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ABSTRACT

p-Adic quantum mechanics is a branch of modern theoretical physics which arose, at the
end of the last century, from Volovich and Vladimirov’s conjecture that the existence of a
smallest measurable length — i.e., the so-called Planck length — entails a non-Archimedean
character for the space-time at small distances. Since, up to isomorphisms, the only non-
Archimedean field one can construct by completing the field of rational numbers is the field
of p-adic numbers Q,, it is natural to take this field as the right candidate to model space-
time coordinates at the Planck regime. There are actually two possible routes one can follow
when trying to construct p-adic models of quantum mechanics. The first approach describes
physical states of a p-adic quantum system by means of p-adic wave functions, i.e., square
integrable functions from @, to the field of complex numbers C. The second approach,
instead, follows a more ‘radical’ p-adic point of view and postulates a non-Archimedean
structure also for the carrier vector space (i.e., the Hilbert space) of physical states. In this
dissertation, we aim at extending p-adic quantum mechanics towards quantum information
theory, following both the two approaches to the p-adic quantization. In particular, pursuing
the first route, we observe that a suitable model of a p-adic qubit is provided by considering
two-dimensional irreducible projective representations of the group SO(3, Q,) — the special
orthogonal group on Q,. Since this group is compact, according to the celebrated Peter-
Weyl theorem, the determination of the Haar measure (or, the Haar integral, viewing such
a measure as a functional) can be regarded as a preliminary step for studying its irreducible
representations. Hence, as a starting point, we provide a general method for constructing
the Haar measure on every p-adic Lie group; in particular, we also argue that this measure
can be regarded as the measure naturally induced by the invariant volume form on the
group, as it happens for standard real Lie groups. We then apply our general results to the
special orthogonal groups over Q, (in dimension 2,3 and 4), hence paving the way to the
development of harmonic analysis on these groups, with potential applications in both p-adic
quantum mechanics and p-adic quantum information theory. Following the second approach
to the p-adic quantization, instead, we first introduce a suitable notion of a p-adic Hilbert
space over a quadratic extension of Q,,. Next, we characterize some classes of linear operators
acting in it. Resorting to the algebraic definition of quantum states, we define a state for a
p-adic quantum system as a suitable functional acting on the (ultrametric) Banach x-algebra
of p-adic (bounded) observables. Eventually, to complete the statistical interpretation of the
theory, we introduce the notion of a SOVM as a suitable p-adic counterpart to a POVM of
the complex quantum theory.
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Introduction

Since the early stages of scientific inquiry, the concept of ‘measurement’ has played a crucial
role in the development of physical theories. In fact, in all its different branches, physics
has primarily originated either from practical needs, or from particularly striking natural
phenomena that, initially, determined its borders and established its fundamental definitions.
Examples of this are provided by fields such as mechanics, acoustics, optics, or the theory of
heat, where the ‘physiological’ element undoubtedly appears predominant. The essence of
this phenomenological approach characterizing the early days of classical physics is perhaps
captured, in its most significant and suggestive form, by Galilei’s famous maxima: “Measure
everything that is measurable, and make measurable everything that is not yet so”.

This picture changed radically with the emergence of modern physics at the beginning
of the 20th century. In fact, the observation of new physical processes and phenomena on
length scales far from the immediate human experience has led, on the one hand, to the
appearance of new branches of theoretical physics such as cosmology and quantum theory;
on the other, it has also shown that the investigation and understanding of fundamental
physical phenomena should undoubtedly rely on a completely different approach from the
one characterizing the physics of the earlier centuries. In this regard, we believe that Dirac’s
enlightening words have captured, better than any other, this radical change in physical
inquiry: “I learnt to distrust all physical concepts as the basis for a theory. Instead one
should put one’s trust in a mathematical scheme even if the scheme does not appear at first
sight to be connected with physics. [...] The basic equations of the theory were worked out
before their physical meaning was obtained. The physical meaning had to follow behind the
mathematics” [1].

This new approach has culminated, nowadays, in the predominant effort in modern
physics to formulate unified theoretical models (e.g., search for a standard model encom-
passing all the fundamental interactions) and to emancipate itself from those physiological
and phenomenological elements that have characterized its early days (e.g., redefining quan-
tum theory within a purely information-theoretic framework). In short, it seems that ‘mea-
surement’ on the one hand (understood in its broadest sense of physical experimentation)
and the rigorous study of mathematical models on the other hand (which encapsulate in a
concise and precise way the physical content of fundamental natural processes) serve as the
two guiding principles inspiring research in modern physics.

It is therefore not surprising that a ‘measurement problem’ has motivated, at the end of
the last century, the emergence of a new branch of modern theoretical physics. In fact, general
considerations in both quantum gravity and string theory suggest the existence of a smallest
possible measurable length, i.e., the so-called Planck length {p = \/hG/c3 ~ 1073 m.
Specifically, if Az denotes an uncertainty in a length measurement, it should be true that

Ax > £P7

essentially meaning that a length measurement smaller than the Planck length is forbidden,
no matter if we increase the precision of the measurement. Otherwise said, this fundamental
length poses a natural unavoidable limitation to the possible precision of any length mea-
surement. Pursuing this observation to its logical conclusions, one is led to infer that, at a
suitably small scale (comparable with the Planck length), space (or, in a relativistic frame-
work, space-time) is not an infinitely divisible continuum, but, from a mathematical point

ix



X Introduction

of view, it should be described as a totally disconnected topological space. Therefore, in line
with the general approach to modern theoretical physics, one can argue that the identifica-
tion of the right mathematical framework for the description of the space-time geometry at
a small length scale have to play a major role.

Based on these observations, Volovich and Vladimirov [2,3] postulated, in the late 1980s,
that space-time should ultimately reveal a non-Archimedean micro-structure. In particular,
starting from the observation that the only non-Archimedean field one can construct —
up to isomorphism — by completing the field of rational numbers is the field Q, of p-adic
numbers (where p is a generic prime number), they proposed this field as a natural candidate
for modeling space-time ‘coordinates’ at a very small length scale. This has then fueled the
emergence of an entirely new branch of theoretical and mathematical physics, nowadays
known as p-adic quantum mechanics [2-9)].

At the best of our knowledge, there are two possible routes one can follow to describe
a ‘p-adic quantization’. The first route (and, actually, the most explored one), stems from
the original ideas of Volovich and Vladimirov to exploit the field of p-adic numbers for
space-time coordinates. Accordingly, in this model, a p-adic quantum system is essentially
described by means of a triple

{L2(Qp), W(2),U(t)},

where L?(Q,) is the state space, W (z) is a unitary representation of the Heisenberg-Weyl
group in L2 (Qp) — namely, the representation of the canonical commutation relations — and
U(t) is the unitary evolution operator associated with the p-adic Hamiltonian of the system.
Here, the state space L?(Q,) is simply the (complex) Hilbert space of square-integrable
complex valued functions 1: Q, — C which, in this model, play the role of the ‘p-adic wave
functions’.

The second route one can follow, instead, concerns the carrier vector space of physical
states itself and leads one, so to speak, to a more ‘radical’ p-adic point of view. Specifically,
in this framework, physical states — in particular, wave functions — and observables live
in a p-adic Hilbert space, and are tailored on a suitable model of p-adic probability theory.

Both these approaches have intrinsic strengths and limitations. For instance, referring
to the first possible approach — namely, the route explored by Volovich and Vladimirov —
there is no natural definition for the position and momentum operators. On the other hand,
following the second possible route, some inconsistencies are observed related to the usual
lattice structure of quantum mechanics [10].

In any case, regardless of the particular type of p-adic quantization exploited, over time
there has been an increasing interest in application of p-adic numbers to quantum mechanics
and to fundamental physical theories, ranging from quantum field theory and string theory
(see [2,5-7,10-30], and references therein) to p-adic versions of both classical and quantum
gravitational theory, along with unexpected cosmological applications related to the study
of dark energy (see, e.g., [2—4,19,31-41]).

More recently, new and interesting implications of p-adic numbers — more oriented
towards concrete applications — have begun to appear. In particular, p-adic models are
currently also widely used to provide a useful mathematical tool for the characterization of
complex systems showing a natural hierarchical structure. For instance, it has been proved
that the ground state of spin glasses exhibits a natural ultrametric character: The so-called
Parisi matriz admits a p-adic parametrization, as follows by observing that — once a
suitable enumeration of the indices is adopted — its matrix elements can be expressed
in terms of a (real-valued) function of the p-adic valuation of the difference of the matrix
indices [42-47]. More recently, ultrametric models of statistical field theory have also been
proposed [25,48-56], and, resorting to the well known correspondence between quantum field
theory and neural networks, new hierarchical p-adic versions of the classical restricted Boltz-
mann machines have been obtained [57-60]. In this context, further interesting applications
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also appear in connection with algebraic dynamical systems; in particular, with problems
arising from image analysis, image recognition, cryptography, compression of information
and computer science [61-67].

Having described the distinctive features of p-adic quantum mechanics, and explored
the possible applications of p-adic numbers in modelling physical phenomena, we aim at
addressing, in the concluding part of this introductory chapter, three questions that may
have naturally occurred to the reader who has reached this point.

The first question we try to answer — and, most likely, the first one the reader may ask
— is: What is the field of p-adic numbers Q, from a purely mathematical point of view?

Without claiming to be exhaustive and rigorous at this stage (for this purpose, in fact,
we will devote an entire section in Part I of this dissertation), we try here to outline the
fundamental properties of this field, in particular focusing on those aspects which, ultimately,
justify its use in modelling space-time geometry at a small scale.

From an historical point of view, p-adic numbers were introduced by the German mathe-
matician Kurt Hensel at the end of the XX century. What motivated Hensel was a thorough
study of the analogies between the ring of integers Z — with its fraction field of rational
numbers Q — and the ring C[X] of complex polynomials — with its fraction field of ratio-
nal polynomials C(X). We remind that, in close analogy with the field of rational numbers
Q, where any rational number can be expressed as the quotient of two integers, a generic
element R(X) in C(X) is a rational function of the form

R(X) = gg; F(X),G(X) € C[X], G(X)#0.

Moreover, Z and C[X] share some structural properties: They are both rings, and both
admit a unique factorization property; namely, any integer can be expressed (uniquely) as
+1 times the product of suitable powers of prime numbers, as well as any polynomial in
C[X] can be written in the form

PX)=2(X -Q)X =¢) ... (X =), %G, el

It is essentially based on these observations that Hensel argued that primes p € Z have to
play a role ‘analogous’ to the one played by the linear polynomials X —¢ in C[X]. Specifically,
starting from the well known fact that any polynomial (actually, every rational function in
C(X)) can be expanded, in a unique way, in the form

RO = G = L a(X — 0 o€ s (et (*
>0

namely, in terms of a suitable (converging) Laurent series, pursuing further the analogy
between the two rings (and the respective fraction fields), he argued that a representation
like the one in (*) can be constructed also for rational numbers; namely, he tried to express
every ¢ € Q by means of a suitable ‘Laurent series’ of the form

m i
q=—= cp', myn,c; € Z. Kk

- ;) (%)
We call an expression like the one in (xx) a p-adic expansion of q. Clearly, a series as in (xx)
will not, in general, converge in Q; it was precisely the attempt to define the convergence
conditions of (xx) what guided Hensel in the construction of the field of p-adic numbers
Q,. Indeed, one way to characterize this field is to define it as the metric space where all
the p-adic expansions are convergent. Its metric and topological properties — assuring the
convergence of (k%) — are noteworthy, and in sharp contrast with the ones observed in the
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fields of real or rational numbers. In fact, it turns out that Q, is an ultrametric space, i.e.,
its topology is induced by an ultrametric function — a metric function satisfying a peculiar
condition named strong triangle inequality — and a totally disconnected topological field.
Both these properties, in particular, entail a non-Archimedean character for this field [68-76].

An astonishing result (nowadays known as Ostrowski’s Theorem) proves that, starting
from the field of rational numbers Q, the field of p-adic numbers is the only field (up to
isomorphism) one can construct with these peculiar characteristics. This observation is,
ultimately, what led Volovich and Vladimirov to adopt Q, as the ‘right’ field to capture the
non-Archimedean character of space-time at the Planck regime.

Next, we now answer a second question the reader may have at this point: What does
this dissertation actually deal with?

As previously observed, in fact, p-adic quantum mechanics has been widely studied and
explored in its peculiar features and possible implications. In our opinion, however, it seems
that at least one remarkable aspect of the p-adic theory of quantum mechanics has not
been fully investigated yet. Indeed, the recent development of quantum technologies sug-
gests exploring possible implications of p-adic numbers in quantum information theory as
well. There are already promising indications that the distinctive properties of p-adic num-
bers (in particular, their fractal-like structure) may offer a new line of attack for notoriously
hard problems in this context. For instance, it has been observed that p-adic numbers can
be profitably used in the construction of the so-called mutually unbiased bases (MUBs) [77].
However, at the best of our knowledge, it seems that a systematic study of their possible
application in this specific direction has not yet been adequately investigated. In this dis-
sertation, we try to address this gap by setting the foundations for what may be considered
a first step towards a p-adic model of quantum information theory. Our first aim is to ap-
propriately define a notion of a qubit in this setting and to provide, at the same time, those
technical tools necessary for a further development of the theory. In particular, following
the first of the two approaches to the p-adic quantization (i.e., the model introduced by
Volovich and Vladimirov), we argue that a suitable model of a p-adic qubit may be intro-
duced by resorting to two-dimensional irreducible representations of the special orthogonal
group SO(3,Q,) over Q,. Exploiting the well known Peter-Weyl theorem, these represen-
tations are found once a Haar measure for such a group is known. This issue is non-trivial
since SO(3,Q,) — and, more in general, any p-adic Lie group — is locally isomorphic to Qp
and, as such, a totally disconnected topological space. While p-adic Lie groups have been
extensively studied [78-80], we found no trace in the literature of a general construction for
a Haar measure (or an invariant form) on such groups. We hence provide a solution to this
problem by showing a general method for constructing an invariant measure on any p-adic
Lie group and, more in general, on every totally disconnected topological group. We also
observe that this measure can be regarded as the measure naturally induced by the invariant
volume form on the group, as it happens for standard real Lie groups. We then apply our
general results to the special orthogonal groups over @, (in dimension 2,3 and 4), hence
paving the way to the development of harmonic analysis on these groups, with potential
applications in both p-adic quantum mechanics and p-adic quantum information theory.

Following the second possible approach to the p-adic quantization, we try to provide
a suitable definition of a qubit also in this setting. Once again, a preliminary problem
we have to face with is to develop the ‘right mathematical machinery’ suitable for our
purposes. Hence, as a first step, we propose a new notion of a p-adic Hilbert space (markedly
different from other existing definitions in the literature). In particular, in our model of
Hilbert space, the emphasis lies in the existence of an orthonormal basis for such a space.
This not only allows us to conveniently define (Hilbert) subspaces (hence, paving the way
for a thorough study of the logic of p-adic quantum mechanics), but also provides the
right tool to characterize linear operators acting in p-adic Hilbert spaces. In particular,
we introduce several new results concerning the theory of linear operators in the p-adic
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setting, with a special emphasis on the classes of unitary, compact and trace-class operators.
Interestingly enough, the latter seems to play, in this p-adic setting, the role both of the
trace class and of the Hilbert-Schmidt operators. Our investigations ultimately enables us to
introduce a suitable notion of p-adic statistical and density states, as well as to define SOVMs
(selfadjoint-operator-valued-measures) as a suitable tool for describing physical observables
in the p-adic setting.

At this point, we find now natural to address one final question that the reader might
reasonably pose: Why choose to investigate both the two possible approaches to the p-adic
quantization when formulating a p-adic model of information theory?

To this concern, we can only reply that, lacking sufficient reasons to definitively favor one
route over the other possible one, we have decided to explore, to the best of our capabilities,
both of them, contenting us with that certainty which, in the last part of his life, Goethe
claimed to be the greatest fortune a thinker may aspire to: “the certainty to have divined
the comprehensible and calmly to revere the incomprehensible” [81].

Outline

Having discussed the core topics addressed in this dissertation, we now aim at providing a
more detailed overview of its structure and contents. Specifically, we decided to organize this
work into four distinct parts, each discussing a specific aspect of our final project aimed at
setting the foundations of a p-adic quantum information theory. All the parts are preceded
by a brief introduction — i.e., an abstract — which also serves as a ‘declaration’ specifying
the main sources from which the material covered in that specific part is taken from. We
hope that organizing in this way the material, will enhance the readability and the overall
clarity of the exposition.

e Part I : Preliminaries. Here we collect all those results which, although well known
in the literature, are necessary for the understanding of all the subsequent parts of this
dissertation. In particular, we introduce the field Q, of p-adic numbers — defined as a
suitable metric completion of the field of rational numbers — and discuss its quadratic
extensions Q) , with respect to a non-quadratic p-adic unit p (ie., p ¢ (Q]’;)Q, and
|ulp = 1). The latter will be then exploited as the basis scalar field for the theory
developed in Part III. We also introduce the notions of inverse limit and inverse system
(of sets and topological groups), and provide an inverse limit description of the ring Z,, of
p-adic integers. Finally, we characterize quadratic forms on QQ, and describe the classes
of linear transformations which preserve them, namely, the p-adic special orthogonal
groups in dimension two, three and four.

e Part IT : Studies on p-adic harmonic analysis. In this part, we face the problem to
construct a suitable model of p-adic qubit following the first approach to the p-adic quan-
tization (namely, the one initiated by Volovich and Vladimirov). Our guiding observation
is that, as argued in [82], a p-adic qubit can be defined by resorting to two-dimensional
irreducible projective representations of the group of rotations SO(3,Q,) on Qf,. The
compactness of this group entails that all its irreducible unitary representations can be
studied as subrepresentations of the regular representation, according to the well known
Peter-Weyl theorem [83]. On the other hand, the study of the regular representation of
compact groups, as well as several other central problems of abstract harmonic analysis,
involve the construction of an invariant measure — i.e., the Haar measure — on such
groups (or, the Haar integral, regarding such a measure as a functional) [83]. Moreover,
whenever the group considered is compact, these irreducible (projective) representations
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are, in general, square integrable [84-87], and satisfy suitable orthogonality relations,
involving, once again, the Haar measure. These observations motivate us to construct,
in this part of the dissertation, the Haar measure for every p-adic Lie group, focusing
then on the group SO(3,Q,) of our interest [88,89]. In particular, the strategy we adopt
articulates in two main steps. First, by considering a suitable atlas of mutually disjoint
charts, and resorting to the change-of-variables formula for multiple integrals on Qp,
we provide a local expression for the Haar measure on any p-adic Lie group. Then,
exploiting a suitable quaternionic representation of SO(3,Q,) and using the so-called
Weil-Mackey-Bruhat formula [83,90,91], we construct the Haar integral of this group.

e Part IIT : p-Adic quantum theory. Here we address the problem to construct a
suitable model of p-adic qubit following the second approach to the p-adic quantization —
namely, the one where the carrier space itself of physical states is non-Archimedean [17,
92,93]. Our main concern in this part is, thus, to provide the basic mathematical tools for
a general definition of physical states in the p-adic setting. In particular, by exploiting an
algebraic approach, and adopting a p-adic model of probability theory [94,95], we are led
to the conclusion that p-adic states should be defined as suitable linear functionals acting
on a *-algebra of (bounded) p-adic observables. More precisely, we start our construction
by preliminary introducing the notion of an Hilbert space H over a quadratic extension
Qp,. of Qp; next, we observe that linear operators in #H are conveniently characterized
in terms of suitable matrix operators. Specifically, we describe the classes of bounded,
adjointable, unitary and trace class operators. We then characterize p-adic states, first,
in their most abstract form as suitable functionals acting over the Banach x-algebra of
adjointable operators in the carrier Hilbert space; then, we focus on the special class of
the so-called trace induced states, hence characterizing statistical and density operators.
Finally, we introduce the notion of SOVM (self-adjoint operator valued measure) as a
convenient representation of a physical observable in the p-adic setting.

e Part IV : Conclusion and Perspectives. In this part, we briefly sum up the main
results discussed in this dissertation, especially focusing on those achievements that
are directly imputable to our personal contributions. We also highlight some natural
continuations and extensions of the ideas presented.
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Preliminaries



In this part of the thesis, we collect the basic notions and tools necessary for all our
later derivations. Specifically, in Section 1.1 we introduce the field of p-adic numbers
Qp and describe its most relevant topological properties. Next, in Subsection 1.1.2,
we classify the quadratic extensions of this field. In particular, we first recall some
basic notions concerning finite field extensions of Q,. Then, we focus on those of
degree 2, hence addressing the quadratic ones. Section 1.2 deals with the inverse
limit characterization of Z, (and, hence of Q,). Eventually, we devote Chapter 2 to
a thorough study of quadratic forms and the special orthogonal groups over Q,. None
of the results presented here can be credited as our personal contribution.



1

Basic Concepts

Throughout this work, we will constantly assume the field of p-adic numbers Q,, as the basis
scalar field. Hence, for readers convenience, we find useful to recall in this first chapter some
fundamental properties of QQ, and of its quadratic extensions. For more details, the reader
may refer to, e.g., [6,64,68-70,72-74,83,96-98].

1.1 Basics on p-adic numbers

Let p € N be a prime number. According to the unique factorization theorem, every rational
number z € Q can be written (in a unique way) in the form 2 = p¥m/n, for some k,m,n € Z
and with p { m,n. The so-called p-adic absolute value is defined as a map ||, : Q — R¥,
with [0], = 0 and

||, = p*. (1.1)

This map satisfies all the defining properties of an absolute value, or valuation; i.e., it is
strictly positive on Q* = Q \ {0}, it factorizes under the product of two elements in Q and
satisfies the triangle inequality. However, it also satisfies a more stringent condition, the
so-called ultrametric inequality (or strong triangle inequality), namely,

|z +yl, < max{|z],.[yl,}, Vz,yeQ (1.2)

Moreover, from (1.2) it is also not difficult to prove (see, e.g., Proposition 2.3.4 in [68]) that,
if 2,y € Q, with |z, # |y|,, then

|+ yl, = max{lz],, [y],}- (1.3)

The inequality (1.2) represents the main difference w.r.t. the standard absolute value on
Q. A valuation on a certain field is called non-Archimedean or ultrametric if, like |-, it
satisfies the strong triangle inequality; otherwise (e.g., in the case of the standard absolute
value on Q), it is called Archimedean.

A famous theorem due to Ostrowski shows that the standard absolute value |- | and the
p-adic absolute value || » — with p ranging over the prime numbers — exhaust all possible
inequivalent valuations on Q; namely, the following result holds [6,68-70, 75]:

Theorem 1.1.1 (Ostrowski). Every non-trivial absolute value on Q is equivalent either to
the standard absolute value |-|, or to the p-adic absolute value |~|p, for some prime p in N.

