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Abstract

Label the faces of a cube with the numbers from 1 to 6 in some order,
then perform the following operation: replace the number labeling each
given face with the arithmetic mean of the numbers labeling the adjacent
faces. What numbers will appear on the faces of the cube after this
operation is iterated many times? This is a sample problem whose solution
is a model of the application of the theory of representations of groups
to diverse problems of mathematics, mechanics, and physics that possess
symmetry of one kind or another. In this introductory talk I will present
the tools from representation theory needed to solve this problem. I will
also point out the connection with harmonic analysis by expressing Fourier
analysis as an instance of representation theory of the circle group (the
multiplicative group of complex numbers with absolute value 1) and by
stating a version of Heisenberg’s uncertainty principle for finite cyclic
groups.

1 A sample problem

I will start by stating a sample problem which I found in [2].

Take a cube and write the numbers 1, 2, 3,4, 5, 6 on its faces, in any way
you like. Then perform the following operation on the cube: substitute
to the number on each face the arithmetic mean of the numbers written
on the (four) adjacent faces. Iterate this. The question is: what do the
numbers on the faces of the cube look like after n iterations, where n is
a large number? For example in the case of a die, from the first iteration
onward the value on each face is constantly 3.5, because in a die the sum
of the numbers labeling two opposite faces is always 7.

The idea to solve this problem is the following. Let F' be the set of
faces of the cube, and let Wr be the set of functions FF — C. Wr is a
C-vector space of dimension |F| = 6 spanned by {d, : x € F'} where
0z(y) =1ifz=yand d,(y) =0 if z £ y.

Call L the operator Wr — Wr that takes a face label to the arithmetic
mean of the four adjacent face labels: L(f)(z):= % > yea, FY)-



L is a linear operator whose matrix in the base {0, : = € F'} is

0 1/4 0 1/4 1/4 1/4
1/4 0 1/4 0 1/4 1/4
0 1/4 0 1/4 1/4 1/4
/4 0 1/4 0 1/4 1/4
1/4 1/4 1/4 1/4 0 0
1/4 1/4 1/4 1/4 0 0

It obviously has rank 3 (opposite faces take the same value).

We are interested in the powers L™. So our aim is to diagonalize
L (obviously the powers of a diagonal matrix are easy to compute). Of
course, this can be done computationally, but what we want to do is to
look for some geometrical way to do it, i.e. by means of some group
action on the space.

The solution of this problem is in section 7.

2 Representations

Suppose we want to understand a set X which has some symmetries. The
idea is to consider the vector space

Vx := {functions X — C} = {vectors (¢z)zex © € X,cy € C}.

This is a C-vector space of dimension |X|. Consider the group G of the
symmetries of X you are interested in. In other words, G is some subgroup
of the group Sym(X) = {bijections X — X}. Denote by GL(Vx) the
group of the linear isomorphisms Vx — Vx (it is a group with respect to
composition of functions). Then we have a group homomorphism

T:G = GL(Vx), g—=7g: v=(Ca)rex = Tg(v) = (Cg=1(z))zex-

In other words, m sends g € G to mg, which is the linear isomorphism
Vx — Vx that sends a vector v = (cz)zex to the vector obtained by
permuting the coordinates according to g, m4(v) = (¢y-1(4))ecx. This
is the object we want to study. The reason why it is a homomorphism is
the following.

Ton((ca)aex) = (C(gh)—l(x))xex = (ch_l(g_l(x)))ﬂcexv
Tg(mh((Ca)aex)) = 7rg((Cfrl(I))zeX) = (Chfl(gﬂ(z)))zeX-
Hence my, = mg 0 h.
Definition 1. A (complez, linear) representation of the group G is a
C-vector space V' endowed with a group homomorphism

m:G— GL(V), g Ty

where GL(V') is the group of the linear isomorphisms V. — V with the
operation given by composition of functions. This is the data of V and 7,
so we will also write (V, ) to denote this representation. The dimension
of V is called the dimension of the representation (V, ).



Let us give some examples.
e If V is a C-vector space, the group GL(V) itself admits a represen-
tation given by the identity GL(V) — GL(V).

e If G is a group of bijections X — X where X is a finite set of
cardinality n then G admits the n-dimensional representation G —
GL(Vx) described above.

e The group (Z,+) (i.e. the set Z endowed with the operation +)

admits a representation Z — GL(C?) given by n ( (1) 711 >

This is indeed a group homomorphism:

(00
()7

The same is true if we replace Z with any additive subgroup of C,
for example Q, R or C itself.

