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Spectral Theorems in Euclidean and
Hermitian Spaces

11.1 Introduction: What’s with Lie Groups and
Lie Algebras?

The purpose of the next three chapters is to give a concrete introduction to
Lie groups and Lie algebras. Our ulterior motive is to present some beautiful
mathematical concepts that can also be used as tools for solving practical
problems arising in computer science, more specifically in robotics, motion
planning, computer vision, and computer graphics.

Most texts on Lie groups and Lie algebras begin with prerequisites in dif-
ferential geometry that are often formidable to average computer scientists
(or average scientists, whatever that means!). We also struggled for a long
time, trying to figure out what Lie groups and Lie algebras are all about,
but this can be done! A good way to sneak into the wonderful world of
Lie groups and Lie algebras is to play with explicit matrix groups such as
the group of rotations in R? (or R?) and with the exponential map. After
actually computing the exponential A = e? of a 2 x 2 skew symmetric ma-
trix B and observing that it is a rotation matrix, and similarly for a 3 x 3
skew symmetric matrix B, one begins to suspect that there is something
deep going on. Similarly, after the discovery that every real invertible n x n
matrix A can be written as A = RP, where R is an orthogonal matrix
and P is a positive definite symmetric matrix, and that P can be written
as P = e° for some symmetric matrix S, one begins to appreciate the
exponential map.
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Our goal is to give an elementary and concrete introduction to Lie groups
and Lie algebras by studying a number of the so-called classical groups, such
as the general linear group GL(n,R), the special linear group SL(n, R), the
orthogonal group O(n), the special orthogonal group SO(n), and the group
of affine rigid motions SE(n), and their Lie algebras gl(n, R) (all matrices),
5[(n,R) (matrices with null trace), o(n), and so(n) (skew symmetric matri-
ces). We also consider the corresponding groups of complex matrices and
their Lie algebras. Whenever possible, we show that the exponential map
is surjective. For this, all we need is some results of linear algebra about
various normal forms for symmetric matrices and skew symmetric matrices.
Thus, we begin by proving that there are nice normal forms (block diago-
nal matrices where the blocks have size at most two) for normal matrices
and other special cases (symmetric matrices, skew symmetric matrices, or-
thogonal matrices). We also prove the spectral theorem for complex normal
matrices.

11.2  Normal Linear Maps

We begin by studying normal maps, to understand the structure of their
eigenvalues and eigenvectors. This section and the next two were inspired
by Lang [107], Artin [5], Mac Lane and Birkhoff [116], Berger [12], and
Bertin [15].

Definition 11.2.1 Given a Euclidean space F, a linear map f: E — FE is
normal if

fof*=f"of.

A linear map f: E — E is self-adjoint if f = f*, skew self-adjoint if f =
—f*, and orthogonal if fo f*= f*o f =id.

Obviously, a self-adjoint, skew self-adjoint, or orthogonal linear map is a
normal linear map. Our first goal is to show that for every normal linear
map f: E — E, there is an orthonormal basis (w.r.t. (—, —)) such that the
matrix of f over this basis has an especially nice form: It is a block diagonal
matrix in which the blocks are either one-dimensional matrices (i.e., single
entries) or two-dimensional matrices of the form

(4

This normal form can be further refined if f is self-adjoint, skew self-
adjoint, or orthogonal. As a first step, we show that f and f* have the
same kernel when f is normal.

Lemma 11.2.2 Given a Fuclidean space E, if f: E — E is a normal linear
map, then Ker f = Ker f*.
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Proof. First, let us prove that

(f(u), f(0)) = (f*(u), [*(v))
for all u,v € E. Since f* is the adjoint of f and f o f* = f* o f, we have
(fu), f(u)) = (u, (f* o f)(w)),
= (u, (f o f*)(u)),
= (" (w), f*(u)).
Since (—, —) is positive definite,
(f(u), f(u)) =0 iff  f(u) =0,
(f*(u), f*(u)) =0 iff  f*(u) =0,

and since

we have
flwy=0 iff f*(u)=0.
Consequently, Ker f = Ker f*. [

The next step is to show that for every linear map f: E — E there is some
subspace W of dimension 1 or 2 such that f(W) C W. When dim(W) = 1,
the subspace W is actually an eigenspace for some real eigenvalue of f.
Furthermore, when f is normal, there is a subspace W of dimension 1 or 2
such that f(W) C W and f*(W) C W. The difficulty is that the eigenvalues
of f are not necessarily real. One way to get around this problem is to
complexify both the vector space E and the inner product (—, —).

In Section 5.11 it was explained how a real vector space E is embedded
into a complex vector space E¢, and how a linear map f: F — FE is extended
to a linear map fc: Ec — Ec. For the sake of convenience, we repeat the
definition of E¢.

Definition 11.2.3 Given a real vector space E, let E¢ be the structure
FE x E under the addition operation

(u1, uz) + (v1, v2) = (ug + v1, us + v2),
and let multiplication by a complex scalar z = x + iy be defined such that

(x +1iy) - (u, v) = (zu — yv, yu + zv).

A linear map f: F — FE is extended to the linear map fc: Ec — E¢
defined such that

fe(u+iv) = f(u) +if(v).
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Next, we need to extend the inner product on E to an inner product on
Ec.
The inner product (—, —) on a Euclidean space E is extended to the
Hermitian positive definite form (—, —)¢ on E¢ as follows:
<U1 + ivl, U2 + iUQ>(C = <'LL1,’LL2> + <’Ul7’U2> + i(<U27U1> — <U1, 'U2>).