Remark 1.1.1. It is worth observing that it the literature (see, e.g., [68]), the standard
absolute value is sometimes denoted by |-|_. Adhering to this convention, and thinking to
the symbol co as to the “infinite prime”, the Ostrowski theorem can be restated by saying
that every non-trivial absolute value on Q is equivalent to one of the absolute values |- | i
where p is either a prime number or p = cc.
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Let us now introduce the map

., (z,y) =z —yl,, zyeQ, (1.4)

that is, the metric induced by |- | . Obviously, the strong triangle inequality entails that d|.|,
satisfies

dj.p, (z,y) <max{d. (z,2).d.,(z,9)}, =zvy2eQ (1.5)
In the mathematical literature, one refers to a space endowed with such a metric as an
ultrametric space. Although the metric d|.| , as well as the p-adic absolute value, differs

P
from the standard metric on Q essentially for the ultrametric inequality, the consequences

of this fact are noteworthy, e.g., from a topological point of view [6,68,70,73]. We will discuss
the most relevant topological implications of (1.5) in the forthcoming subsection.

Let p in N be a prime number. By means of a standard procedure [68,75,98], the p-adic
numbers Q,, can be defined as the field completion of Q w.r.t. the metric d.| , and then Q
can be regarded as a dense subfield of the complete field Q,. We will denote by Q% = Q,,\ {0}
the multiplicative group of Q.

Theorem 1.1.2 ([6,64,70,75,83]). Every x € Qy admits a unique decomposition as a
convergent series of the form

r= inpi+k :pk(xo +(E1p+x2p2 + )v ke Zv ZT; € {0717"'7p_ ]-}7 Zo # 07 (16)
=0

and, conversely, every series of this form converges to some non-zero element of Q,. The
continuous extension of the p-adic absolute value |- |, on Q to Q, — extension which we
still denote by the same symbol — is an ultrametric valuation on Q. Ezplicitly, we have:

|£L'|p = |Zfi()x’bpl+k|p = p_k, Vo € @; (17)

The field of p-adic numbers Q, — being endowed with an ultrametric valuation —
is called wultrametric or non-Archimedean. The topological peculiarities associated with ul-
trametricity justify the use of p-adic numbers when describing physics on length scales
comparable to Planck’s length Ip [6,7,99].

To conclude this subsection, we recall that the so-called valuation ring — w.r.t. ||, —
of the non-Archimedean field Q,, is the ring of p-adic integers Z, :={A € Q, | |A|, < 1} =
{5 aip’ | 0 < a; < p}, ie., a subring of Q, [68,75]. The set P, = {\ € Q, | ||, <
1} = pZ, C Z, is a maximal ideal in Z,, (actually, its unique maximal ideal) — the so-called
valuation ideal of Q, w.r.t. |- |, — and every element of Z, \ B3, is invertible. The quotient
Zy, /B, is called the residue class field of Q, w.r.t. ||, (recall that the quotient of a ring by
a maximal ideal is always a field); specifically, Z, /B, = Z,/pZ,, is isomorphic to the finite
field F), = Z/pZ.

Remark 1.1.2. In the mathematical literature, the group of invertible elements in Z, is
usually denoted by Uy, and its elements are called p-adic units [70,74,98,100]. Every z € Zj,
can be uniquely expressed in the form x = p™u(x), where n > 0 is an integer, and u(z) € U,
is a p-adic unit (depending on ). Moreover, observing that Q, = Z,[p~!], it follows that
also every z in Q can be written (uniquely) in the form x = p"u(x), for some n € Z, and
u(z) € U,. In particular, one has that n > 0 if and only if x € Z,, (see Chap. II in [74]).

1.1.1 Topological properties of Q,

In this subsection, we collect the most relevant topological consequences of the ultrametric
inequality (cf. (1.2)).
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Let us start by explicitly noting the following fact. Indeed, from (1.3) it is easily
shown that in Q, — or, more generally, in any ultrametric space — all triangles are
isosceles. To prove this claim, let z,y, z denote the three vertices of a ‘triangle’, and let
|z —yl,, [z — 2|, and |y — 2|, be the lengths of its sides. Since |z — 2|, = |z —y +y — 2|, <
max{|z —y|,,|y — z|,}, then either |z —y|, # |y — 2|, — in which case we have |z — z|, =
max{|z —y|,,|y — z|,} — or |[v —y[, = |y — z|,. In either case, two of the three sides must
be equal. This geometric feature of @, has profound topological implications, as we are now
going to see. Let us now set the following:

Definition 1.1.1. Let a € Q,, and let r € Z. The open ball B,(a) of center a and radius
p" > 0 is defined as the set

By(a) = {z € Q, | |o —al, <p'}. (18)

Similarly, the closed ball B, (a) of radius p” > 0, and center a € Q,, is the set

B{@) = {z € Qy|lr—al, <o} (19)
The following proposition encloses the main topological features of Q, [68,73,76]

Proposition 1.1.1. Let a,b € Q,, and let r,s € Z. Then we have:

(T1) Ifb € By(a) (resp. Br(a)), then B,(b) = By(a) (resp. B.(b) = B,(a)).

(T2) The set B,.(a) is both open and closed.

(T3) The set B,.(a) is both open and closed.

(T4) Ifr > s> 0, then either B.(a) N Bs(b) =0, or Bs(b) C B,(a). Hence, any two balls
in Qp are either disjoint, or one is contained in the other.

(Note: A set in a topological space is said to be clopen if it is both open and closed.
Hence, (T2) and (T3) assert that open and closed balls in Q,, are clopen sets).

Proof. Let a,b € Qp, and r € Z. Let us assume b € B,(a), so that \bfa\p < p". Let
x € By(a). We have:

lv —bl, =z —a+a—1b|, <max{|lz —al,,|la—b],} <p", (1.10)
i.e., z € B.(b). This shows that B,.(a) C B,(b). Conversely, if z € B,.(b), then
|z —al, =]z —b+b—al, <max{|z —b|,,|b—al,} <p", (1.11)

i.e., B.(b) C B.(a). Hence, we proved B,(a) = B,(b). By replacing “<” with “<”  one can
repeat a similar discussion for closed balls as well, thus proving (T1).

It is clear that B,(a) is an open set (indeed, from (T1), it follows that B, (a) contains
the open balls around any of its points). We will now prove it is a closed set as well. Let us
consider the set

Br(a)* ={z e Q| |z —al, >p"}, (1.12)

i.e., the complement in Q, of the open ball B,(a). Let y € B,.(a), and let s € Z be such that
p® < p". If 2 € Bs(y) — i.e., the open ball of radius p* around y — we have |z — y|p < p°.
Then,

|Z - a’|p = |Z - y+y - a|p = maX{|Z - y|p ? |y - a|p} = |y - a’|p 2 pr‘ (]‘13)

Hence, B,(y) C B,(a)°. But this entails that B,(a)¢ is open, and, therefore, that B, (a)
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is closed. This proves (T2). Similarly, one proves that any closed ball is open and, thus,
that (T3) holds as well.

Lastly, let r, s € Z, with r > s (and, hence, p” > p*). If B,.(a) N Bs(b) # (), there exists a
point ¢ in the intersection such that

B,(b) = Bs(c) C B.(c) = B,(a), (1.14)

i.e., Bs(b) C B,(a). Analogously, one proves the inclusion for closed balls, that is, (T4)
follows. O

It is worth observing that (T2) and (T3) in Proposition 1.1.1 also entails that open
and closed balls necessarily have empty boundary. This follows by observing that any ball
centered around a boundary point of the open ball B, (a) contains points in both B,(a)
and its complement B,(a)¢. But since B,.(a) and B,(a)¢ are closed, we conclude that any
boundary point must belong to By.(a) N B,(a)® = 0.

The family of balls B(z) := {B_,(x) } nen forms a base for the topology of Q,, at any given
point € Q,. In particular, the set # = UIGQP B(x) forms a base for the (ultrametric)
topology of Q,. In this topology, Q, is easily seen to be locally compact, Hausdorff and
separable.

Remark 1.1.3. It is not difficult to check that the field operations of @, are continuous
functions w.r.t. the (metric) topology induced by d|.| (cf. (1.4)). This then entails that Q,
has a natural structure of topological field.

Remark 1.1.4. A Hausdorff topological space admitting a base B such that, for any pair
of elements A, B € B, it is either A C B, or B C A, or AN B = (), is said to be a non-
Archimedean topological space. In this case, it is possible to prove that all the elements of B
are clopen [73]. A topological space X admitting a base consisting of clopen sets is usually
called a zero-dimensional (topological) space. Hence, Q,,, endowed with the metric topology,
is a zero-dimensional topological field.

The field Q,, equipped with the ultrametric topology, is a totally disconnected set. We
recall that a set A is disconnected, if there exists two (non-empty) open sets Uy, Uy in A such
that A =U; UUs, and Uy NUy = 0. If € A, we define the connected component of x to be
the union of all the connected sets in A containing x (equivalently, as the largest connected
set in A which contains ). If the connected component of any z in A is the singleton {x},
we say that A is a totally disconnected set.

Every open (closed) ball in Q, is a disconnected set: If B,(a) is an open ball, and if
x € By(a), consider a smaller ball B.(x) centered in x and contained in B, (a). Then, B.(x)
and B,.(a)\ Be(x) provides a disjoint partition of B, (a). Actually, one can prove the following
result

Proposition 1.1.2 ([68]). The field of p-adic numbers Q, is a totally disconnected topolog-
ical space.

We do not discuss the topological properties of @, any further. For a detailed account,
the reader may refer to, e.g., [6,72,73,76,101].

In the concluding part of this subsection, we address some relevant physical consequences
stemming from the topological structure of @, [92]. In fact, the existence of a smallest
measurable distance postulated by Volovich — namely, Planck’s length £p — is consistent
with a picture of space-time as a totally disconnected metrizable space, governed by an
ultrametric; i.e., by a metric satisfying the strong triangle inequality. Such a space is modeled,
in a natural way, by the field Q, of p-adic numbers, rather than by the field of real numbers.
With this picture in mind, one should also expect the existence of a connection between the
elementary length ¢p and the balls of a certain radius in Q,. Specifically, we can think of
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each (say, closed) ball of radius of the order of £p as an elementary physical entity, whose
single points cannot be identified, individually, with any (measurable) physical event. Note
that, by the ultrametric inequality, the distance between two points picked arbitrarily form
any fixed pair of disjoint balls is constant, whenever they belong to different balls; moreover,
by properties (T1) and(T4) of Proposition 1.1.1, any point from each ball can be regarded as
the center of that ball, and if we take two balls of the same radius, they either coincide or are
disjoint. We therefore obtain a mathematically consistent coarse-graining of the measurable
physical events.

1.1.2 Quadratic extensions of Q,

In part 3 of this work, we will explore a model of quantum mechanics over p-adic Hilbert
spaces. Analogously to the standard case, where quantum states and observables are rep-
resented in terms of operators acting in complex Hilbert spaces, we expect that a p-adic
model of quantum mechanics should necessarily involve Hilbert spaces defined over a suit-
able (quadratic) extension of Q,, (where a non-trivial involutive automorphism, i.e., a con-
Jugation, can be defined). Hence, we find useful to discuss, at this point, some relevant facts
concerning field extensions of QQ,,, in particular focusing on the quadratic ones.
Let us start by setting the following

Definition 1.1.2. We call any field K containing Q,, a field extension of Q,. We shall denote
such an extension by K/Q,.

If K/Q, is a field extension, then K has a natural vector space structure over Q, and its
dimension, dimg, K = [K : Qp}, is called the degree of K over Q,. In particular, in the case
where [K : (@p] < 00, we say that K/Q, is a finite field extension of Q,.

In the remaining part of this subsection, we will essentially deal with the following two
points:

(1) Construct a special class of field extensions of Q, — namely, the so-called quadratic
extensions;

(2) Extend the p-adic absolute value |- |, on @, to a suitable non-Archimedean valuation on
the extended field K.

We start by addressing point (1) first. Let us recall that every field with characteristic
0 admits a quadratic extension obtained by adjoining the square root of a non-quadratic
element [68,70,98,102]. Let K be an extension of Q, of degree 2, that is, [K : Q,] = 2, and
let 7 € K be an element of K not contained in Q. Then, 7 is a solution of a polynomial of
degree 2 over Q, (see Proposition 12 in Chapt. 13 of [102]). Specifically, one has that the
minimal polynomial of 1, ¢,(z), is a monic quadratic polynomial, i.e.,

gy(x) =2® +br+c, bceQ,. (1.15)

If Q,(n) is the smallest extension of Q, containing n, then we must have that K = Q,(n),
as follows by observing that Q, C Q,(n) C K, and that K has degree 2 over Q,. Now, the
roots of the polynomial (1.15) are given by the usual quadratic formula, i.e.,

n— b+ Vb2 —4c

5 (1.16)

It is clear that v/b? — 4c is not a square in Q,, since, by assumption, € K is not contained
in Q,. Moreover, /b2 — 4c is a root of the equation 2 — (b2 —4c) = 0 in K. Then, by (1.16),
it follows that n € Q,(vb? — 4c), i.e., Qu(n) C Q, (V0% — 4c¢). Conversely, since Vb? — 4c =
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F(2n+D), we see that vb? — 4c € Q,(n) and, thus, that Q,(vb? — 4¢) C Q,(n). Concluding,
it is shown that Q,(n) = Q,(vb? — 4c¢). Therefore, we can argue that every extension K of
degree 2 over Q,, is of the form Q,(,/xz) (i.e., is a quadratic extension), for ; a non-quadratic
element in @Q,, and, conversely, every such extension is of degree 2 over Q,.

In the light of the above discussion, it is now natural to set the following:

Definition 1.1.3. Let 4 € Q, be a non-quadratic p-adic number, i.e., 1 ¢ ((@;)2. Introduc-
ing the symbol /1, the quadratic extension Q, , = Q, (/) of Q, associated with f is the
field

Qpui={z=z+y/u|z,yeQ,}. (1.17)

In particular, Q, , is an extension of Q, of degree [Qp , : Q,] = 2.

Our next issue is now to classify all the (inequivalent) quadratic extensions of Q,. To
this and, we first need to characterize the non-quadratic elements of this field. We start with
the following fact:

Proposition 1.1.3 ([6]). A p-adic number x =Y~ z;p"** € Q}, k € Z, z; € {0,1,...,p—
1}, xo # 0, is a quadratic element — i.e., x € (Q})* — if and only if the following conditions
are satisfied:

e k is even;

e if p # 2, the equation j°> = x¢ (mod p) admits a solution j € Z — i.e., g € {1,....,p—1}
is a quadratic residue modulo p — whereas, if p =2, r1 = 9 = 0.

Let us denote by n € Q) a normalized element which is not a square, i.e., any p-adic
number 7 such that [n[, = 1 and n ¢ (Q;)?. The first condition implies that 1 = 1y +
mp' +mep? +--- # p. For p # 2 we can choose, in particular, any of the — exactly,
(p — 1)/2 — quadratic non-residues (mod p) 7 contained in {2,--- ,p — 1}; e.g., for p = 3
(mod 8), or for p =5 (mod 8), one can take n = 2 [6]. For p = 2, one must take 7 of the form
n=1+m2+n222+---, with ny,72 € {0,1} and nyn2 # 0. At this point, by Proposition 1.1.3,
it is clear that p and np do not belong to (Q})?, as well. In fact, p = 1p' entails that k =1
does not satisfy the first condition therein. Similarly, for np = ngp' +n1p? +---.

Therefore, we have the following consequence of Proposition 1.1.3:
Corollary 1.1.1. The following facts hold true:

(@) for p# 2, there is some 1) € Q, such that n & (Q})* and Inl, =1, and np and p are not
squares too;

() every p € {2,n,2n} — with n = 3,5,7 — is not a quadratic element of Qq; namely,
every i € {2,3,5,6,7,10,14} is not a square in Qs.

Remark 1.1.5. The quotient group Q,/ (Q;‘,)2 consists of four ‘square classes’, for p #
2, with representatives {1,7, p, np}, where n is any normalized non-quadratic element
of Qp; whereas, for p = 2, it consists of eight square classes, with representatives
{1,2,3,5,6,7,10,14} (or, equivalently, {+1,£2, £3,£6}) [6,97]. Therefore, Corollary 1.1.1
provides a classification of the square classes of Q;, different from (Qj)?.

The forthcoming proposition classifies the possible quadratic extensions of @, for any
prime p € N
Proposition 1.1.4 ([6,97]). The quadratic extensions of Q, are classified as follows:

(a) if p # 2, there are precisely three non-isomorphic quadratic extensions of Qp, i.e., Qp .,
with p € {n, p, np}, for any n ¢ (Qy)* such that |n|, = 1;
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(o) if p =2, there are precisely seven non-isomorphic quadratic extensions of Qp, i.e., Qp ,,
with € {2,n,2n} — for n =3,5,7 — thus, with p = 2,3,5,6,7,10, 14.

Now, we turn our attention to point (2) above. Our concern here is to construct a
suitable extension of the p-adic absolute value on Q, to a (non-Archimedean) valuation on
the extended field K/Q,. We remind that by an extension of the p-adic valuation we mean
amap |-|x : K— RY satisfying the following:

(a) |z|g =0iff z = 0;

) Jayl = [l Iyl

(©) |+l < max{ely . ol .
and

@ |alg = |al, Vo€ Q, CK.

In the sequel, we will argue that a map verifying conditions (a)-(d) above can be defined
on every field extension K/Q, of Q,. However, before getting into the technical details of
the construction, we first prove the following result stating that whenever such an extension
exists, it has to be necessarily unique.

Proposition 1.1.5. Let K/Q, be a finite field extension of Qp. If ||y : K — R is an
extension of the p-adic valuation on K, then the following conditions are verified:

(1) K is complete w.r.t. the metric induced by |- |y ;
(i) If | |i is another extended valuation on K, then it coincides with |- |.

Proof. Indeed K, endowed with the absolute value |- |, is a finite-dimensional normed vector
space over Q,. Hence, any two norms are equivalent, and K is complete w.r.t. the metric
associated with any norm on it (cf. Theorem 6.2.1 in [68]). If |- |5 is another valuation on K
extending |- \p, point (i) above entails that it is equivalent, as a norm, to |- [,. In particular,
Corollary 6.3.2 in [68] shows they are actually the same, hence proving (ii). O

Condition (ii) in Proposition 1.1.5 actually shows that there is at most one absolute value
on K extending the p-adic valuation of Q,. This uniqueness condition entails an important
feature of the extended valuation. Indeed, suppose that K, L. are two field extensions of Q,
such that Q, C L C K, and let |- [y, |- |, be the extended valuations on K and L respectively.
The restriction of || to L is a valuation on L extending the p-adic absolute value. Hence,
from (ii), it follows that

jaly, = lalg, Vo € K/Q, (1.18)

that is, the valuation of any x — in the extension K/Q, — does not depend from the
extension itself.

Having proved uniqueness, we now proceed to discuss existence. We first need to intro-
duce the notion of a normal extension of Q,. Let K/Q, be a finite extension of Q,, and let
E be an algebraically closed field containing Q, — i.e., a field extension of @, containing
the root of any polynomial with coefficients in Q,. Let w: K — E be a field homomorphism
which induces the identity on Q,. We say that K/Q, is a normal field extension if all such
w have the same image in E. Equivalently, by identifying K with one of its images in E, we
can say that K/Q, is normal if every field homomorphism w: K — E maps K to itself. In
such a case, w can be thought as an automorphism w: K — K which reduces to the identity
when restricted to Q,. We call a map of this kind an automorphism of the field extension

K/Q,.



10 1 Basic Concepts

Remark 1.1.6. Given any finite extension K/Q,, of Q,, it is always possible to construct
a finite normal extension of @, containing K. In particular, one refers to the smallest such
one as to the normal closure of K [64, 68].

Let K/Q,, be a finite field extension of Q,. We introduce the function
Nk/q, : K= Qp, (1.19)

called the norm function from K to Q,. There are several ways to define this map; here, we
list three different (yet equivalent) characterizations [64,68,103,104]:

(C1) Let z € K, and introduce the map M, corresponding to the multiplication of the
elements in K by the fixed point x. M, is a Qp-linear map on K and, therefore,
can be represented by the matrix M, = (My);; w.r.t. any fixed basis of K (viewing
K as a finite dimensional Q,-vector space). Then, the norm function is defined as
Nk/q, (7) = det(M,).

(C2) Let z in K, and consider Q,(z) — namely, the smallest subfield of K containing both
Qp and z'. Let d = [K : Q,(z)], and let

f(Z)=2" 4 o1 Z" Y enoZ" 2+ .. +c1Z+c (1.20)

be the minimal polynomial in Q,[Z] such that f(z) = 0. Then, we can define
NK/Qp(m) = (—1)ndcd.

(C3) Suppose that K/Q, is a normal extension of Q,. Then we have: Ng,qg (r) =
[1.cqw(x), where w runs through the set 2 of all the automorphisms of K/Q,.

Remark 1.1.7. It is possible to prove that the norm function is multiplicative, i.e.,

Nk/q,(ry) = Nk/q, (#)Nk/q, (%), (1.21)

for any x,y € K. This is particularly evident exploiting definition (C1) above, but it is not
difficult to check that it holds also w.r.t. (C2) and (C3).

Remark 1.1.8. Let K/Q, be a finite normal extension of Q,. It is well known that, since
Q, is of characteristic 0, the set €2 of all the field automorphisms of K closes a finite group
Gal(K/Q,) — namely, the Galois group of K/Q, — of order || = |Gal(K/Q,)| = [K : Q,]
(cf. [64,68]).

Let K/Q, be a finite normal extension of Q,, and let |- |, be a valuationin K. If w: K - K
is a field automorphism of K/Q,, it is clear that the map z — |w(z)|, defines a valuation in K.
Hence, due to uniqueness (see (ii) in Proposition 1.1.5), it must be true that ||y = |w(z)],,
for every z € K. Multiplying over all the w in © (and recalling that [Q] = n = [K: Q,], see
Remark 1.1.8), we have:
I«

weN

(1.22)

2z =

P
On the other hand, exploiting definition (C3) of the norm function, we also have that

n

|2lx = {/|Nk/q, ()], (1.23)

i.e., from (1.23) we obtain an explicit formula through which express the absolute value on
K in terms of the valuation on Q,. Actually, we can prove the following

LOne refers to such a field as to the field generated by x over Qp [102].
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Theorem 1.1.3. Let K/Q,, be a finite extension of degree n = [K : Qp}, Then, the map
defined as

Koz |z)= ¢ |NK/Qp(m)’p eR* (1.24)

provides a non-Archimedean valuation on K which extends the p-adic absolute value |-\p of

Qp.

Proof. 1t is clear that © — 7/ ’NK /Qp (m)‘p gives a valuation on K: It factorizes under the

product (cf. Remark 1.1.7), is positive definite, and |z| =0 <= Ng/qg,(7) =0 <= = =0.
Moreover, if a € Q,, then N /g, (a) = ™ (cf. definition (C1) of the norm function), and,

hence,
ol = {/lal; = lol, (1.25)

ie., »/ |N]K/Qp (x) |p extends the p-adic valuation of Q, to K. Moreover, Theorem 6.3.5 in [68],

also shows that |-| satisfies the strong triangle inequality. Concluding, the map (1.24) gives
the (unique) non-Archimedean valuation on K which extends the p-adic absolute value |- | »
on Q,. O

In what follows, whenever no confusion would arise with the ordinary Archimedean
absolute value, we shall denote the extended valuation on K/Q, simply by |-|.