2.1 Permutation matrices

We give now an explicit instance of the second example given above,
G — GL(Vx). Consider the group Si of bijections X — X where X =
{1,2,3,4}. The representation 7 : Sy — GL(C*) described above sends a
permutation ¢ to the corresponding “permutation matrix”, that is, the
1-0 matrix whose 1-entries are in the (o (7), ) positions, for i € {1,2,3,4}.

So for example for the permutation (123) € Sy (i.e. the permutation
1—2~ 31,4~ 4) we have

0 01 0
1 0 0 0

Ta) = g 1 g o | € GL(CY).
0 0 0 1

Note that this is precisely the linear operator that permutes the four
canonical basis vectors e1, e2, €3, e4 the same way (123) moves 1,2, 3,4: it
takes e1 to ez, e2 to e3, e3 to e1 and e4 to ey.

It is worth noting that the trace of 7, (i.e. the sum of its diagonal
entries) is the number of fixed points of o.

The map o — Tr(n,) will be called the “character” of 7.

2.2 Invariant subspaces

Fix a representation (V,7) of G. The group G “acts” on the vector space
V, in the sense that ¢ € G “moves the vectors” by sending v € V to
mg(v). In this setting, the notion of “subspace” is weak: we are much
more interested in “G-invariant” subspaces! What does this mean?
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Definition 2. A subspace W of V is called G-invariant (or simply, “in-
variant”) if whenever w € W and g € G, mq(w) € W.

2.3 A 2-dimensional representation of (R, +)

For example the additive group G = R has a 2-dimensional representation
given by

2 1 a
R — GL(C?), an—>(0 1),

and the subspace W of V = C? given by W = {( 2 ) : yeC}l, isNOT

G-invariant. Indeed for example
1 1 0 1
(o 1)(V)-(1)ew
Instead, the subspace L = {( ) : x € C} is G-invariant, being the
0.

x
0
eigenspace of 1 for m,, for all a #

2.4 Invariant homomorphisms

Also the familiar notion of linear homomorphism between to spaces is too
weak for us. We need the notion of G-invariant homomorphism! What
does this mean?

Suppose (V, ) and (W, v) are two representations of G and f : V — W
is a linear map. f is called G-invariant if it satisfies

fmg(v)) = vy (f(v)) VgeGveV,weW.

Such map is also called “intertwining operator”, since it “intertwines”
the two representations 7 and v.

We give an example which constitutes the archetipe of intertwining
operator. Consider the case V = W, choose a basis of V and think of
mg and v, as matrices. Suppose there is an invertible matrix A such that
vy = AmgA~! for all g € G, in other words v, is obtained by 7y via a
change of basis. Then the map

V-V vi— Av

is G-invariant (i.e. it is an intertwining operator), indeed vy = AmgA~"
means that Amy = v A.

2.5 Irreducible subspaces

Usually when dealing with a big space what we want to do is try to
decompose it in smaller pieces that cannot be further decomposed.

Definition 3. A representation (V,m) of G is called irreducible if the only
G-invariant subspaces of V are {0} and V.



For example the representation of the additive group G = R considered
above,

2 1 a
R — GL(C?), ar—><0 1),

is NOT irreducible, having the invariant subspace L = {( g ) : zeCl

Indeed we have, for a € R,

(o 1) ()= (5)er

3 Looking for decompositions

Our aim in life is now the following. Let (V,7) be a representation of a
group G. If possible, we want to write V' as a direct sum of irreducible
G-invariant subspaces (irreducible representations), i.e. we want an ex-
pression of the form

V:@W¢:W1®W2@"'®Wn

=1

where W; is an irreducible G-invariant subspace of V for ¢ € {1,...,n}.
In order to do this, we need first of all to understand better irreducible
subspaces.

For (V, ) and (W, v) two representations of G, denote by Homeg (V, W)
the set of G-invariant homomorphisms V' — W.

Lemma 1. If f € Homg(V,W) then both its kernel and its image are
G-invariant subspaces, of V. and W respectively.

Proof. Let f € Homg(V,W).

We prove that ker(f) is a G-invariant subspace of V. Let v € ker(f),
g € G. We need to prove that m4(v) € ker(f), i.e. that f(mg(v)) = 0.
Since f is G-invariant, f(mg(v)) = vg(f(v)) = v4(0) = 0, where f(v) =0
being v € ker(f).

