Chapter 11 ®

Check for
updates

The Spectral Theorem for
Bounded Normal Operators

In this chapter we prove the spectral theorem for bounded normal operators T'
in B(H). Our approach has analogies with the well-known approach for complex
bounded normal operators on a complex Hilbert space, see for example [163], but
it has to take into account the axially symmetric structure of the S-spectrum
of T and the (A, J, B)-decomposition T = A 4+ JB of the quaternionic bounded
normal operators. As we will see, the spectral measures E are constructed using
just the two self-adjoint operators A and B, and only later, we take into account
the imaginary operator J for the spectral representation of T. We present the
original proof from [13] using the Teichmiiller decomposition T'= A + JB. The
following representation theorems will be used in the sequel.

Theorem 11.0.1 (Riesz representation theorem for real-valued functions). Let X be
a compact Hausdorff space and let C(X,R) denote the normed space of real-valued
continuous functions on X together with the supremum norm ||-||oo. Corresponding
to every bounded linear functional ¥ : C(X,R) — R there exists a signed Borel
measure pu on X such that

P(f) = /Xf(t)du(t) for all f € C(X,R). (11.1)

If, in addition, v is a positive linear functional, then p is a positive Borel measure
on X. In both cases p is unique.

For a proof of Theorem 11.0.1 we refer to Theorem D in Section 56 of [157]
for the case in which v is a positive bounded linear functional on X and, e.g.,
Chapter 21 in [182] for the more general case.

Theorem 11.0.2 (Riesz representation theorem for quaternionic Hilbert spaces).
Let H be a quaternionic right Hilbert space with quaternionic inner product (-,-),
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and let ¢ be a continuous right linear functional on H. Then there exists a unique
Yo € H such that

o(x) = (,yy,), forallze™H.

Theorem 11.0.2 can be found in [33]. We also want to mention Proposition
1.10 in [167] for a statement and proof in a more general Clifford algebra setting.

11.1 Construction of the Spectral Measure

We can now construct the spectral measures. We will use the Riesz representation
theorem for continuous real-valued functions and the Riesz representation theorem
for quaternionic Hilbert spaces.
In this chapter we consider a normal operator T' € B(H) and fixed imaginary
unit j € S and define Q = 05(T) and
+ . + _ +
Qf =QnCj =o05(T)NCT.
We recall that C (Qj, R) denotes the space of continuous real-valued functions on
Qj’ By Lemma 9.4.3, every function f; € C(Qj’,R) is the restriction f; = f|Q]+
of a real-valued continuous slice function f on Q = og(T). We denote the set of
continuous real-valued slice functions on Q by SC(Q,R), and in the following, we
do not distinguish between the function f; and the function f unless that could
cause confusion.
We consider for x € ‘H the mapping

l:(9) = (9(T)x,x), g€C(Qf,R)=S8C(Q,R),

where ¢(T') is the operator obtained by the continuous function calculus intro-
duced in Theorem 9.4.11, where g(T') stands for Fy(T) and F;(T). Since T is a
bounded operator, its S-spectrum og(7T') is a compact and nonempty set. It is
readily checked that ¢, is a real-valued bounded linear functional on C (Q;“,R).
Moreover, ¢, is a positive functional. Indeed, if h is a continuous nonnegative

function on Q;r, then we can consider the function g(u,v) = y/h(u,v) and find
g€ C(Qj,R) with g(T') = ¢g(T)*. Thus

lo(h) = (W(T)w, x) = (9(T)a,g(T)z) = ||g(T)z|* = 0.

