5 The Spectrum.

Definition. The spectrum of an operator T is the set of all complex numbers A such
that Al — T has no inverse in B(H).

The spectrum of T is denoted by o(T).

The complement (in C) of o(7T), that is, the set of all complex numbers A such that
A —T has an inverse in B(H), is called the resolvent set of T' and is denoted by p(T').

For any element 7" of B(H), it is a fact that o(T") is a non-empty compact subset of
C. We shall not need this general fact in this course. For the two classes of operators
that we shall be concerned with (compact operators and selfadjoint operators) the
required facts about the spectrum will be established by simple methods.

Note that every eigenvalue of an operator 7' is in the spectrum of 7.

Also, if the K is a compact operator on an infinite-dimensional Hilbert space then
0 € o(K) (this merely repeats the fact that K does not have an inverse).

Lemma 5.1 Let T be an operator such that for all x € H, || Tx ||> ¢ || = ||, where ¢
15 a positive constant. Then the range of T is closed.

Proof. Let (y,) be a convergent sequence of elements of ran(7") converging to y.
Then y,, = T'z,, for some sequence (z,) and we need to show that y = Tz for some z.

Since (y,) is convergent it is a Cauchy sequence. Now,

l2n = 2ol < SN (@0 = zm) | = Cllyn = Yl

so it follows easily that (z,) is a Cauchy sequence and so convergent to some element
2. Then, since T' is continuous, y = limy,, = lim7Tz,, = lim Tz, as required. W

Corollary 5.2 If T is an in the lemma, the range of T™ is closed for each positive
mteger n.

Proof. |T"z| > ¢"||z|| for all z € H. W

We now derive some simple properties of the spectrum of a selfadjoint operator. For
the rest of this section, A will denote a selfadjoint operator. Recall that (Az,z) is

real for all x since (Az,z) = (x, Ax) = (A*z,x) = (Ax, x).

Lemma 5.3

|All = sup |[(Az, z)].

[l=f|<1

Proof. Let k = sup, <, [(4z,2)|. Then [(Az,z)| < kl|z[]* for all 2 and, from the
Cauchy-Schwatrz in equality, k < ||A||. Since

|Al| = sup |[Az|| = sup sup [(Az,y)],
lzl|<1 lz]<1 gl <1



to show that ||A]| < k, we need to show that |(Az,y)| < k whenever ||z|| < 1 and
lly|| < 1. It is sufficient to prove this when (Axz,y) is real, since if [{Ax,y)| = e {Ax, )
then applying the result for the real case for (Az’,y) where 2’ = ez, proves the
general result.

Now, using the polarization identity (Lemma 2.3)) and the paralellogram law (Lemma 1.4)),

HAz,y) = (Alx+y),(x+y)) — (Al —y), (z —y))
+i[(A(x +iy), (v +1y)) — (Alz — iy), (v — iy))]
< k{llz+yllP + le = yl*}
= k(2l]® + 2lly[?) < 4k,

(the expression in square brackets being zero since (Ax,y) is real). W

Note that sup [(Az,x)| = sup |(Ax,z)|. We write

]| <1 [l[|=1
m = inf (Az,z) and M = sup (Az,z).

llzll=1 lzl|=1

Corollary 5.4 For all T € B(H)

17Tl = [|1T|*

Proof. Since T*T is selfadjoint,

7T = sup (T Tz, z)| = sup 1T ))* = | T||*.
|
The key to the next result is proving that || (A\[—A)x ||> ¢ || = || whenever A & [m, M].
This is done by a single calculation in the body of the proof. However, it can also be

established by a sequence of simpler proofs as follows. Note that, if X is selfadjoint
then

1G] = X)z||* = (G — X)z, (il — X)z)
= ol + [ X2|* — iz, Xo) +i(Xz, 2)
X+ [l]* > Jl=]*.

Thus, if A = £ 4 in is not real (i.e. n # 0), then, using the above result for X =
%(A —&I), we have

I A= Az [|=[] (il = X)a 1= [nl]|=]].

If A is real with A > M, we have that for ||z| =1,

(A = A)z|| = sup [(A = A)z,y)| = (M = A)z,z) =2 A =M

lyll<1

so that (dividing by [|z||) we have [[(AM — A)z|| > (A — M)||z|| for all z. A similar
proof holds when A < m.



Theorem 5.5
(i) o(A) < m, M],
(ii)) meoa(A) and M € o(A).

Proof. (i)  Suppose A € [m, M] and let d = dist(\, [m, M]). Let x € ‘H be any
unit vector and write a = (Az,x). Then ((al — A)x,x) = (z, (ol — A)z) = 0 and

1A = A)z|* =[]\ =l + (ol — A)jz|*
= (M —al + (al — A)]z, M — al + (ol — A)x)
= A =aPllzl]* + (a = N){(al — A)z, )
+(a— Nz, (al — A)z) + |[(a] — A)z|]?
> A—af*>d*.

It follows that |[(AI — A)z| > d||z| [apply the above for HTQJH] Hence A\ — A is

injective and, by Lemma [I.1, it has closed range. Further, if 0 # 2 L ran(\l — A)
then 0 = (M — A)z, z) = (x, (M — A)z) for all x and so (Al — A)z = 0. But this

is impossible, since, from above, noting that d = dist(A, [m, M]) = dist(A, [m, M]),
we have ||\ — A)z|| > d||z||. Therefore, ran(A\ — A) = H, (being both dense and
closed).

Therefore, for any y € H, there is a unique x € H such that y = (A — A)z. Define
(M — A)~'y = z. Then ||y|| > d||z| so
1AL =)yl = ll=l| < vl

showing that (A — A)~! € B(H) (i.e. it is continuous). Thus A & o(A), proving (i).

(ii) ~ From Lemma [1.3, [[A[| is either M or —m. If ||A[| = M = sup,_;(Az, z);
(if ||A]| = —m the same proofs, applied to —A, hold) there exists a sequence (z,,) of
unit vectors such that ((Az,,z,)) — M. Then

(A= MDz,|* = ||Az,||* + M? — 2M(Ax,, z,) < 2M?* — 2M (Ax,, z,) — 0.

Hence A — M has no inverse in B(H) [since if X were such an operator, 1 = ||z,|| =
|IX(A—MIz,|| < || X|.||X(A—=MI)z,|| — 0] and so M € o(A). For m, note that

sup (MI — A)x,x)y =M —m = ||MI — A

flzf|=1

since inf =1 ((MI — A)z,xz) = 0. Applying the result just proved to the operator
M1I — A shows that M —m € o(MI — A), that is, (M —m)l — (MI —A)=A—ml
has no inverse. Hence m € o(A4). W

The spectral radius, v(T'), of an operator T is defined to be

v(T) =sup{|\|: A€ o(T)}.

Thus we have shown that the spectrum of a selfadjoint operator is non-empty and
real and its norm is equal to its spectral radius.



Exercises 5

. Let X, T € B(H) and suppose that X is invertible. Prove that o(T) = o(X 'TX).

. Let A € B(H) be a selfadjoint operator. Show that U = (A —iI)(A+4I)"! is a
unitary operator.



