r), (w',7") € H(W)).

Then Z = {0} x R is the center of H.
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13.2. Decomposition of the right regular representation. For fi, f, € S(H) we
have the convolution

fi % folw,r) = /H 1) fol(w, ) (!, 1)) du b
- / Fi (' 1") fol(w, ) (=, —+)) o i’
- / Ful ) ol = v =" = 2 ) i’
H

Define the central Fourier transform
ZF :S(H) — S(H)
by the formula
ZFfw.) = [ ot (55)

where y is the unitary character of R identified with a real number y by x(r) = e*™X",
r € R. A straightforward computation shows that

ZFx 1) = | ZFR@ ) ZF o = 0 (Gl ) d' . (86)
Thus if we introduce the following twisted convolution in S(W)
vi(w) = [ Bwole — (Gl w)di  (weW) (57)
w

then the central Fourier transform followed by evaluation at y reults in the twisted con-
volution of the central Fourier transforms evaluated at y. Also,

ZF f*(w,x) = ZF f(w, x) - (88)
Plancherel formula for R shows that

If 2=l ZFf I - (89)
Define the Weyl transform

Ky:S(W) — SX x X), (90)
K@) = [ oo =’ +u)x( o +a))dy.

A straightforward computation shows that

K () (, 27) = / Ko(0) (@, &Yy () (&, o) (91)

X
and

1K (@) l3=IxI" 1 ¢ 113 - (92)
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Problem 25. Verify (91) and (92).

To check (92) we compute,

//|IC (z,2))*do da’ =2~ //]IC u—i—v v )\2dudv

2 ”// /¢v+y —(y,u)) dy|* dudv = 2~ // /qf)v—I—y X dy|? du dv

Z//\/¢(v+y)627”x y) dy]Qdudv://]/qﬁ(ijy)ez’” vxu) dy|? du dv
xJx Jy xJx Jy

— / / | / O(04+y)e™ O dyl? dudo = x| / / o) 2 dudo = [ || 6 |12,
X JX Y X JX

where in the second to last equation we use the fact that the Fourier transform on R™ is

an isometry.

Set
ZF(f)(w) = ZF(f)(w,x)

Then our computations show that

J IRz 1 =l £ 1
Each element K € S(X x X) defines an operator Op(K) € Hom(S(X), S(X)) by

:/K(x,x/)v(x’ dx’
X

Recall the Hilbert-Schmidt norm for operators on L2(X),

| Op(K) I3 = / / K (a,a) de do’

Then (93) may be rewritten as

[ 10p ek o 220 s P dx =1 £ (7 € Sa).
Set
wy =0pok,oZF,.
Then, from what we just computed
wy : S(H(W)) — End(S(X))

(95)

is an injective x-algebra homomorphism. By using approximate identity sequences on

S(H) we extend w, to a map
wy : HW) — End(S(X)) .

Let
U(L*(X))
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denote the group of the unitary operators on the Hilbert space L?(X).
Theorem 116. The map
wy : HW) — U(L*(X)) N End(S(X))
is an injective group homomorphism. For each v € L2(X), the map
H(W) 5 g — w,(g)v € LX)

is continuous, so that (wy, L*(X)) is a unitary representation of the group. Explicitly, for
v € LX),

wy(zo,r)v(x) = x(r)v(x — x0) (2,20 € X,7 €R), (96)
WX(yO’T)U(I') = X(T)X((yo’l’))'l}(l') (yO € Ya re R) )
Hence, the representation (w,, L*(X)) of H(W) is irreducible. Moreover

I f ||§=/R|| wy () s, Ix™ dx. (97)
Hence, |x|™ dx is the Plancherel measure and
LLEW) = [ (o LX) dx. (98)
R\{0}

Proof. We'll check that the representation (w,,L?(X)) given by the formula (96) is irre-
ducible. Suppose T : L*(X) — L*(X) is a bounded operator that commutes with w, (g)
for all g € H(W). In particular

T : x({yo, x))v(x) = x((yo, x))Tv(x) (yo €Y).
Hence, for any f € S(Y),

T:/Yf(yo)x(<yo,r>)dyov(fc)—>/Yf(yo)x(<yo,x>)dyoTv(x) (o €Y).

Set

/Y Fo)x((o,2)) dy = f(x).

Then f is a Fourier transform of f. Thus we checked that 7' commutes with the mul-
tiplication by f. Since the Fourier transform is bijective on the space of the Schwartz
functions, we see that T commutes with the multiplication by any Schwartz function,

v(z) = flz)v(z) (z e X, feSX),veLX)).