Theorem 11.0.1 yields the existence of a uniquely determined positive-valued mea-
sure pg on the Borel sets %(Qj), so that

la(g) = /Q o) dualr), g€ C(@) R, (112)
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In view of (11.2), we may use the formula

Hg(T)z,y) = (g(T)(z+y),z+y) — (g(T)(x—y)z—y)
+e1{g(T)(x + ye1), + yer) — er(g(T)(z — ye1), x — yeq)
+e1{g(T)(z — ye2),z — yea)ez — e1(g(T)(x + ye2), ¥ + yez)es
+ (9(T)(x + ye3), x + yes)es — (9(T)(z — yes), x — yes)es, (11.3)

where {1,e1, ez, e3} denotes the standard basis of H, to obtain for every z,y € H
a uniquely determined H-valued measure p, , such that

@) = [ o, ). o€ 0@ R). (114

j
where

Ay y = Moty — Ho—y + €1Hatye; — €1fz—ye, (115)

+ e1lz—ye,€3 — €1latyes€3 t Hatyes€3 — Hao—yes€3-

Lemma 11.1.1. Let z,y,z € H and o, B € H. The H-valued measures iy, given
in (11.5) enjoy the following properties

(i) BratyB,z = Mo,z + My,zﬁ7

(ii) Mz yatz8 = @/Jz,y + B/Jz,m

(i) |pta.y (U] < [l2llllyll,

(iv) ey = Hy,a-
Proof. Properties (i)—(iii) are easily obtained from (11.4) using the uniqueness
of py, and the properties of (-,-). Property (iv) follows from properties (i) and
(ii). O

It follows from properties (i) and (iii) in Lemma 11.1.1 that for every fixed

y € H and every fixed o € B(€2]), the mapping

Py(z) = pay(o)

is a continuous right linear functional on H. Moreover, it follows from property
(ii) in Lemma 11.1.1 that

Dy (z) =aPy(z), acH.

It follows from the Riesz representation theorem for quaternionic Hilbert spaces,
see Theorem 11.0.2, that corresponding to every x € H, there exists a unique
vector w € ‘H such that

D, (z) = (z,w), (11.6)
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i.e., pgy(0) = (x,w). Since the left-hand side of (11.6) depends linearly on x and
anti-linearly on y and the right-hand side depends linearly on z, it follows that
@, (z) depends linearly on x and anti-linearly on y, so

E(o)y = w,
for some operator
E(o) € B(H).

Thus,
fay(0) = (2, E(0)y), o€ BQ)),

and in view of property (iv) in Lemma 11.1.1,
E(c)=E(0)", o€ ‘B(Q}L), (11.7)
and hence
fay(0) = (E(0)z,y), o€ BQ). (11.8)

Since i, is countably additive, y, , is also countably additive. Consequently,
the B(H)-valued measure E is also countably additive, i.e.,

(DO ) ZEan (11.9)

n=0

for every sequence of pairwise disjoint sets (0, )nen in EB(Q:) The limit in (11.9)
is intended with respect to the strong operator topology.

We recall that SC(€2) denotes the space of all continuous intrinsic slice func-
tions on (2, and we denote by

SC;(Q)) = {f; = floy = feSC(}

the set of all restrictions of functions in SC(€?). Again we do not distinguish be-
tween a function f and its restriction f; unless this could cause confusion.

Lemma 11.1.2. Let J be the imaginary component in the T = A+JB decomposition
(9.17) of the normal operator T € B(H) and let E be the spectral measure on
%(Q;‘) with Qj =og5(T)N (C;' defined above. The following statements hold:

(i) Ifg € C(Qj,R) = SC(SL,R), then for all x,y € H
(D) = [ o) dEG.) (11.10)
o
i) If f=fo+jfr € SCj(Qj) >~ SC(Q), then we have for all v,y € H,

U@z = [ S dEG /f1 E(p)r.y). (1L11)
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(iil) E(o) and J commute for all o € %(Qj) and —J% = E(Q;r \ R).

Proof. Assertion (i) follows directly from (11.4) and (11.8). We will now prove
assertion (11.11). In view of (11.10) and Theorems 9.4.9 and 9.4.11, we have

(f(T)z, >:<{f0( )+ f1(T) T}z, y)
(Mz,y) + (f1(T) Tz, y)

/fo P)T,Y) /f1 p)Jx,y), z,y € H.

Thus, the proof of (11.11) will be complete on showing that
d(E(p)Jz,y) = d(JE(p)z,y), =y€eH.