Tt is easily verified that (—, —)¢ is indeed a Hermitian form that is positive
definite, and it is clear that (—, —)¢ agrees with (—,—) on real vectors.
Then, given any linear map f: £ — F, it is easily verified that the map f¢
defined such that

fe(u+iv) = f*(u) +if*(v)

for all u,v € E is the adjoint of fc w.r.t. (—, —)c.
Assuming again that F is a Hermitian space, observe that Lemma 11.2.2
also holds. We have the following crucial lemma relating the eigenvalues of

£ and f*.

Lemma 11.2.4 Given a Hermitian space E, for any normal linear map
[+ E — E, a vector u is an eigenvector of f for the eigenvalue X (in C) iff
u is an eigenvector of f* for the eigenvalue .

Proof. First, it is immediately verified that the adjoint of f — Aid is f* —
Aid. Furthermore, f — Aid is normal. Indeed,
(f = Xid) o (f — Xid)* = (f — Xid) o (f* — Aid),
= fof* = Xf —Af* 4+ A\id,
= fo f = Af* = \f +A\id,
= (f* = Xid) o (f — Aid),
= (f = Aid)* o (f — Aid).
Applying Lemma 11.2.2 to f — Aid, for every nonnull vector u, we see that
(f = Xid)(u) =0 iff (f* — Xid)(u) =0,

which is exactly the statement of the lemma. []

The next lemma shows a very important property of normal linear maps:
FEigenvectors corresponding to distinct eigenvalues are orthogonal.

Lemma 11.2.5 Given a Hermitian space E, for any normal linear map
f:E — E, if u and v are eigenvectors of f associated with the eigenvalues
A and p (in C) where X\ # u, then (u,v) = 0.

Proof. Let us compute (f(u),v) in two different ways. Since v is an eigen-
vector of f for u, by Lemma 11.2.4, v is also an eigenvector of f* for 1,
and we have

<f(u)7 ’U> = <>‘u7 v> = )‘<u7 U>
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and

(fw),v) = (u, f*(v)) = {u, v) = plu,v),

where the last identity holds because of the semilinearity in the second
argument, and thus

Mu,v) = plu, v),
that is,

(/\ - :U)<uvv> =0,
which implies that (u,v) =0, since A # p. []

We can also show easily that the eigenvalues of a self-adjoint linear map
are real.

Lemma 11.2.6 Given a Hermitian space E, the eigenvalues of any self-
adjoint linear map f: E — E are real.

Proof. Let z (in C) be an eigenvalue of f and let v be an eigenvector for
z. We compute (f(u),u) in two different ways. We have

(f(u),u) = (zu,u) = z{u,u),

and since f = f*, we also have
(f(w),u) = (u, f*(w)) = (u, f(u)) = (u, 2u) = Z(u, u).
Thus,
z{u,u) = Z{u,u),

which implies that z = Z, since u # 0, and z is indeed real. []

Given any subspace W of a Hermitian space F, recall that the orthogonal
complement W of W is the subspace defined such that

Wt ={ueE| (u,w)=0, for all w e W}.

Recall from Lemma 10.2.5 that that E = W & W+ (this can be easily
shown, for example, by constructing an orthonormal basis of E using the
Gram-Schmidt orthonormalization procedure). The same result also holds
for Euclidean spaces (see Lemma 6.2.8). The following lemma provides the
key to the induction that will allow us to show that a normal linear map
can be diagonalized. It actually holds for any linear map. We found the
inspiration for this lemma in Berger [12].

Lemma 11.2.7 Given a Hermitian space E, for any linear map f: E — F,
if W is any subspace of E such that f(W) C W and f*(W) C W, then
f(WJ-) C W+ and f*(WJ-) cwt.
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Proof. If u € W+, then
(u,w) =0
for all w € W. However,
(f(w),w) = (u, [*(w)),

and since f*(W) C W, we have f*(w) € W, and since u € W, we get

(u, f*(w)) =0,
which shows that

(f(u),w) =0
for all w € W, that is, f(u) € W+. Thus, f(W+) C W=. The proof that
f*(W) C W is analogous. []

The above lemma also holds for Euclidean spaces. Although we are ready
to prove that for every normal linear map f (over a Hermitian space) there
is an orthonormal basis of eigenvectors, we now return to real Euclidean
spaces.

If f: E — F is a linear map and w = u+iv is an eigenvector of fc: Ec —
FE¢ for the eigenvalue z = A + ip, where u,v € E and A, u € R, since

felu+iv) = f(u) +if(v)
and
fe(u+iv) = (A +ip)(u+iv) = du — po + i(pu + Av),
we have
flw)=Au—pv and f(v) = pu+ Ao,
from which we immediately obtain
fe(u—iv) = (A —ip)(u —iv),

which shows that W = u — v is an eigenvector of f¢ for Z = A — iu. Using
this fact, we can prove the following lemma.