Theorem 1.1.3 provides an explicit formula for the extension of the p-adic valuation on
K/Qp. Let us now particularize it to the special case of a quadratic extension Qp, ,, of Q,.
Here, we have only two field automorphisms on Q, ,, namely, the identity wi: Q, , 2 z —
z € Qp,,, and the involutive automorphism w, defined as

we: Qpuoz=(r+Vpy) = zZ=(z—Vny) € Q. (1.26)

Hence, exploiting the result in Theorem 1.1.3 we can argue that the (unique) extension of
the p-adic valuation to @, , is given by

2] = /INi/q, @)], = lw(Dwe(2)], = /1271, (1.27)

for every z € Qp, . In what follows, we will call

z=5c(z)=(24+%)/2=5c¢z) and y=ac(z)=(2—2)/2\/p = —ac(z) (1.28)
the selfconjugate and the anticonjugate coordinate of z € Qp ,,, respectively.

Remark 1.1.9. Putting Q; , = Q, . \ {0}, the set |Q;,u| ={la| |« €Qy ,}is a discrete
subgroup of the multiplicative group of all positive reals, called the valuation group of Q.
By relation (1.27), it is clear that |Q; ,| C {p*/?}kez. If we have a strict containment —
Le., if |Q5 | = {p"}rez = |Qp| \ {0} — then Q,, is said to be an unramified extension of
Qp; otherwise (i.e., if |Q;,#’ = {p"/?}rez), the quadratic extension Q, , is called (totally)
ramified. It can be shown that, for every prime number p, there is — up to isomorphisms —
exactly one unramified quadratic extension of Q,. E.g., Q2 5 is the only unramified quadratic
extension of Q2 (up to isomorphisms). See Chapt. 7 of [98], Chapt. 5 of [68] and Chapt. 2
of [70].

Remark 1.1.10. It is worth noting that finite field extensions of @, show a structure that
is much more involved than the one encountered in the case of the real numbers R. Indeed,
it is a well known result that all the (finite) field extensions of R actually coincide with the
quadratic extension C = R(y/—1); in particular, C turns out to be algebraically closed (as
a field) and complete (as a metric space). When switching to the p-adic setting, instead,
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this simple structure is no longer observed. In fact, finite extensions of @, are not reduced
to a single quadratic extension: Quadratic extensions (and even considering extensions of
higher orders) of Q, are, in general, not isomorphic to each other. Further, non of the finite
extensions of Q, is algebraically closed. One can prove that the algebraic closure @p of Q,
is an extension of infinite degree (i.e., [@p : Qp] = c0) which is, however, not complete as a
metric space. A famous result due to Krasner shows that, by completing @p, one obtains a
new complete field which also algebraically closed. It the literature, it is usually denoted by
C, and referred to as the field of p-adic complex numbers.

1.2 Inverse limit structure of Q,

In Subsection 1.1 we have defined the field of p-adic numbers Q, as the metric completion
of the field of rational numbers Q w.r.t. a suitable metric, namely, the metric induced by
the p-adic valuation. Actually, this is not the only way this field can be defined. Another
well known approach consists to define the ring of p-adic integers Z, as a suitable inverse
limit of an inverse family of rings, and then regard Q, as the fraction field of Z, [105,106].
This is precisely the route we will follow in this subsection. In the meanwhile, this also gives
us the opportunity to introduce the notions of inverse limit and inverse family of groups,
rings and measure spaces which will play an important role in our later derivations.

Let (N, <) be a (right-)directed partially ordered set, i.e., a non-empty set N supplied
with a reflexive, transitive and antisymmetric binary relation <, such that any subset of two
elements of N is bounded (above). We first recall the definition of inverse family and inverse
limit of sets [107], and topological groups [108] (see [98, 106, 109] for a more categorical
approach).

Definition 1.2.1. Let {X,},en be a family of sets (resp. topological groups), and
{fom: Xm — Xn}tn<m, n.men a family of maps (resp. continuous group homomorphisms)
such that

1. fan is the identity map on X,,, for every n € N,
2. foi = fam © fon, for every n < m <1, n,m,l € N.

We call {{Xn}neN, {fom: Xm = Xntn<m, n’meN} = { Xy, fam N an inverse family of sets

(resp. of topological groups). Let now [] X, be the Cartesian product of the family of sets
neN

{ X, }nen. The inverse (or projective) limit of the inverse family of sets { X, frm I is

@{Xn,fnm}N = {x € H X | Prp(x) = frm o Pry, (), for every n <m, n,m € N}
neN

= {(mn)neN € H X | 2 = fam(xm), for every n < m, n,m € N} C H Xn, (1.29)
neN neN

where Pr,,: [] X, = Xu, © = (Zn)nen — Zn is the canonical projection on the n-th
neN
component.
The inverse limit of the inverse family of topological groups {X,,, fnm }n is the subgroup
of the direct product group [[ X, asin (1.29) endowed with the coarser topology for which
neN
Pr,, is continuous for every n € N, coinciding with the topology induced by the product
topology of [] Xp.
neN
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It is possible to prove that the inverse limit of an inverse family of sets or topological
groups always exists (this would not be true, in general, in the broader setting of an inverse
family in an arbitrary category), and unique [107,108]. In particular, uniqueness of the
inverse limit actually means that if X and X’ are two inverse limits of a same inverse
family (with projection maps {Pr,}, and {Pr}}, respectively), then there exists a unique
isomorphism f: X — X’ such that Pr/, o f = Pr,, for every n € N.

Next, we recall the notion of inverse family of measure spaces

Definition 1.2.2. An inverse family of measure spaces is a family {(X,, Sn, fin), fnm }y of
measure spaces such that

1. { Xy, fum N is an inverse family of sets,

2. fam is measure preserving, i.e., for n < m, f.1(S,) C S, and for E,, € Sy, pn(E,) =
ftm (from (En))-

A special case of our interest is the inverse family of measure spaces considered over a
locally compact group G. Indeed, if G is a locally compact group, the inverse limit of left
(resp. right) Haar measures on a suitable inverse family of quotient groups is proven to be
the left (resp. right) Haar measure on the inverse limit group G [110]. As we will see, one
can exploit this result to construct the Haar measure of the p-adic special orthogonal groups
(cf. Remark 5.5.3).

We now focus on our main concern to give an inverse limit characterization to Q,. For
any integer n > 1 and every fixed prime number p € N, let us consider the cyclic group
Z/p"Z of order p™ (i.e., Z/p"Z is the ring of classes of integers mod p™). An element of Z/p"Z
naturally defines and element of Z/p™Z (for m < n) via the map fpn: Z/p"Z — Z/p™Z
defined as

fron(L+p"Z) =1+ p"Z. (1.30)
The maps f,,, are surjective homomorphisms such that ker(f,,,) = p™ Z/p™Z. The set
{Z/p"7Z, fmn}n defines an inverse system; in particular, we can set the following

Definition 1.2.3. The inverse limit @{Z/p”% fmn tn of the inverse system {Z/p"Z, fmnIn
is the ring of p-adic integers Zy, i.e.,

By definition, any element of Z,, is a sequence = (..., &y, ..., 1) with z,, € Z/p"Z. Ad-
dition and multiplication in Z, are defined componentwise i.e., Z,, is a subring of I1,,Z/p"Z.

Remark 1.2.1. If we endow Z/p"Z with the discrete topology and II,,Z/p™Z with the
product topology, then the topology inherited by Z, turns it into a compact space.

Let Pr,: Z, — Z/p™Z denote the projection homomorphism. Then, we have that the
sequence
0 —2Z, 2 7, 22 Z/p"Z —0 (1.32)
is an exact sequence of abelian groups [74]; hence, Z,/p"Z, = Z/p™Z. In particular, by
noting that Z, is an integral domain, we can then set the following

Definition 1.2.4. The field of p-adic numbers Q,, is the field of fractions of the ring 7Z,

Remark 1.2.2. It is worth observing that Definition 1.2.4 provides an inverse limit char-
acterization of @, via the inverse limit definition of the ring of p-adic integers Z,. Actually,
it is possible to prove that @, — as well as all its proper closed subgroups — can be di-
rectly characterised as the inverse limit of a suitable inverse family. Specifically, the following
isomorphisms of topological groups hold

@p = @{Qp/pnzpﬂ ¢nl}z>0 ) mep = l'&n{pmzp/pnzp, ¢nl}z>m , mEeLZL (1‘33)
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Here, we are assuming Q, equipped with the p-adic ultrametric topology, p™Z, with the
subspace topology, and the quotient groups with the quotient topologies (coinciding with
the discrete topologies); the continuous group homomorphisms ¢,,; are defined as

() +p'Ly = () + P Ly, (1.34)

for every | > n > m. For further details on this point, the reader may refer to, e.g., Propo-
sition II.6 in [89].



2

Quadratic forms and the p-adic special orthogonal
groups

We introduce quadratic forms over the field of p-adic numbers Q,,, and construct the classes
of linear transformations which preserve them, namely, the p-adic special orthogonal groups.

2.1 Quadratic forms on Q,

We start by reminding the general definition of a quadratic form over a Q,-vector space [71,
74,98,111,112):

Definition 2.1.1. Let V be a vector space over Q,. A function Q: V — Q, is called a
quadratic form on V if

(1) Q(az) = a?Q(x), for every a € Q,, z € V;
(2) The map (z,y) — Q(z +y) — Q(x) — Q(y) is a bilinear form.

In what follows, we will always assume V of finite dimension. Let us now introduce the
map (-,-): VxV — Q, defined as

(5.9) > (.9 = 5 (Q +9) - Q) - Q). 21)

which is a symmetric bilinear form on V. In the literature, it is usually referred to as the
scalar product associated with the quadratic form Q. Using (2) in Definition 2.1.1, one can
easily verify that Q(z) = (x, x); namely, quadratic forms on V are in bijective correspondence
with symmetric bilinear forms.

Remark 2.1.1. It is worth observing that a relation like the one in (2.1) would not hold in
a general field F; e.g., in the case of a field F of characteristic 2, where 2 is not an invertible
element in field.

Let V, W be two Qp-vector spaces, and Q, Q" two quadratic forms defined on V' and W
respectively. A linear map o: V' — W such that

Qoo=Q (2.2)
is called a morphism (or metric morphism) of V into W. In this case, we have:
(z,y) = (o(z),0(y)), VYa,yeV. (2.3)

Let now v = {v;}I; be a basis in V; If z = Y1 | z;v;, recalling that Q(z) = (z, z), we

have:
Qz) = <Zwivi72mjvj> = Z z;x; (v, v5) = Z x5 Qij, (2.4)
i=1 j=1

t,j=1 4,5=1

15
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where we set Q;; = (v;,v;). The matrix Q = (Qij)i,; — with entries Qi; = (v;,v;) —
is usually called the matriz representation of the quadratic form Q w.r.t. the basis v. If
v/ = {vj}~, is a new basis of V, and if U = (Uj;),,; is an invertible matrix in GL(n,Q,)
such that v} = Zj Uijvj, the matrix Q’ of Q — w.r.t. the new basis v/ — is given by

Q =UQUT, (2.5)

where UT denotes, as usual, the transpose of the matrix U. In particular, from this it follows
that

det(Q') = det(UQUT) = det(U)? det(Q), (2.6)
ie., det(Q) is determined, in general, up to a multiplicative factor in (Q})?. Adhering to the

~

standard terminology, we call det(Q) the discriminant of Q, and denote it by d(Q) [74].

Definition 2.1.2. Let V be an n-dimensional vector space over Q,, and let Q, Q' be two
quadratic forms on V. We say that Q is equivalent to Q' — and we write Q ~ Q' — if there
exists an invertible matrix U € GL(n,Q)) such that

Q =UQUT. (2.7)

It is clear that condition (2.7) provides, indeed, an equivalence relation between quadratic
forms on Q,. If Q is a quadratic form, we say that two vectors z,y in V are orthogonal w.r.t.
Q — and we write x 1 y — if

(z,y) =0, (2.8)
namely, if they are orthogonal w.r.t. the scalar product associated with Q. If H C V is a
vector subspace of V, we denote by H+ = {z € V | (x,h) = 0, Vh € H} the orthogonal
complement of H in V; using bilinearity of (-, -), one can easily check that H is a vector
subspace of V. The orthogonal complement V- of V itself is called the radical of V, and
denoted by rad(V); its codimension codim(rad(V')), defined as

codim(rad(V)) = dim(V) — dim(V*), (2.9)

is called the rank of Q, and denoted by r(Q). If V4 = 0, we say that Q is nondegenerate
(in which case we have r(Q) = n = dim(V)); this is equivalent to say that d(Q) # 0. In this
case, recalling (2.6), we also have that d(Q) € Q;/(Q;)? is an element of the group of the
square classes of Q.

We call a vector x in V isotropic if Q(z) = 0; accordingly, we say that a subspace W C V
is isotropic if all its elements are isotropic, namely, if W C W=, If Q is nondegenerate, and
if V' contains a nonzero isotropic vector, then Q(V) = Q,; that is, for every a € Q, there
exists a vector v € V such that Q(v) = a (see Corollary of Chap. IV, n° 1.3 in [74]).

Let e = {e;}]—; be a basis in V. We say that it is an orthogonal basis if its elements are
pairwise orthogonal

(e ej) = bijy, 1,j=1,...,n, (2.10)
where (-,-): V x V — Q,, is the bilinear form defined in (2.1).

If e = {e;}!_, is an orthogonal basis in V, recalling (2.4), we see that the matrix repre-

sentation of Q — w.r.t. e — is reduced to a diagonal form, namely,
Qi1 O ... 0
. 0 Qxpm ... 0
Q=1 . . . (2.11)
0 0 ... Qun

In such a case, we also see that, expressing z € V as © = ), x;e;, we have:

Q(#) = Quat + Qoal + - - + Quaty. (2.12)
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Remark 2.1.2. Given a Q,-vector space V, it is always possible to construct an orthogonal
basis in it (cf. Theorem 1, Chap. IV, n° 1.4 in [74]). Therefore, without loss of generality,
we can always assume a quadratic form on V' to be written in a diagonal form.

Definition 2.1.2 provides, via condition (2.7), an equivalence relation of quadratic forms
on V. Our next concern is now to characterize the equivalence classes of n-variable quadratic
forms on Q. To this end, we first discuss the broader setting of equivalent quadratic forms on
a generic Q,-vector space V. Here, we shall see that the characterization of the equivalence
classes is provided once a complete set of invariants of quadratic forms is known. Then,
we switch to the special case where V' = Qp, hence characterizing equivalent classes of
n-variables quadratic forms.

For our purposes, we have to preliminary introduce the notions of Legendre and Hilbert
symbols [74,98,100,111]. Let p be an odd prime number, and let a be an integer prime to

a

p (i.e., a € Fy). The quadratic residue symbol or (Legendre symbol) (5) is defined as

5 (2.13)

<a) __J 1 if there exists a square root of a in Iy,
—1 otherwise.

It is clear that the residue symbol provides an isomorphism between F/(F%)* and {£1};

. a . . . * * 2 . . .
ie., (5) is the image of the class of a in I, /(F;)* into {£1}. Note that, this also entails

that the Legendre symbol is multiplicative, i.e., if a,b € F;, we have:

2)-6)6)

Using the Legendre symbol, it is not difficult to prove the following facts (cf. Theorem 2.2
in [100)):

(a) If p,q are two odd primes such that p # ¢, then the residue symbols of p and ¢ are
related via the so-called quadratic reciprocity law, namely,

(0)-re= 2).

(b) —1is a square in F} if and only if p =1 mod 4, and it is not a square for p = 3 mod 4.
That is, the so-called first supplementary law is satisfied:

— p— 1 iff p=1 4
<1> — (-1 = iff p = 1 mod (2.16)
—1 iff p=3 mod4.

(c) 2 is a square in F} if and only if p = 1,7 mod 8, and there is no square root of 2 in F,
whenever p = 3,5 mod 8; namely, the second supplementary law is verified

2 p2—1 1 iffp=1 d
()—(1) T = Hp=17mods (2.17)
-1 iff p=3,5 mod 8.

-0

whenever a = b mod p.
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Relations (a)-(d) provide useful tools for the explicit computation of the residue symbol.
For instance, take a = 162 and p = 17. We have:

162 2 1 1 1 4
162) (2 ($1)_(18) _(IT) (1) 219
17 17 17 17 13 13
Here, in the first equality, we have made use of property (2.14); in the second one, we have
exploited (c) and (d) (17 = 1 mod 8, and 81 = 13 mod 17), while the third follows from (a).

Since 17 = 4 mod 13, condition (d) provides the fourth equality. Eventually, resorting again

to (2.14), we have that (%) = (%) (1%) = 1, thus arriving at the last equality.

We now turn our attention to the notion of Hilbert symbol.
Definition 2.1.3. Let a,b € Q. The Hilbert symbol (a,b); of a and b is defined as

(2.20)

(a,b) 1 iff 22 — az? — by? = 0 admits a solution (x,y,2) # (0,0,0) in Qg
a,b)y = )
" —1 otherwise.

The following proposition collects the most relevant properties of the Hilbert symbol
Proposition 2.1.1. Let a,b,c € Qp. The following relations hold
(H1) (a,b)y = (b, a)u, and (a,c?)y = 1;
(H2) (a,—a)y =1, and, fora # -1, (a,1 —a)y = 1;
(H3) (a,bc)y = (a,b)u(a,c)y.
Proof. See Proposition 2.4 in [100], and Proposition 2, Chap III, n® 1.1, in [74]. O

From Definition 2.1.3, it is clear that the Hilbert symbol is defined up to a quadratic
element in Q. Indeed, let a,b € Qj be such that (a,b); = 1. This means that there exists
(z,y,2) # (0,0,0) in Q) such that

22 —ax® —by? = 0. (2.21)

On the other hand, if ¢ € Qj, also (cx,cy, cz) is a solution of (2.21), namely
2 —ar? —b=0 = 22— (ach)2® — (bP)y? =0, (2.22)
from which it follows that (ac?, bc?) = 1. Conversely, if (ac?,bc?) = 1, for ¢ € Qy, then

22 —ac’x® —b*y? =0 (for (x,y,2) # (0,0,0) in Q3)
22 —a(cx)* —bley)*> =0 (for (cz,cy,z) # (0,0,0) in QF), (2.23)

ie., (a,b)y = 1. A similar reasoning can be repeated also in case where (a,b)y = —1. In
particular, this shows that the Hilbert symbol defines a map from Q;/(Q5)* x Q5/(Q})?
into {£1}.

We recall that, as seen in Remark 1.1.2, every p-adic number can be expressed in the
form x = p*u(x), for k € Z, and u(x) a p-adic unit. The next result provides useful formulas
to explicitly compute the Hilbert symbol

Theorem 2.1.1. Let a,b € Qy, and let a = p®u(a) and b = pPu(b), for a,B € Z, and
u(a), u(b) p-adic units in U,. We have:

(a,b)y = (—1)*8%z" (“(a)>ﬁ (“(b))a (2.24)



2.1 Quadratic forms on Q, 19

forp #2, and

(a,b) = (—1) "5 O ot gl st (2.25)
for p = 2. Here, u(a) and u(b) denote respectively the images of u(a) and u(b) via the
homomorphism m: U, — F, of reduction mod p, i.e., u(a) = w(u(a)) (resp. u(b) = m(u(b))).

Proof. See Theorem 1, Chap. III, n°® 1.2 in [74]. O

Let now V be a Q,-vector space, and let Q be a quadratic form with rank r(Q) =n =
dim(V). If e = {e; }}_; is an orthogonal basis in V', let Q = diag(q1,---,qn); q1,---,qn € Qy,
be the matrix representation of Q w.r.t. e, and let d(Q) =[]}, ¢; be its discriminant. We
can introduce the quantity €(Q) defined as

n

Q) = [](@ a)s (in Q/(@)%). (2.26)

1<j

From Definition 2.1.3, it is clear that €(Q) € {£1}. A well known result shows that €(Q) does
not depend from the choice of the orthogonal basis in V. Then, recalling Definition 2.1.2,
it is clear that €(-) provides an invariant of the equivalence classes of quadratic forms on
V' (see Theorem 5, Chap. IV, n° 2.1 in [74]). In the literature, it is often called the Hasse
invariant of the quadratic form Q, and provides a first invariant of equivalent forms. Actually,
to discriminate between the possible equivalence classes, one needs of a mazximal set of
invariants. In particular, we have the following result

Theorem 2.1.2. Let V be a Qp-vector space. Then, the discriminant, the rank and the
Hasse invariant form a complete set of invariants for the equivalence classes of quadratic
forms on V. Specifically, if Q and Q' are two quadratic forms on V, they are equivalent —
in the sense of Definition 2.1.2 — if and only if

d(Q)=4d(Q), r(Q) =r(Q), and €Q)=¢€Q), (2.27)
i.e., if and only if they have same rank, discriminant and Hasse invariant.
Proof. See Theorem 7 n° 2.3, Chap. IV in [74]. O

Theorem 2.1.2 provides a method for characterizing the classes of equivalent quadratic
forms on a Q,-vector space V. Our next concern is now to particularize this result to the
spacial case where V' = Qp, namely, to classify n-variables quadratic forms on Q.

Let us first remind that an n-variables quadratic form on Q, is a polynomial F of the
form

n
F(zi,...,2n) = Zaijxixﬁ aij € Qp, (2.28)
i=1
namely, an n-variables homogeneous polynomial of degree 2 over Q, [74,111]. We can
rewrite (2.28) in a more symmetric form by setting

F(J}l, ce ,xn) = Z AijTiTj = 2 Z F“.Z‘Zz +2 Z Fijximjy (229)
i,J i=1 i<j
where F;; == 1/2(a;;+a;;); we call F= (Fi;)i,; the matrix representation of F. In particular,
denoting by x = (z1,...,2,) a vector in V' = Qy, we also see that
F(x) =F(z1,...,2,) = Z Q;jT;x; = xFxT. (2.30)

3,J=1



20 2 Quadratic forms and the p-adic special orthogonal groups

Let now F and F’ be two n-variables quadratic forms on @,. Recalling Definition 2.1.2, we
say that F and F’ are equivalent if there exists M € GL(n,Q,) such that F(x) = F/(xM)
for all x = (z1,...,7,) € Qp. Indeed, from (2.30), we have that
F(x) = xFxT = (xM)ﬁ(xM)T
= x(MﬁMT)xT
= xF'xT, (2.31)
i.e., F and F/ are equivalent if and only if F= Mﬁ’MT, for some M € GL(n,Q,).

Any n-variables quadratic from F on Q) naturally induces a map Qp: Q) — Q, — the
so-called quadratic map associated with F — defined as

Qp 3 (w1,...,7,) =x— Qp(x) = xFxT; (2.32)
it satisfies the following remarkable properties [111]:
(1) For every v in Q, and any x in Qp, Qr(ax) = a?Qr(x);

(2) The map Br(x,y) = 1/2(Qr(x +y) — Qr(x) — Qr(y)), x,y € Qp is a symmetric
bilinear form on Qp x Qp;

(3) Br(x,x) = Qp(x).