We prove that Im(f) = f(V) is a G-invariant subspace of W. Let
w = f(v) € Im(f), with v € V, and let ¢ € G. We need to prove that
vg(w) € Im(f), i.e. that there is some v’ € V with f(v') = v4(w). Since
f is G-invariant, vy (w) = v4(f(v)) = f(mg(v)). Choose v’ = m4(v). O

This easily implies a fundamental fact, Schur’s lemma, which is the
starting point of representation theory.

Theorem 1 (Schur’s lemma). Let (V,7) and (W,v) be two irreducible
representations of the group G. Then any nonzero G-invariant map V —
W is an isomorphism.

Proof. Let f:V — W be a nonzero G-invariant map. Since f is nonzero,
ker(f) # V and Im(f) # {0}. On the other hand, ker(f) and Im(f) are
G-invariant subspaces of V and W respectively (by Lemma 1), and V,
W do not have nontrivial G-invariant subspaces (they are irreducible!),



hence it must be ker(f) = {0} and Im(f) = W, in other words f is an
isomorphism. O

Observe that Endg (V) := Homg(V, V) has the structure of ring with
respect to (SUM) pointwise sum and (PRODUCT) composition of func-
tions. This allows to restate Schur’s Lemma in the following form:

Theorem 2 (Schur’s Lemma). Let (V,m) be an irreducible representation
of G. Then in the ring Endg (V) every nonzero element is invertible. In
other words, Enda(V) is a skew field.

Now suppose V is irreducible and finite dimensional, say dim¢ (V) = n.
Then also Endg (V) is a finite dimensional C-vector space (it is a vector
subspace of End(V'), which has dimension n?: it is isomorphic to the space
of n X n matrices). Also, by Schur’s lemma it is a skew field. Moreover,
it contains a copy of C given by the scalar operators

V=V, v, e C.

From the fact that C is algebraically closed (equivalently, it does not
admit finite dimensional field extensions) and finite dimensionality it fol-
lows that Endg (V) 2 C. In other words, every G-invariant map V — V
is scalar! Let us re-state Schur’s Lemma accordingly.

Theorem 3 (Schur’s Lemma). Let (V,n) be a finite dimensional irre-
ducible representation of the group G, and let f : V — V be a G-invariant
homomorphism. Then there exists A\ € C such that f(v) = v for all
veV.

Let us see what this means in the case G is abelian. In this case for
g,h € G we have gh = hg, so that

TgTh = Tgh = Thg = ThTg

(m : G — GL(V) is a homomorphism!). This, by the very definition of
intertwining operator, implies that 7, is G-invariant (i.e. it is an inter-
twining operator) for all h € G ! So Schur’s Lemma implies that 7, is a
scalar operator, for all h € G. Hence irreducibility forces the dimension of
V to be 1: an irreducible representation that sends every group element to
a scalar operator must be one-dimensional, because the scalar operators
stabilize all subspaces (actually they are the only operators that stabilize
all subspaces). We conclude that:

Corollary 1. Let (V,7) be an irreducible finite dimensional representa-
tion of the abelian group G. Then dim(V) = 1.

Let us go back to the 2-dimensional representation of the additive
group G =R

m: R = GL(C?), ana:(l “).

We know that L = {( gg ) . x € C} is a G-invariant subspace of V = C2.

Now we ask, is V the direct sum of two 1-dimensional G-invariant



subspaces? This would be great, because the way of understanding a
space is by writing it as a direct sum of irreducible subspaces.

But what is a subspace invariant under w,? It is just an eigenspace
of m,. Hence being able to write V' as direct sum of two 1-dimensional G-
invariant subspaces would mean, in particular, being able to diagonalize
7o (simultaneously, i.e. uniformly with respect to a !).

The problem is that 7, is not diagonalizable if a # 0. Hence V is NOT
the direct sum of two 1-dimensional G-invariant subspaces.

3.1 Unitarisability

So, we have a problem. We might find a G-invariant subspace W of the
finite dimensional space V' without a G-invariant complement (a comple-
ment of W is a subspace U of V such that V = U & W). Note that
decomposing into direct sums is indeed equivalent to finding invariant
subspaces complementing each other.

UNITARISABILITY (Weyl’s unitary trick). Suppose that G is a
finite group. The formula

B(u,v) = ﬁ S () - 7o (0)

geG

defines a hermitian inner product on V', which has the property of being
G-invariant :

B(mg(u),mg(v)) = B(u,v) Yu,v € V.

If U is a G-invariant subspace of V then U, the space of vectors v such
that B(u,v) =0 for all u € U, is a G-invariant complement of U.