Lemma 11.2.8 Given a Euclidean space E, for any mormal linear map
fiE — E, if w=u+iv is an eigenvector of fc associated with the eigen-
value z = X+ ip (where u,v € E and \,p € R), if u # 0 (i.e., z is not
real) then (u,v) = 0 and (u,u) = (v,v), which implies that v and v are
linearly independent, and if W is the subspace spanned by u and v, then
fW) =W and f*(W) = W. Furthermore, with respect to the (orthogonal)
basis (u,v), the restriction of f to W has the matriz

(54
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If n =0, then X is a real eigenvalue of f, and either u or v is an eigenvector
of f for A. If W is the subspace spanned by u if u # 0, or spanned by v # 0
if u=0, then f(W) CW and f*(W) CW.

Proof. Since w = u + iv is an eigenvector of fc, by definition it is nonnull,
and either u # 0 or v # 0. From the fact stated just before Lemma 11.2.8,
u — v is an eigenvector of f¢ for A — iu. It is easy to check that fc¢ is
normal. However, if u # 0, then A 4+ ipu # A — iy, and from Lemma 11.2.5,
the vectors v + iv and u — v are orthogonal w.r.t. (—, —)c, that is,

(u+iv,u —iv)c = (u,u) — (v,v) + 2i{u,v) = 0.

Thus, we get (u,v) = 0 and (u,u) = (v,v), and since u # 0 or v # 0, v and
v are linearly independent. Since

fw)=du—pv and f(v)=pu+ v

and since by Lemma 11.2.4 u + iv is an eigenvector of f* for A — iu, we
have

fflu)= u+pv and f*(v) = —pu+ Av,

and thus f(W) =W and f*(W) = W, where W is the subspace spanned
by u and v.
When p = 0, we have

flw)=Xxu and f(v) = Ao,

and since u # 0 or v # 0, either u or v is an eigenvector of f for A. If W is
the subspace spanned by w if u # 0, or spanned by v if u = 0, it is obvious
that f(W) C W and f*(W) C W. Note that A = 0 is possible, and this is
why C cannot be replaced by =. []

The beginning of the proof of Lemma 11.2.8 actually shows that for
every linear map f: F — F there is some subspace W such that f(W) C W,
where W has dimension 1 or 2. In general, it doesn’t seem possible to prove
that W+ is invariant under f. However, this happens when f is normal,
and in this case, other nice things also happen.

Indeed, if f is a normal linear map, recall that the proof of Lemma 11.2.8
shows that A, u, u, and v satisfy the equations

fu) = Au— po,

(v) = pu+ v,

[ (u) = A+ po,
[ (v) = —pu+ v,

from which we get

S+ 1) () =,
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S (£ @) =,
S =P =,
S0 = 1) () =

Using the above equations, we also get
1 2

(30-1) ==
1 2

(30-1) 0=

Thus, we observe that A is an eigenvalue of %( f+f*), that —p? is an
eigenvalue of (3(f — f*))27 and u and v are both eigenvectors of 1 (f + f*)
for A and of (%(f - f*))2 for —p?. It is immediately verified that % (f+19
and (%( f- f*))2 are self-adjoint, and we proved earlier that self-adjoint
maps have real eigenvalues (Lemma 11.2.6). Furthermore, there are good
numerical methods for finding the eigenvalues of symmetric matrices. Thus,
it should be possible to compute A, p, u, and v from the eigenvalues and
the eigenvectors of the self-adjoint maps % (f+ f*) and (%(f — f*))2 Note
that if we have A and u, then we get p from

1 2
(2 (f - f*)> (u) = —p*u,
and if g # 0, we get v from

S (F = ) ) = o

I am not aware of a good method (i.e., numerically stable) to compute
the block diagonal form of a normal matrix, but this seems an interesting
problem.

We can finally prove our first main theorem.

Theorem 11.2.9 Given a Fuclidean space E of dimension n, for every
normal linear map f: E — E there is an orthonormal basis (e, ..., en)
such that the matriz of f w.r.t. this basis is a block diagonal matriz of the
form

Ay
Ao
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such that each block A; is either a one-dimensional matriz (i.e., a real
scalar) or a two-dimensional matriz of the form

(N
Ai= <Mi g ) ’
where \;, u; € R, with p; > 0.

Proof. We proceed by induction on the dimension n of E as follows. If
n = 1, the result is trivial. Assume now that n > 2. First, since C is
algebraically closed (i.e., every polynomial has a root in C), the linear
map fc: Ec — Ec¢ has some eigenvalue z = A + i (where A,y € R). Let
w = u + v be some eigenvector of fc for A+ ip (where u,v € E). We can
now apply Lemma 11.2.8.

If 4 = 0, then either u or v is an eigenvector of f for A € R. Let W
be the subspace of dimension 1 spanned by e; = u/||u|| if u # 0, or by
er = v/||v|| otherwise. It is obvious that f(W) C W and f*(W) C W.
The orthogonal W+ of W has dimension n — 1, and by Lemma 11.2.7, we
have f(WJ-) C W+, But the restriction of f to W+ is also normal, and we
conclude by applying the induction hypothesis to W=.

