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Abstract. The quaternionic spectral theorem has already been considered in the
literature, see e.g. [22], [32], [33], however, except for the finite dimensional case
in which the notion of spectrum is associated to an eigenvalue problem, see [21],
it is not specified which notion of spectrum underlies the theorem.

In this paper we prove the quaternionic spectral theorem for unitary opera-
tors using the S-spectrum. In the case of quaternionic matrices, the S-spectrum
coincides with the right-spectrum and so our result recovers the well known the-
orem for matrices. The notion of S-spectrum is relatively new, see [17], and has
been used for quaternionic linear operators, as well as for n-tuples of not neces-
sarily commuting operators, to define and study a noncommutative versions of
the Riesz-Dunford functional calculus.

The main tools to prove the spectral theorem for unitary operators are the
quaternionic version of Herglotz’s theorem, which relies on the new notion of a
g-positive measure, and quaternionic spectral measures, which are related to the
quaternionic Riesz projectors defined by means of the S-resolvent operator and
the S-spectrum.

The results in this paper restore the analogy with the complex case in which
the classical notion of spectrum appears in the Riesz-Dunford functional calculus
as well as in the spectral theorem.
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1. Introduction

One of the main motivations to study spectral theory of linear operators in the
quaternionic setting is due to the fact that Birkhoff and von Neumann, see [12],
showed that there are essentially two possible settings in which to write the Schro-
dinger equation, namely with complex-valued functions or with quaternion-valued
functions. Since then, many efforts have been made by several authors, see [1, 20, 22,
27], to develop a quaternionic version of quantum mechanics. Fundamental tools in
this framework are the theory of quaternionic groups and semigroups on quaternionic
Banach spaces which have been studied only recently in the papers [3, 14, 26] using
the notion of S-spectrum and of S-resolvent operator as well as the spectral theorem,
which is the main result of this paper.

To fully understand the aim of this work, we start by recalling some basic
facts in complex spectral theory. Let A be a linear operator acting on a complex
Banach space X, and let 0(A) and p(A) be the spectrum and the resolvent set of A,
respectively. One of the most natural ways to associate to a linear operator A the
linear operator f(A) is to use the Cauchy formula for holomorphic functions

) = o [ T =) g,
211 o0
where 02 is a smooth closed curve that belongs to the resolvent set of A and f is
a holomorphic function on an open set €2 which contains the spectrum of A. This
holomorphic functional calculus is known as Riesz-Dunford functional calculus, see
[18].

To any linear operator A, it is possible to associate the notion of spectral
measures, which can be written explicitly using the Riesz-projectors, as described
below. A subset of o(A) that is open and closed in the relative topology of o(A) is
called a spectral set. The spectral sets form a Boolean algebra and with each spectral
set o one can associate the projection operator

P(o) = L (A — A)~tax,
21 Cy
where C,, is a smooth closed curve belonging to the resolvent set p(A) such that C,
surrounds o but no other points of the spectrum. A spectral measure in the complex
Banach space X is then a homomorphism of the Boolean algebra of the sets into
the Boolean algebra of projection operators in X, which has the additional property
that it maps the unit in its domain into the identity operator in its range.

As is well known, the spectrum o(A) appearing in the definition of the Riesz-
projectors P(o) is precisely the support of the spectral measure E()) appearing in
the spectral theorem for normal linear operators in a complex Hilbert space. More
precisely, for a normal linear operator B on a complex Hilbert space and a continuous
function g on the spectrum o(B), we have

4(B) = / 1y SOHEQ),
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Prior to the introduction of the S-spectrum in the quaternionic setting, two spectral
problems were considered in [17]. We discuss the case of right linear quaternionic
operators (the case of a left linear operators being similar), i.e., operators T : V — V
acting on a quaternionic two sided Banach space V, such that T'(wja + wef3) =
T(wy)a + T(ws)B, for o, f € H, wy, wa € V. The symbol BE(V) denotes the left
Banach space of bounded right linear operators acting on V.

The left spectrum o (T) of T is related to the resolvent operator (sZ — 1)1,
that is,

or(T)={s€H : sI—T isnot invertible in BE(V)},
where the notation sZ in B¥(V) means that (sZ)(v) = sv.

The right spectrum or(T") of T is associated with the right eigenvalue problem,
i.e., the search for nonzero vectors satisfying T'(v) = vs. It is important to note that
if 5 is an eigenvalue, then all quaternions belonging to the sphere r~lsr, r € H\ {0},
are also eigenvalues. But observe that the operator Zs — T associated to the right
eigenvalue problem is not linear, so it is not clear what is the resolvent operator to
be considered.