We deduce that if G is finite then we can indeed decompose the space
as direct sum of G-invariant irreducible subspaces:

Theorem 4 (Maschke Theorem). Suppose that G is finite. Then any
finite dimensional representation of G is completely reducible, i.e. it is a
direct sum of irreducible G-invariant subspaces.

4 Characters

Now for g € G define xx(g) := T'r(my), the trace of the (matrix!) operator
g (i.e. the sum of its diagonal entries).

For example, in the case of permutation matrix representations x(g)
is the number of fixed points of the permutation g.

The map x» : G = C, g — xx(g) is called the “character” of the
representation 7.



Theorem 5 (Frobenius). Let m1,m2 be two representations of the finite
group G and let x1,x2 be their characters. Then m = mwe if and only if
X1 = X2-

In other words, it is enough to know the traces (!) of the matrices 74
to recover the whole representation 7.

The idea to prove this is the following. Let x1, x2 be two functions
G — C (for example, two characters of G), i.e. elements of CC. Set

B(x1,x2) = ﬁ > xa(9)xz(9)-

geG

This defines a hermitian inner product on C¢ = {functions G — C}.
Now suppose x; is the character of the representation m; for i = 1,2, and
suppose 71 is irreducible. Then B(x1, x2) equals the multiplicity of 71 in
the decomposition of 72 into irreducibles. Let us state this explicitly.

Proposition 1 (Orthogonality of Characters). Let x be the character of
an irreducible representation V' of the finite group G, and let 6 be a rep-
resentation of G. Write 6 = ?:1 Gme'i where 01, ...,0, are irreducible
representations of G and H?m‘ means 0; & ... D 0;, m; times, where m;
(the multiplicity of 0; in 0) is a positive integer. Denote by x= and Xo
the character of w, x respectively. Then B(xe,x~) = 0 unless m =2 0; for
some i € {1,...,n} and in this case B(xo, X~) = M.

The proof of this is a bit technical and we omit it. It can be found
in any textbook of representation theory, cf. [1]. For example, suppose
7 = adf® S with a, 8 irreducible. Then B(xx, X«) = 1 and B(xx, xg8) =
2. If v is an irreducible representation not isomorphic to « or S then
B(Xxr,x~) = 0.

Corollary 2. Let x be a character of G. Then x is irreducible if and
only if B(x,x) = 1. Moreover if x is irreducible and v is an irreducible
character of G then B(x,¥) =1 if x =1 and B(x,¥) =0 if x #¢. In
other words, distinct irreducible characters are orthogonal to each other.

We include the following corollary because it is beautiful.

Corollary 3 (n-th Burnside Theorem). Let n1,...,n: be the degrees of
the irreducible characters of the finite group G. Thenni+...+n; = |G|.

Proof. For every g € G consider the function vy : G — G given by
vg(x) = xg. This is a bijective map whose inverse is y,-1. The map
G — Sym(G) that sends g to v, is a group homomorphism, hence by
considering permutation matrices we can associate to it a representation
7w : G — GL(Vg) whose character x takes g € G to the number of fixed
points of 4. But 7, is fixed-point-free for all g # 1, indeed if zg = = then
multiplying by ™! on the left we find g = 1. Clearly 1 = 1 has |G| fixed
points. It follows that x(1) = |G| and x(g) =0 if g # 1.

With this information we can now determine the decomposition of
7 as direct sum of irreducible representations. Let mi,...,m be the
irreducible representations of G and let x1,...,x: be their characters.



Using Maschke’s Theorem we can write m = @le ﬂ'fsm", so that xy =

mix1 + ...+ mexe. We want to compute the multiplicities m;. For
i=1,...,t we have

ms = B(x, xi) = |—(1;‘ Z;xu)m - @G\xiu) = xi(1) = ns.

It follows by bilinearity of B and orthogonality of irreducible characters
that

2 2
ni+...+n;

t t
B(Z 15X Z nz’Xi) = B(X7 X)
i=1 i=1

1 — 1
= @Zx(w)x(x)=@|G\ =1G|.

zeG

This concludes the proof. O

4.1 The character table of S5

Consider Ss3, the group of bijections {1,2,3} — {1,2,3}. Ss permutes
naturally the three basis vectors e, ea, e3 of C3. Thinking of the elements
of S5 as permutation matrices we can imagine that S3 < GL(C?). Tt turns
out that every element is conjugated to one of the matrices displayed
below.