If p # 0, then (u,v) = 0 and (u,u) = (v,v), and if W is the subspace
spanned by u/|lu|| and v/|v]|, then f(W) =W and f*(W) = W. We also
know that the restriction of f to W has the matrix

(%)

with respect to the basis (u/[|ull,v/||v|]). If p < 0, we let Ay = A, p1 = —p,
er = u/||ull, and e2 = v/||v]|. If > 0, we let \y = A, u1 = p, e1 = v/||v],
and es = u/||ul|. In all cases, it is easily verified that the matrix of the
restriction of f to W w.r.t. the orthonormal basis (e, e3) is

At~
Ay = ,
! <,u1 A1
where Ai, 1 € R, with p; > 0. However, W+ has dimension n — 2, and

by Lemma 11.2.7, f(WJ-) C W+. Since the restriction of f to W+ is also
normal, we conclude by applying the induction hypothesis to W+. ]

After this relatively hard work, we can easily obtain some nice normal
forms for the matrices of self-adjoint, skew self-adjoint, and orthogonal
linear maps. However, for the sake of completeness (and since we have all
the tools to so do), we go back to the case of a Hermitian space and show
that normal linear maps can be diagonalized with respect to an orthonormal
basis.

Theorem 11.2.10 Given a Hermitian space E of dimension n, for every
normal linear map f: E — E there is an orthonormal basis (e1,...,e,) of
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eigenvectors of f such that the matriz of f w.r.t. this basis is a diagonal
matric
A1
A2

An
where \; € C.
Proof. We proceed by induction on the dimension n of E as follows. If
n = 1, the result is trivial. Assume now that n > 2. Since C is algebraically
closed (i.e., every polynomial has a root in C), the linear map f: E — F
has some eigenvalue A € C, and let w be some eigenvector for A. Let W
be the subspace of dimension 1 spanned by w. Clearly, f(W) C W. By
Lemma 11.2.4, w is an eigenvector of f* for A\, and thus f*(W) C W. By
Lemma 11.2.7, we also have f(W+) C W+. The restriction of f to W+ is

still normal, and we conclude by applying the induction hypothesis to W+
(whose dimension is n —1). ]

Thus, in particular, self-adjoint, skew self-adjoint, and orthogonal linear
maps can be diagonalized with respect to an orthonormal basis of eigenvec-
tors. In this latter case, though, an orthogonal map is called a unitary map.
Also, Lemma 11.2.6 shows that the eigenvalues of a self-adjoint linear map
are real. It is easily shown that skew self-adjoint maps have eigenvalues
that are pure imaginary or null, and that unitary maps have eigenvalues of
absolute value 1.

Remark: There is a converse to Theorem 11.2.10, namely, if there is an
orthonormal basis (eq,...,e,) of eigenvectors of f, then f is normal. We
leave the easy proof as an exercise.

11.3  Self-Adjoint, Skew Self-Adjoint, and
Orthogonal Linear Maps

We begin with self-adjoint maps.

Theorem 11.3.1 Given a Fuclidean space E of dimension n, for every
self-adjoint linear map f: E — E, there is an orthonormal basis (ey, ..., en)
of eigenvectors of f such that the matriz of f w.r.t. this basis is a diagonal
matric
A1
A2

An



11.3. Self-Adjoint and Other Special Linear Maps 319

where \; € R.

Proof. The case n = 1 is trivial. If n > 2, we need to show that f: £ — F
has some real eigenvalue. There are several ways to do so. One method is
to observe that the linear map fc: Ec — Eg is also self-adjoint, and by
Lemma 11.2.6 the eigenvalues of f¢ are all real. This implies that f itself
has some real eigenvalue, and in fact, all eigenvalues of f are real. We now
give a more direct method not involving the complexification of (—, —) and
Lemma 11.2.6.

Since C is algebraically closed, fc has some eigenvalue X\ + iu, and let
u + iv be some eigenvector of fr for A + iy, where A\, € R and u,v € E.
We saw in the proof of Lemma 11.2.8 that

fw)=Au—pv and f(v) = pu+ Iv.
Since f = f*,
(f(u),v) = (u, f(v))
for all u,v € E. Applying this to
fwy=Au—pv and f(v) = pu+ v,
we get
(F (), ) = Qg v) = Auy0) — g, 0)
and
(u, f(0)) = (u, pru + M) = p(u, u) + Au, v),
and thus we get
Mu,v) — pl{v,v) = plu, u) + M, v),
that is,
p((u, u) + (v,v)) =0,

which implies p = 0, since either u # 0 or v # 0. Therefore, A is a real
eigenvalue of f.

Now, going back to the proof of Theorem 11.2.9, only the case where p =
0 applies, and the induction shows that all the blocks are one-dimensional.

O

Theorem 11.3.1 implies that if A1, ..., A, are the distinct real eigenvalues
of f, and E; is the eigenspace associated with \;, then

E=E & ---®E,
where E; and E; are orthogonal for all ¢ # j.

Remark: Another way to prove that a self-adjoint map has a real eigen-
value is to use a little bit of calculus. We learned such a proof from Herman
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Gluck. The idea is to consider the real-valued function ®: £ — R defined
such that

D(u) = (f(u),u)

for every u € E. This function is C*°, and if we represent f by a matrix A
over some orthonormal basis, it is easy to compute the gradient vector

Vo(X) = (ﬁ(m,...,ﬁi(ﬂ)

of ® at X. Indeed, we find that
Vo(X)=(A+ANX,

where X is a column vector of size n. But since f is self-adjoint, A = AT,
and thus

Vo(X)=24X.
The next step is to find the maximum of the function ® on the sphere
Sl =L(2y,.. @) ERY | 22 -+ 22 =1}

Since S”~ 1! is compact and ® is continuous, and in fact C>, ® takes a max-
imum at some X on S™ !. But then it is well known that at an extremum
X of ® we must have

dPx (V) = (V&(X),Y) =0

for all tangent vectors Y to S"~! at X, and so V®(X) is orthogonal to the
tangent plane at X, which means that

VO(X) = AX

for some A € R. Since VO(X) = 24X, we get
24X = AX,

and thus A/2 is a real eigenvalue of A (i.e., of f).