A natural notion of spectrum that arises in the definition of the quaternionic
functional calculus is the one of S-spectrum. In the case of matrices, the S-spectrum
coincides with the set of right eigenvalues; in the general case of a linear operator,
the point S-spectrum coincides with the set of right eigenvalues.

In the literature there are several papers on the quaternionic spectral theorem,
see, e.g., [22, 33], however the notion of spectrum in use is not made clear. Recently,
there has been a resurgence of interest in this topic, see [25], where the authors prove
the spectral theorem, based on the S-spectrum, for compact normal operators on a
quaternionic Hilbert space. In this paper we prove the quaternionic spectral theorem
for unitary operators using the S-spectrum, which is then realized to be the correct
notion of spectrum for the quaternionic spectral theory of unitary operators.

The S-spectrum, see [17], is defined as

o5(T)={sc€H : T?—2Re(s)T + |s|*Z is not invertible},

while the S-resolvent set is

ps(T) :=H\ o5(T)
where s = sy + s17 + s9j + s3k is a quaternion, ¢, j and k are the imaginary units
of the quaternion s, Re(s) = sp is the real part and the norm |s| is such that
|s|> = s3 + s7 + s3 + s3. Due to the noncommutativity of the quaternions, there are
two resolvent operators associated with a quaternionic linear operator: the left and
the right S-resolvent operators which are defined as

S;1(s,T) := —(T? — 2Re(s)T + |s|*Z) "1 (T — 3I), s € ps(T) (1.1)
and

Spt(s,T) := —(T —5I)(T* — 2Re(s)T + |s|*T) ", s € ps(T), (1.2)
respectively. Using the notion of S-spectrum and the notion of slice hyperholomor-

phic functions, see Section 4, we can define the quaternionic functional calculus,
see [15, 16, 17]. We point out that the S-resolvent operators are also used in Schur
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analysis in the realization of Schur functions in the slice hyperholomorphic setting
see [6, 7, 8] and [2, 10] for the classical case.

To set the framework in which we will work, we give some preliminaries. Con-
sider the complex plane C; := R + IR, for I € S, where S is the unit sphere of
purely imaginary quaternions. Observe that C; can be identified with a complex
plane since I? = —1 for every I € S. Let Q C H be a suitable domain that contains
the S-spectrum of T. We define the quaternionic functional calculus for left slice
hyperholomorphic functions f : 2 — H as

1 _
FT) = o Sp (s, T) dsr f(s), (13)
™ Jancy)
where ds; = —dsl; for right slice hyperholomorphic functions, we define
1 _
F(T) = 2/ f(s) ds; Sp(s,T). (1.4)
T Ja@ncy)

These definitions are well posed since the integrals depend neither on the open set 2
nor on the complex plane C;. Using a similar idea, we define the projection operators
which will provide the link between the spectral theorem and the S-spectrum.

Our proofs make use of a quaternionic version of Herglotz’s theorem proved in
the recent paper [5]. This theorem is the starting point to prove the quaternionic
spectral theorem for unitary operators, in analogy with the classical case.

The main result is that if U is a unitary operator acting on a quaternionic
Hilbert space H, then, there exists a spectral measure E, defined on the Borel sets
of [0, 27], such that for every slice continuous function f € S(og(U)), we have

2
(F(U)z,y) = i FEMAEM) T, y), =y, €M

Moreover, for t belonging to the Borel sets of [0, 27], the measures
vey(t) = (E()z,y),  zye,

are related to the S-spectrum of U by the quaternionic Riesz projectors by the
relation

P(os(U)) = E(t1) - E(to),

where ag(U ) is the spectral set in the unit circle in C; delimited by the angles tg,
t.

The plan of the paper is the following. In Section 2, we introduce some prelim-
inaries on quaternionic Hilbert spaces and quaternionic Riesz projectors and their
properties. In Section 3, we recall the Herglotz’s theorem over the quaternions and
the notion of a ¢g-positive measure and prove the main result of the paper, namely the
spectral theorem for the unitary operators based on the S-spectrum. Finally, in Sec-
tion 4, we discuss the relation the S-spectrum and the spectral measures constructed
in Section 3.
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2. Quaternionic Riesz projectors

The quaternionic functional calculus is defined on the class of slice hyperholomorphic
functions f : 2 — H for some set 2 C H. Such functions have a Cauchy formula
that works on specific domains which are called axially symmetric slice domains. The
quaternionic functional calculus is based on this Cauchy formula and to illustrate
it, we begin by providing some preliminaries.