To see this, let g € C(Qj‘, R) and use (11.10) and the fact that g(7) and J commute
to obtain

/+g(p)d<E(p)J%y> (9(T)Jz,y) = (Jg(T)x ,y>=/+g(p)d<JE(p)x,y>-
Qj Qj

If we write v = (E(p)Jx,y) and v = (JE(p)z,y) and then
V = g€ + V1€1 + Ve + V3e3
and
V= Upeg + V1€l + Vaeg + Uses,

where vy and vy, £ = 0,...,3, are real signed measures and e;,= 0,...,3 is the
standard basis for H, then it follows from Theorem 11.0.1 that v, = v, for ¢ =
0,...,3. Therefore, items (iii) and (ii) hold.

Finally, we have due to (i) and due to Lemma 10.1.7(iii) that

BER) = [ @) dB@E®) = [ [lm(a)lxe dB(@) =0

J J
so that
ran E(R) C ker B = ker J,

where B is the positive operator in the decomposition 7' = A 4+ JB. If, on the
other hand, = € ker J = ker B, then

0= (Br,z) = / [Tmgl?dyts o (q).
o

Since the measure i, .(0) = (E(0)z,z) and the function ¢(q) := |[Im(q)|* are
nonnegative, this implies

0= fipo(™ (R\{0}) = o o (% \R) = (2, B \R)z) = | E(Q] \R)||*.



238 Chapter 11. The Spectral Theorem for Bounded Normal Operators

Hence E(Q;r \R)z =0, and in turn, x € ran E(R). Therefore,
ran E(R) D ker B = ker J,

and in turn,

ran E(R) = ker J.

Since —J? is the orthogonal projection onto (ker.J)* = ran.J by Corollary 9.3.8
and E(Qj \ R) is the orthogonal projection onto (ran F(R))*, we conclude that

—-J? = E(Q] \R). O

The properties of the spectral measure can be checked directly as in the
following result.

Theorem 11.1.3. The B(H)-valued countably additive measure E, given by (11.8),
forall o, € ‘B(Qj), enjoys the following properties:

(i) E(o) = E(0)*.

(i) [|E()l < 1.

(i) E(@) =0 and E(os(T)NC}) =1

(iv) E(cNT)=E(0)E(T).

(v) E(0)? = E(0).

(vi) E(o) commutes with f(T) for all f € SCJ-(QJ"-") = SC().
(vil) E(o) and E(T) commute.

&

)
)
)
)
)
)

Proof. The proof is broken into steps.
Step 1: Show (i) and (ii).

Property (i) has already been noted in (11.7). Property (ii) follows directly from
property (iii) in Lemma 11.1.1. Indeed, if = y in property (iii) in Lemma 11.1.1,
then

pow(0) < Haa(Q) < 2

and hence
(B(o)z,z) < ||z||* for = € H,

i.e., T — E(o) is a positive operator for all o € ‘B(Qj’) Therefore, property (ii)
holds.

Step 2: Show (iii).

Since piz4(0) = 0, we may use (11.4) to deduce F() = 0. Similarly, putting
g(p) = 11in (11.4) yields g(T) = Z for all x,y € H and thus

= [ diny = (B )20,

J
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ie., E(Q;r) =7
Step 3: Show (iv).

Recall that for all real-valued polynomials ¢ and 1 on Qj‘, we have set ¢(T) :=

6(A, B) and &(T) = ¥(A, B). Clearly we have (64)(T) = ¢(T)%(T), &(T) =
&(T)*, and (T) = ¢(T)*. Thus,

[ o) dturrans) = OT)0(T)2.)
os(T)NCj

—(eu)@ral= [ ..
os(T)NCS
(11.12)
Since E(o) = E(0)*, (11.8) implies that
paz(0) ER for all o € %(Qj)
Similarly, since (¢(T")x,x) is real, (11.8) implies that
Pap(T)z,e(0) € R for all o € B(os(T) N (Cj')

In view of the density of real-valued polynomials in the space C(Qj,R) and the
Riesz representation theorem given in Theorem 11.0.1, (11.12) implies that

dity(1ya,e (P) = V(D) Atz 2 (P)-

But then we may use the identity (11.5) and the fact that ¢(p) is real-valued to
obtain

dpiy (e y (P) = (P)dpt,y ().
Thus, in view of (11.8),

(B(o)i(T)z, y) = / $(p) diay(p) for o € BEL).