Let vg be the indicator function of the ball By of radius R centered at the origin. Then
for any v € C°(X) supported in that ball,

T(v) = T(vgv) = vT(vg) = T(vg)v.
Hence T'(vg) is a bounded measurable function and

T(v) =T(vg)v (ve CX(Br)).
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This implies that
T(vp)lp, =T(vr) (R<R).
Hence there is a function F' such that
T(v)(x) = F(z)v(z)  (ve CT(X)).

But we also know that 7" commutes with the translations. Hence F' is a constant function.
Therefore the representation is irreducible. 0

13.3. Structure of the Lie algebra. The Lie algebra h(W) of the Heisenberg group is
the direct sum h(W) = W @ R with the obvious structure of the vector space over R and
the Lie bracket given by

[(w, 7), (@', 7")] = (0, (w,w))  ((w,r), (w',7') € H(W)).
Then, under the identification of manifolds, h(W) = H(W), the commutator in the group
and the Lie bracket in the Lie algebra are related by the formula

(w,r) (W', ') (w, r= ) (', r) 7 = [(w,7), (w',1)].

The commutators of higher order are trivial. Hence H(W) is a step two nilpotent Lie
group. Similarly, h(W) is a step two nilpotent Lie algebra.

13.4. A generic representation of the Lie algebra. Let us fix a nontrivial character
x as in Theorem 116. Then by taking the derivatives we obtain the following action of
the Lie algebra

wy (20, 0)v(x) = —0yv(z) (2,20 € X,v € §(X)), (99)
wy (Y0, 0)v(x) = 2mix(yo, T)v(z) (x € X,y0 € Y,v € §(X)),
wy (0, 7)v(x) = 2mixrv(z) (r € R,v € S(X)).
where 0,, is the directional derivative in the direction of x
Opyv(T) = Zt% (v(x + tzg) — v(z))t .

Let us identify X with R", by
X3 anej = (21,22, ..., x,) € R™.
j=1

Also, lets choose x so that 2my = 1. Set w = w,. Then
wilej) = =05, w(fy) =1z; (1<jk<n). (100)

This is the “easiest on the eyes” version of the Heisenberg representation of the Heisenberg
Lie algebra with its Canonical Commutation Relations

(05, 2] = 0jk -
14. An example of a wild group.

Here we follow [Kir78, $19]. This is the last section of this book. It contains some
“removable singularities”. Please check comparing with the text below.
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14.1. The Mautner group. Fix an irrational number o € R. Let G be the group of
matrices

et 0 z
0 ez’at W ;
0 0 1

where t € R, z,w € C. Let us identity the above matrix with the string of numbers
(t,z,w). Then t
(t,z,w)(1,6,m) = (t+7, 2+ wH+en),
(t,z,w)(0,0,0) = (¢t z,w),
(r&m) ™ = (=7, —e & —e ).
If we identify R = {(¢,0,0); ¢t € R} and C* = {(0, 2,w); z,w € C}, then we see that G is

the semidirect product of R and C2. Thus G is a solvable group. It is easy to check that
the formula

/f(t, z,w) dt dz dw

defines a left and right invariant Haar measure on G. Here dz is the Lebesgue measure
on C = R2

14.2. The right regular representation 1. Recall the right regular representation
(R,12(G)),
R(1, &) f(t, 2,w) = f((t, 2,w)(7,&,m)) = f((t+ 7,2 +€"Ew+ "))

Let

X(Z) — eQﬂiRe(Z) (Z c C) )
Then the formula

Ff(tab) = ft.a.) = [ x(az+ m)ft, 2 0) dsdu
CxC
defines a bijective isometry
F:1%(G) — L*G).

Lemma 117. Set
R(g) = FR(g)F" (g€ G).
Then

F: (R L*(G)) = (R,L*(Q))

1s an isomorphism of unitary representations of G and explicitly,

R(7,&,m)f(t,a,b) = x(—(ae™"€ + be™"*')) f(t + 7,0, b).
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Proof. The first part is obvious. Since
/X(az + bw) f(t+ 7, 2 + €& w + €'n)) dz dw

= X(—(ae’itz + be*mtﬁ)) /X(aE +bw)f(t, z,w)dz dw
the claim follows. O
For a,b € C set
Uap(1, & m)o(t) = x(—(ae™"E + be " n))v(t +7) (v e L*(R)).