1 0 O 0 1 0 0 0 1

S3 0 1 0 1 0 0 1 0 O

0 0 1 0 0 1 0 1 0
x1=1 1 1 1
XQIdet 1 —1 1
X3 2 0 -1

x3 is the character of the following representation: Ss; acts on W :=
{(z1,22,23) € C* : 1 + 2 + x3 = 0} (2-dimensional) by permuting the
canonical basis vectors (indeed, the equation z1 + z2 +x3 = 0 is invariant
under any permutation of the three indices 1,2, 3).

How does V = C® decompose via this representation? Let U be the
space of constant vectors: U := {(a,a,a) : a € C}. Then U and W are
irreducible Ss-invariant subspaces of V' and

V=UasoW.

Also, note that the column of the character table with the identity matrix
on top gives precisely the degrees of the irreducible representations of Ss
(indeed, the trace of the identity matrix is just the dimension of the space!)
and this fits with the n-th Burnside Theorem (Corollary 3) because

1°4+1°+2° =6 =3! = |S;].



5 Fourier analysis

Let us relax the condition of finiteness of G and consider compactness.
Consider the circle of center the origin and radius 1:

G:=8"={ : 0<0<2n}.
Why did I call it G? Because it is a group with respect to multiplication:

i01 16 i(601+6 10y —1 —1i60 i(2m—6
et 1622261( 1+ 2)’ (67,) —e ¢ :eZ<7I' )

Algebraically it can be viewed as the quotient R/27Z.

e To make the theory of representations meaningful in this setting
we must take the topology into account. In other words, we
will have a topology on the space, and the notion of “G-invariant
subspace” will be substituted by “closed G-invariant subspace”.
Also, we require morphisms to be continuous. Moreover, the notion
of direct sum will be substituted with the notion of orthogonal
direct sum (cf. below).

e What are the irreducible representations of S'? Since S is abelian
(and compact: cf. Section 6), they are all 1-dimensional (by Schur’s
lemmal), i.e. they are continuous homomorphisms S* — C*. This
forces them to be of the form e — ¢™® where n € Z.

Now we need a vector space representing our group G = S*.

o Let V:=IL%G) ={f:G—C : fG|f(ei9)|2d9 < oo} Itisa
Hilbert space with the hermitian inner product given by

B(u,v) := %/Gu(ew)v(ew)d&

Note that 2 = [, df, hence it substitutes |G|, which was used in
the finite case. Note that a function S* — C can be thought of as a
periodic function R — C of period 2w. Orthogonality of characters
now amounts to the following easy computation. Suppose n,m are
distinct integers. Then

1 2w 1 2w . 1 2m
ezneeimgde — 27 ezneefzmede _ 27/ ez(nfm)edg
T Jo T Jo
1 1

2w i(n —m)

2m Jo

[ei(nfm)Q]gw

1 i(n—m)2m i(n—m)0
= — - =0.
2mi(n —m) (e © )

Instead, if n = m then we have

1 ’m ind_; 1 2 inf —in6 1 °r i(n—mn)0
— e"einfd) = e"e df = — e do
2m J, 27 J, 27 Jq
2m
- L [Tw=
2m Jo

10



e Consider the following representation of G:
G OLV), (") = fECH0),

It is unitary, i.e. B(ng(f1),74(f2)) = B(f1, f2) (this follows easily
by the change of variables 7 = 6 + 0).

— So Maschke Theorem holds!

e The irreducible invariant subspaces of V are, for n € 7Z,
Vn — {f eV : f(ei(€0+9)) _ einef(eiﬁo)} _ C{eie — eme}.

In other words, an element of V,, has the form €% — \e'? for some
recC.

We want to decompose our V as direct sum of irreducible sub-
spaces. Now V is a Hilbert space, and in this setting the right notion of
direct sum to use is the notion of orthogonal direct sum. If V is a Hilbert
space and {H; : 4 € I} is a family of subspaces, the orthogonal direct sum
@ H, is the set of elements (h;)ics € [1;c; Hi such that >, ||hi]|* < oo.
It turns out that the orthogonal direct sum of the subspaces H; is the
closure in V' of the algebraic direct sum €, _; H;, which is by definition
the set of elements (h;)icr € Hiej H; such that the set {¢ € I : h; # 0}
is finite.

The decomposition of V' = L?(S!) into irreducible G-invariant sub-
spaces is the following:

—

vV = nEZVn:{Zvn:vnEVn}
finite
= {0~ cheme i ¢, €CVneZ, Z len|? < oo}
nez nez

This says that any function S' — C (i.e. any periodic function of period
2w 1) which is square-integrable admits an espression of the form

FO) =3 cne™

nez

for some ¢, € C with 3, _, |en|> < oo (this ensures that f is square-
integrable). This is the Fourier series of f.