Since E(o) = E(o)* for o € ‘B(Qj‘),
/ b dt pioyy = (V(T)z, E(0)y)
os(T) ﬂ(C;r

— (B(o)(T)z,y) = / ¥ Xo diin y,

os(T)N C;-r

where

(p) = 1 if peo,
X =%0 it pé¢o.



240 Chapter 11. The Spectral Theorem for Bounded Normal Operators

Since 9 is real-valued, we also have

/ ¢du§:g(o)y z/ Y Xo dug’;j) for m=0,...,3, (11.13)
(:l‘s(T)I'W(Cj+ o's(T)ﬂ(ij

where ug; v and u( ™) E(o)y € real-valued signed measures given by

3
P,y = Z ﬂggnzj)em
and
My E(o)y Z '“af E(U)@Je”‘

Recall that (e, )¢=0,....3 is the standard basis for H.

In view of the density of real-valued polynomials in the space C (Qj, R) and
the Riesz representation theorem given in Theorem 11.0.1, the identity (11.13)
implies that

dpS,ﬂE)(o)y = Xo du;f';:) for m=0,...,3,
and hence
dﬂm,E(o)y = Xo dﬂx,y-

Therefore,

Hha,B(o)y (T) = / XoQilzy = fe,y(0 NT)
Qfnr
for o, 7 € V(). Since
(o) = (E(o)z,y) for o € B(Q),

we obtain E(0)E(1) = E(c NT) for o,7 € %(Qj)

Step 4: Show (v).

Property (v) can be obtained from Property (iv) when o = 7.
Step 5: Show (vi).

Let A, B, and J be as in Theorem 9.3.5. We have already observed in item (iii) of
Lemma 11.1.2 that F(c) and J commute. One can show in a similar fashion that
A and E(o) commute and B and E(c) commute. Thus, in view of the construction
of f(T), we have that f(T) and E(c) commute.

Step 6: Show (vii).

Property (vii) follows from Property (iv) on interchanging 7 and o. d
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Remark 11.1.4. The spectral measure E was constructed using only operators
g(T) that were generated by functions g € C (Qj, R), that is, by real-valued func-
tions. By Theorem 9.4.11, for such functions, the operator g(T"), however, does not
depend on all the information we have about T, but only on the factors A and B in
the T'= A+ JB decomposition of T'. Hence F is actually a joint spectral measure
of the self-adjoint operators A and B. This in particular implies that T = A+ JB
and T* = A — JB have the same spectral measure E.

In the quaternionic setting, invariant subspaces are not associated with in-
dividual eigenvalues, but with spheres [s] of equivalent eigenvalues, because the
eigenvalue equation T'(x) — zs = 0 associated with a single (nonreal) eigenvalue is
not linear. The correct interpretation of the above observation is therefore that the
spectral measure E associates invariant subspaces of T to sets of spectral spheres,
while the imaginary operator J orients the spheres. It determines how the differ-
ent spectral values in these spheres need to be multiplied onto the vectors in the
associated subspaces in order to fit the operator 7. A more detailed discussion of
this idea will be given in Chapter 14.

11.2 The Spectral Theorem and Some Consequences

We conclude this chapter with the main result, the spectral theorem for bounded
operators.

Theorem 11.2.1 (The spectral theorem for bounded normal operators). Let T €
B(H) be normal, let J € B(H) be the imaginary operator in the Teichmiller de-
composition T = A+ JB of Theorem 9.3.5, and fiz j € S. Let Q;r =og(T)N (Cj+
and let Iy and Hi denote the orthogonal C;-linear projections defined in Defi-
nition 9.3.10 corresponding to the decomposition H = Ho & H’, & H? given in
Lemma 9.3.9.