Next, we consider skew self-adjoint maps.

Theorem 11.3.2 Given a FEuclidean space E of dimension n, for every
skew self-adjoint linear map f:E — FE there is an orthonormal basis
(e1,...,en) such that the matriz of f w.r.t. this basis is a block diagonal
matriz of the form

Ay
Ao
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such that each block A; is either 0 or a two-dimensional matrix of the form

0 —puy
A; = ¢
(0 ).
where p; € R, with pu; > 0. In particular, the eigenvalues of fc are pure

imaginary of the form +iu; or 0.

Proof. The case where n = 1 is trivial. As in the proof of Theorem 11.2.9,
fc has some eigenvalue z = A + iu, where A, u € R. We claim that A = 0.
First, we show that

(f(w),w) =0
for all w € E. Indeed, since f = —f*, we get
(flw),w) = (w, f*(w)) = (w, = f(w)) = —(w, f(w)) = = (f(w),w),
since (—, —) is symmetric. This implies that
(f(w),w) =0.
Applying this to v and v and using the fact that
fw)y=Au—pv and f(v) = pu+ v,
we get
0= (F(u),u) = (N — v, ) = M, ) — pufu, )
and
0= (£(0),v) = (uu+ Av,v) = uluu,v) + Av, ),
from which, by addition, we get
A((v,v) + {v,v)) = 0.

Since u # 0 or v # 0, we have A = 0.

Then, going back to the proof of Theorem 11.2.9, unless y = 0, the case
where u and v are orthogonal and span a subspace of dimension 2 applies,
and the induction shows that all the blocks are two-dimensional or reduced
to 0.1

Remark: One will note that if f is skew self-adjoint, then ifc is self-
adjoint w.r.t. (—, —)¢. By Lemma 11.2.6, the map i fc has real eigenvalues,
which implies that the eigenvalues of f¢ are pure imaginary or 0.

Finally, we consider orthogonal linear maps.

Theorem 11.3.3 Given a Fuclidean space E of dimension n, for every
orthogonal linear map f: E — E there is an orthonormal basis (e, ..., ep)
such that the matriz of f w.r.t. this basis is a block diagonal matrix of the
form
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Ay
Ay
Ap

such that each block A; is either 1, —1, or a two-dimensional matriz of the

form
A — cosf; —sinb;
"7 \sinf; cosb;
where 0 < 0; < 7. In particular, the eigenvalues of fc are of the form

cosf; +isinb;, 1, or —1.

Proof. The case where n = 1 is trivial. As in the proof of Theorem 11.2.9,
fc has some eigenvalue z = A+ipu, where A, € R. Since fof* = f*of =id,
the map f is invertible. In fact, the eigenvalues of f have absolute value 1.
Indeed, if z (in C) is an eigenvalue of f, and u is an eigenvector for z, we
have

(f(w), f(u)) = (zu, zu) = 2Z(u, u)

and
<f(u)7f(u)> - <’U,, (f* © f)(u)> = <’U,,U>,
from which we get
2Z{u,u) = (u,u).

Since u # 0, we have zZ = 1, i.e., |z| = 1. As a consequence, the eigenvalues
of fc are of the form cosf + isinf, 1, or —1. The theorem then follows
immediately from Theorem 11.2.9, where the condition p > 0 implies that
sin#; > 0, and thus, 0 < 0; < 7. J

It is obvious that we can reorder the orthonormal basis of eigenvectors
given by Theorem 11.3.3, so that the matrix of f w.r.t. this basis is a block
diagonal matrix of the form

A
A,

_Iq

I

where each block A; is a two-dimensional rotation matrix A; # +1I5 of the

form
~_ (cost; —sinb;
Ai = < sin@; cosb; >
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with 0 < 0; < .

The linear map f has an eigenspace E(1, f) = Ker (f —id) of dimen-
sion p for the eigenvalue 1, and an eigenspace E(—1, f) = Ker (f +id) of
dimension ¢ for the eigenvalue —1. If det(f) = +1 (f is a rotation), the
dimension ¢ of E(—1, f) must be even, and the entries in —I, can be paired
to form two-dimensional blocks, if we wish. In this case, every rotation in
SO(n) has a matrix of the form

Ay
Am
In72m

where the first m blocks A; are of the form
cost); —sinb;
Ai = ( sinf; cosb; )
with 0 < 0; < .

Theorem 11.3.3 can be used to prove a sharper version of the Cartan—
Dieudonné theorem, as claimed in remark (3) after Theorem 7.2.1.

Theorem 11.3.4 Let E be a FEuclidean space of dimension n > 2. For
every isometry f € O(E), if p = dim(E(1, f)) = dim(Ker (f —id)), then f
is the composition of n — p reflections, and n — p is minimal.