Conditions (1)—(3) above entails that Qg is a quadratic form in the sense of Definition 2.1.1
(with V = QZ). Hence, all the results previously discussed for quadratic forms on a generic
Q,-vector space can be applied to Qr — and, hence, to F — as well. In particular, every
n-variables quadratic form F can be assumed to be diagonal, i.e., written in the form F(x) =
fizd+ ...+ 22, for some fi,..., f, € Q,. In this case, one also has that the discriminant,
d(F) of F is expressed as d(F) = []""_, f;, while its rank r(F) coincides with the cardinality

of the set R := {i € {1,...,n} | fi # 0} of non-null matrix entries of F. In particular,
r(F) = n if and only if d(F) # 0; equivalently, if and only if F is nondegenerate. Expressing
F in a diagonal form, we can define its Hasse invariant by setting

e(F) = [[(fir fi)u € {£1}. (2.33)

i<y
The next result is a natural consequence of Theorem 2.1.2

Corollary 2.1.1 (of Theorem 2.1.2). Two n-variables quadratic forms F, F' on Q, are
equivalent if and only if they have the same rank, discriminant, and Hasse invariant e.

Let F be an n-variable quadratic form on Q. We say that F represents an element
a € Qp it there exists x = (21,...,2,) € Qp, x # 0, such that F(x) = a. Of special interest
for us is the case where F represents 0 in Q,. In particular, the following result holds [74]

Proposition 2.1.2. Let F be a non-degenerate n-variables quadratic form on Q,. For F to
represent 0 it is necessary and sufficient that

(1) n=2anddF)=-1;
(ii) n=3 and (—1,—d(F)), = €(F);
(1ii) n =4 and either d(F) # 1, or d(F) =1 and (—=1,—1),; = €(F).

Forn > 5, all forms represent 0 in a non-trivial way.
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If there is no x € Qp, x # 0, such that F(x) = 0 — that is, if F does not represent 0 —
then we say that F is a definite quadratic form. Definite quadratic forms will play a central
role in our later derivations; indeed, in the next section, we shall prove that they lead to
compact special orthogonal groups on Q.

To complete this subsection, we now proceed to explicitly classifying the different classes
of quadratic forms on Q,. We will discuss separately the cases p = 2 and p # 2. Moreover,
since we are interested in definite non-degenerate quadratic forms, we will assume that
r(F) = dim(Q}) = 2,3, 4.

Let us start from the case p # 2. We recall that the group of square classes of Q, is
the group (@;j/(@;)2 = {1, n,p,np}, for n a non-quadratic unit in Q, — i.e., n ¢ (Q;)Q, and
[nlp = 1 (see Corollary 1.1.4). Assuming the quadratic form to be diagonal, and recalling that
the discriminant function takes values in the group of square classes of Q,, we are naturally
led to consider only (diagonal) quadratic forms with entries in the group Qj/ (Q;)Q.

Let us consider first r(F) = 2 = dim(Q}). In view of Corollary 2.1.1, the different classes
of quadratic forms on Q, are classified according to the possible values assumed by the
rank, the discriminant and the Hasse invariant. Since we have already set r(F) = 2, we now
proceed to determining the Hasse invariant. To facilitate the discussion, we treat separately
the cases p = 1 mod 4 and p = 3 mod 4. Let us consider the p = 1 mod 4 case first. We have
16 possible (diagonal) quadratic forms we can construct with coefficients in Q/(Q5)?; the
Hilbert symbols of their matrix entries are explicitly given by:

(O (@)
N ) S ) N

(1 D = (L) = 1, () = (”) (’7) 4

p) \p
on=(3) () = wm=(3) (3) -

(0, Du=(L,p)u =1, (p:m)u = (0, p)u = —1,
IR ONORS

(p, L)u = (1, np)u (o, M) = (n,mp)u = —1,

(p, p)u = (p, ) = —1, (p, p)u = (Z)l (Z)l =1 (2.34)

In deriving (2.34) we have used the symmetry property (H1) of the Hilbert symbol, and
relation (2.24) (here, for p = 1 mod 4, we have (—1)0‘5'% = 1). Moreover, since r(F) = 2,
it is clear that (2.34) also provides the possible values of the Hasse invariant.

Let us now pass to the case p = 3 mod 4. Once again, we have 16 possible (diagonal)
quadratic forms we can construct with coefficients in Q}/(Q;)?. The explicit computation
of the Hilbert symbols (and, hence, of the Hasse invariant) provides

B
(L) = (~1)2*+1 (;) (;) —1 Q=10 (5 1 (Z) -1,
(1, 1) = (~1)° (Z) (;) —1, e = (1) (Z) (Z) 1,
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(m,p)u = (- (Z) ( > 1, (n,mp)u = (—1)° <Z>1 (Z)O = -1,

(V)= (L,p)n = (P mu = (0, p)u = —1,

(b2 = (~1+ (;) ()=t = (B) (1) =1

(mp, D = (1,mp)u = 1, (mps M = (n,mp)n = (=1),

(P p)u = (P, p)n = 1, (np, p)s = (—1)%*1 (Z)l <Z>1 =-1, (2.35)

where, in (2.35), we have again exploited the symmetry property (H1) of the Hasse invariant,
and relation (2.25). In particular, in (2.25), we now have (—1)0“/3'7%1 = (=1)ZktDef ke N,
as follows by observing that p = 3 mod 4 entails 172;1 =2k+1,keN.

To complete the classification of the two-dimensional quadratic forms for p = 1 mod 4
and p = 3 mod 4, it only remains to compute the possible values assumed by the discriminant
function. This is easily done once observed that 1 is the only quadratic element in Q, / (Q;‘,)Z.
For the sake of clarity, we collect the possible values of d(F), (and of the Hilbert symbols)
in the following tables:

()ulmpop ()alm pop diF) 1 n p np
I 1111 1 111 1 1 11 pup
(@f »n 11-1-1 M n 11-1-1 il n n Lapp
p 1-11-1 p 1-1-11 p pnpl n
np 1-1-11 np 1-11 -1 np np p n 1

TABLE 2.1: (a): Hilbert symbols for p = 1 mod 4; (b): Hilbert symbols for p = 3 mod 4. (c):
Possible values of the discriminant function.

Summing up the above discussion, we have proved the following

Proposition 2.1.3. Let p be a prime number. Any non-degenerate, two-dimensional
quadratic form F on Q, is equivalent to one of the following pairwise inequivalent forms:

o xf+af ~ {nag +na, pro + pat, npxd + npri}

o af +nzi, ag + pai, ag +npat, naf + pat, nag + npri, pag + npri
in the case where p =1 mod 4, and to

o af + a1 ~ nzf + nri

o prj + pri ~ Npxd + Nprt

o af +naf ~ paf +pat

o af +pat, of + npat, naf + pi, nag + npa,
for p=3 mod 4.

Although all the forms in Proposition 2.1.3 are non-degenerate, they are not all definite.
In particular, resorting to Proposition 2.1.2, it is easily checked that in the case p = 1 mod 4
the quadratic form 22 + 23 — and all the forms equivalent to it — is non definite. Similarly,
for p = 3mod 4 the quadratic forms x% + nz?, pr3 + npr? represent 0 non-trivially, hence,
are non-definite too.
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Let F and F’ be two n-variables quadratic forms on Q,. We recall that F’ is said to be
a scaling for F if there exists A € Qj such that F' = AF. Equivalently, if the associated

matrices F and F’ are related by F/ = \F. Using the scaling equivalence, we can further
collect the (definite) quadratic forms in Proposition 2.1.3 in the following three classes

F_,(2) =25 —val, Fy(xr)=aj+pri, Fr(z):=mnag+pat, (236)
for

-1 ifp= 4
v:{ ifp=3 mod 4, (2.37)

—n ifp=1 mod 4.

We now move to the three-dimensional case, namely, we assume r(F) = 3. Let p > 2.
Similarly to the previous situation, we discuss separately the cases p = 1 mod 4 and p =
3 mod 4. Specifically, for p = 1 mod 4, an explicit computation provides the following table
collecting the values of the discriminant function and of the Hasse invariant (here, we are
denoting with diag(a, b, ¢) the possible diagonal matrices with coefficients in Qj/(Qj)?):

F d(F) ¢(F)

diag(1,1,n), diag(n, n,n), diag(n, p,p), diag(n,np,mp) | n 1
diag(1,1,1), diag(1, p, p), diag(1,n,n), diag(1, np, np) 1 1
diag(1, 1,np), diag(n, n, np), diag(np, np,np), diag(p,p,np)| np 1
diag(1, 1, p), diag(n,n,p), diag(p, p,p), diag(p, np, np) p 1

diag(1,7,p) np -1
diag(1,p, np) n -1
diag(n, p, np) 1 -1
diag(1, 1, np) p -1

TABLE 2.2: Values of the Hasse invariant and the discriminant function for rank 3 quadratic
forms (p = 1 mod 4).

In the table above, we have computed the values of the Hasse invariant according
to (2.33) and relations (2.34). For instance, e(diag(1,1,7)) = (n,1)u(n, Du(1,1)y = 1,
e(diag(1,p,p)) = (p,p)u(p, Dulp, D = 1, e(diag(n,n,pn)) = (pn,mulpn, Mu(m,mu = 1,
e(diag(p, pn, pn)) = (pn, pn)u(pn, Du(pn, Du = 1, e(diag(1,1,p)) = (0, n)u(p, Du(n, Du = —1,
e(diag(1, p,pn)) = (pn, p)u(pn, D)u(1, 1)y = —1, and similarly for all the other cases.

Let us assume now p = 3 mod 4. Again, we can perform a similar computation thus
arriving to the following table listing the possible values of the discriminant and the Hasse
invariant:

F d(F) e(F)

diag(1,1,n), diag(n,n,n), diag(1,p,pn) | n 1
diag(1,1,1), diag(1,n,n), diag(n, p, pn) 1 1
diag(p, p, p), diag(p, pn, pn), diag(1,m,pn) | p -1
diag(pn, pn, pn), diag(p, p,pn), diag(1,m,p)| pn -1

diag(1,1,1), diag(n,n,p) P 1
diag(1, 1, pn), diag(n,n, pn) 1
diag(1, p, p), diag(1, pn, pn) 1 -1
diag(n, p, p), diag(n, pn, pn) p —1

TABLE 2.3: Values of the Hasse invariant and the discriminant function for rank 3 quadratic
forms (p = 3 mod 4).
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Proposition 2.1.4. Let p be a prime number. Then, for p =1 mod 4, any non-degenerate,
three-dimensional quadratic form F on Q, is equivalent to one of the following pairwise
inequivalent forms:

e diag(1,1,n) ~ {diag(n,n,n), diag(n, p,p), diag(n, np,np)}
o diag(1,1,1) ~ {diag(1, p,p), diag(1,7,n), diag(1,np, np)}

(1,
(
o diag(1, 1,np) ~ {diag(n,n,np), diag(np,np,np), diag(p, p,np)}
o diag(1, 1,p) ~ {diag(n,n,p), diag(p, p, p), diag(p,np,np)}

(

e diag(1,7,p), diag(1,p,np), diag(n, p,np), diag(1,n,np),
and to
(1, 1,m) ~ {diag(n,n,n), diag(1,p,pn)}
e diag(1,1,1) ~ {diag(1,n,n), diag(n, p, pn)}
o diag(p,p,p) ~ {diag(p, pn, pn), diag(1,n,pn)}
iag(pn, pn, pn) ~ {diag(p, p, pn), diag(1,7,p)}
(1,
(

[ ]
=
s

diag(1,1,1) ~ diag(n, n, p), diag(1, 1, pn) ~ diag(n,n, pn))

diag(1,p, p) ~ diag(1, pn,pn)
e diag(n,p, p) ~ diag(n, pn, pn)
for p =3 mod 4

Similarly to the two-dimensional case, not all the quadratic forms in Proposition 2.1.4
are definite. Using (iii) in Proposition 2.1.2, it is easily checked that the only rank-3 definite
quadratic form on Q, is, up to scaling,

F,(x) = 2% —va? + pa3, (2.38)
for v a parameter such that

(2.39)

Y —1 if p=3mod4
l-n ifp=1mod4.

The discussion above can be repeated, with a slight modification, in the case where
r(F) = 4. Once again, we have to compute the possible values of the discriminant and the
Hasse invariant, and then collect all the forms with the same value of the two invariants. In
a similar fashion, one also deals with the case p = 2; here the strategy is again to compute
the discriminant and the Hasse invariant — w.r.t. a fixed value of the rank — but, with the
only difference that now the group of square classes of Q2 consists of 8 elements, precisely
Q5/(Q5)? = {41,42,+£5,£10}. We do not discuss the computational details here, and refer
the reader to [71,113] for an explicit derivation. Summing up, we can state the following
theorem which provides a complete characterization of the equivalence classes of (definite)
quadratic forms for p > 2, and r(F) = 2, 3,4

Theorem 2.1.3. For every prime p > 2, let n be a p-adic unit in Qp, and let v € U, be
defined by

(2.40)

-1 ifp=3 modA4,
—n ifp=1 mod 4.
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In the case where p > 2, there are (precisely) three definite quadratic forms on Qg, up to
equivalence and scaling,

F_o(x) = af —va?, Fo(x)=ad+pal, Fu(x)=uaj+pal, (2.41)

and there are seven on Q3, namely,
Fi(x)
Fis(x)

There is a unique definite quadratic form on Qf, (depending on p), up to equivalence and
scaling, i.e.,

xg + zf, Fis(x) = 13(2) + 2xf,

x3 £523, Fipo(x) = xf £ 1027 (2.42)

P (x) = zf —va? +pxj ifp>2, (2.43)
* 23 + a3 + a3 if p=2,
as well as on Qg, i.e.,
F oy (x) = x3 — vt +pr3 —pvrd  ifp> 2 (2.44)
@ 3+ 22 + 23 + 23 itp=2.

No quadratic form on Qy is definite for n > 5.

2.2 p-Adic rotation groups

In this section, we characterize p-adic special orthogonal groups over the field of p-adic
numbers. We start by recalling that the (real) special orthogonal groups SO(n,R), are de-
fined, for every n, as the groups of linear transformations preserving the (definite) quadratic
form on R™. In particular, the unique non-degenerate definite quadratic form on R"™, for
every n > 2, is given (up to equivalence and scaling) by Fr(x) = Z?:_ol x2. This is repre-
sented in the canonical basis — namely, the basis {e; };en consisting of vectors of the form
e; = (0,0,...,1,0,...), with all but the i-th component equal to 0 — by the n-dimensional

identity matrix I,,. Hence, we can set

SO(n,R) ={L € M(n,R) | LTL =1, det(L) =1} (2.45)
={L € M(n,R) | (Lx, Ly)r = (x,y)r for every x,y € R", det(L) =1}, (2.46)

where (-, )g: R" x R® — R is the Euclidean scalar product on R™, and M(n, R) denotes the
associative algebra of n x n matrices over R. Hence, paralleling this situation in the p-adic
case, we are naturally led to set the following

Definition 2.2.1. Let V be a Q,-vector space and let Q be a (non degenerate, definite)
quadratic form on it. The special orthogonal group SO(V, Q) is defined as the set of linear
maps on V that are symmetries of Q, i.e,

SO(V,Q) = {L € End(V) | Q(Lz) = Q(x), det(L) = 1 Vo € V} (2.47)
={L € End(V) | (Lz, Ly) = (x,y), det(L) = 1 Va,y € V} (2.48)
S {L €M(n,Q,) | LTQL = Q! (2.49)

where (-,-) is the inner product associated with the quadratic form Q, and Q denotes its
matrix representation.
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Using the results of Theorem 2.1.3, we can now characterize the classes of (compact)
special orthogonal groups over Q,,.

Proposition 2.2.1. The p-adic special orthogonal groups associated with the definite
quadratic forms on (@12, are (up to isomorphism)

0(2,Q,)x = {L € M(2,Q,) | F, = L'F,.L, det(L) =1}, (2.50)

where ﬁn denote the matriz representation, in the canonical basis of QIQ,, of the quadratic
forms in (2.41) and (2.42). The index k ranges in {—v,p, 2} whenever p > 2, while r €
{1,42, 45,410} when p = 2.

For every p > 2, the special orthogonal group associated with the definite quadratic form on
Q3 is (up to isomorphisms)

SO(3,Q,) = {L € M(3,Q,) | Fy = LTF, L, det(L) = 1}, (2.51)
while the one on Qf, 18
SO(4,Q,) = {L € M(4,Q,) | Fray = LTF (o)L, det(L) = 1}. (2.52)

F\+ and f(4) are the matriz representations in the canonical basis of Qg and Q;ﬁ of the
quadratic forms (2.43) and (2.44) respectively.

Remark 2.2.1. It is worth noting that equivalent quadratic forms lead to isomorphic special
orthogonal groups, while if two quadratic forms are related via a scaling relation, they
actually define the same special orthogonal group. Namely, if V' is a Q,-vector space, and
Q, Q" are two quadratic forms on it, then if Q ~ Q', one has SO(Q}, Q) = SO(Qy,Q’) [74],
while if Q" = AQ, A € Qy, then SO(Qy, Q) = SO(Q}, Q).

Any SO(Qy,F) is a topological group, once supplied with the subspace topology of
M(n,Q,) = Q;jz. In particular, the groups SO(n,Q,), n = 2, 3,4, are compact as subsets in
ng. Indeed, we can introduce a p-adic (non-Archimedean) norm on SO(n,Q,) by setting
M, = [[(Mij)ijllp = max; j=1,.._n|Mi;|p. Hence, SO(n,Q,), n = 2,3,4, turn into topo-
logical groups, whenever they are endowed with the natural topology generated by the open
balls of the p-adic norm. We recall that a set K C Q)" is compact if and only if it is closed
and bounded w.r.t. the ultrametric topology generated by (the open balls of ) the p-adic norm
Np(x) = max;=1,. _m |z:]p of Q)" [73]. SO(n,Q,), n = 2,3,4, are closed, as they are groups
of solutions of a system of continuous (polynomial) equations, and bounded [89]. Hence,
from this, we can argue that SO(n,Q,), for n = 2, 3,4, are compact topological groups.

Remark 2.2.2. We have used definite quadratic forms to define the p-adic special orthog-
onal groups. It turns out that those groups defined on indefinite quadratic forms are not
bounded, whence, not compact [113].

The next theorem provides a parameterization of the compact p-adic special orthogonal
groups in dimension two [113].

Theorem 2.2.1. Any element of SO(2,Q,),. takes the following matriz form in the canon-
ical basis of Q3

1+ka? 1+Kka?
where Ry (00) = —R.(0) = Iz, and k € {—v,p, 2} for p > 2, while x € {1,£2,£5,+10}
for p=2. The composition of two elements in SO(2,Qy),, for any fized k, is given by

1—ka? 2k«
Rﬁ<a>=<1+2§5*2 +> & € @, U {oo}, (2.53)

Ri(a)Ri(B) = Ry (%) , (2.54)
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for every o, f € Qp U {o0}.

Remark 2.2.3. By choosing £ = 1, and taking «a = tan (6/2), a generic p-adic rotation, as
given in (2.53), assumes the form

(cos@ —51119) , (2.55)

sinf  cos6

i.e., it ‘formally’ reduces to a real planar rotation by an angle 6.






Part 11

Studies on p-adic harmonic
analysis



The second part of this dissertation addresses the problem to construct an invariant
measure — that s, the Haar measure — for a p-adic Lie group. This is indeed a
necessary tool for the study of the two-dimensional (projective) irreducible represen-
tations of SO(3,Q,) which, ultimately, will provide a model of p-adic qubit. This
part is organized as follows: In Subsection 3.1 we recall some basic notions concern-
ing the Haar measure on locally compact groups and the lifts of Haar integrals on
quotient groups. We then discuss p-adic manifolds and p-adic Lie groups, especially
focusing on their topological properties. Section 4 provides a general formula for the
Haar measure on a p-adic Lie group, eventually showing that it coincides with the
measure associated with the (maximal-rank) invariant differential form defined on
the group. In Section 4.2 we apply the (previously constructed) theory to the p-adic
special orthogonal groups in dimensions two, three, and four. Specifically, in Subsec-
tion 4.2.1, we derive the Haar measure on SO(2,Q,). Next, in Section 5 we construct,
for any prime number p, the p-adic quaternion algebra, and we highlight its relation
with the groups SO(3,Q,) and SO(4,Q,) in Subsection 5.3. Eventually, by exploiting
the Weil-Mackey-Bruhat formula, we construct the Haar integrals on SO(3,Q,) and
SO(4,Qp). The material discussed here is in large part based on [88,89]. Deviations
from the published version mostly affect notations and typesetting.



3

Basic notions and tools

In this chapter, we collect some basic results and tools which will be relevant for all our later
derivations. We begin by recalling the notion of Haar measure on a locally compact group.
Next, we introduce p-adic Lie groups and discuss some of their most relevant (topological)
features. Eventually, we conclude by providing a brief outline of integration theory on a
p-adic manifold.

3.1 The Haar measure on a locally compact group and the lifts of
Haar integrals

Let G be a locally compact (Hausdorff) topological group; in short, a LC group. By a
left (rvesp. right) Haar measure p on G we mean a non-zero Radon measure for which the
following condition holds:

1(g€) = u(&) (resp. u(€g) = p(€)), (3.1)

for every Borel set £ C G, and g € G [83,114]. We refer to (3.1) as to the left-invariance
(resp. right-invariance) property of the measure.

It is worth recalling a remarkable characterization of the left (resp. right) Haar measure
provided by a suitable left- (right-)invariance condition for a class of functionals on C.(G)
— the algebra of compactly-supported continuous complex-valued functions on G [83,115].

Remark 3.1.1. We are adopting the convention that the support, supp(f), of a continuous
function f is the closure of the open set {g € G| f(g) € C\ {0}}.

Let i be a fixed Radon measure on a LC group G. The map defined as

C(G) 3 f s I(f) = /G f(g)du(g) € C (3.2)

is easily seen to be a positive linear functional on C.(G). On the other hand, the celebrated
Riesz Representation Theorem (cf. Theorem 7.2 in [115]) assures that for every positive linear
functional on C.(G), there is a unigue Radon measure p on G such that T is represented as
in (3.2). Exploiting this correspondence, a Radon measure p is a left Haar measure if and
only if the associated functional is left-invariant, i.e., if and only if the condition

/ (L f)(g)dulg) = / F(g)dutg) (3.3)
G G

holds for every f € C.(G). Here, the map Ly, for h € G, of left translation on C.(G) is
defined as (L, f)(g) == f(h~tg). By defining the right translation via (Rf)(g) = f(gh),
we capture analogously right-invariance of the measure. In what follows, whenever p is a
Haar measure on G, we will refer to the integral in the r.h.s. of (3.2) as to the Haar integral
associated with pu.

31
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It is a well known result (see, e.g., Theorems 2.10 and 2.20 in [83]) that any LC group
admits an essentially uniquely defined Haar measure. In particular, if g and v are left Haar
measures on G, then there exists ¢ € R such that u = cv. If G is a LC group, its left and
right Haar measures are related via the so-called modular function A: G — R [83]. In the
case where A =1 (as it happens for abelian and compact groups), G is called unimodular,
meaning that left and right Haar measures coincide.