If we consider an element [ in the unit sphere of purely imaginary quaternions

S:{q:il'l—f-jfﬂg-l-kxg:x%—{—x%—l—gjg:1}

then I? = —1, and for this reason the elements of S are also called imaginary
units. Note that S is a 2-dimensional sphere in R*. Given a nonreal quaternion
p = xo + Im(p) = xo + I|Im(p)|, I = Im(p)/|Im(p)| € S, we can associate to it the
2-dimensional sphere defined by

[p] = {zo + I[Im(p)| : I €S}

For any fixed I € S, the set C; = {u+ Iv : u,v € R} can be identified with the
complex plane C in a natural way.

Definition 2.1 (Axially symmetric slice domain). Let 2 be a domain in H. We say
that €2 is a slice domain (s-domain for short) if £ MR is non empty and if QN Cy is
a domain in Cy for all I € S. We say that () is axially symmetric if, for all g € €,
the 2-sphere [g] is contained in €.

Definition 2.2. An axially symmetric set o C og(T") which is both open and closed
in 0g(7T) in its relative topology, is called a S-spectral set (or, sometimes, spectral
set for the sake of simplicity).

The definition of a S-spectral set is suggested by the symmetry properties of
the S-spectrum. In fact, if p € og(T"), then all of the elements of the 2-sphere [p] are
contained in og (7).

Definition 2.3. Let T be a quaternionic linear operator acting on a quaternionic two
sided Banach space V. Denote by (), an axially symmetric s-domain that contains
the spectral set o but not any other points of the S-spectrum. Suppose that the
Jordan curves 9(2; N Cy) belong to the S-resolvent set pg(7'), for every I € S. We
define the family P(o) of quaternionic operators, depending on the spectral sets o,
as

1

Plo) = —
)= 5 8(2NC;)

Sy (s, T)dsy.

The operators P(co) are called (quaternionic) Riesz projectors.

Remark 2.4. The definition of P (o) can be given using the right S-resolvent operator
Sp'(s,T), that is
1

P(o) = — / ds1S5Y (s, T).
21 Jo.ncy)
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Using the left S-resolvent operator we define the Riesz projectors associated
with the S-spectrum. In [4, Theorem 3.19] we proved that P(o) is a projector and
that it commutes with T

Definition 2.5. Let ) be a two-sided quaternionic Banach space. We denote by B(V)
the space of bounded quaternionic left (or right) linear operators; the results of this
section hold in both cases.

The classical Riesz projectors are a powerful tool in spectral analysis and the
study of such projectors is based on the resolvent equation. Recently, in the paper
[4], it has been shown that there exists a S-resolvent equation in the quaternionic
setting. An interesting fact is that it involves both the S-resolvent operators. More
precisely, we have the following result.

Theorem 2.6 (The S-resolvent equation). Let T € B(V) and let s and p € ps(T).
Then we have

Sp' (s, 1S (0, T) = ((Sg' (s, T) = S (p. T))p — 5(Sk ' (5,T)

(2.1)
= Sp (. 1)) (0" — 2s0p + [s|*) 7
and
Sp' (5,18 (0. T) = (5° = 2pos + [p*) " (s(Sp (5. T) 2.
=S, (P, 1)) = (S5 (5, 1) = S (0. T)P)- ‘
The following lemma will be useful in the sequel.
Lemma 2.7. Let B € B(V) and let Q2 be an azially symmetric s-domain.
If p € Q, then
1 — 2 21 _
5 ds;(sB — Bp)(p~ — 2sop + |s|°) " = B. (2.3)
T Joa@ncy)
Moreover, if s € ), then
1 - 2 2y-1
. (5B — Bp)(7* — 2s0p + |s]*) " 'dps = ~B. (2.4)
271 Joncy)
Proof. 1t follows the same lines of the proof of Lemma 3.18 in [4]. O

Theorem 2.8. Let T' be a quaternionic linear operator. Then the family of operators
P(o) has the following properties:

(i) (P(0))? = P(0);

(i) TP(o) = P(o)T;

(iit) P(os(T)) = I;

(iv) P(0) = 0;

(v) P(oUd)=P(o)+P() for ond=10
(vi) P(onéd) =P(a)P(6).
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Proof. Properties (i) and (ii) are proved in Theorem 3.19 in [4]. Property (iii) follows
from the quaternionic functional calculus since

1

™ =
21 Jancy)

S; (s, T)dsr s™, m €Ny

for og(T") C 2, which for m = 0 gives

1

I=—
21 Jonc)

Sy (s, T)dsy.

Property (iv) is a consequence of the functional calculus as well.
Property (v) follows from

1
PloUs) = / S(s, T)ds
21 Jo@Qpusnc)
_ 1
21 Ja@ency)

= P(0) + P(6).