Now we want to compute the Fourier coefficients ¢, (what in the
discrete case we were calling “multiplicities”!). Using orthogonality of
characters we find

1 27

— F(©)e 0 = B(£(0),e™’) = B> cne™, ™) = .

2w
0 nez

Thus Fourier analysis is the representation theory of the circle
group S'. This is related to the representation theory of G = SL(2,R),
the group of 2 x 2 matrices with real coefficients and determinant 1: the

11
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matrices of the form ( .
—sinyp cosgp

) form a maximal compact sub-

group K of G isomorphic to S'. Using Harish-Chandra modules, it is
possible to study the representations of the Lie group G only using K and
the Lie algebra of G. A good source of material about this can be found
in the videos of the SL(2,R) Summer School in Utah in June 2006 [5].

6 Finite dimensionality of irreducible rep-
resentations of compact groups

Let us spend some more words on why the irreducible representations
of a compact group are finite dimensional. A Hilbert space is a vector
space H endowed with a positive definite Hermitian inner product (,-)
which makes it a complete metric space. Let H be a Hilbert space and
let U(H) be the group of all bounded unitary operators on H. Recall
that a linear operator U : H — H is said to be bounded if there exists a
constant M such that ||Uh||/||h]| < M for all h € H — {0}. A bounded
linear operator U : H — H is said to be unitary if U is surjective and
(Uz,Uy)g = (z,y)u for all z,y € H.

Let G be a compact group, and let 7 : G — U(H) be a group ho-
momorphism such that for all v € H, the map G — H, g — 7(g)v is
continuous. This 7 is what we call a unitary representation of G. = is
irreducible if H has no closed invariant subspaces except for {0} and H.
Let m: G — U(H) be a unitary representation of G and suppose that it
is irreducible. We want to show that then H must be finite-dimensional.

Theorem 6 (Schur’s Lemma). If T is a bounded linear operator on H
such that Tw(g) = w(g)T for all g € G then T is the multiplication by a
scalar A € C.

Since G is compact it admits a measure, called left (normalized) Haar
measure. It is characterized as follows. A Borel set in G is an element of
the o-algebra of G generated by the open subsets of G. There is, up to a
multiplicative constant, a unique countably additive, nontrivial measure
1 on the Borel subsets of G satisfying the following properties:

o 4 is left-translation-invariant: p(gFE) = p(E) for every g € G and
Borel set E.

e 4 is finite on every compact set: u(K) < oo if K is compact.

e (i is outer regular on Borel sets E:
w(E) =inf{u(U) : ECU, U open}.
e (i is inner regular on open sets E:
w(E) =sup{u(K) : K CE, K compact}.

It is called a “left Haar measure”. The normalized left Haar measure
on G is the unique left Haar measure p on G such that u(G) = 1.

12



Using the Haar measure we can compute integrals. The map G — C,
g+ {m(g)u,v) is continuous on G for all u,v € H. For v,v',w,w € H
consider

I(v,v',w,w') := / (m(g)v, w) - (w(g)v', w')dg.
G
Think of w,w’ as fixed. It follows from the Riesz representation theo-
rem that there is a bounded linear operator T, ,, : H — H such that
I(v,v',w,w") = (T, v,v") for all v,v" € H. Now we prove that for every
g € G we have m(9) Ty = Ty wm(g). We have

(T (@), t) = /;wwwwmuwxwmwxwmm

[ by o) Twlhg =
= <Tw,w/'Uv7r(g_1)U/> = <7r(g)Tw,w"U7'Ul>'

The second equality follows from the fact that the measure dg is G-
invariant, the fourth equality follows from unitarity of = (apply m(g) to
both the arguments of (-, -)). This proves that m(g)T.,w = Tw,w7(g). By
Schur’s Lemma we deduce that T, ., is the multiplication by the scalar
AMw,w") € C. We obtain that

Ah@MwWW@WWﬂ@:AWﬂUmﬂ%

Repeating the same argument thinking of v, v’ as fixed we find that there
is a function p(v,v") such that

/G<7r(9)v|w> (m(g)v', w)dg = p(v,v")(w, w’).