Proof. From Theorem 11.3.3 there are r subspaces Fi,...,F,., each of
dimension 2, such that

and all the summands are pairwise orthogonal. Furthermore, the restriction
r; of f to each Fj is a rotation r; # +id. Each 2D rotation r; can be written
a the composition r; = s} o s; of two reflections s; and s} about lines in F;
(forming an angle 6;/2). We can extend s; and s} to hyperplane reflections
in F by making them the identity on Ff‘. Then,

!/ !/
§,08,0-++-081 081

agrees with f on Fy @ --- @ F, and is the identity on E(1, f)® E(-1, f). If
E(—1, f) has an orthonormal basis of eigenvectors (v1,...,v,), letting s7
be the reflection about the hyperplane (v;)%, it is clear that

" "
Sqo...osl

agrees with f on E(—1, f) and is the identity on E(1,f) ® F} & --- & F.
But then,

o " / ’
f_sqo---051osTosTo--~oslosl,

the composition of 2r 4+ ¢ = n — p reflections.
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If
f:sto...osl,

for t reflections s;, it is clear that
t
i=1

where F(1,s;) is the hyperplane defining the reflection s;. By the Grass-
mann relation, if we intersect ¢ < n hyperplanes, the dimension of their
intersection is at least n —t. Thus, n — ¢ < p, thatis, t >n —p, and n — p
is the smallest number of reflections composing f. [

The theorems of this section and of the previous section can be
immediately applied to matrices.

11.4 Normal, Symmetric, Skew Symmetric,
Orthogonal, Hermitian, Skew Hermitian, and
Unitary Matrices

First, we consider real matrices. Recall the following definitions.

Definition 11.4.1 Given a real m x n matrix A, the transpose AT of A
is the n x m matrix AT = (aiT,j) defined such that

ol =
forall 7,7, 1 <i<m,1<j<n.Areal n X n matrix A is

o normal if

AAT = AT A,
o symmetric if
AT = A,
o skew symmetric if
AT =—-A

e orthogonal if

AAT =ATA=1,.
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Recall from Lemma 6.4.1 that when E is a Euclidean space and (eq, .. .,
e) is an orthonormal basis for E, if A is the matrix of a linear map f: E —
E w.r.t. the basis (e, ...,e,), then AT is the matrix of the adjoint f* of f.
Consequently, a normal linear map has a normal matrix, a self-adjoint linear
map has a symmetric matrix, a skew self-adjoint linear map has a skew
symmetric matrix, and an orthogonal linear map has an orthogonal matrix.
Similarly, if £ and F' are Euclidean spaces, (u1,...,uy) is an orthonormal
basis for E, and (v1,...,vy) is an orthonormal basis for F', if a linear map
f:E — F has the matrix A w.r.t. the bases (u1,...,u,) and (v1,...,0m),
then its adjoint f* has the matrix AT w.r.t. the bases (vi,...,v,,) and
(U1, .., Up).

Furthermore, if (u1,...,uy) is another orthonormal basis for E and P
is the change of basis matrix whose columns are the components of the wu;
w.r.t. the basis (ej,...,e,), then P is orthogonal, and for any linear map
f:E — E,if A is the matrix of f w.r.t (e1,...,e,) and B is the matrix of
fwrt. (uy,...,uy), then

B=PTAP.

As a consequence, Theorems 11.2.9 and 11.3.1-11.3.3 can be restated as
follows.

Theorem 11.4.2 For every normal matriz A there is an orthogonal ma-
triz P and a block diagonal matriz D such that A = PD PT, where D is
of the form

D,
D,y
Dy
such that each block D; is either a one-dimensional matriz (i.e., a real
scalar) or a two-dimensional matriz of the form

(AN
D= (Mz‘ Ai ) ’
where \;, ; € R, with p; > 0.

Theorem 11.4.3 For every symmetric matriz A there is an orthogonal
matriz P and a diagonal matrizc D such that A = PD P, where D is of
the form
A

A2

where \; € R.
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Theorem 11.4.4 For every skew symmetric matriz A there is an orthog-
onal matriz P and a block diagonal matriz D such that A= PD P, where
D is of the form
D,

D,

D

P
such that each block D; is either 0 or a two-dimensional matriz of the form

o 0 —w
Dl_(ﬂi 0)’

where p; € R, with p; > 0. In particular, the eigenvalues of A are pure
imaginary of the form tiu;, or 0.

Theorem 11.4.5 For every orthogonal matriz A there is an orthogonal
matriz P and a block diagonal matriz D such that A = PD P, where D
is of the form

D,
Doy
D,

such that each block D; is either 1, —1, or a two-dimensional matriz of the

form
[ cosf; —sinb;
Di = < sin@; cosb; >

where 0 < 0; < w. In particular, the eigenvalues of A are of the form
cosf; +isinf;, 1, or —1.

We now consider complex matrices.

Definition 11.4.6 Given a complex m x n matrix A, the transpose AT of
A'is the n x m matrix AT = (a; ;) defined such that

T o,
Q; ;= Qi

foralli,j,1<i<m,1<j<n.The conjugate A of A is the m x n matrix
A = (b;, ;) defined such that

bi,j =a;;

forall 4,7, 1 <i<m,1<j<n.Given an m X n complex matrix A, the
adjoint A* of A is the matrix defined such that

A=A =@,

A complex n X n matrix A is
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o normal if
AAY = A% A,
o Hermitian if
A" = A,
o skew Hermitian if
A= —A,
o unitary if

AA* = A"A=1,.