1
Sy (s, T)dsy + — Sy (s, T)dsy
2 a(2sNCy)

To prove (vi), assume that o N # () and consider

P@)P(6) = / ds1 S5\ (s.T) / S (p, T)dp
(2m)2 Jo,nc) A(25NCy)

= ds / S-Y(s,T) — S7Hp, T
(2m)? /a(gzgmc,) ! a(sz(;mc,)[ r (51) =S, (. T)]

x p(p* — 2s0p + |s|*) "Vdpr

1 / / —ro—1 1
- — ds s|ISp (s, T)— S;*(p, T
(2m)? d(2NCr) ! d(QsNCy) Sp (5. 1) v @ T)]

X (p2 — 2sop + |s|2)’1dp1,

where we have used the S-resolvent equation (see Theorem 2.6). We rewrite the
above relation as

P(o)P(5) = —(2;)2 / ds; / [5571(s, T) — S71(s, T)p]
8(QNC;) B(Q5NC;)
x (p* — 2s0p + |s|*) " dpy
" (2710 /a e B /6 o[BS B T) = S 0 T
x (p* — 2s0p + |s|*) " dps
=:J1 + Jo.
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Now thanks to Lemma 2.7 and Remark 2.4 we have
1

J :_/ ds / 5551(s, T) — S7 (s, T)p
' @m)2 Joquncy a(nmc,)[ r (5T) = 55 (s T)p)

x (p® — 2s0p + |s|*) " 'dpr

1
— ds;Syp'(s,T), for s€Q;NCy
21 Jo@,ncy)

1
= SZl(s,T)dSI, for se€QsNCy
27 Jo,ncy)
o I

while 71 = 0 when s € Qs N C; since
[ R ) — S e Tl — 2sup -+ ) s = 0.
o(QsNCy)
Similarly, one can show that

1
Jo / Sgl(p,T)de, for peQ,NCy
3(95(\@])

T or

while Jo = 0 when p € Q, N C;. The integrals [J1, Jo are either both zero or both
nonzero, so with a change of variable we get
1
T+ T = / S (r, T)dry = P(oN6). O
2 9(Q5nsNCr)
From now on we will always work in quaternionic Hilbert spaces, so we will
recall some definitions.

Let H be a right linear quaternionic Hilbert space endowed with an H-valued
inner product (-,-) which satisfies

(z,y) = (y, z);
(r,z) >0 and |z|?:= (z,2) =0<= 2 =0;
(za+yB,z) = (z,z)a+ (y, 2)5;
(z,ya + 2p) = alz, z) + B(z, 2),
for all z,y,z € H and «a, 8 € H. Any right linear quaternionic Hilbert space can be
made also a left linear space, by fixing an Hilbert basis, see [24], Section 3.1. We
call an operator A from the right quaternionic Hilbert space H1, with inner product

(-, )1, to another right quaternionic Hilbert space Hso, with inner product (-, -)o, right
linear if

A(za+yp) = (Az)a + (Ay)B,
for all z,y in the domain of A and «, 8 € H. We call an operator A bounded if

IA|| :== sup ||Az| < oc.
=l<1

Corresponding to any bounded right linear operator A : Hy — Ho there exists a
unique bounded right linear operator A* : Ho — 1 such that

<A$, y>2 = <CL‘, A*y>17
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and ||Al| = ||A*|| (see Proposition 6.2 in [11]).
Let H be a right quaternionic Hilbert space with inner product (-, -). We call a
right linear operator U : H — H unitary if

(U Uz, y) = (z,y), for all z,y € H,
or, equivalently, U~! = U*.
Theorem 2.9. Let H be a right linear quaternionic Hilbert space and let U be a

unitary operator on H. Then the S-spectrum of U belongs to the unit sphere of the
quaternions.

Proof. See Theorem 4.8 in [24]. O
We denote the Borel sets in [0, 27] by B([0, 27]).

Lemma 2.10. Let x,y € H and let P(o) be the projector associated with the unitary
operator U given in Definition 2.3. We define

Myy(0) = (P(o)z,y), =, yeM, oecB([0,27]).
Then the H-valued measures my ,, defined on B([0,27]) enjoy the following properties

(1) Mya4yB,z = Mg 2 + Ty,zﬁ;
(ii) My yatzf = Mgy + /Bmz,z§
(ifi) 14, ([0, 27]) < [lz|[y]l,
where x,y,z € H and o, 5 € H.
Proof. Properties (i) and (ii) follow from the properties of the quaternionic scalar

product, while (iii) follows from Property (iii) in Theorem 2.8 and the Cauchy-
Schwarz inequality (see Lemma 5.6 in [11]). O

3. The spectral theorem for quaternionic unitary operators

We recall some classical results and also their quaternionic analogs which will be
useful to prove a spectral theorem for quaternionic unitary operators.