It follows that for all v, v’, w,w’ € H we have A(w, w’){v,v") = p(v,v"){w,w’).
Choosing v = v' = vg of norm 1 we find A(w,w’) = pu(vo,vo)(w,w’). Call
C := p(vo,v0). Then we find

/ (m(g)v,w) - (m(g)v, w)dg = C{v, v {w,w').
G
Suppose v = v', w = w’ and ||v|| = |[|w|| = 1. Then

/Nmeww%g:c>o. ()
G

We want to show that H is finite dimensional. Suppose by contradiction
that H is infinite dimensional. Then for every positive integer n we can
find ey,...,e, € H mutually orthogonal of length 1. Since 7 is unitary,
w(g)ei,...,m(g)en, for g € G, are also mutually orthogonal of length 1.
Using Bessel inequality for v € H we find

Sl el <ol ()
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Now integrating over G and using (*) and (#*) we find

Zcuvn = |Jol? 2/\ e, Tl da

/Dm el < [ lollag = ol

hence n < 1/C. This cannot hold for every positive integer n, thus we
found a contradiction. So H is finite dimensional. Let now n be its
dimension. Then "7, |(v,7(g)e;)|* = ||v||* (the equality in () becomes
an equality). The above computation then shows that C' = 1/n.

2
nC||v]]

6.1 Heisenberg’s Uncertainty Principle
Let G=7Z/N7Z ={0,1,...,N — 1} (cyclic group of order N) and let
L(G) := C% = {functions G — C}.

It is a C-vector space of dimension |G].
Let G := {group homomorphisms x : G — C*}.

e It is a group isomorphic to G, generated by 1 — ei2m/N

e It is the set of linear (1-dimensional) characters of G.

e It is a basis of L(G).

Fourier transform:

FLUO LG, FUNN) =B = g X @)

zeG

the coeflicient of x in the expression of f in the base G. .
In other words, if f =3 & f(x)x then F(f)(x) = f(x)-

For f € L(G) let Supp(f):={z € G : f(z) #0}.
Theorem 7 (Heisenberg’s Uncertainty Principle). If f € L(G) then
|Supp(f)| - |Supp(F(f))| = |G|.
Proof. For f,h € L(G) define
(fih) L) > f@
|G‘ zeG

and
1] =7/ {fs -

This defines a positive definite hermitian inner product in L(G). For

fh € L(G) define
(fh) ey = Y FOORKX)

xEG
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and

LI = /s P o)

This defines a positive definite hermitian inner product in L(G) We now
prove that the Fourier transform F is unitary (this is known as Parse-
val formula): if f,h € L(G) then (f,h)r) = (f, E)L(@). Indeed, by
orthogonality of characters we have

(fil)r2e = |Zf \G| >> 0 fix h(m)n(a)

z€G z€G y ne@
- T T - T )
x,n€G zeqd X€G

= <f, E>L2(G”>~
Recall that in both spaces L(G), L(G) we have the Cauchy-Schwarz

inequality
[ R < (LI (IR

for any f,h in the space. With these ingredients we can proceed to
our computation. For a function f defined on a set X define ||f||o :=
maxzex | f(z)|. For f € L(G), A= Supp(f), B = Supp(f) we then have

Ifllos = max |f(x >|—max||G|Zf(x

zeG

= maX|‘G|ZlA x(z)]

xX€G

= max|(f,1ax)| < max||f||p2)l|Lax|lr2(e)
XEG xXEG

where the last inequality is a consequence of the Cauchy-Schwarz in-

equality. Now since the elements of GG are linear characters, they are

homomorphisms G — C* hence x(z) is a root of unity for all x € G,

z € G hence |x(z)] = 1. We deduce that
Iz = \/| i Y LRl < \/ o S L) = VAT
zeG zeG

We can now proceed with our estimation recalling that F is unitary.

1l < r;;gIIfIILz(c)HlAXIILz(G) < VIA/IGL- Il L2
VIAIGT - 11l 2y = VIAIGT |3 15001F (0012

xeé
< VIA/IG] - fllss, [ > 18(x) = VIAIBI/IG] - |If]]-

x€G

In conclusion ||f]|ee < v/JA[[B[/IG] - ||f|ls hence |A||B| > |G|]. O
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7 The solution of the cube problem

Now we go back to our original problem. Let G be the group of rota-
tions of the cube. Then |G| = 24 (if you place a cube on a table, you
can put each of the 6 faces up, and rotate that face in 4 ways).

It turns out that G = Sy (the idea is to observe that G permutes the
four diagonals of the cube in any possible way!).

G permutes the six faces of the cube. Let F' be the set of faces of the
cube. This gives a permutation matrix representation

7:G — GL(Wr) where Wy :=C" = {functions F — C} = C°.