Remark 3.1.2. A locally compact group G has finite left (and right) Haar measure p if
and only if it is compact [83,116]; in this case, it is possible (and customary) to normalize
the Haar measure in such a way that u(G) = 1.

Example 3.1.1 (Haar measure on Q). The (additive) group of the field of p-adic numbers
Qp (p € N prime) is a LC group once endowed with its standard ultrametric topology
(namely, the topology induced by the non-trivially valued, non-Archimedean absolute value
||, on @p). Therefore, it admits a left Haar measure A. Since (Qp, +) is abelian (hence,
unimodular), A is right-invariant as well, i.e.,

AE+2)=AE) = Na+&) (3.4)

holds for every Borel subset £ in Bg,, and any x € Q. Since the subring Z, of p-adic
integers is a compact subset of QQ,,, we can normalize A by setting

A(Zp) = 1. (3.5)

It is now not difficult to explicitly construct the measure A. Indeed, let B,.(z¢) := {z € Q, |
|z — zolp < p"} be a ball centred in zy € Q, of radius p” > 0. Since B;(0) = Z,, owing to

the invariance condition (3.4) and the normalization (3.5), we get A (31 (x)) =1 for every

x € Q. Moreover, the topological features of Q, — i.e., any ball of radius pF, k>0, isa

disjoint union of p* balls of radius 1 — also entail that A (Bk (x)) = p* for every k € Z,

x € Qp. Hence, we get to the conclusion that the measure of every Borel set £ of Q,, is given
by

AE)=inf > "pmi | €C | Bm, (7)) ¢ (3.6)

j=1 Jj=21
analogous to the formula for the Lebesgue measure on the real line.

Example 3.1.2. The group Q) = Q, x ... x Q, (n-times), endowed with the product
topology, has a natural structure of (additive) LC group; hence, it admits a left (and right)
Haar measure. To find it explicitly, it is enough to observe that, being Q,, a second countable
LC group, there is no distinction between the standard product of measures and the Radon
product (see Section 2.2 in [83]). Therefore, the Haar measure on Q) is provided by the
n-times product of the Haar measure on Q,, i.e.,

A" =AX...x X (ntimes), X Haar measure on Q,. (3.7)

With a slight abuse of notation, we will denote by A the Haar measure on Q) for every
n € N, as the dimension n will be clear from the context.

Let G be a LC group, and let X be a LC Hausdorff space. We call X a (transitive)
G-space whenever it is equipped with a (transitive) continuous left action (-)[-]: G x X —
X of G. If G is a locally compact second countable Hausdorff (in short, LCSC) group,
and H a closed normal subgroup of G (e.g., the centre of G), let X = G/H denote the
quotient (LCSC) group. Furthermore, let ¢: G — X be the quotient map (i.e., the projection
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homomorphism) which is an open continuous map. We can then define a natural continuous
action (1) [-]: Gx X = X of G on X, i.e.,

glz] == q(g)=, geqG, reX. (3.8)

This action is transitive and, hence, turns X = G/H into a transitive G-space. In the
literature, one refers to such a G-space as to a homogeneous space [83,90,91,114,116,117].

Let now pg, pm, px denote the (left) Haar measures on G, H, X = G/H respectively,
and let Ag, Ay be the modular functions on G and H. It is a standard fact that (since X
admits a X-invariant, hence G-invariant, measure px; see Theorem 2.51 of [83])

Ag(h)=Ag(h),  VheH, (3.9)

i.e., Ay = Ag|m. Therefore, if G is unimodular, then H shares the same property.

Let (X,Bx), (Y,By) be (Borel) measurable spaces. We recall that a map ¢: X — Y
is called a Borel map if, for every Borel set £ € By, ¢ 1(€) € Bx; it is called a Borel
isomorphism if it is one-one, onto, and f~! is a Borel map. If X = G/H is a quotient group,
we also denote by s: X — G a Borel (cross) section of X into G, i.e., a Borel map satisfying
the condition ¢(s(z)) = z, for every z € X.

Proposition 3.1.1 (Lemma 6 of [85]). For every Borel section s: X — G, the mapping
Ve: X X H3 (x,h) — s(x)h € G (3.10)
is a Borel isomorphism (X x H being endowed with the product topology).
For every f € C.(G), we put

(P)(x) = /H dusr(W)(f 0 7s) (2, h)
:/Hd,uH(h)f(s(x)h), e X. (3.11)

Remark 3.1.3. It is worth observing that the function H > h — f(gh) € C, for any g € G,
is in C.(H) (in particular, gh € supp(f) = h € g~ 'supp(f)( H), where g~ *supp(f) N H
is a compact subset of G and, hence, of H). Therefore, the integral on the r.h.s. of (3.11) is
well-defined.

Remark 3.1.4. Note that, by the left-invariance of pg, the integral [, dum(h)f(gh) is
constant w.r.t. g varying in ¢~ ({z}), for every x € X. Hence, (Pf)(z) € C does not depend
on the choice of the cross section s.

Theorem 3.1.1. For cvery f € C.(G), the function
X3z (Pf)(z)eC (3.12)

belongs to C.(X), and the mapping C.(G) > f — Pf € C.(X) is surjective. Moreover, for
every f € C.(G), we have that

duc(g /X i () f(s())

_ /X dpx () /H dus (h) f(s(x)h)

:/Xdux(a:)(Pf)(x), (Weil-Mackey-Bruhat), (3.13)

G

where the Haar measures pg, pg, px are supposed to be suitably normalized and s: X — G
is any Borel cross section.
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(Note: Since X, H are LCSC groups, in the first line of (3.13) it is not necessary to make
a distinction between the standard product of measures and the Radon product [83].)

Proof. See Section 2.6 of [83]; in particular, Proposition 2.50 and Theorem 2.51. O

For every ¢ € C.(X) and ¢ € C.(G), we set

(Zy9)(g9) =v(g9)d(a(g)), g€G. (3.14)

It is easy to see that £ ¢ € C.(G); in particular, we have that

supp(Zy¢) C supp(y ﬂq (supp(¢ (3.15)

is a compact subset of G.

Lemma 3.1.1. For every compact subset K of X, there exists a function 1 € CT(G) such
that
(PY)(x) =1, VzeK. (3.16)

Here and in the following, we set CH(G) = {f € C.(G) | f >0, f#0}.
Proof. Use Lemma 2.49 of [83]. O

By Lemma 3.1.1, for every nonempty compact subset K of X, we can define the following
(nonempty) subset of Cf(G)

Uy = {y € CIHQ) | (PY)(z) =1, Vx € K}. (3.17)
By convention, we put ¥y = {¢» = 0}.

Definition 3.1.1. Given any ¢ € C.(X), for every ¢ € Wg,5(4), wWe call the function
Zypd € C.(G) a Weil-Mackey-Bruhat (WMB) lift — specifically, the y-lift — of ¢.

Lemma 3.1.2. For every ¢ € C.(X), and every ¢ € Wyupn(g), we have that
P(Lut) = 6. (3.18)

Proof. In fact, by Lemma 3.1.1, we have:

(P(2,0)( / dyusr (W) ((x)h)(a(s(x)) )
Py)(z)p(z) = ¢(x), Vr € X, (3.19)
where s: X — G is any Borel cross section (¢(s(z)h) = z). O

We are now able to express any Haar integral on X as a Haar integral on G:

Theorem 3.1.2. Let ¢ be a function in C.(X). Then, for every WMB lift £y¢ € C.(G)
of ¢ (¥ € Waupp(e)), We have that

/ dpux (2)9(x) = / duc(9)(Zyd)(9). (3.20)
X G

where a suitable (mutual) normalization of uyx and ug is assumed.
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Proof. In fact, by the second assertion of Theorem 3.1.1,
[ e 0@ = [ dux(@)(P(Ze0) ()
G X
~ [ dux(@)ota). (3:21)

where, for the second equality, we have used Lemma 3.1.2. O
We will call the Haar integral on the r.h.s. of (3.20) a lift of the Haar integral on the

L.h.s. of the same formula.

In our specific applications, X = G/H will be a compact group. In this case, some of the
previously discussed results admit a remarkable generalization. To start with, let us notice
that, when X is compact, C.(X) coincides with the set C(X) of all continuous functions on
X. Let us put ¥ = U x. From Theorem 3.1.2, we can immediately prove the following:

Corollary 3.1.1. Let X = G/H be compact. Then, for every ¥ € ¥, we have that

/ dux (2)9(z) = / duc(9)(Zed)9). Vo e C(X), (3.22)
X G

where a suitable (mutual) normalization of ux and pg is assumed.

Remark 3.1.5. Fixed any ¢ € ¥ = Uy, the map % : C(X) — C.(G) is a right inverse of
P: C.(G) — C(X), i.e., it satisfies relation (3.18) for all ¢ € C(X).

Remark 3.1.6. Without any assumption of compactness of X, the map P: C.(G) — C.(X)
can be extended to a (surjective) map P: L'(G) — L'(X), defined by

~

(Ph@) = [ dunWfs@h). e X, fellG) (3.23)

see Lemma 7 of [85] and Theorem 3.4.6 of [90] (L'(G) = L'(G, ug) denotes the set of
complex-valued functions on G whose absolute value is integrable w.r.t. ). Moreover, the
extended WMB formula holds:

/ duc(g)f(g) = / dux (@) (Bf)(x),  VfeL\(@). (3.24)
G X

for a suitable (mutual) normalization of the Haar measures px, ug.

The forthcoming Theorem will provide us with a suitable generalization of the results
in Lemma 3.1.2 and in Theorem 3.1.2, tailored to the case where X = G/H is a compact
group. To this end, we find useful to preliminary recall the notion of pushforward measure.

Definition 3.1.2. Let (X, Bx) and (Y, By) be (Borel) measurable spaces. Let 1 be a Borel
measure on X. If ¢: X — Y is a Borel map of X into Y, the pushforward measure p.u of
u through ¢ is the measure on (Y, By) defined by

Pup(€) = pop (&), (3.25)

for every Borel set £ in By.
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Remark 3.1.7. If (X,Bx) and (Y, By) are Borel measurable spaces, and if f: Y — R is
a Borel function on Y, the following (abstract) change-of-variables formula (C.O.V.F., in
short) holds [118]:

[ reeidn= [ facen. (3.20)
X Y
Moreover, from (3.26), it is not difficult to prove the following relation [118]:

pr(gdp) = g o ¢~ d(pup), (3.27)

for every Borel function g: X — R. We shall constantly resort to this formula in our de-
scription of integration theory on QQp-manifolds.

We are now ready to prove the following result

Theorem 3.1.3. Let X = G/H be compact. Then, for every ¢ € U, the map Z: C(X) —
C.(GQ) admits an extension — a so-called extended WMB lift —

Z,: LMX) - LYG), (3.28)
defined by .
(Zu8)(9) = ¥(9)(d° 9)(9), (3.29)
that is a right inverse of P:
P(Zy¢) = ¢, Vo eLY(X). (3.30)

Moreover, for every ¢ € L'(X), we have that

[ anx@ote) = [ duolo)(Zio) o) (331)
X G

for a suitable (mutual) normalization of ux, ug.

Proof. Let us first prove that, for every ¢ € L'(X), the (Borel) function gqu belongs to
LY(G). In fact, by Lemma 7 of [85], for any Borel section s: X — G, the pushforward
measure (Vs)«(tx X pp) coincides (up to normalization) with ug. Hence, we have that

| nel(Zo)a)l = [ ductavi@lotata)
:/Gd((%)*(ﬂx x pr)) (9)¥(9)6(q(9))]
:/X i x i@ b (s()h) 6(@)

- [Lauxt@) [ dunmus@mlo@l.  632)

where the last equality is obtained by Tonelli’s theorem. Therefore, we find that
| nc@l(Zie) ] = [ dnx@lota) = 6], (3.33)
and 2!@ € LY(G). At this point, one easily proves (3.30) and (3.31). O

Remark 3.1.8. Relation (3.33) shows that .Z,: L'(X) — LY(G) is a (linear) isometry.
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To conclude this section, we state the following remarkable consequence of Theorem 3.1.1

Theorem 3.1.4. Let us suppose that H is compact. Then, for a suitable normalization of
pe and pix, q«(pG) = px-

Proof. Since H is compact, ¢.(pa) is a Radon measure on X (for every compact £ C X,
¢ Y(E) = KH, with K C G compact by Lemma 2.48 of [83]; hence, K H is compact t00).
Then, for every ¢ € C.(X), by the WMB formula we have that

| dane)@o) = [ dna(tato)
X G
= [ auxte) [ dunota) = [ dnx@pote). @34

where we have assumed that pgp(H) = 1 and pg,puy are suitably normalized. Hence,
a«(pG) = px. O

3.2 p-Adic Lie groups

In this section, we discuss the main features of p-adic manifolds and p-adic Lie groups [78,
79,119]. As in the standard real setting, the starting point is to introduce a suitable notion
of chart on a Hausdorff space.

Definition 3.2.1. Let 2" be a Hausdorff space. A chart on 2" is a triple (%, ¢, Qy),
where %/ C 2 is an open subset and ¢: % — Q is a map such that p: % — p(%) is a
homeomorphism. We refer to % as the domain of the chart, and to n € N as its dimension.

lfrxe% C 2, wesay that (%,¢,Qp) is a chart around z. In the following, we will set
;: (%) — % to be the inverse map of ¢ on its range.

Definition 3.2.2. If U is an open subset of Qj, a function f: U — Q) is said to be a
Qp-analytic function, if it is expressed by a convergent power series in a neighborhood of
every x in U. A map f = (f1,...,fm): U — Q) is said to be a Q,-analytic map, if every
fi,i=1,...,m, is a Qp-analytic function.

Definition 3.2.3. Two charts (%1, p1,Qp*) and (%, p2,Qp?) on 2" are compatible, if both
P20y : @1(%10%2) — 302(%1062/2) and P10y @2(62/1002/2) — 901(62/10%2) are Qp—analytic

maps.

If (%1, 01,Qp") and (%2, p2,Q}?) are compatible charts on 2" such that % N % # 0,
then one can prove that, necessarily, it is ny = ns [78].

Definition 3.2.4. An atlas A for 2" is a family {(%., ¥, Qp*)}aca of pairwise compatible
charts which cover 27, i.e., "= .. An atlas A for 2 is called n-dimensional if all
the charts in A have dimension n.

a€cA

Similarly to the standard real case, it is now natural to set the following:

Definition 3.2.5. A Hausdorff space, 27, together with a maximal (w.r.t. inclusion) atlas
A is called a Qp-analytic manifold. The manifold is called n-dimensional if the atlas A is
n-dimensional.
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For notational convenience, in what follows we shall denote an n-dimensional atlas on
2 as A = {(%w, ¢a) taca; moreover, we will refer to a ‘Qp-analytic manifold’ simply as
to a ‘Qp-manifold’. If 2, & are two Qp,-manifolds of dimension m and n respectively, we
shall say that a map f from 2 to % is Qp-analytic if, for every x € X2, there exist a
chart (% ,p,Qp') on 2" around z, and a chart (¥,v,Q)) on % around f(z), such that

f(Z)C¥,and Yo fo o o(%) — Qp is a Qp-analytic map.

Remark 3.2.1. Every Q,-manifold £ is both totally disconnected and locally compact
(TDLC in short). In particular, the latter condition entails that for every point = of 27, the
set T, of all compact open subsets in 2~ containing x forms a base at = (see Lemma 7.1.1
in [120]). Therefore, the set 7(2") = (U, 4 Te of all the compact open subsets of 2" forms
a basis for the topology of 2 .

Analytic differential forms on Q,-manifolds are defined in a similar fashion to the stan-
dard real setting (see Chapter 2 in [120] for a thorough discussion). Indeed, let 2" be a
Qp-manifold of dimension n, and let A = {(Zu, ¥a)}taca be an atlas on 2. If © is a differ-
ential form of degree k < n on 2, its restriction O, := ©|4, — in the local coordinates of
(o, o) — is given by

O4(u) = Z 05, (w)dzj, Ao Adxj,, (3.35)
J1<...<Jk
where 0% . are Qp-valued functions on %,, and where we set ¢, (u) = (21,...,7,) to

denote the local coordinates of u in %,. If, for every a € A, the maps 05, . are all Q,-
analytic functions on %,, we say that O is a Qp-analytic differential k-form on 2. If Q is
a Qp-analytic differential n-form on £ (i.e., of maximal degree equal to the dimension n of
Z), its local expression Q, = |4, can be written as

Qo (u) = wa(w)dzy A ... Adzy, (3.36)

for we: %n — Qp a Qp-analytic function. In what follows, we shall abbreviate ‘Q,-analytic
differential k-form’ to ‘differential k-form’.

Let F': & — % be a Qp-analytic map between n-dimensional Qp-manifolds 2", %, and
let = be a differential n-form on #'. The pullback F*Z of E through F' is a well-defined
differential n-form on %" [120]; specifically, if (%, pa) is a chart in 2, and (¥3,¢3) is a
chart in %, then, on %, N F~1(¥3) one has:

F*Z2g =F*(égdyr A ... Adyp) = (g o F)(det DF)dzy A ... Adxy, (3.37)

where (z;)7_; and (y;)7_, denote the systems of local coordinates of %, and ¥} respectively,
and where DF’ is the Jacobian matriz of the transformation F'.
To conclude this subsection, we now discuss the principal object of our investigations:

Definition 3.2.6. A p-adic Lie group G is a Q,-manifold which is also a group, and such
that the multiplication map
GxG>(g,h)—ghed (3.38)

is Qp-analytic.

From Definition 3.2.6, it follows that the inverse map, G 3 g — g~' € G, is a Q,-
analytic map. Moreover, it is clear that every p-adic Lie group is a TDLC Hausdorff space
(see Definition 3.2.5 and Remark 3.2.1).

Remark 3.2.2. Let G be a p-adic Lie group. For h € G, the map ¢}, of left translation by
h is defined as:
G3g—ly(g) =hgeq. (3.39)
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This map is the composition of the map G > g — (h,g) € G x G, and the multiplication
map defined in (3.38); hence, it is Q,-analytic (the composition of Q,-analytic maps is a Q,-
analytic map; see Lemma 8.4 in [78]). Similarly, one can define the map of right translation,
T, on G, which is Qp-analytic as well.

Remark 3.2.3. A classical result by Van Dantzig (see Theorem 7.7 in [121]) states that a
TDLC group admits a base at the identity consisting of compact open subgroups (and vice
versa). This result provides a peculiar characterization of the topology of p-adic Lie groups.

Since a p-adic Lie group, G, is a Q,-manifold, we can clearly define differential k-forms
on it. In particular, we say that a differential k-form © on G is left-invariant if £;© = © for
any h € G, i.e., if

£;,0(9) = 0(h™g) (3.40)

holds for every g and h in G. Right-invariant differential n-forms are defined similarly with
¢y, replaced by ry,. By taking h = g~ ! and g = e in (3.40), we also see that

:.0(e) = O(g), (3.41)

that is, if © is left-invariant on G, its value at every point on G is determined by the value
O assumes at the identity e in G. In the next subsection, we shall prove that a left-invariant
n-form on G can always be constructed, and that it naturally induces the left-invariant Haar
measure on G. For the moment, we want to stress a relevant topological feature of p-adic Lie
groups which will turn out to be central in our later derivations. We recall that a Hausdorff
space £ is called paracompact, if every open covering of 2  can be refined into a locally
finite open covering. We say that 2~ is strictly paracompact if every open cover of 2~ admits
a refinement consisting of pairwise disjoint open sets.

Proposition 3.2.1. Let G be a second countable p-adic Lie group. Then, G is a strictly
paracompact space.

Proof. By assumption, G is locally compact, second countable and Hausdorff, hence o-
compact (i.e., union of countably many compact subspaces). Every o-compact space is Lin-
delof, and, therefore, paracompact (cf. Theorem 5.1.11. in [122]). Then, the proposition
follows by the equivalence of the points i and ii of Proposition 8.7 in [78]. O

Remark 3.2.4. From Proposition 3.2.1 it follows that any second countable p-adic Lie
group G can always be endowed with an atlas consisting of pairwise disjoint charts. Indeed,
since every atlas is an open covering, it admits a refinement consisting of pairwise disjoint
open sets. Then, the restriction of the coordinate maps of the initial atlas to the sets in the
refinement provides a new system of charts for G.

Remark 3.2.5. It is well known that a LC group G is Polish if and only if it admits a
second countable topology (see Theorem 5.3 in [121]). Therefore, a second countable p-adic
Lie group is also a Polish group.

In this work, p-adic Lie groups will always be assumed to be second countable (as so are
the most important examples); hence, they are LCSC Polish groups.

3.3 Integration on p-adic manifolds

This section deals with integration theory on p-adic manifolds [120]. For our purposes, we
will need a p-adic counterpart of the well known change-of-variables formula for multiple
integrals on R™. Therefore, we start with the following:
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Theorem 3.3.1 (Change-of-variables formula). Let a € Q) and let £ = (£1,...,6,): U C
Qp =V CQy be a Qp-analytic isomorphism between an open neighborhood U of a, and an
open neighborhood V' of &(a), such that

det (3& (a)) £0. (3.42)

Lj

Then, for every integrable function f on V, the following formula holds:

@) @) = [ ree) |de (L @)
/v /U ‘ (333] )

where \ is the Haar measure on Q.

p

Proof. Formula (3.43) is actually a special case of the abstract C.O.V.F. (see (3.26) in
Remark 3.1.7) specialized to the case where the pushforward of the measure on U is realized
via a Q,-analytic map. See Proposition 7.4.1 in [120] for the technical details. O

Let 2 be a second countable n-dimensional Q,-manifold, and € a differential n-form
on 2. U A = {(%¥a)}aca is an atlas on 27, Q is expressed as in (3.36) in the local
coordinates of each chart in A. Then, we can associate a Radon measure pqo with Q by
setting

4o () = [g o (WA (7)o A) (1), (3.44)

for every compact (open) subset € C %, of 2, and where d((@a)*/\)(u) denotes the

pushforward of the Haar measure A by Za. It is not difficult to verify that this measure is
well-defined: If (%3, @) is another chart in A containing € (i.e., € C %3 N %), then

/ o (W)]pd((70):A) (u) = / s ()] ((2):0) (), (3.45)
€ €

that is, uq(%) does not depend on the considered chart containing %. We shall give the
proof of this result in Remark 3.3.2 below.

Remark 3.3.1. Since a second countable Q,-manifold is o-compact, the measure (7.34) is
regular (cf. Theorem 7.8 in [115]). Then, the measure of a Borel set £ C %, of 2 is given,
by inner regularity, by the supremum of the measures of the compact (open) sets contained
in &.

If f e C.(Z) is such that supp(f) C € C Y., its integral w.r.t. uq is also well-defined,
and is given by
[ 1o [ k@@ w. (3.46)

Let now % be an arbitrary compact (open) subset of 2. Its measure w.r.t. ug can be
defined as follows. First, we can decompose % as

€ = |_|C€1-, €; C s, for some a € A, (3.47)

i.e., as a disjoint union of compact (open) subsets %;, each contained in some %,. Then, the
measure of € is given by

po(€) = Z pa (). (3.48)
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Similarly, we can then extend the measure (3.48) to arbitrary Borel sets € in 2~ (see Re-
mark 3.3.1). Exploiting (3.46), it is then not difficult to define the integral of an arbitrary
function f € C.(Z") w.r.t. ug, as well.