Theorem 3.1 (Herglotz’s theorem). The function n +— r(n) from Z into C**° is
positive definite if and only if there exists a positive C***-valued measure p on [0, 2]
such that

2m
r(n) :/ e™Mdu(t), n€Z. (3.1)
0
In this case u is unique.

Given P € H**%, there exist unique P, P» € C**% such that P = P| + P»j.
Recall the bijective homomorphism y : H**¢ — C2$*2¢ given by

(P P B .
xP = (_P2 P1> where P = P + P»j. (3.2)
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Definition 3.2. Given a H-valued measure v, we may always write v = v + 157,
where 11 and v, are uniquely determined C-valued measures. We call a measure v
on [0, 27] g-positive if the C>*2-valued measure

w= (Vl V2> ,  where v3(t) = 11 (2m — t), t € [0,2n7] (3.3)

vy U3
is positive and, in addition,
v(t) = —(2r —t), tel0,2n].

Remark 3.3. If v is g-positive, then v = 11 + 157, where 11 is a uniquely determined
positive measure and vs is a uniquely determined C-valued measure.

Remark 3.4. If r = (r(n))nez is a H-valued sequence on Z such that

r(n) = /O 7 eMdy(t),

where v is a g-positive measure, then r is Hermitian, i.e., r(—n) = r(n).

The following result is a particular case of [5, Theorem 5.5] (H3*5-valued posi-
tive sequences for s > 1 were also considered in [5]).

Theorem 3.5 (Herglotz’s theorem for the quaternions). The function n — r(n) from
Z into H is positive definite if and only if there exists a q-positive measure v on [0, 27]
such that

2
r(n) :/ e™dy(t), n €. (3.4)
0
In this case v is unique.

Remark 3.6. For every I € S, there exists J € S so that IJ = —JI. Thus, H =
Cr @ C;J and we may rewrite (3.4) as

2m
r(n) :/0 e™dy(t), neZ, (3.5)

where v = vy + 5] is a g-positive measure (in the sense that

vy 12
M =
vs U3

is positive), where v5(t) = —vo(2m — t) and v3(t) = v1 (2w — ).

Lemma 3.7. Let U be a unitary operator on H and let r4(n) = (Umx, x) for x € H.
Then ry = (rz(n))nez is an H-valued positive definite sequence.
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Proof. If {po,...,pn} C H, then

N N
S bareln—mlpu = 3 pu(U" "2 2)p,
m,n=0 m,n=0
N
= > (U "apa, apm)
m,n=0
N
= Z <Un$pm Uml‘pm>
m,n=0
N N
= <Z U"xpp, Z Uml‘pm>
n=0 m=0
N 2
= Z Utzp,|| > 0.
n=0
Thus, 7, is a positive definite H-valued sequence. O

Let r, be as in Lemma 3.7. It follows from Theorem 3.5 that there exists a
unique ¢-positive measure dv, such that

2
ry(n) = (U"x,z) = / e du,(t), n € 7. (3.6)
0
One can check that
AUz, y) = UMz +y),z+y) — (U"(x —y),z —y) +i(U"(x +yi),z +yi)
— (U™ (z —yi),z — yi) + i{U"(z — yj), = — yj)k — i(U"(z + yj), = + yj)k
+ (U™(x + yk),x + yk)k — (U™ (z — yk), xz — yk)k. (3.7)
Thus, if we let
Vpy = (Vpty — Vo—y + Wty — Wo—yi + iWa—yjk — iWpiyik
+ Va:erkk - foykk)/47 (3'8)
then
2r
(UMz,y) = / e dvy (), z,y€H and ne€Z. (3.9)
0
Theorem 3.8. The H-valued measures v, defined on B([0,27]) enjoy the following
properties:

(i) VeatyB,z = V20 + Zy,zﬁa a, B € H
(11) Ve yatzB = @Var,y + /BVx,za a, 5 € Ci;
(iii) vy ([0, 27]) < [lz[|lyll,

where x,y,z € H and o, f € H.



52 D. Alpay, F. Colombo, D.P. Kimsey and I. Sabadini Vol.84 (2016)

Proof. Formula (3.9) yields

27
/ e’”tduxa+y/37z(t) =({U"z,z)a+ (UMy, z)p
0

2m
= / " (dvy . () + dvy L (1)), n € 2.
0

The uniqueness of the g-positive measure appearing in Theorem 3.5 allows to con-
clude that

VaatyB,z(t) = V(D)o + vy - (1) 8
and hence we have proved (i). Property (ii) is proved in a similar fashion, observing

that @, 8 commute with e

If n=0in (3.9), then

27
(2, 5) = / Ay (£) = vy ([0, 27])

and thus we can use an analog of the Cauchy-Schwarz inequality (see Lemma 5.6 in
[11]) to obtain

Vay([0,2]) < [|2[[[ly]]
and hence we have proved (iii). O

Remark 3.9. Contrary to the classical complex Hilbert space setting, v, , need not
equal 7y ;.