By computing the fixed points of the elements of G we can compute
the character of this representation. Call it .

It turns out that B(x,x) = ﬁ dec x(9)x(g) = 3.

Now we know by Maschke Theorem that 7 is a direct sum of irreducible
representations, so we can write m = @), W?mi with m1, ..., m, positive
integers (m; is the multiplicity of m; in , i.e. the number of times m;
appears in the decomposition of 7: the notation 7™ means m; @...® 7,
m; times) and we deduce x = Z?:l m;x:; with x; the character of m; for
i =1,...,n. On the other hand B(x, x) = 3 hence, by orthogonality of

characters,
n n
3=B(x,x) = B(ZmiXi7 ZmiXi) = m% + ..+ mi.
=1 =1

Since my, ..., mn are positive integers with the property that m? + ...+
mi = 3, we deduce that n = 3 and m; = m2 = ms = 1. In other words
T = m1 P mwe P73 where 7; is irreducible for ¢ = 1,2,3 and x = x1+x2+Xx3-

Hence Wr = CF = { functions F — C} = C° is the direct sum of
three G-invariant irreducible subspaces. We are left to find them.
This is where the geometry comes in: our problem is now reduced to find
G-invariant subspaces.

But we know the characters of the corresponding representations! This
means that we have a lot of information about them, which leads us close
to determining them explicitly. This is the use of representation theory:
collect as much information as possible about the decomposition.

For a face = let —x denote the face opposite to x. Consider

o Wi :={constant functions F' — C}. This is clearly one-dimensional:
dim¢(Wh) = 1.

o Wo:={f:F=C: f(—z)=f(x)Vx € F, > . f(x) = 0}. This
is given by 3 + 1 = 4 equations so dim¢(W2) =6 — 4 = 2.
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o Wy :={f:F—C : f(—x)=—f(z) Va € F}. This is given by 3
equations so dim¢(W3) =6 — 3 = 3.

The decomposition of Wy into irreducible subspaces is
Wrp=W1 @& W ®Ws.

The operator we are concerned with is

L:Wp — Wp, L(f)(z) = i > fw)

YEAy

where A, denotes the set of faces adjacent to the face x. It turns out that
L is G-invariant! This is because rotating after averaging is the same as
averaging after rotating.

Since W1, Wa, W3 are irreducible, by Schur’s lemma L|w, is a scalar
operator. Using Wr = W1 & Wy & W3 it turns out that

1] o 0 [0 0 0
0/-1/2 0 |0 0 0
L]0l 0 -12j0 0 0
0] 0 0 [0 0 0
0| 0 0 [0 0 0
0| o 0 [0 0 0

The operator L™ has eigenvalues 1, (—1/2)™ and 0, hence if n is large
then L™(f) is approximately equal to the projection of f onto Wi. The
projection of any vector f whose entries are 1,2,3,4,5,6 in some order
onto Wi is always (3.5, 3.5,3.5,3.5, 3.5, 3.5). Hence no matter what is the
initial configuration, i.e. the initial position of the numbers from 1 to 6
labelling the faces of the cube, after many iterations the value on each
face gets arbitrarily close to 3.5.

This phenomenon can be interpreted using ergodic theory. To give an
idea of this fact let us state a version of Von Neumann ergodic theorem
taken from [4] (the original source is [3]). Note however that the following
result does not apply right away to our case because L is not invertible.

Theorem 8 (Von Neumann Ergodic Theorem). Let U : H — H be a
unitary operator on a separable Hilbert space H. Then for every v € H
we have
1 Nl
% S0t
where 7 : H — HY is the orthogonal projection from H to the closed
subspace HY := {v € H : Uv = v} consisting of the U-invariant vectors.

In our problem we actually dealt with the powers of the operator L
and not the arithmetic mean of the powers. But note that if a sequence
an converges to a in a normed vector space then also the arithmetic mean
% Zg;ol an converges to a as N — oo.

17



References

[1] I. M. Isaacs, Character Theory of Finite Groups.
[2] A. A. Kirillov, Elements of the Theory of Representations.

[3] J. von Neumann, Proof of the quasi-ergodic hypothesis; Proc. Nat.
Acad. Sci. USA |, 18 (1932) pp. 70-82.

[4] http://terrytao.wordpress.com/2008/01/30/254a-lecture-8-the-
mean-ergodic-theorem/

[5] http://www.math.utah.edu/vigre/minicourses/sl2/

18