Recall from Lemma 10.4.2 that when E is a Hermitian space and (eq, . . .,
er) is an orthonormal basis for E, if A is the matrix of a linear map f: E —
E w.r.t. the basis (eq,...,e,), then A* is the matrix of the adjoint f* of
f. Consequently, a normal linear map has a normal matrix, a self-adjoint
linear map has a Hermitian matrix, a skew self-adjoint linear map has a
skew Hermitian matrix, and a unitary linear map has a unitary matrix.
Similarly, if E and F' are Hermitian spaces, (ug,...,u,) is an orthonormal
basis for E, and (v1,...,vy) is an orthonormal basis for F, if a linear map
f: E — F has the matrix A w.r.t. the bases (u1,...,u,) and (v1,...,Vmn),
then its adjoint f* has the matrix A* w.r.t. the bases (vi,...,v,,) and
(U1,...,Up).

Furthermore, if (u1,...,uy) is another orthonormal basis for £ and P
is the change of basis matrix whose columns are the components of the
u; w.r.t. the basis (eq,...,e,), then P is unitary, and for any linear map
f:E — E,if A is the matrix of f w.r.t (e1,...,e,) and B is the matrix of
fwrt. (ug,...,uy), then

B = P*AP.

Theorem 11.2.10 can be restated in terms of matrices as follows. We can
also say a little more about eigenvalues (easy exercise left to the reader).

Theorem 11.4.7 For every complex normal matriz A there is a unitary
matriz U and a diagonal matriz D such that A = UDU*. Furthermore,
if A is Hermitian, then D is a real matriz; if A is skew Hermitian, then
the entries in D are pure imaginary or null; and if A is unitary, then the
entries in D have absolute value 1.

We now have all the tools to present the important singular value
decomposition (SVD) and the polar form of a matrix.
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11.5 Problems

Problem 11.1 Given a Hermitian space of finite dimension n, for any lin-
ear map f: E — F, prove that if there is an orthonormal basis (e, ..., e,)
of eigenvectors of f, then f is normal.

Problem 11.2 The purpose of this problem is to prove that given any
self-adjoint linear map f: E — E (i.e., such that f* = f), where F is a Eu-
clidean space of dimension n > 3, given an orthonormal basis (e, ..., e,),
there are n — 2 isometries h;, hyperplane reflections or the identity, such
that the matrix of

hp_go0---ohjofohjio---0hy,_s

is a symmetric tridiagonal matrix.

(1) Prove that for any isometry f: E — E we have f = f* = f~1iff
fof=id

Prove that if f and h are self-adjoint linear maps (f* = f and h* = h),
then ho foh is a self-adjoint linear map.

(2) Proceed by induction, taking inspiration from the proof of the trian-
gular decomposition given in Chapter 7. Let V; be the subspace spanned
by (€k+1,.--,en). For the base case, proceed as follows.

Let

fler) =aler + -+ +adey,
and let
r1,2 = |lajes + -+ adey||.
Find an isometry hy (reflection or id) such that
hi(f(er) — a(l)el) =71y €.
Observe that
wy =T1,2€2 + a?61 — f(e1) € V1,
and prove that hi(e1) = e, so that
hio fohi(e) = a(l)el + 71 €0

Let f1 :h1 Of0h1.
Assuming by induction that

fo=hgo---ohiofohjo---0hyg
has a tridiagonal matrix up to the kth row and column, 1 < k <n — 3, let
fr(ers1) = afex + aj eep1 + - + apen,
and let

ot k2 = 0§ olhra + - + apenl|.
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Find an isometry hi1 (reflection or id) such that

Pt (fr(ens1) — afer — afi1€ks1) = Thit, b2 Chto-

Observe that

k k
Wht1 = Thal, k42 Chy2 + aper + ag1exp1 — fr(ert1) € Vig,
and prove that hgyi1(ex) = ex and hg11(ex+1) = €g+1, S0 that

k k
P10 fi 0 hiy1(ert1) = ager + ag1€p1 + Tht1, k+2 €kt

Let fry1 = hgy1 0 fr © hxt1, and finish the proof.

Do f and f,,_o have the same eigenvalues? If so, explain why.

(3) Prove that given any symmetric n x n matrix A, there are n — 2
matrices Hy, ..., H,_o, Householder matrices or the identity, such that

B=H, o ---HAHy---H,_»
is a symmetric tridiagonal matrix.

Problem 11.3 Write a computer program implementing the method of
Problem 11.2(3).

Problem 11.4 Let A be a symmetric tridiagonal n X n matrix

by
cr by e
c2 bz C3

Cp—2 bn—l Cpn—1
Cn—1 bn

where it is assumed that ¢; # 0 for all 4, 1 <i <mn — 1, and let A be the
k x k submatrix consisting of the first k£ rows and columns of A, 1 < k < n.
We define the polynomials Py (z) as follows: (0 < k < n).

Py(z) =1,
Pi(x) =0b; —x,
Py(x) = (bx — 2)Pr_1(2) — ¢ Pu_a(x),

where 2 < k < n.

(1) Prove the following properties:

(i) Pg(z) is the characteristic polynomial of Ay, where 1 < k < n.