It follows from statements (i), (ii) and (iii) in Theorem 3.8 that ¢(z) = v, 4(0),
where y € H and o € B([0,27]) are fixed, is a continuous right linear functional.
Moreover, an analog of the Riesz representation theorem (see Theorem 6.1 in [11] or
Theorem 7.6 in [13]) gives that corresponding to any x € H, there exists a uniquely
determined vector w € H such that

gf)(I) = <x’ w>v
ie., vpy(o) = (x,w). Use (i) and (ii) in Theorem 3.8 to deduce that w = E(0)*y.
The uniqueness of E follows readily from the construction. Thus, we have

Vg y(0) = (E(0)z,y), z,y € H and o € B([0,27]), (3.10)
whence
o
(U $,y>:/0 e d(E(t)x,y). (3.11)

To prove the main properties of the operator £ we need a uniqueness results
on quaternionic measures which is a corollary of the following:

Theorem 3.10. Let pv and v be C-valued measures on [0, 2x]. If

2r 2r
r(n) = / e™du(t) = / e™du(t), n €z, (3.12)
0 0
then p=v.
Proof. See, e.g., Theorem 1.9.5 in [30]. O
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Theorem 3.11. Let p and v be H-valued measures on [0, 2x]. If

2 2m
r(n) = / eMdu(t) = / e™dy(t), n €, (3.13)
0 0

then p=v.

Proof. Write r(n) = ri(n) + re(n)j, 0 = p1 + p2j and v = vy + voj, where
ri(n),ra(n) € C and py, po, v1,v2 are C-valued measures on [0, 27]. It follows from
(3.13) that

27 2T
ri(n) —/ e duy (t) —/ e™Mdu(t), neZ
0 0
and
2T ) 27 )
ro(n) :/ e™dus(t) :/ e™duy(t), n€Z.
0 0
Use Theorem 3.10 to conclude that u; = vy, pus = vo and hence that p = v. O

Theorem 3.12. The operator E given in (3.10) enjoys the following properties:
(i) IE@) <1;

(ii) E(0) =0 and E([0,27]) = Iy;
(i) IfeonT =10, then E(c UT) = E(0) + E(7);
(iv) E(cnNT)=E(0)E(T);

(v) E(0)* = E(0);

(vi) E(o) commutes with U for all o € B([0, 27]).
Proof. Use (3.10) with y = E(c)x and (iii) in Theorem (3.8) to obtain
1E(o)al* < ||z B ()],

whence we have shown (i). The first part of property (ii) follows directly from the
fact that v, (@) = 0. The last part follows from (3.11) when n = 0. Statement (iii)
follows easily from the additivity of the measure v, ,.

We will now prove property (iv). It follows from (3.11) that

21
(U™, ) = / M (B (b))
0
=({U"(U"z),y)
2r
= / " d(E()U™x,y).
0
Using the uniqueness in Theorem 3.11 we obtain
(B (L), y) = d{E()U™, y)
and hence, denoting the characteristic function of the set o by 1., we have
21
| et aE .y = (B0
0
But

2 ) 2
/ 1, ()™ d(E(t)x,y) = (U™x, E(0)*y) = / ™ d(E(t)x, E(o)*y).
0 0
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Using the uniqueness in Theorem 3.11 once more we get
L, (t)d(E(t)x, y) = d(E(t)x, E(0)"y)
and hence
[ s = e By
and thus
(E(on7)z,y) = (E(0)E(T)z,y).

Property (v) is obtained from (iv) by letting o = 7.
Finally, since U is unitary one can check that

(U(xxUy),xa£U") =({UUzxz+ty),Ux+ty)
and hence from (3.9) and the uniqueness in Theorem 3.11 we obtain
VetUry = VUzty-
Similarly,
VetUryi = VUztyi

VetUryj = VUatyj
and

Vp+U*yk = VUztyk-
It follows from (3.8) that

Vg Ury = VUz,y-
Now use (3.10) to obtain
(E(0)z,Uy) = (E(0)U,y),

ie.,

(UE(0)x,y) = (E(0)Ux,y), x,y € H. O

If U : H" — H" is unitary, then (3.11) and Theorem 3.12 assert that
n .
U=> ¢e"Pp, (3.14)
a=1

where 61, ...,0, € [0,27] and Py, ..., P, are oblique projections (i.e. (P,)? = P, but
(P,)* need not equal P,). Corollary 6.2 in [34] asserts, in particular, the existence
of V: H" — H" which is unitary and 6y,...,0, € [0,27] so that