Then a straightforward computation shows that (U,, L?(R)) is a unitary representation

of G. Also, by fixing the a,b € C' we may view a function f(¢,a,b) as a function of ¢ and
write ~ B
fa,b(t) = f(t’ a, b) .
This way the map
L*(G) 3 f = fop € LA(R),, = L*(R)
gives an isomorphism of Hilbert spaces

L*(G) = / L*(R),,dadb.
CxC

Furthermore, Lemma 117 shows that the above map intertwines R with the direct integral
of the representations U, ;. Thus

(R,L2(Q)) is unitarily equivalent to / (Uap, L*(R) o) dadb . (101)
CxC

Thus
(R,L*(G)) is unitarily equivalent to / (Uapy L*(R)4) dadb . (102)
CxC

Lemma 118. Let T = {(21,22) € C x C; |21]| = |22| = 1}. Then the path
P={(e"e"); t € R}
1s not self intersecting.

Proof. Indeed, suppose o o
(6”, 6zat) — (615761113) )
Then there are integers m, n such that
t=s+m and at=as+n.

But the first equation implies that at = as+ am. Hence the second equations shows that
« is rational - contradiction. 0

Lemma 119. For any ¢ € C2°(R), there is ¢ € C°(T) such that
o(t) = g(e",e)  (tER).
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Proof. This is immediate from Lemma 118. 0]

Lemma 120. Fiz two non-zero complex numbers a and b. For any ¢ € C(R), there is
f € C®(C x C) such that

o(t) = fle""a,e7'b)  (teR).
Proof. This is immediate from Lemma 119. O

Lemma 121. Fiz two non-zero complex numbers a and b. For any ¢ € CX(R), there is
f € S(C x C) such that

o(t) = / (@ E b ) () dsdy (1€ R).

Proof. This is immediate from Lemma 120 and the fact that the Fourier transform on
C x C is a bijection from S(C x C) onto itself. O

Lemma 122. Fiz two non-zero complex numbers a and b. Suppose
T:L*R) — L*(R)
18 a bounded linear map sch that

Ua,b<0a 57 77)T = TUa,b(Ov 57 77) <§7 n € (C) .
Then there is a function F such that
Tu(t) = F(t)v(t) (ve LR), t € R).

Proof. We see from Lemma 121 and the definition of the representation U, that 7" com-
mutes with the multiplication by functions from C°(R):

T(ov) = 6Tv  (veL*(R), 6 € CZ(R)).
Fix N > 0 and let vy € C°(R) be equal to 1 in the interval [-N, N]. Then for any
veCP(—N,N)
Tv="T(vnv) =T(vn)v.
Thus on this interval, T" coincides with the multiplication by the function 7'(vy). Hence
there is F' whose restriction to (=N, N) is equal to T'(vy) and
Tu(t) = F(t)v(t) (veL*R), t €R).
U

Corollary 123. For any two non-zero complex numbers a and b the representation Uy is
wrreducible.

Proof. Indeed, suppose a bounded operator T : L?(R) — L?(R) commutes with U, ;(g) for

all g € G. Then Lemma 122 shows that 7" cincides with the multiplication by a function
F. Since

Uap(7,0,0)0(t) = v(t + 1)
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and since 7' commutes with all U, (7, 0,0), the function F is constant. Therefore the only
orthogonal projection that commutes with T" is a constant multiple of the identity. This
there are no proper closed invariant subspaces in L(R). 0

Lemma 124. Fora,ad b,/ € C*, the representations Uqp, Uy iy are equivalent if and only
if there is s € R such that a’ = ae® and b’ = be™*.

Proof. Notice that | |
(87 07 0) (7_7 5, 77)(8, 07 0)71 e (7—’ 674557 67,04377) )
Hence,
Ua,b(S, 0’ O)Uﬂhb(Ta ga n) Ua,b(sa 07 O)_l = Ua,b(Tg eisg’ eiasn) = Uae—is,be—ias (T, ga 77) .

Therefore the representations U, and Ulgis peies are unitarily equivalent for any s € R.

Conversely, if the representations Uy, Uy are equivalent, then their restrictions to
the subgroup C x C C G are equivalent. But the restriction of U,; to C x C C G acts
via multiplication as follows

Uap(0, & m)v(t) = x(—(ae™€ + be™" ') )u(t)
Hence for any f € S(C x C)

T: - FEmx(—(ae ™€ + be "'q))v(t) d¢ dn

7 FE&mx(—(a'e™ &+ Ve™"'n))Tu(t) d€ dn.

Therefore for any f € S(C x C)

T : flae™™ +be Yo (t) — f(ad'e™ + Ve ) To(t).
Choose f € C2°) to be concentrated very close to the path

P,y = {(ae™" be™""); t € R}.