(ii) limy_,_ oo Py(z) = 400, where 1 < k < n.

(iii) If Py(z) =0, then Py_1(2)Pri1(x) <0, where 1 <k <n—1.
)

(iv) Pi(x) has k distinct real roots that separate the k + 1 roots of P11,
where 1 <k <n-—1.
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(2) Given any real number p > 0, for every k, 1 < k < n, define the
function sgy (u) as follows:

s, (1) = 4 S8n of Py(p)  if Pe(p) # 0,
B M sign of Py_1 () if Pp(p) = 0.

We encode the sign of a positive number as +, and the sign of a negative
number as —. Then let E(k, 1) be the ordered list

E(k, ) = (+, sg1 (1), sga(p), - - -, sgi (1)),

and let N(k, p) be the number changes of sign between consecutive signs
in E(k, ).

Prove that sg, (1) is well defined, and that N (k, p) is the number of roots
A of Py(z) such that A < p.

Remark: The above can be used to compute the eigenvalues of a
(tridiagonal) symmetric matrix (the method of Givens-Householder).

Problem 11.5 Let A = (a;;) be a real or complex n x n matrix.
(1) If A is an eigenvalue of A, prove that there is some eigenvector u =
(u1,...,up) of A for A such that

max |u;| = 1.
1<i<n

(2) If uw = (uq,...,uy,) is an eigenvector of A for A as in (1), assuming
that 4, 1 <4 < n, is an index such that |u;| = 1, prove that

n
(/\ — a“-)ui = Zaijuj,
o
and thus that
n
IN—aii| <> lagl.
T

Conclude that the eigenvalues of A are inside the union of the closed disks
D; defined such that

D; = {ZE(C | |z —aii| < Z'aij|}'

j=1
i

Remark: This result is known as Gershgorin’s theorem.

Problem 11.6 (a) Given a rotation matrix

[ cosf —sind
~ \sinf cos@ )’
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where 0 < 6 < 7, prove that there is a skew symmetric matrix B such that
R=(I-B)(I+B)™

(b) If B is a skew symmetric n X n matrix, prove that A\I, — B and
AL, + B are invertible for all A\ # 0, and that they commute.
(c) Prove that

R= (M, — B\, + B)™!

is a rotation matrix that does not admit —1 as an eigenvalue.
(d) Given any rotation matrix R that does not admit —1 as an eigenvalue,
prove that there is a skew symmetric matrix B such that

R=(I,-B)I,+B)'=(I,+B)" (I, — B).

This is known as the Cayley representation of rotations (Cayley, 1846).
(e) Given any rotation matrix R, prove that there is a skew symmetric
matrix B such that

R=((I,— B)(I, + B)™")*.

Problem 11.7 Given a Euclidean space E, let p: EX E — R be a symmet-
ric bilinear form on E. Prove that there is an orthonormal basis of F w.r.t.

which ¢ is represented by a diagonal matrix. Given any basis (eq,...,e,)
of E, recall that for any two vectors x and y, if X and Y denote the column
vectors of coordinates of z and y w.r.t. (e1,...,e,), then

o(z,y) = X TAY,

for some symmetric matrix A; see Chapter 6, Problem 6.13.

Hint. Let A be the symmetric matrix representing ¢ over (eg,...,e,). Use
the fact that there is an orthogonal matrix P and a (real) diagonal matrix
D such that

A= PDPT.

Problem 11.8 Given a Hermitian space F, let p: E X E — C be a Hermi-
tian form on E. Prove that there is an orthonormal basis of E w.r.t. which

¢ is represented by a diagonal matrix. Given any basis (ey,...,e,) of E,
recall that for any two vectors x and y, if X and Y denote the column
vectors of coordinates of x and y w.r.t. (eq,...,e,), then

o(z,y) = XTA?,

for some Hermitian matrix A; see Chapter 10, Problem 10.7.

Hint. Let A be the Hermitian matrix representing ¢ over (e, ..., e,). Use
the fact that there is a unitary matrix P and a (real) diagonal matrix D
such that

AT = PDP*.
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Problem 11.9 Let E be a Euclidean space of dimension n. For any linear
map f: E — E, we define the Rayleigh quotient of f as the function Ry: (E—
{0}) — R defined such that

for all  # 0.
(a) Prove that

Ry(x) = Ry(\)

for all A € R, A # 0. As a consequence, show that it can be assumed that
Ry is defined on the unit sphere

S"h={zeE| |l =1}

(b) Assume that f is self-adjoint, and let \; < Ay < .-+ < A, be the
(real) eigenvalues of f listed in nondecreasing order. Prove that there is
an orthonormal basis (ey,...,e,) such that, letting V3, = S"~1 N E} be
the intersection of S"~! with the subspace Ej, spanned by {eq, ..., ex}, the
following properties hold for all k£, 1 < k < n:

(1) Ak = Ry(er);
(2) A\ = maxzev, Ry(x).

(c) Letting Vi, denote the set of all sets of the form W N .S"~! where W
is any subspace of dimension k > 1, prove that

(3) )\k = minWevk maX,;cw Rf(x)

Hint. You will need to prove that if W is any subspace of dimension k,
then

dim(W n Eif) > 1.

The formula given in (3) is usually called the Courant-Fischer formula.
(d) Prove that

Rp(S"71) = [M, A