U = V*diag(e, ... eV, (3.15)

In the following remark we will explain how (3.14) and (3.15) are consistent.
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Remark 3.13. Let U : H® — H" be unitary. Let V and 64, ...,0, be as above. If we
let e, = (0,...,0,1,0,...,0)7 € H", where the 1 is the a-th position, then we can
rewrite (3.15) as

n
U= Z V*ellae eV,
a=1

Note that V*eae el V = e%aV*e,eV if and only if V : C* — C". In this case

U:C"— C" and
U= Z ew“Pa,
a=1

where P, denotes the orthogonal projection given by V*e#e eqeV.

Remark 3.14. Observe that in the proof of the spectral theorem for U™ we have
taken the imaginary units i, j, k for the quaternions and we have determined spectral
measures d(E(t)z,y) that are supported on the unit circle in C;. In the case one uses
other orthogonal units I, J and K € S to represent quaternions, then the spectral
measures are supported on the unit circle in Cj.

Observe that (3.11) provides a vehicle to define a functional calculus for unitary
operators on a quaternionic Hilbert space. For a continuous H-valued function f on
the unit circle, which will be approximated by the polynomials ), e*ta;. We will
consider a subclass of continuous quaternionic-valued functions defined as follows,
see [24]:

Definition 3.15. The quaternionic linear space of slice continuous functions on an
axially symmetric subset €2 of H, denoted by S(€2) consists of functions of the form
f(u+ Iv) = afu,v) + I5(u,v) where «, 3 are quaternionic valued functions such
that a(x,y) = a(u, —v), B(u,v) = —f(u, —v) and «, 5 are continuous functions.
When «, 8 are real valued we say that the continuous slice function is intrinsic. The
subspace of intrinsic continuous slice functions is denoted by Sr(€2).

It is important to note that any polynomial of the form P(u+Iv) = > _ (u+
Iv)"ay,, a, € H is a slice continuous function in the whole H. A trigonometric
polynomial of the form P(ef) = 3" _ el™q,, is a slice continuous function on
OB, where B denotes the unit ball of quaternions.

Let us now denote by PS(os(T")) the set of slice continuous functions f(u +
Iv) = a(u,v) + IB(u,v) where «, 3 are polynomials in the variables u, v.

In the sequel we will work on the complex plane C; and we denote by T; the
boundary of BN C;. Any other choice of an imaginary unit in the unit sphere S will
provide an analogous result.

Remark 3.16. For every I € S, there exists J € S so that IJ = —JI. Bearing in
mind Remark 3.6, we can construct V;S;Jy) so that (3.9) can also be written as

2m
n Int J
Uz, y) _/0 e dl/g(m)(t), z,y€H and neLZ. (3.16)
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Consequently, (3.11) can be written as

2
W)= [ EES By, (317)
0
where E; is given by

V:S;,]y)(o-) = <EJ(U)$7?J>> T,y (S H and o € B(TI)

Moreover, E; satisfy properties (i)—(v) listed in Theorem 3.12.

Theorem 3.17 (The spectral theorem for quaternionic unitary operators). Let U be
an unitary operator on a right linear quaternionic Hilbert space H. Let I,J € S, I
orthogonal to J. Then there exists a unique spectral measure Ejy defined on the Borel
sets of T such that for every slice continuous function f € S(os(U)), we have

2
fU) = ; F(e™)dE,(t).
Proof. Let us consider a polynomial P(t) = > I _ e'™a,, defined on T;. Then
using (3.17) we have

27
(UMzx,y) = / elmt<dEJ(t)a:,y> x,y, € H.
0

By linearity, we can define

2w
<P(U)£C,y> = P(e]t)<dEJ(t)x7y>a Y, € H.
0

The map ¥ : PS(os(U)) — H defined by ¢y(P) = P(U) is R-linear. By
fixing a basis for H, e.g. the basis 1,1, j, k, each slice continuous function f can be
decomposed using intrinsic function, i.e. f = fo+ fii+ faj+ f3k with f; € Sg(os(U)),
¢=0,...,3, see [24, Lemma 6.11]. For these functions the spectral mapping theorem
holds, thus fi(os(U)) = os(fe(U)) and so || f¢(U)]] = || felloo, see [24, Theorem 7.4].
The map v is continuous and so there exists C' > 0, that does not depend on /¢, such
that

IPU)[ln < ¢ Dax [P(t)]-

A slice continuous function f € S(og(U)) is defined on an axially symmetric sub-
set K C T and thus it can be written as a function f(e/*) = a(cost,sint) +
IB(cost,sint). By fixing a basis of H, e.g. 1,4,7,k, f can be decomposed into four
slice continuous intrinsic functions fy(cost,sint) = ay(cost,sint) + I5;(cost,sint),
£=0,...,3, such that f = fo+ fii + foj + f3k.