Then f(d'e ™ 4 Ve~ ")p(t) is zero unless f is concentrated very close to the the same
path. Which implies

{(ae™™ be™™"); t € R} = {(d'e” ™, Ve ™); t € R}.
Hence there is s € R such that a’ = ae® and I/ = be™*. O

14.3. The right regular representation 2. The following formula defines a bijection
T:G— G,
T(t,z,w) = (t,e"z, e w) .
We shall use T to define a different multiplication on G,
goh =T T@T(H) (9.h€G).
Obviously G with the original multiplication is isomorphic to G with the new multiplica-
tion. Explicitly

(t,z,w)o (1,&,n) = (t+ T, e Ty + &, e 4 n).
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It is easy to see from the above formula that the original Haar measure on G is left and
right invariant with respect to the new multiplication. Let r denote the right regular
representation with respect to the new multiplication. Explicitly

r(m,Eme(t, z,w) = ¢((t, z,w) o (1,6,1) = ¢t + T,e Tz + £, e Tw + 1) .
The formula

Dp(s,a,b) = ¢(s,a,b) = / X(ts + aZ + bw)o(t, z,w) dt dz dw
RxCxC
defines a bijective isometry
P L*(G) — L*Q).

Lemma 125. Set
7(g) =Pr(g)d™"  (9€G).
Then
d: (r,L*(G)) — (7,L*(Q))
s an isomorphism of unitary representations of G and explicitly,
F(1,&,m)d(s, a,b) = x(— (75 + ae" "€ + be ™)) (s, e Ta, e D) .

Proof. The first part is obvious. Since
/X(ts +az +bw)p((t+ 1,6 T2+ & e Tw + ) dt dz dw

= X(—(18 + ae™"E& + be™TR)) /X(ts +ae”"Z 4+ be W) (t, 2z, w) dt dz dw

the claim follows. O

For r,p > 0 let
X, ={(a,b) e CxC; |a| =1, |b] =p}.
This is the direct product of to circles. We equip it with a measure

a, nla, = 7"61 17pei : 1 2 -
¥(a,b)du(a,b 01 pe2) dp, db

Xr,p Xr,p
Then

L*(CxC) = / / L*(X,,)rdrpdp.
o Jo
For s € Rand r,p > 0 let
Vips(T, & mt(a, b) = x(—(7s + ae™ 7€ + be ™ ))(eTa, eTTh) (Y € LA(X,,)).

A straightforward computation shows that (V;., s, L?(X,,)) is a unitary representation of
G (with the new multiplication).
For ¢ € S(G),

/\¢(9)|2dg=// / / Ol (syxx,.,. )" dprdrdpds .
G rJo Jo Jx

P58
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Let
Gsrp(a,0) = Ol (s)xx,,.(5,a,b) = (s,a,b).
Then the map
S(G) 2 ¢ — ¢s,rp € LA(X,))
intertwines 7 with V; , ;. Thus

(7,L*(G)) is unitarily equivalent to // / (Vrposs LA(X,.,)) rdr pdpds . (103)
rJo Jo

Hence,

(r,L?(G)) is unitarily equivalent to // / (Vrps, L2(X,p)) rdr pdpds . (104)
rJo Jo
Thus
(R,L*(G)) is unitarily equivalent to // / (Vrps, L2(X,. ) rdr pdpds . (105)
rJo Jo

Problem 26. Prove that for all v, p and s the representations V, , s are irreducible.

Let T' be abounded operator on the Hilbert space L?(X,,) which commutes with the
action of the group. As in the (partial) proof of Theorem (116) we check that since T'
commutes with all the operators

V;",p,s(oa 57 77) (57 77 € C) )

T coincides with the multiplication by a function /' € C*(X, ,). Since T' commutes with
all the operators
Vps(7,0,0) (r €R),
the function F' is constant any orbit
{(ae”, be""); t € R} ((a,b) € X, ).

Since « is irrational any such orbit is dense in X ,. Hence F'is constant. Thus 7" coincides
with a constant multiple of the identity.

14.4. A surprise.
None of the representations (U, p, L*(R)) is equivalent to any (V; s, L*(X,,)). Indeed,
consider the restriction of both to the abelian subgroup
N ={(0,z,w); z,w e C}.
Thus o ‘
Uap(0,€,m)v(t) = x(—(e™"a +e7"*'bn))u(t)
and B
‘/r,p,s(ov 57 n)w(a’v b) = X<_(a£ + bﬁ))m(C% b) :
If the two representation would be equivalent then the two characters
Cx C3(&n) = x(—(e ™ a& + e ™by)) € C*,
CxC3 (&n) = x(—(a + 7)) € C*
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would be equal. But they are not (for almost all ¢)!
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