We can consider the pushforward of the measure g via ¢, to a measure on Q. This
allows us to treat the integration theory on a manifold 2 via integrals on Q. Indeed, using
formula (3.27), we have:

A((Pa)or10) (1) = (e (loa W0 (7)) @) = [(@a 0 P) @A), (3.49)

where ¢, (u) = (21, ...,2,) = x denotes the coordinate representation of the point u € Z .
Hence, using the (abstract) C.O.V.F. (cf. relation (3.26) in Remark 3.1.7) with f = x¢, we
obtain
pa(@) = [ lwa@lhd(F)-N@ = [ o pa)@hdia). (50
2 va(?)
Furthermore, if f € C.(Z) is a function with supp(f) C € C %., it is clear that

[ leabd(G)Nw = [ (Feb)@lwa e @b (G51)
U Pa(%a)

With the above discussion, we get to the following two conclusions. First, from (3.44),
we see that
dpgo|,
d(@a)*/\

i.e., uala, is an absolutely continuous measure w.r.t. (;a)*)\, with Radon-Nikodym deriva-
tive given by |wa|p: % — R. Secondly, (3.50) entails that (pa)«pio < g, (2,) as well,

'Ltﬂl%a << (soa)*A? - |wo¢|p, (352)

with Radon-Nikodym derivative |w, o $a|p: Yo%) — RF. The latter condition means
that the pushforward of the measure pug on 2" via the maps ¢, for every a € A, provides
an absolutely continuous measure w.r.t. the Haar measure A on Q. Their Radon-Nikodym
derivative — which, for notational convenience, hereafter we will simply denote by n — is
globally defined, and it is uniquely defined up to a set of points of null measure (any other
Radon-Nikodym derivative is equal to n almost everywhere). Accordingly, we shall denote
by o = |wg © Ea\p the restriction of 7 on ¢, (%) C Qy, for every %, in the covering atlas
A of 2. Exploiting this notation, and recalling condition (3.50), we can then write

1o () = / PRACECS (3.53)

for every compact (open) subset ¢ C %, C 4 . Similarly, we can express the integral w.r.t.
Q of every function f € C.(2") — with supp(f) C € C %, — as

[ 1o= [ fwka@hid(@)Nw= [ (fobi@m@dra). (350
x U, o(%a)

Remark 3.3.2. Using the local representation (3.53), it is now not difficult to prove the
equality of integrals in (3.45). Indeed, let 4 C %, N %3 be a compact (open) set in 2.
Then, we want to show that

/ Nal(2)dA(z) = / 75 (4)AA ). (3.55)
va(?)

(%)

We first consider the change of variable y = (¢g o ©.)(x) in the r.hs. of (3.55). Then, using
Theorem 3.3.1, we see that (3.55) holds if and only if

Na(z) = (15 0 95 © 9,)(x)| det D(pg 0 ) ()], (3.56)
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where det D(¢g o ©,,)(z) denotes the Jacobian of the transformation pgo ©,,. On the other
hand, the pullback formula (3.37) also shows that

(Pa)"Q

= (195 0 0)" (i0p)*Q2

= (ppo %) (wg 0 0p)(y)dys A ... Adys,
= (wp

o @ﬁ o g o <pa)(x) detD(g&B o ZQ)(a:)dxl A ... ANdx,.
(3.57)

(Wa © o) (@)day A ... Adz, =

Therefore, taking the p-adic absolute value of the Lh.s. and of the last equality in (3.57)
entails that (3.56) (and, hence, (3.55)) holds.

To conclude this subsection, we prove that it is always possible to construct an essentially
unique — i.e., uniquely defined up to a multiplicative constant — (left-)invariant differential
n-form on every m-dimensional p-adic Lie group. We will then show that it is naturally
associated with the (left) Haar measure on the group. This will draw a parallel with the
standard theory of (real) Lie groups [123,124].

Let us first note that, also in the p-adic setting the tangent space T.G to G at e € G has
a natural structure of Lie algebra g, whenever the elements X € T.G are identified with the
corresponding left-invariant vector fields X on G [119]. Let X1,..., X, be a basis of T.G,

and let X Tyevns X’n be the corresponding left-invariant vector fields in g. We can now define,
for all g in G, the 1-forms wy,...,w, on G via the condition
(wi)g ((X])g) = 5i]‘, j = 17...,’!1. (358)
By construction, wy,...,w, are left-invariant 1-forms on G, as follows by observing that
(E;wl)(f(]) = wi(EZXj) = (Ul(X]) (359)
In particular, this also entails that w1, ..., w, form a basis of the dual space of T ;G for every

g € G. Therefore, the differential form €2;,, defined as
Qiny ‘= w1 A AW, (360)

is a (nowhere vanishing) left-invariant n-form on G. Indeed, since the pullback £3, commutes
with A, we have:

f;Qinv = €Z(w1 AN Awy) = i A AL = wi A Awy = Qiny, (3.61)

that is, Qiny is left-invariant. It is clear that any constant multiple of €y, is a left-invariant
n-form as well. Conversely, if Q) is another left-invariant n-form on G, there must exist
¢ € Q, such that Q(e) = cyy (). But then, the left-invariance condition (3.41) entails that
Q(g) = Qiny(g) for every g in G.

We want now to show that if €;,, is the left-invariant differential n-form on G, its induced
measure, po,,., is the left Haar measure on G (up to multiplicative constants). Indeed, we
already know that uq, . is a Radon measure. To conclude that it is a Haar measure, we have

to show that it is left-invariant. Let € be a compact (open) set in G. From the left-invariance
of Qi we see that

Wa 0 Yo = (Pa) Qiny = (@a)*LZ*IQinw (3.62)
for every g € G. This entails that uq,  (9%) = pa,. (%), for every compact (open) set
% C G, and g in G (see (3.50)). Moreover, since G is second countable, pq, . is regular. In
particular, inner regularity entails that

pe,., (£) = sup{ugq, . (K) | K C £ compact}
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— sup{yic,, (9K) | K C € compact}
= p9; (9€); (3.63)
for every Borel set £ in G, and every g € G. Concluding, we proved that uq, . is a left-

invariant Radon measure on G, and since the Haar measure is essentially uniquely defined,
it must coincide with the Haar measure on G up to a multiplicative constant.






4

The Haar measure on p-adic Lie groups

In this chapter, we show how to construct a left Haar measure px on a (second countable)
p-adic Lie group G. Our approach exploits the peculiar topological features of p-adic Lie
groups, and relies on the possibility to construct a quasi-invariant measure for G. Eventually,
we will prove that the measure thus constructed coincides with the measure induced by the
left-invariant differential n-form Q;,, on G (see Subsection 3.3).

4.1 Construction of the Haar measure

We begin by recalling the notion of a quasi-invariant measure [83]. Let G be a p-adic Lie
group, and let v be a Radon measure on it. For h € G, we can define the left translation 1",
of v by h, as

(&) = v(hE), (4.1)

h

for every Borel set £ € Bg. We say that v is quasi-invariant if the measures v are all

equivalent, i.e., mutually absolutely continuous [115]. In such a case, we have:

dv"(g) = n(h, g)dv(g), (4.2)

where n: G x G — R} is a positive map on G x G. The function 7 is the Radon-Nikodym
derivative dv" /dv. For h,h’ € G, since v = (v")" | the chain rule for the Radon-Nikodym
derivative entails the following cocycle formula:

n(hh', g) = n(h, 1 g)n(k', g), (4.3)
for every g € G. In particular, using (4.3) it is not difficult to prove the following result.

Lemma 4.1.1. Let G be a p-adic Lie group, and let v be a quasi-invariant measure on it.
The measure defined as

du(g) =n(g,e)” " dv(g) (4.4)

— where e denotes the identity element in G — is a left Haar measure on G.

Proof. Let u" be the left translation, by h in G, of the measure p, as defined in (4.1). For
every Borel set £ in Bg, we have:

jh(E) = / lg.0) " dr(g) = / n(hg, e)" " (g), (4.5)

£

where in the last equality we have used the change of variable h='g + g. Then, taking
into account condition (4.2) for quasi-invariant measures, and exploiting the cocycle for-
mula (4.3), we have:

n(hg,e) =n(h,g)n(g.e),  dv'(g) =n(h,g)dv(g), (4.6)

45
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which yield

/ n(hg, €)' dv(g) = / n(h 9) " n(g, &) n(h g)du(g) = / n(g.e) " du(g) = w(E). (4.7)
ol ol

&

Therefore, the first equality in (4.5) and the last one in (4.7) give the desired result. O

From Lemma 4.1.1 we see that it is always possible to construct a left Haar measure on
a p-adic Lie group G once known a quasi-invariant measure on it. Hence, our next step is to
show how to explicitly construct a quasi-invariant measure on G.

Let A = {(Zu, Pa) aca be a disjoint atlas on G (cf. Proposition 3.2.1). We can construct
a (regular) Radon measure v on G as follows. First, in every chart (%, ¢« ) in A, we define
a measure v, on %, by setting

P

Vo = ((po)*)‘av )‘Oz = )‘|Lpa(02/a)7 (48)

that is, v, is the pushforward measure, via aa: Vo) — Qp, of the restricted Haar
measure |, (7,) on Q- Note that since v, is finite on compact sets, it is a Radon measure.
In this way, we have constructed a Radon measure on every chart (%, ¢.) in A. To obtain
a Radon measure v on the whole group G, we can then act as follows. Given any Borel set

& in Bg, we express it as the disjoint union & = | |, 4 €a, where &, = £ N %,, and set

v(€) = Z Vo (Ea)- (4.9)

acA

Since A is countable, the series in (4.9) contains a countable number of non-null terms.
It is now easily proved that the measure defined in (4.9) is a (regular) Radon measure
on G. Indeed, v takes values in [0,+00] as so do all the v,s, and v(0) = 0. If {&;}; is a
countable family of Borel sets in G, then v(U;&;) = >, v(&;), as follows by observing that
the v,s are o-additive, and that the summation order can be exchanged in the double series
Y a2 Val& N %) by positivity of the v,s. Moreover, v is clearly finite on compact sets,
and since G is second countable, we can conclude that v is a regular, and hence Radon,
measure on G (cf. Theorem 7.8 in [115]).

Our next step is to show that this measure is quasi-invariant. To this end, let h € G be

some fixed point, and let us set, for any «, 5 € A,
Uy ={g € Ua | hg € Us} =" ((h%) N %)) = U (K Up). (4.10)
Note that %ahﬂ C %, is an open set and

Uo =| | %] 5. (4.11)
B

Assuming that %a’fﬁ # (), for every j = 1,...,n, and at given h € G, we put

0aUL5) 3w = o j(hix) = pg,i(hp,(x)) € Qp, (4.12)
)

where g ; is the j-th vector component of wg: % — Qp,ie., 058 = (Ps.1,---,PB,js- -+ Ppin)-
Moreover, the definition of (g (h; -) can be extended to the whole open set o (%) =
|—|/3 gaa(?/ahﬁ) by varying § in A. In this way, we obtain a map (g ;(h; - ): pa(%) — Q, (for
suitable labels 8 depending on the charts as in (4.12)), for any given h € G. We can then
define a function

pa(h; )t pa(Za) > R, pa(hsz) = (4.13)

et | 522 )|

89%

1<), k<n|,
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Eventually, we obtain a function n: G x G — R, defined as follows:

n(h,g) = pp(h;alg)), g€ U, € A (4.14)
Let us now define a (regular) Radon measure pp, on G by setting
dpn(g) = n(h, g)dv(g). (4.15)
We want to prove that v is quasi-invariant and, moreover, p;, = ", so that
dvh
—(g9) =n(h, g). 4.1
3 @) =nh.g) (4.16)

Since v is a regular measure, then v and j;, are reqular measures. Hence, by outer regularity,
it is sufficient to show that

11 (0) = 1 (0), (4.17)
for every open set O C G. Actually, since
0=\ |(0N%), (4.18)

it is sufficient to prove (4.17) on every open subset O = O, of %,, for « € A. Moreover,
since for any open O, C %,,

Oa=| [(Oanzly)=| |Oks  OFs=0.n%l, (4.19)
B B
it is enough to prove (4.17) on every open subset O = O ; of %! ;. Assuming that O}, ; # 0

(otherwise there is nothing to prove), we have:

MOhy = [ )

iz(’)Q[1
= / dA(z) (since hOP 5 C Up)
w(hoﬁ',ﬁ)
=/ p(h;z)dA(x) (by C.0.V.F. (3.43))
Saa(oz,g)
= /O . n(h, g)dv(g) (by (4.8)-(4.9) and (4.14))
— (0% ). (4.20)

h = py,. Therefore, v and v are mutually absolutely continuous,

. P . d h
for every h € G — namely, v is quasi-invariant — and <¢-(g) = n(h, g).
As a direct consequence of Lemma 4.1.1, the left Haar measure p on G is of the form

du(g) = n(g.e)"'dv(g). (4.21)

With the above construction, we have proved the following result:

In conclusion, we have v

Theorem 4.1.1. Let G be a p-adic Lie group, and let A = {(Uu,a)taca be a disjoint
atlas on G. If p is the left Haar measure on G then, for every Borel set £ in Bg, and any
U, in A, the following equality holds:

-1

det [a;;l: (Pa); wo(e))]

(&N %) =/

pa(ENa)

dA(y), (4.22)

<j,k<
1<j5,k<n p

where (%, po) is the chart around the identity e € G, (vi)}_, denotes a system of local
coordinates w.r.t. (%, o), and ; is the map defined in (4.12).
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Remark 4.1.1. In (4.22), the functions (. ; are correctly labelled by «. In fact, their
derivatives are performed in a neighborhood of = g(e), and, thus, Ca](ga(y),x) =

goad(ga(y)zo(x)) whenever ao(m) € %, is ‘sufficiently close to e’ such that ;a(y)zo(x) €
Ue,.

Now, we prove that Theorem 4.1.1 still holds in the case of an atlas including possibly
overlapping charts. Indeed, let A = {(Za, ¢a)}taca be an arbitrary atlas on G. Since G
is strictly paracompact (see Proposition 3.2.1), we can always find a refinement A" of A
consisting of pairwise disjoint charts. Then, Theorem 4.1.1 provides us with a left Haar
measure on (every chart of) A’. To show that this measure is well-defined on A as well, we
have to prove that for every Borel set £ in Bg contained in the intersection of two charts
in A, the value of the integral in (4.22) is the same w.r.t. the local coordinates of the two
charts; that is, we want to prove

w(ENU) = p(ENUs), (4.23)

for every Borel set £ in G such that £ C %, N s, U, %3 € A. To start with, the r.h.s.
of (4.23) explicitly is

-1

wen ) = [ et | 522 (321 0(0)| WD), (429)

p(ENUp)

<j,k<
1<5,k<n P

where we have denoted by y the local coordinates in the chart (%3, ¢g). Then, the change
of variable z = g o @a(y) immediately yields

/ 9¢s,j
ep(ENUs)

8l‘k

B dA(z)

det [ (ps(2); <Po(6))}

-1

[ e B (Gaeen e Bt Jaer| 22D ]| ar
Ca(ENUa L P P
_ [0Cas = (. } o [6(wo$a)j } _1’ [3(%05&)1‘ }
L o 0 [ Gt nten|| | der | TEZER )| - faet | TEE ) | ax)
r o -1
-/ det | 522 Gawsnle)|| ) = (e n %), (4.25)
Pa(ENYs) L OTk p

where, for notational convenience, we have omitted 1 < j, k < n in the Jacobians. Note that
in the second equality of (4.25), we have used the C.O.V.F. for multiple integrals in Q} (cf.
Theorem 3.3.1). Moreover, in the third equality, we have used the fact that (g ; and (4 ;
are related via the condition ( ; = @a,; 0 ;BJ 0 (3,5, and then we have exploited the usual
chain rule for the Jacobian of a composite function. Therefore, (4.23) shows that the (left)
Haar measure in Theorem 4.1.1 is well-defined over overlapping charts; that is, it does not

depend on the particular chosen chart in 4. Concluding, we have the following Corollary of
Theorem 4.1.1.

Corollary 4.1.1. Let G be a p-adic Lie group, and let A = {(Za,¥a)}taca be a (not
necessarily disjoint) atlas on G. The left Haar measure  on G is expressed, in the local
coordinates of any given chart (Uu, pa) in A, as

-1

aCoz,j
8$/€

wen) = [

det [
Pa (‘gm%&)

(za@);wo(e))] aA(). (4.26)

1< k<n,

for every Borel set £ € Bg, where (%, o) is the chart around e € G, and (x)j_, denotes
a system of local coordinates w.r.t. (%, o).
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To conclude this section, we now show that the Haar measure (4.26) coincides with the
measure on GG associated with the left-invariant differential n-form Q;,, on G, as constructed
in Subsection 3.3. Indeed, let us denote with €2 the differential n-form on G whose local
expression ()., in every chart %, in A, is given by

Qa(g) = det[DCu(g; pole))]) " tday A ... A day, (4.27)
where, as usual, D(, denotes the Jacobian matrix of {, = (Ca,j)?:la and where we set
©alg) = (x1,...,2y). It is clear that the measure pig, associated with Q) via relation (3.50),

coincides with the Haar measure in (4.26). (It is worth noting that, from Corollary 4.1.1,
it follows that 2 does not depend on the particular chosen chart on G, i.e., it is a well-
defined differential n-form on G). To prove that the form (4.27) coincides with the left-
invariant differential n-form Qj,, on G, it is enough to show that condition (3.40) holds,
ie., ;9 ((hg) = Q(g), for every h,g in G. Indeed, this will prove that € is a left-invariant
dlfferentlal n-form on (G, and due to its essential uniqueness, we can then conclude that it
coincides with i,y (up to a multiplicative constant). In fact, we have:

6:02(hg) = £, AetiDGs (-5 00 ()] (hg)dya A Ay, )
= det[D(Cs(-; po(e)) o €1)] " (hg) det[Dly]dxy A ... Adxy,
= det[DCo(h ™ hg; po(e))] ! det[Dey] ! det[Dey)dzy A ... Adxy,
= Q(g), (4.28)

where we set p,(hg) = (Y1,--.,Yn). Note that, in the second equality we have used the
pullback formula (3.37) for differential forms, while in the third equality we have used the
formula for the Jacobian of a composite function, taking into account the relation (, ; =
Pa,j O zﬁ}j o(g,; between (. ; and (g ;. Hence, since the Haar measure is essentially uniquely
defined, we get to the conclusion that the left Haar measure (4.26) must coincide (up to
a multiplicative constant) with the measure pq. . induced by the left-invariant differential
n-form ., on G.

inv

Remark 4.1.2. Let us clarify how the local formula (4.26) for the Haar measure p on
G allows us to globally integrate a function on G. Given f € C.(G), its Haar integral
Jo f(9)du(g) can be computed by splitting f as a sum of its components on local supports
contained in the domains of the charts in an atlas for G. This is done by making use of a
partition of unity {xa taca under an atlas {(%Zu, Pa) taca of G. Then, the following relations

o /f )dpu(g /ZXaf )dpu(g Z/ Xaf (9)du(g)- (4.29)

aEA acA

Each integral in the summation can be computed by using the local formulas (4.26).

4.2 Applications

As observed in Subsection 2.2 of Part I, the groups SO(n,Q,), n = 2,3,4, are compact.
Hence, they admit a (left and right) Haar measure, which is essentially uniquely defined,
i.e., unique up to a normalization constant factor. The construction of the Haar measure
on SO(2,Q,), immediately follows by formula (4.26). On the other hand, we will explicitly
construct the Haar integrals for SO(3,Q,) and SO(4, Q,). A fruitful approach is to introduce
a suitable p-adic quaternion algebra, H,, and exploit its relations with the p-adic special
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orthogonal groups in dimension three and four. Then, their Haar integrals are expressed as
lifts to Haar integrals on suitable groups of p-adic quaternions, whose Haar measures are
found, once again, by means of a direct application of (4.26).

4.2.1 The Haar measure on SO(2,Q,),

In this subsection, we explicitly construct a left and right Haar measure on every SO(2,Qp),
— characterized as in Proposition 2.2.1.

According to parameterization (2.53), SO(2,Q,) is homeomorphic to the p-adic projec-
tive line, and it is covered by two disjoint charts. One coordinate map, say @), is defined on

SO(2,Qp)x\{—1} to Qp, and it is such that E(H) (z) = R(«) (cf. Theorem 2.2.1); the other
one maps —I € SO(2,Q,), to co. Since the groups SO(2,Q,), are compact and infinite
(uncountable), the singleton {—I} has zero Haar measure. The Jacobian in (4.26) is now
easily computed: By recalling the composition law (2.54), we find

Oy _d a+p 1+ ra?
[ opB (@(“)(a)’ﬁ)} - dﬁ(l - naﬁ) (1 —kap)?’
(Note that —x is never a square [113], i.e., 1 + ra? # 0 for every a € Q,). Therefore, an

application of (4.26) — with 3 = ¢(,)(I) = 0 — immediately yields the Haar measure of
every Borel subset £ in SO(2, Qp).:

e = i), (431)

(H)(S) |1 + Ra2|p

(4.30)

with dA(«) the Haar measure on Q.

Remark 4.2.1. One can directly verify that the measure in (4.31) is a Haar measure, i.e.,
left- and right-invariant. Indeed, let us consider the functional invariance condition in (3.3):

; dA
/ Lgf(x)dﬂ(z )(:c) /LRN(ﬁ)f(RK(O‘))H _|_,mz| /f ))|1—|—/(<j4)2|’
SO(2,Qp) a€Qp " adg » ’
(4.32)

for f € C(SO(2,Qp)x) a compactly supported function on SO(2,Q,), (recall that C.(X) =

C(X), whenever X is compact), and where g = R, (8), for some 8 € Q,. In the last integral,

we have also used the fact that L, f(z) = f(g~ ') (i.e., the left translation of functions on
0(2,Qp)x), together with R.(8)~! = R.(—f). Recalling formula (2.54), we have:

[ i@ = [ 1 (7 (250) rrmrie: @)

SO(2,Qp)w acQy

Let us now set w = (a — 8)/(1 4+ kaB). We have:

w+ 5 1+ k32
_ _ LR 4.34
T ) - g, (4.34)
and, by inserting (4.34) into (4.33), we obtain
11— kwpl2 11+ 82|, 11+ kB2,
/1= (1= woB) + @ + B2y 11— B2~ -/ 1 1+ re? + w2 + w22,
weQ, weQp
1+ Ii52|p / 1 / (%)
d .
/ f(w) (1 + kw?)(1+ &B?)|p @ \l—i-/-in\p F@)dpy™ ()
weQp w€eQp SO(27QP)K,

(4.35)
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This shows the left-invariance of the measure. On the other hand, since the group is compact,
this also entails the right-invariance of the measure (4.31).