By the Weierstrass approximation theorem for trigonometric polynomials, see,
e.g., Theorem 8.15 in [29], each function f; can be approximated by a sequence of
polynomials

Ry, = agp(cost,sint) + Ii)gn(cos t,sint),
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¢=0,...,3 which tend uniformly to f;. These polynomials do not necessarily belong
to the class of the continuous slice functions since agy,, by, do not satisfy, in general,
the even and odd conditions in Definition 3.15. However, by setting

im0, 0) = 3 (e (1,0) + (1, ),

bfn(ua U) = %(bfn(ua _U) - bfn(uv U))
we obtain that the sequence of polynomials ag, + Ibg, still converges to fy, £ =
0,...,3. By putting Ry, = ag,(cost,sint) + Ibp,(cost,sint), £ =0,...,3 and R,, =
Ron+ Rini+ Ronj+ Rsnk we have a sequence of slice continuous polynomials Rn(el t)
converging to f(e’) uniformly on R.
By the previous discussion, {R,(U)} is a Cauchy sequence in the space of
bounded linear operators since

[1Bn(U) = Ry (V)| < C max | Rn(t) = R (1),

tcogs

so as R, (U) has a limit which we denote by f(U). O

Remark 3.18. Fix I € S. It is worth pointing out that f(u+ Iv) = (u+ Iv)~!is an
intrinsic function on C; N 9B, where OB = {¢q € H : |¢| = 1}, since

u —v
Iv) = .
flut Iv) u2+v2+<u2+v2>J

Thus, using Theorem 3.17, we may write

27
U—lz/ e TtdE;(t) (3.18)
0

and

2
U:/0 el dE;(t). (3.19)

4. The S-spectrum and the spectral theorem

In this last section we show that the spectral theorem is based on the S-spectrum.
We will be in need of the Cauchy formula for slice hyperholomorphic functions; we
will briefly recall it below and we refer the reader to [17, 23] for more details.

Definition 4.1 (Cauchy kernels). We define the (left) Cauchy kernel, for g ¢ [s], by
Si ' (5,4) = —(¢° — 2qRe(s) + |s*) (g — ). (4.1)
We define the right Cauchy kernel, for ¢ € [s], by
Sp'(s,0) = —(q = 3)(¢® — 2Re(s)q + |s[*) . (4.2)
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Theorem 4.2. Let Q@ C H be an azially symmetric s-domain such that (2 N Cy)
is union of a finite number of continuously differentiable Jordan curves, for every
I€S. Let f be a slice hyperholomorphic function on an open set containing Q and,
forany I €8S, set ds; = —Ids. Then for every q = u+ I,v € ) we have:

1

21 Jooney)

fa) St(s,q)dsrf(s). (4.3)

Moreover, the value of the integral depends neither on ) nor on the imaginary unit
IeSs.
If f is a right slice hyperholomorphic function on a set that contains §2, then

—i s)ds;S7 (s
S0 =50 [ ST .0 (1.4

Moreover, the value of the integral depends neither on Q) nor on the imaginary unit
Ies.

We are now ready to prove the following fundamental result, which shows the
relation between the spectral measures and the S-spectrum.

Theorem 4.3. Fiz I,J € S, with I orthogonal to J. Let U be an unitary operator
on a right linear quaternionic Hilbert space H and let E(t) = E;(t) be its spectral
measure. Assume that o3(U) N Cy is contained in the arc of the unit circle in Cy
with endpoints ty and t1. Then

P(og(U)) = E(t1) — E(to).

Proof. The spectral theorem implies that the operator Sgl(s, U) can be written as

2
Spl(s,U) = ; Sy (et s)dE(t).

The Riesz projector is given by
1
0 -1
= ds;Sz (s,U)
27 Jaoncy) R

where € is an open set containing ¢%(U) such that 9(£29 N Cy) is a smooth closed
curve in Cy. Write

_ dsl( 27r571(e]t s)dE(t))
21 Joonc)) 0o = ’

and use the Fubini theorem to obtain

P(o3(U)) = /0 " (% /6 P dsIS§1(e1t,s))dE(t).

It follows from the Cauchy formula that
1

o dSIS_l(eltas) = 1y,
o 5(QunC) R [to,t1]
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where 1, ;) is the characteristic function of the set [to, 1], and thus the statement
follows, since

21
Po(U)) = /O 1o dE(t) = E(ty) — E(ts). 0
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