Then there exists a unique spectral measure E; on Qj such that for all z,y €
H,

M) = [ Rel@)dB@)) + [ Wm@dE@Iey).  (11)

J

For every function f = fo+jf1 € SC']-(Q;F) and x,y € H, we moreover have

U@z = | S0)AE G /fl Ei(p)z,y),  (1115)
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or, equivalently,
(F(T)r.y) = / A (p)2,3) fo(v)

+/Qj (T, E;(p)x, y) f(p) (11.16)

+ [ A Ej(p)z,y) f(p).

+
Q;

Moreover, on identifying the complex plane Cy, with C; in the natural way by
the mapping @i, : u+kv — u+jv, we have E;(prj(0)) = Ex(c) for allo € B(Q})
forall j,k €S.

Proof. Formula (11.15) was established in item (ii) of Lemma 11.1.2. Formula
(11.16) follows from (11.15). Indeed, if we write y = yo + y+ +y— € H with
respect to the decomposition H = Ho & H’. & 1’ as in Lemma 9.3.9, then

(D) = || SOIE G / AOATE (p).y)
= fo( )d(E;(p)x,y) / filp (P)+4,y)
+ f1( JA(E;(p)z—(—7),y)
= [ foo)aEy o) + | B @) le) +3(0)

+ /m d(Ej(p)r—,y)(fola) — ifi(q))

= [, Aot o) + /Q B ()T ) ()

. d(E;(p)Tz,) f(q)-

The fact that there is only one spectral measure E; on og(T) N C;r such
that (11.15) holds follows directly from the uniqueness of the measure i, (o) =
(E(0)x,y) on Qj (see (11.5)). The claimed invariance E;(¢;,(0)) = Ex(0) relative
to j,k € S drops out easily from the aforementioned uniqueness of £; and Theorem
9.2.3. O

Corollary 11.2.2. In the setting of Theorem 11.2.1, the following statements hold:

(i) If T € B(H) is a positive operator, then there exists a unique positive operator
TY? .= W € B(H) such that W? =T
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(ii) T € B(H) is self-adjoint if and only if

Ty~ | t(E;(ry), wyeH.  (1L17)
(=TT

(iil) T € B(H) is anti-self-adjoint if and only if

(Tx,y):/ LAUJE; ()2, y), 2,y € H. (11.18)
[o,11T|]

(iv) T € B(H) is unitary if and only if

(T, y) = / cos(t)d(E; (t)z, y) + / sin()d(JE;(Hr,y).  (11.19)
[0,7] [0,7]

Proof. It T € B(H) is a positive operator, then og(T) C [0, ||T]|]. Thus, using
Theorem 11.2.1, we have the existence of a uniquely determined spectral measure
E; such that

(Tz,y) = / td(E;(t)x,y). (11.20)
(0,1T°11]

Let g(t) = t'/2 for t € R. Since g € C(o5(T),R), it follows from Theorem 11.2.1
that
Weog)i= (o(Da) = [ o2 aE;0)
(0,171

satisfies W2 = T. Thus, we have established the existence of a positive operator
W € B(H) such that W2 = T. The proof that W is unique follows from the
uniqueness of the spectral measure I, just as in the case that H is a complex
Hilbert space.

The proofs of (ii)—(iv) follow readily from Theorem 11.2.1 and (9.9). d

11.3 Comments and Remarks

The spectral theorem based on the S-spectrum was proved in the following papers:
the general case for bounded and unbounded normal operators was shown in [13].
A different proof for unitary operators was given in [14], and the simple case of
compact normal operators was shown in [143].

Results related to the quaternionic spectral theorem can furthermore be
found in [57,74]. For quaternionic matrices, the spectral theorem based on the
right spectrum was proved in [108]. The right spectrum is in the finite-dimensional
case, however, equal to the S-spectrum.

The main application of the quaternionic spectral theorem is in quaternionic
quantum mechanics. In the list of references there are also papers related to quater-
nionic quantum mechanics [107], [109], [158] in which the notion of right spectrum
was used.
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