Remark 4.2.2. The Haar measure of any Borel subset F of SO(2,R) is given by

p(F) = A (F)), (4.36)

where A denotes the Haar measure on R, and the coordinate map on SO(2,R) is given by
cosf —sind
sinf  cosf
of SO(2,Qp)1 becomes formally identical to an element of SO(2,R) (cf. Remark 2.2.3).
Therefore, one may expect that such a ‘reduction’ applies also for the Haar measure. Indeed,
using the C.O.V.F. for p-adic integrals (see Theorem 3.3.1) we have:

= 0 € [0, 2n[. On the other hand, with k = 1 and a = tan (%), an element

(Ii) 1
e (€)= / ————d\(a) — (4.37
2 ) 9(m)(5) |1 + I{(¥2|p ( )

1 1
dA(0) :/ dA(),
/w(F) ‘ 1+ tan?(0/2) 'p cos?(0/2) |, o(F)
i.e., the Haar measure on SO(2,Q,), reduces to that on SO(2,R), up to the normalization
constant factor.
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The quaternion algebra H,

The study of real quaternions was originally motivated by their property to model Euclidean
orthogonal transformations of R and R* [112]. It turns out that this familiar picture keeps
some of its main futures — but also requires some essential modifications — when switching
from the real to the p-adic setting. In what follows, we will describe the quaternion algebra
H, over the field Q, of p-adic numbers [125], in a way that closely mimics its real counterpart
(briefly reminded in Appendix A); later, (cf. Section 5.3), we shall clarify its relations with
the p-adic special orthogonal groups in dimension three and four. The cases where p > 2
and p = 2 will be discussed separately.

5.1 Case p>2

In the standard real case, the quaternion algebra H is the vector space R* = R x R?
equipped with a suitable standard basis, namely, the one consisting of the vectors 1,1, j,k
in R* satisfying the commutation rules (A.3) of Appendix A. From this, one can then define
an isomorphism which realizes H as a subalgebra of M(2, C). Switching to the p-adic setting,
it is then natural to set the following

Definition 5.1.1. Let p > 2 be an odd prime. By a p-adic quaternion algebra we mean a
four-dimensional vector space H, = Q, x Qz over @, which is a Qp-algebra, and satisfies
the following conditions:

(a) There exist i,j in H, such that, denoting by 1 the multiplicative identity in H,, the set
{1,i,j,k :=ji} is a Q,-basis in H,.
(b) The basis vectors i, j, k in H, satisfy the following commutation rules:

i?=v, j=-p K =pvy, ji=-ij, ki=-ik=vj, kj=-jk=pi, (5.1)
for v € Q, a non-quadratic p-adic unit.

Remark 5.1.1. By means of a direct calculation, one verifies that the centre of the quater-
nion algebra Hl, coincides with the base field Q. This is reminiscent, to some extent, of the
standard real case where, similarly, one shows that the field of real numbers R is the centre
of the real quaternion algebra HI.

On the quaternion algebra H,,, we can define a natural involutive anti-automorphism by
setting 7
Hp 3 € = qo +iq1 +jg2 + kg = = qo —iq1 — jg2 — kg3, & € Hy,. (5.2)
Then, it is easily checked that, for every & € H,, the product of ¢ and & results into
§€ = F(4)(q0, 01,92, 93) = 45 — vq; + pgs — pugs, (5.3)

that is, the unique (up to linear equivalence and scaling) four-dimensional definite quadratic
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form over Qp, for p > 2 (cf. (2.44) in Theorem 2.1.3). Therefore, we can express the inverse
£~ of every (non-null) p-adic quaternion as

¢&t= 3 :
F(4) (90, q1, G2, 93)

(5.4)

In what follows, we shall denote by

Hy ={¢ € H, [ £ # 0} = { =qo +iq +Jg2 + ks € Hy | Fay(q0, 91,92, 93) # 0} (5.5)

the multiplicative group of invertible quaternions.

Remark 5.1.2. In the literature (e.g., see [112]), the reduced norm is defined as the map
Hy, 3 € — nrd(€) = &€ = F(ay(q0, 41, 42, 43) € Qp. (5.6)

It is easily checked that nrd is a multiplicative map; namely, nrd(én) = &nén = Enné =
énrd(n)€ = nrd(n)é€ = nrd(é)nrd(n), for every &,n € H,. Moreover, for every o € Q, and
¢ € Hp, nrd(a€) = o*nrd(€), and nrd(E) = Fu(q0, —q1, —q2, —¢3) = Fa)(q0, 01,42, 93) =
nrd(€). In what follows, we shall denote by &/nrd(€) the inverse element (5.4) of a quaternion
§ € Hy.

In the group of invertible quaternions HY, it is possible to single out the subgroup of the
so-called unit quaternions, namely, the group:

U(H,) = {§ e B | €71 =€} = {€ € H, | nrd(€) = 1}. (5.7)

We want now to show that, as in the standard real case, H,, can be realized as a suitable
matrix algebra. To begin with, we recall that in the quadratic form F(4)(x) = x3 — vr? +
prs — pvx3 on Q,, v € Q, is a non-quadratic p-adic unit, ie., v ¢ (Q;)? and |v], = 1.
Accordingly, we can consider the quadratic field extension Q, ,, of Q, by /v. Let M(2,Q, ,)
denote the algebra of two-dimensional matrices over Q, ,, and let H, be the subalgebra of

the matrices M in M(2,Q, ) of the form

M= ( To + \/vT) —w2+ﬁ$3) (5.8)

p(z2 +vrs)  xo—vry )’ '
where z; € Qp, i = 0,1,2,3. It is easily checked that H,, is a (unital) Q,-division algebra,
where the inverse of every non-null element M € H,, is

-1 _ # T — /vxy To — 1/vT3
V7 = iy (oo ey 22 Ve (59)

and where det(M) = F (4 (20,21, 72,23). Let us now introduce the matrices i,j,k in
M(2,Qp,) defined as

i= (f’ _%), j= <g 01>, k= (p\oﬁ \f) (5.10)

It is clear that every M in H,, can be expressed as follows:
M = xg + iz, +j.732+k1‘3, X0, T1,T2,x3 € Qp, (5.11)

(here, we are omitting the identity matrix Io multiplying z); that is, H, coincides with the
Qy-linear span of the set {Iz,1,j,k}. Moreover, i,j,k satisfies the following commutation
rules:

2 2

= ’UIQa J = pIQa k2 = pUI27 ji = _ij = k7 ki = —ik = Uj? kj = _jk = pi7
(5.12)

i

from which we can argue that H,, is a non-commutative Q,-division algebra.
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Remark 5.1.3. As in the complex case, the subset of invertible elements in H,, forms a

group
HY = {MeH, | M#0,} = {M e H, | det(M) # 0}, (5.13)

where Oy denotes the null 2 x 2 matrix on Q, .. Moreover, we can single out the subgroup
U(H,) of elements in H)f having unit determinant, i.e.,

U(H,) == {M € H | det(M) = 1}, (5.14)
which provides the p-adic counterpart of (A.9) in Appendix A.

In the light of the discussion above, it is now not difficult to prove the following result:

Proposition 5.1.1. For every prime p > 2, the p-adic quaternion algebra H, is isomorphic
to the Q,-division subalgebra Hy, of M(2,Qp.).

Proof. Let us consider the map

. . + Vv —q2 + /v
Op 1 Hy 3§ =qo +iq1 +jg2 +kgz = 0,(§) = <pqo Vo @2 + Vg

It is clear that 6, is one-one, onto and linear, i.e., it is an isomorphism of vector spaces.
Also, 6, is a ring homomorphism, since 6,(£n) = 0,(£)0,(n) for every &,n € H,. Hence, it
defines an algebra isomorphism from H,, to H,,. O

The algebra isomorphism 6, identifies the basis vectors 1,1, j,k of H, with Iy and the
matrices (5.10) in the spanning set of H,, respectively. This then also justifies our abuse of
notation in using the same symbols for the basis elements of both H, and H,.

Remark 5.1.4. Exploiting the algebra isomorphism 6, one can easily check that

nrd(§) = det(0,(£)) = F(4)(qo, q1,62,93)- (5.16)

Therefore, we can interchangeably use nrd(§), det(0,(£)) and F(4)(qo, q1,92,¢3) to denote
the reduced norm of § = g +ig1 + jg2 + kgs in H,.

Remark 5.1.5. Using the isomorphism 6, it is clear that the subgroups U(H,) and H)S of
H, are isomorphic, respectively, to the subgroups U(H,,) and HS of H,, (cf. Remark 5.1.3).

5.2 Casep=2
As for the p > 2 case, we start by giving the following

Definition 5.2.1. Let p = 2. By a 2-adic quaternion algebra we mean a four-dimensional
vector space Hy = Qo x Q3 over Qy which is a Qy-algebra, and satisfies the following
conditions:

(c) There exist i, j in Hs such that, denoting by 1 the multiplicative identity in Hs, the set
{1,1,j,k} is a Qq-basis in Hy.

(d) The basis vectors i, j, k satisfy the following commutation rules:

2= =k>=-1, ij=—ji=k, jk=-kj=1i, ki=-ik=]j. (5.17)
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We can endow Hy with the involution (5.2), thus turning it into an involutive algebra.
Then, the inverse £ ! of every non-null 2-adic quaternion & can be expressed as

§
nrd(€)’

Moreover, we can single out the subgroup H) < Hy of invertible 2-adic quaternions by
putting

é——l

(5.18)

HY — {6 € Ha | € #0} = {€ € Hy | nrd(¢) 0}, (5.19)
as well as the subgroup U(Hy) < HJ of unit quaternions defined as

U(Hy) = {¢ € H | nrd(§) = 1}. (5.20)

We want now prove that Hy can be made in a one to one correspondence with a suitable
matrix algebra. To this end, we recall that the definite quadratic form of Q3 is now given
by (2.44); moreover, since —1 is not a square in Q2, we can consider the quadratic extension
Q2,—1 of Q2 by —1. Let M(2,Q2,_1) denote the algebra of two-dimensional matrices on
Q2,—1, and let Hy C M(2,Q2,_1) be the subalgebra of matrices M defined by

[ x0+ vV—1x1 To + v/ —1x3 _ -
M = <_$2 n \/jlxg Ty — \/j1$1> , x; €Qqg, Vi=0,...,3. (5.21)

By construction, we have that det(M) = F4(zo, 21,22, 3) = 23 + 27 + 23 + 23. Hence,
every non-zero M € H is invertible, with inverse given by

M_1 _ 1 Tro — \/—11‘1 —T9 — \/—1333 .
det(M) To —/—1x3 o+ v —1xq1 ’

i.e., Hy is an associative (unital) Qq-division algebra. Next, let us introduce the matrices
iaja k in M(2a Q2,—1) defined by

(T ) e (0 ) ke (S ) e

Every M in Hy can be expressed as M = ¢ +ix; + jro + kas (we have omitted the identity
I, multiplying xg); that is, Hy can be realized as the Qq-linear span of {Is, i, j, k}. By further
noting that i, j, k satisfy the commutation rules

(5.22)

= =Kk>=-1I,, ij=—ji=k, jk=-kj=1i, ki=—-ik=]j, (5.24)
we also see that Hy is a non-commutative Qs-algebra.
Remark 5.2.1. As in the p > 2 case, we can introduce the group
H ={MeHy | M +#0s} ={M € Hy | det(M) # 0} (5.25)
of the invertible matrices in Hy, as well as the subgroup
U(H,) = {M € H} | det(M) =1}. (5.26)
The following result is a straightforward adaptation of Proposition 5.1.1

Proposition 5.2.1. Let p = 2. Then, the 2-adic quaternion algebra Hs is isomorphic with
the subalgebra Hy of M(2,Q2,_1).
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Proof. 1t suffices to consider the map

L Qo +vV=Ig go+ \/—1q3>
0y: Hy 5 & =qo+iq1 + jg2 +kgs — 0 = € Hy, (5.27
2t Ha 2 & =qo +iq1 +jgz + kg3 2(£) <—q2 s PR v 2, (5.27)

and observe that it provides the desired algebra isomorphism. O

Remark 5.2.2. The quaternion algebra Hy shares some analogies with the standard real
quaternion algebra H. In particular, the matrix representation of a 2-adic quaternion is
‘essentially the same’ as in the standard case (just set /=1 := i for the square root
of the non quadratic element —1 € @Q.). This is what one expects upon considering
the ‘formal equivalence’ of the real four-dimensional quadratic form Fg with the four-
dimensional quadratic form F(4) on Q2. However, the analogies between standard and p-
adic quaternion algebras cannot be pursued too far. Indeed, a fundamental difference be-
tween H,, for every prime p > 2, and H is the following. For the latter, we have that
Fr(qo,q1,q2,93) = ||(qo,q1,q2,q3)||%4, i.e., the definite quadratic form Fr on R? coincides
with the squared Euclidean norm of R*. (This also entails that the reduced norm of H is
equivalent to the (square of) the Euclidean norm of R*. See Remarks 5.1.2 and A.0.1). On
the other hand, in the p-adic setting, we only have the equivalence F(4 = nrd, i.e., the
reduced norm of H,, does not coincide with the square of the p-adic norm of Qﬁ.

5.3 Relation between p-adic quaternions and special orthogonal
groups

This section clarifies the relations between p-adic quaternions and the p-adic groups of
rotations SO(3, Q,) and SO(4, Q,), for every p > 2. We begin with SO(3,Q,). Let us consider
the action by conjugation of the group H,; of invertible quaternions on H; namely, the map

Hy 37 Ené™" € Hy, (5.28)

where § € Hf, and p > 2. This map is an isometric linear transformation of Hy, since it
preserves the reduced norm of every quaternion 7 in H:

nrd(éng~") = nrd(€)nrd(n)urd(€ )
— nrd(€)urd (€ nrd(y)
~ nrd(eHnrd(y)
nrd(n); (5.29)

equivalently, the action by conjugation of H, preserves the definite quadratic form of Q4
Moreover, the operation 1 + &né~" leaves the centre Q, of H,, pointwise fixed and, hence
also leaves the orthogonal subspace Qf’, invariant.

(Note: Here, we refer to the orthogonality w.r.t. the inner product induced by the definite
quadratic form of Q, as defined in (2.1)).

Let us now consider the restriction of (5.28) to the subset H = {v € H, | v = iq1 +
Jg2 + kgs} of pure imaginary quaternions in H,; that is, let us consider the map

kp(€): HY D v kp(Hv =g, (e HY. (5.30)

By noting that Hg = p, and reminding that the action (5.28) is an isometric transforma-
tion of Hl,, we deduce that x,(£) preserves the restriction of F (4 to Qp, i.e., the (equivalent)
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quadratic form F. Hence, we deduce that x,(¢) € O(3,Q,) = {L € End(Q}) | F4 (Lx) =
Fi(x), Vx € QE’)} represents an orthogonal transformation in Q;’,. Next, by observing that,
for every &, p € Hy, and v € HY, the equalities x,(Ep)v = (Ep)v(Ep) " = E(prp™ 1)t =
tip(€)kp(p)v hold, we can conclude that k), : H — O(3,Q,) provides a group homomor-
phism.

Let us now explicitly derive its action on a pure imaginary quaternion v in Hg. If¢&=
qo +iq1 +jg2 + kgz € HY and v = is; + js2 + kss € H), the action of ,(€) on v is given by

v = (qo +iq1 + jgz + kas) (is1 + js2 + ks3)(qo — iq1 — jaz — kqs) (5.31)

1
nrd(€)’
where we have used the fact that ¢! = £/nrd(¢) (see Remark 5.1.2). Expanding the above
products, one sees that the scalar part vanishes, as expected, and, by collecting the terms
in i,j and k, we get

1 (% —vai —p@3+pvad  2p(qoas + qra2) —2p(gog2 + vq143)

Kp(€) = wrd(€) 20(qoqs — q142) 4 +vat +pgs +pvas  —20(qoqr + Pgaqs3)
nrd(¢ 2(gog2 — vq143) 2(—qoq1 +pa2a3) 43 +vai — pags — pv(qg |
5.32

for p > 2, and
2 2 2 9 .
@w+a—a—a 29— 930) 2(q2q0 + q3q1)

Ka(€) = 2 +99)  @-G+6E -6 2(02a03 — @1q0) (5.33)

d
A\ 2qigs — qoq0)  2qido +@2as) @@ — @+

for p = 2. A direct calculation shows that the transformations (5.32) and (5.33) have unit
determinant, i.e.,

det(r,(§)) = mF(@(QO, q1, 92, %)3 =1 (5.34)

Therefore, we get to the conclusion that, for every prime p > 2, and every & € HY, ,(§) €
SO(3,Qy) is a three-dimensional p-adic rotation.

The above discussion shows that x,(H,)’) € SO(3,Q,). We are now going to prove that,
actually, also the reverse inclusion SO(3,Q,) C k,(HX) holds. Indeed, let us first introduce
the map 7,: Hg — Hg defined, for every p € H NH), as

_ . 2{p)
TP(V) =V = nrd(p) 12

(5.35)

where (-, -) denotes the bilinear form associated with the quadratic form F . in Q3 (cf. (2.1)).
It is easily shown that this map satisfies the conditions 7,(p) = —p and F_ (7,(v)) = F4(v),
for any v € HY =2 @g; namely, 7, € O(3,Q,) \ SO(3,Q,) defines a hyperplane reflection

(w.r.t. p) in H,. Moreover, by taking into account the defining properties of (-, -), nrd and
Hg, and recalling that, for a pure imaginary quaternion v in ]H[g, one has 7 = —v, we see

that the reflection (5.35) is explicitly given by 7,(v) = —prp~', ie., 7, = —£,(p). On the
other hand, by a classical theorem of Cartan and Dieudonné (cf. Theorem 4.5.7. in [112]),
every special orthogonal transformation in SO(3,Q,) can be written as the composition of
two such reflections, i.e., g = 7,,7,,, for all g € SO(3,Qy), and suitable p1, p2 € H¥ N Hg.
Therefore, every p-adic rotation in SO(3,Q,) is expressed by

9=TpTps = (—Tp ) (=Tpy) = Kp(p1)kp(p2) = Kp(p1p2) = Kp(§), (5.36)

for £ := p1pa € HY. This then shows that r,(H,) = SO(3,Q,), i.e., that x, is surjective.
The following result is now straightforward and crucial for our purposes.
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Theorem 5.3.1. The group SO(3,Qy) is isomorphic to the quotient of the group H) of
invertible quaternions, and the multiplicative group Qj, of non-null elements in Q,, namely

SO(3,Qp) = H, /Qj. (5.37)

Proof. To prove the group isomorphism (5.37), we can equivalently show that the following
1— Q= HX % S0(3,Q,) — 1 (5.38)

is a short exact sequence. We already know that x,, is surjective. Furthermore, the kernel of
Kp, ker(kp), coincides with the image Qy, of the embedding in the short sequence:

Ker(y) = {€ € FEY | #y(€) = 1 € 50(3,0,)}
={{ € H) | kp(§)v = v for every v € H)}
={{ € H, | {v = v§ for every v € Hg}
={{ € H) | {p = p€ for every p € H,} = Q;, (5.39)
as Qy is the centre of H,; (see Remark 5.1.1). O

The exact sequence (5.38) is reminiscent, to some extent, of the exact sequence
1— {£1} — U(H) 2 SU(2,C) - SO(3,R) — 1, (5.40)

of the standard real case (cf. the isomorphism (A.13) in Appendix A.0.2). Here, the main
difference with the sequence (5.38) is provided by the fact that the groups U(H) and Fy =
{#£1} are replaced, in the p-adic setting, by the groups H, and Q respectively. The reason for
this discrepancy is related to the peculiar features of the base field Q,. Indeed, it is possible
to prove [111,112] that a sequence as in (5.40) is exact if and only if nrd(H*) C (F*)?,
namely, if and only if the reduced norm of every invertible quaternion is a quadratic element
of the field. In the case where F = R, this is certainly true. Instead, in the p-adic setting,
nrd(HX) C (Q})? is never true.

We want now to show that SO(3,Q,) and H)5/Qy are homeomorphic. This fact will
indeed play a fundamental role in our construction of the lift of the Haar integrals on
SO(3,Qp) to HY.

Let us preliminary recall that every LCSC Hausdorff space is a standard Borel space once
endowed with its Borel o-algebra. Accordingly, one calls a space X a standard Borel G-space
if X is a G-space (cf. Subsection 3.1), its Borel structure is standard, and if the action of
G on X is a Borel map. If X is a standard Borel G-space, and = € X is a fixed point, let
Gz = {g € G | g[z] = z} be the stability subgroup at x. One can show (cf. Corollary 5.8
in [117]) that G, is a closed subgroup of G. Moreover, denoting by ¢: G — G/G, the
projection homomorphism, the map

G/Gz 3 q(g) — glz] € X (5.41)

is a Borel isomorphism, and it is a homeomorphism whenever X is LCSC (cf. Theorem 5.11
in [117]). Therefore, in such a case, X = G/G, are homeomorphic spaces in a natural way.
We are now ready to prove the following result.

Proposition 5.3.1. The group isomorphism (5.37) between SO(3,Q,) and H)/Q is also
an isomorphism of topological groups.
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Proof. The proof we give here is based on general measure-theoretical arguments on G-
spaces; for a more specific proof, involving the reduced norm of p-adic quaternions, see
Appendix B.

As a vector space, H,, = Q, x (@2 = fj, and we can provide H, with the product topology
(on Q,, we consider the natural (ultra-)metric topology generated by the p-adic absolute
value). Similarly, H,; and @f} — {0} are homeomorphic topological spaces whenever they are
equipped with the induced topology as subspaces of H, and Q;ﬁ respectively. The continuity
of the group operations (multiplication and inverse) of H; is inherited from the continuity of
the addition, inner multiplication (according to the commutation relations among the basis
elements) and multiplication by scalars of @} — {0}; therefore HX is a topological group.
Also, H)Y is LCSC, as Qﬁf{O} is so (being an open subspace of the locally compact Hausdorff
space (@%). We have already observed that SO(3, Q,) is a compact second countable Hausdorff
group, once endowed with the topology introduced in Section 3. Hence, SO(3,Q,), supplied
with its Borel o-algebra is a standard Borel space. We want now to show that SO(3,Q,) is
a standard Borel H}-space. To this end, we have to find a Borel action of HY on SO(3,Q,).

Let us introduce the map from H)Y x SO(3,Q,) to SO(3,Q,) defined as

HX x SO(3,Q,) 5 (&, R) v €[R] = 5y ()R € SO(3, Q). (5.42)

It is easily shown that the map (5.42) provides a continuous left action of HY on SO(3,Q,).
Indeed, continuity follows from that of x, and of the matrix multiplication in SO(3,Q,).
Next, we have that £[V[R]] = ,(&)(kp(V)R) = (kp(&)kp(v))R = kp(Ev)R = (£v)[R), for
every &, v € HY, R € SO(3,Q,). Moreover R + {[R] is a homeomorphism for every fixed
§ € Hy, as follows by observing that R + {[R] is surjective (since the multiplication
in SO(3,Q,) by the matrix x,(&) is so), and injective (since if k,(§)R1 = kp(§)R2, then
R1 = Ry by the invertibility of x,(§) € SO(3,Q,)), and both the map and its inverse are
continuous (as they are just matrix multiplications and inverses). This shows that (5.42) is
a continuous (actually, Borel) left action of H.’ on SO(3,@Q,). This action is also transitive,
since it exists an element R € SO(3,Q)) such that its orbit {x,(§)R | £ € HS} is the whole
space SO(3,Q,) (it is enough to consider R = I, and the surjectivity of ,). Therefore, we
can argue that SO(3,Q,) is a standard Borel (transitive) H,f-space. On the other hand,
the stability subgroup at every R € SO(3,Q,) is given by {{ € H | {[R] = R} = {{ €
HY | 6p(§)R = R} = {§ € H)Y | 6p(§) = I} = ker(k,) = Q; hence, we can conclude
that SO(3,Q,) and H,/Qy are homeomorphic spaces. In particular, the homeomorphism
is as in (5.41) with, for instance, the stability subgroup at I € SO(3,Q,). Explicitly, the
homeomorphism is H)/Qy > Q5 — k,(§) € SO(3,Q,). This is, indeed, the same map
providing the isomorphism in Theorem 5.3.1. O

Proposition 5.3.1 concludes our discussion on the relations between p-adic quaternions
and rotations in SO(3,Q,). Now, we carry out a similar analysis to clarify the relation
between quaternions and the elements in SO(4, Q,). To begin with, let us introduce the left
action of H[Y x H* on H, defined by

H,3n—&no~' €My, (€0) € HY x HX. (5.43)

This action is by similarities, as follows by noting that

nrd(§)
nrd()

nrd(fngfl) = nrd(f)nrd(n)nrd(gfl) = nrd(n). (5.44)

In particular, the action is by isometries whenever nrd(£) = nrd(p). Hence, let us introduce
the group
P(HZ) = {(£,0) € B x HX | mrd(€) = nrd(0)}. (5.45)
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The restriction of the action (5.43) to a pair (§,0) € P(H;) < H) x H) is denoted by
#ip, (€, 0); namely, we set

k(&5 0) : Hy 30 k(€ 0)n = Ene~ ' € Hp, (&, 0) € P(HY). (5.46)

Since this action is by isometries, and H, & Qé, then x,(€,0) € O(4,Q,) ={L € End(Qf,) |
F(y)(Lz) = F 4 (x), for every x € Q)}. It can be easily checked that, as done for the maps
tp(§) in the three-dimensional case, x,(§,0) € SO(4,Qy), for every (&, 0) € P(H,;). Also,
wy,: P(H)) — SO(4,Q,) is a group homomorphism, and we get to the following result:

Theorem 5.3.2. The group SO(4,Q,) is isomorphic to the quotient of the group P(H))
and the multiplicative group Qy of non-null p-adic numbers:

S0(1,Q,) = B(H})/Q}. (5.47)

Proof. Since char(Q)) # 2, the isomorphism (5.47) follows from Proposition 4.5.17. in [112].
In particular, to prove (5.47), it suffices to show that the following

15 Q< P(HY) —% SO(4,Q,) — 1 (5.48)

is a short exact sequence. This is done similarly to the proof of Theorem 5.3.1: Surjectivity
of the map xj,: P(H)) — SO(4,Q,) again follows by the Cartan-Dieudonné Theorem (cf.
Theorem 4.5.7. in [112]), and its kernel is

{(&,0) € P(H}) | 1, (& 0) =1 € SO(4,Qp)}
{(&, 0) € P(HY) | £,,(&, 0)n = 7 for every n € H,}
{(¢,0) € P(HLY) | €n = ne for every n € H,}. (5.49)

In particular, the last condition must hold for n = 1 € H,, providing the necessary condition
& = o; hence,

ker (k)

ker(r,) = {(£,€) € P(H,) | &n = ¢ for every 1 € H}
= {£ € H | &n = né for every n € Hj,} = Q. (5.50)

That is, the kernel of «;, is the diagonally embedded Qj = Qj(1,1) in P(H,;). O

Remark 5.3.1. The short exact sequences (5.48) is the p-adic counterpart of the following
sequence for the standard real setting:

1— {£1} < U(H) x U(H) — SO(4,R) — 1, (5.51)

where U(H) denotes the group of unit quaternions (see (A.4) in Appendix A). This then
entails the well known group isomorphism (A.14). The main difference with the p-adic case
is provided by the fact that U(H) x U(H) and Fp = {£1} are now replaced by P(H’) and
Qj,, respectively. Once again, this discrepancy is a consequence of the fact that in the p-adic
setting, nrd(H)Y) ¢ (Q3)2.

Similarly to what we did for SO(3,Qy), we are interested in proving that SO(4,Q,) and
P(H,')/Q; are homeomorphic; this will allow us to consider the lift of the Haar integrals on
SO(4,Qy) to that on P(H,).

Proposition 5.3.2. The group isomorphism (5.47) between SO(4,Q,) and P(HY)/Qy is
also an isomorphism of topological groups.
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Proof. Consider the group P(H,;) with the subspace topology induced by @g (the latter,
being endowed with p-adic topology). The group operations are continuous, hence ]P’(H;)
is a topological group. It is also Hausdorff and second countable, being a subspace of the
Hausdorff second countable space (@2. In addition, P(H,') is a closed subspace of the locally
compact Hausdorff space Qg, hence it is locally compact as well. We are now going to show
that, actually, SO(4, Q) is a standard Borel P(H,;)-space. The group SO(4, Q) with p-adic
topology is compact, second countable and Hausdorff. Thus, SO(4,Q,) along with its Borel

o-algebra is a standard Borel space. Let us introduce the map
P(H, ) x SO(4,Qy) > (&, p), R) = (& p)[B] = £, (&, p) R € SO(4,Qp). (5.52)

This map is continuous, and such that (& p)[(v,n)[R]] = &,(&p)(k,(v,n)R) =
5, (&, p) () R = (€, ) (v, )[R, for every (£, p), (v,) € P(ELY), R € SO(4, Q) (here, we
have used the fact that x;, is a homomorphism). Moreover, the map R ~ (¢, p)[R] is a homeo-
morphism, for every fixed (¢, p) € P(H,'). Therefore, the map (5.52) is an action of P(H,) on
SO(4,Q,), which is transitive by surjectivity of m;. Actually, it is also a Borel map and, hence,
SO(4,Qy) is a standard Borel P(H,; )-space. Now, we observe that the stability subgroup at
any R € SO(4,Qy) is {(&, p) € P(H})) | (&, p)[R] = R} ={(& p) € P(H)) | 5,(S, p)R = R} =
{(&p) € P(H)) | £,(§,p) = 1} = ker(x;,) = Qp. Thus, we can argue that P(H)\)/Q; and
SO(4,Q,) are homeomorphic, the homeomorphism being provided, once again, by (5.41). In
particular, if we consider the stability subgroup, for instance, at I € SO(4,Q,), the homeo-
morphism is explicitly given by P(H,)/Qj > (&, p)Q; +— (&, p) € SO(4,Q,), and coincides
with the isomorphism of Theorem 5.3.2. L]

5.4 The Haar integral on SO(3,Q,)

The construction of the Haar integral on SO(3,Q,) can be conveniently carried out by
exploiting the conclusions of Theorem 3.1.3 and Proposition 5.3.1. In particular, this will
bring us along two main steps: First, we shall construct the Haar measure on H; and, hence,
its associated Haar integral. Then, owing to the result in Theorem 3.1.3, we will show that
there is a natural lift of the Haar integral on SO(3,Q,) to that of HX.

To begin with, let us notice that, since Hj is locally compact, it admits a left Haar
measure.

Proposition 5.4.1. The group H} of invertible quaternions is unimodular.

Proof. We exploit the well known result that a locally compact group is unimodular when-
ever there exists a compact neighborhood of the identity element which is invariant under
the inner automorphisms of the group (see Chapter V in [116]). In the present case, 1 € H
is an element of Q; < H)'. Since Q,, is the centre of H,}, every subset of Qj is invariant
under the inner automorphisms of H,;. Z; provides an instance of such an invariant compact
neighborhood of the identity 1. O

As a consequence of Proposition 5.4.1, the left and the right Haar measures on H,
coincide, and we can construct it by directly exploiting formula (4.26). In particular, since
Hy = Qf, — {0} as topological spaces, the map ¢ defining this homeomorphism provides us a
global coordinate map for the elements of H,;. Specifically, if £ = qo + iq1 + jg2 + kg3 € H;,
its coordinates are given by ¢(£) = (qo,¢1,42,q3). Therefore, the density function 1 (cf.
Section 4) characterizing the Haar measure on H ¥ will be globally defined on the whole HY.
We will discuss the cases p > 2 and p = 2 separately.
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Let us assume p > 2 first. If £ = qg +iq1 +jg2 + kg3, and x = 29 +ixy +jrs + kas are two
quaternions in HY, their composition will result in another quaternion ¢ = zo+iz1 +jza+kzs;
namely

(=20 +iz1 +jz2 + ke = (o +iq1 + jgo + kgs)(wo + iz1 + joo + kas)
= qoTo + igoT1 + jgox2 + kqozs + iq1wo + vqr1 21
—kqi1zo — jugrzs + jgawo + kqax1 — pgaxa — ipgos

+kgzzo + jugzry + ipgaxa + pugses, (5.53)
from which we argue that
Zp = qoTo + Vq1T1 — P22 + PUq3Ts3, Z1 = qox1 + 1o — Pg2T3 + Pq3xa,
Z2 = Qox2 + q2To — Vq1T3 + Vg3, z3 = qox3 + q3x0 — @122 + q2x1. (5.54)

gii (z(q), ¢(e)), where the vectors of coordinates of e

and £ are (1,0,0,0) and (qo, ¢1, g2, g3) = ¢ respectively:

We can now compute the function

9o 9 9% 9% I ;
o o e oot T P
oo (Plaree) = | B2 B2 Gz Oz o v w0 v
iy, ’ g—%ﬁ g—éi g—éz g—%i @2 vgs Qo —vq
aTi aT? aTZ 872 zo=1, 3 92  —q1 d0
r1,72,23=0
(5.55)
This yields
o¢;
det <ax;(<p(tJ); </>(6))> = (a§ —vai +pa3 — pva3)?, (5.56)

which, as anticipated, is globally defined on HY. Then, using (4.26), we can conclude that
the Haar measure of any Borel subset £ of HJ is

1
o (€) = / d
o w(&) 136 — vat +pa3 — pugi
where we recall that dA(¢) denotes the Haar measure on Q3 (cf. Example 3.1.2).

For the p = 2 case, a similar discussion to the one leading from (5.53) to (5.56) shows
that

Aq), (5.57)

do —q1 —q2 —G3
Gi 1~ @ o —9 Q@ 2, 2, 9 22

det ;o(e = det = +qi +4q5 + . 5.58
(6% (¢ (a); o( ))) o o @ g | T @FATE ) (558

43 —42 41 do

Then, using (4.26), the Haar measure of any Borel subset £ of HJ' is
1
oo (€) = / dA(g). (5.59)
"z o(e) |08 +at + a5 + a3

We summarize the above results with the following

Proposition 5.4.2. Let p > 2 be a prime number, and let H) be the group of invertible
p-adic quaternions. The Haar measure P on H,y is given by

1
X g :/
parz () o) IF)(q0,91,92, 9313

for every Borel set & C Hy, where § = qo +iq1 + jg2 + kas, »(§) = (0, q1,42,93), dA\(q) =
dqodqi1dgodgs is the Haar measure on Q;‘;, and F(4y is the definite quadratic form of Q;ﬁ
(see (2.44) in Theorem 2.1.3).

dX(g), (5.60)
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Exploiting the results of Theorem 3.1.3, we shall now prove that there exists a one-one
correspondence between the Haar integrals on SO(3,Q,) and those of H,;. Indeed, let us
consider the quotient group H; / Qy- According to the results in Subsection 3.1, denoting by
A the Haar measure on Q, (see Example 3.1.1), and with s: H)\/Q; — HX a Borel cross

section, the map P: L' (HY) — L' (HX /Q;) defined as

(B)() = / W@ f(s(@)a), = eH/Q, el (HY) (5.61)

P

is a well-defined surjection of L' (HX) onto L' (HX /Q%) (cf. Remark 3.1.6). For K a compact

subset of H,\, we can then define the set (cf. (3.17)):
U = {p € CF(H) | (PY)(q) = 1, Vg € K. (5.62)

In particular, adhering to the notation used in Subsection 3.1, we set ¥ = \IIH; Q- Moreover,
P

for every 1 € U, we also denote by .2 : L'(H)Y /Q;) — L'(HX) — ie., the extended WMB
liftt — the right inverse of 13, as defined in (3.29). We are now ready to prove the following

Theorem 5.4.1. Let puz and pyx be the Haar measures on SO(3,Qp) and H,; respectively.
For every prime p > 2, and any ¢ € L (SO(B,QP)), the following equality holds:

/S i, s O(R) = /

where Di/ﬁ\l,gi) € LY(H)) is the (extended) WMB lift of the map ¢.

dpgx (q) (Z09)(a), (5.63)

X
P

Proof. From Proposition 5.3.1, SO(3,Q,) is homeomorphic to H)Y /Qj, hence this two spaces
are Borel isomorphic. In particular, by exploiting the homeomorphism between SO(3,Q,)
and HX/Qp, it is clear that, for any ¢ € L' (SO(3,Q,)), the Haar integral in the Lh.s.
of (5.63) can be expressed in terms of a Haar integral of the function ¢ on the homogeneous
space H; / @Q,- On the other hand, the same homeomorphism also entails that H / Qs a
compact group. But then, the equality in (5.63) directly follows from (3.31) in Theorem 3.1.3.

O

Remark 5.4.1. We stress that the result of Theorem 5.4.1 provides an equivalence of Haar
integrals. In other terms, computing the Haar integral of a function ¢ in L! (SO(3,QP)) is

equivalent to performing the integration of the function ,2\/@, namely

($¢¢)(qo, q1,92, q3)
IF (4)(q0, 1,92, q3) |2

dps(R)p(R) = / dgodgidgadgs, (5.64)

SO(3.Qp) H

where we have used the explicit form of the Haar measure (5.60).

5.5 The Haar integral on SO(4,Q,)

Here we extend to SO(4,Q,) the results of the last subsection. In particular, in complete
analogy to what was done for SO(3,Q,), we will provide a suitable lift of the Haar integral
on SO(4,Q,) to that on P(H).

We start by observing that the group ]P’(Hg) is locally compact and, hence, it admits a
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left Haar measure. Moreover, ]P’(H;) is unimodular, since it is a subgroup of the unimodular
group HX x H)X (being the direct product of the unimodular groups HX) [116]. Since the
measure on every chart covering ]P’(H;) can be obtained by translating the measure around
its identity element e, it is enough to explicitly provide the latter by exploiting formula (4.26).

Consider the pairs of quaternions (a, ), (v,6) € P(H,'). From the defining condition of
the group P(H,;), it must be true that nrd(a) = nrd(3) and nrd(y) = nrd(d). Explicitly, let
a, 3,7, 6 be given by

a:a0+ia1 +ja2+ka3, B:b0+ib1 +jb2+kb3,
Y =co+ ic; -‘erQ + kes, 0 = do +idq —|—jd2 + kds. (565)

We shall denote the composition of the two elements (c, 3), (7, 6) in P(H)Y) by ¢ := ((1,(2) =
(ay, B9), where (1 = zp+iz1+jza+kzs and (o = z(+iz] +jzb+kz}. Clearly, € is a function of
the parameters a;, b;, ¢;,d; for i = 0,1,2,3. Now, to construct the Haar measure on ]P’(]HIPX)7
we have first to compute the Jacobian of the function (. In particular, we shall consider
(a, B) as fixed, and (v,d) as variables. In what follows, we will treat separately the cases
p>2andp=2.

Assume p > 2 at first. The components z; and z}, i = 0,1,2,3, of (; and (2, can be
computed in the same way in which we found (5.54):

Zo = GoCo + vaicy — pasce + pvascs, z(’) = body + vbidy — pbads + pvbsds

z1 = apcy + aico — pascs + pasce, 2y = body + bidy — pbadz + pbsds

29 = agCs + asco — vaicsy + vascy, 2 = bods + badg — vbids + vbsdy

23 = apC3 + aszCo — A1Ca + ascy, 24 = bods + bzdo — bida + bad; . (5.66)

As anticipated, z; and z; are functions of the parameters ¢;,d;, i = 0, 1,2, 3 (we are assuming
a;, b; to be fixed). The defining condition nrd(y) = nrd(d) of the group P(H') is equivalent
tocd = F(4)(do, dy1,da, d3) +wvef —pc3 +puck, and imposes a constraint on the variables c;, d;.
Actually, this condition allows us to only consider (¢, ¢a,c3,do,d1,ds,ds) as independent
parameters in a neighborhood of e € P(H,'): As the forthcoming remark will clarify, in such
a neighborhood F 4 (do, d1,dz, d3) + vet — ped + pued is a quadratic element, and its square
root will then provide ¢y up to a sign.

Remark 5.5.1. The identity element of P(HY) is identified in Q3 by the vector
(co, 1,2, ¢3,do,d1,da,ds) = (1,0,0,0,1,0,0,0). Now, consider an open ball in QZS, of centre
(1,0,0,0,1,0,0,0) and radius 1, in the usual p-adic topology. Here, dy = 1 + pyo, d; =
DYi, ¢ = px; with yo,y:, 23 € Zp, i = 1,2,3. Then, F(4)(d0, dy,ds,d3) = 1+ pt and
F(4)(do, dy,da, d3) 4+ ve — pe3 + puc = 1+ pt', where t = 2yo + pF(4) (Y0, y1,y2,y3), t' =
t+p(va? —pas+pva3) € Z,. We can now resort to Hensel’s Lemma (Chapter 11, Section 2.2
of [74]) to show that, actually, 1+ pz, 2z € Z,, is a square in Z,, i.e. that f(z) = 2% —1—pz
admits roots in Z,,. First, f(z) = 2 —1 mod p has roots = £1 mod p, where the deriva-
tive % = 2z takes values +2 # 0 mod p. Then, Hensel’s Lemma allows us to (uniquely)
lift each of these simple roots to a root of the same function modulo p”, n € Z~1, converging
to a p-adic root. This proves that F(4)(do, d1, d2, d3) and F(4)(do, d1, d2, d3) +vc? —pe3 +puca
are squares. Hence, we can write

co = :t\/F(4)(d0, dyi,ds, ds) + vt — pc3 + pucd, (5.67)

at least for (cg, ¢1,¢o, ¢3,dp, d1,da,ds) in a ball in QZS, centred in (1,0,0,0,1,0,0,0) of radius
1.

From Remark 5.5.1 above, we know that the domain of definition of the square root (5.67)
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is non empty, and contains a neighborhood of the coordinates of the identity element of
P(HLY ), where c1, 2, ¢3,do, d1, d2,d3 can be assumed as independent variables. Here, we are
referring to the coordinate map on such a neighborhood of e € P(H,') as

P(H;) > (775) = SDO((’%(S)) = (61762703,d03d17d27d3) € @;, (568)

where v and ¢ are as in (5.65). The same argument can be repeated for the condition
nrd(¢q) = nrd(¢2), to express zg in terms of the other independent coordinates z{), z;, 2}, @ =
1,2, 3. In conclusion, we are left with the following 7 x 7 Jacobian matrix

9z1 O0m Om Oz Om 9z 9=
0. 0. 0. ad, ad ad ad
372 LZ ng Zg 825 az§ azi
0. 0. 0. ad, ad ad ad
0z 0z 0z 0z 0z Dz Oz
Oc e dc: ad ad ad: ad:
Bzé Bzg 6zg Bzg Bzé Bzg 7
= dc;  Ocg  Ocz  Od, od ad od y
einen |22 2 0l o el 0 od
=98> dcy ez  deg  9dy 9dy ddy  Ddg
0z, 0z, 0z4 0z4 0zg 0z4
dcy  Ocy ey od ad od ad:
0s 0d 0zh o 0 o od
dcy dca dcs ddg od1 dds ads d —C]l.jCQ—:dCS—:dO -0
o=1,d1=d2=d3=
(5.69)

0Co,; (Eo(ai, bi); po(e))
al‘k

where, in the Lh.s., ¢o(e) = (0,0,0,1,0,0,0) and (zx)i_, = (c1,c2,c3,do, d1,d2, d3).
By using (5.67), the partial derivatives of the dependent variable ¢q w.r.t. the independent
ones are

dco Jcg
= =0, fori=1,2,3 5.70
Bci c1=ca2=c3=0 8d1 c1=ca2=c3=0 ’ ore T ( )
do=1,d1 =dy—=d3=0 do=1,d1 =dg=dz=0
and 5
Co
—_— = +1. 5.71
8d0 c1=ca2=c3=0 ( )

do=1,d1=d3=d3=0

Hence, using the expressions in (5.66), the Jacobian matrix (5.69) is straightforwardly com-
puted and reads:

ag pas —pas Fa; 0 0 0
vas ag —vay =£as O 0 0
(> . b)) as —aq ap +as 0 0 0
00,5 (#olas, bi)i ¢ol€)) o o o b wb —pbr pubs |. (5.72)
O 1<jk<T 0 0 0 b by pbys —pbs
0 0 0 b2 ’Ub3 b() —’Ubl
0 0 0 b3 by —by bo

The p-adic absolute value of the determinant of such a matrix is

ot 9Co.; (Zo(ai, bi);o(e))

d Do = |ao(ag — vai + pa3 — pva3)(bg — vbi + pb3 — pub3)?|
p
= ‘\/F(4) (bo, b1, ba, bg) + va? — pa3 + pva? F4)(bo, b1, bz, b3)?
P
(5.73)
For the last equality, we used again the condition nrd({) = nrd(p) in a suit-

able mneighborhood for the coordinates of the identity of P(H)), where ay =
:l:\/F(4)(b0, b1, b2, b3) + va? — pa3 + pva? is well-defined.
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Let us now switch to the case where p = 2. The components of {; and (; are now given
by:

20 = GpCy — G1C1 — AaCa — A3C3, 2 = bodg — bidy — bads — bsds
21 = apc1 + aicp + agcz — asca, 21 = body + bido + bads — bsds
Z = agpcz + azco — aicz + asey, zh = boda + bady — bids + bgdy
23 = agc3 + aszco + ajcy — ascy, 2y = bodz + bzdo + bida — bad;. (5.74)

The defining condition nrd(r) = nrd(e) is equivalent to ¢§ = F4(do, d1, d2, ds) —cf —c3 —c3.

Then, analogously to the case where p > 2, it is not difficult to prove that, in a suitable
neighborhood of (1,0,0,0,1,0,0,0) in Qg, co can be expressed in terms of the independent
variables ¢y, co, c3,dg, d1,ds, d3, as the forthcoming Remark will clarify.

Remark 5.5.2. Consider an open ball in QS of centre (1,0,0,0,1,0,0,0) and radius 1/2,
in which dy = 1 + 4yg, d; = 4y;, ¢; = 4x;, with yo,y;,x; € Zo, i = 1,2,3. In this case,
F)(do,dy,da, d3) = (1 +4yo)? + (4y1)* + (4y2)* + (4y3)? = 1+ 8(yo + 2F 4y (Y0, ¥1, y2. ¥3))
and F (4 (do, d1,d2,d3) — A—ct-3=1+ S[yo + 2(F(4)(y0,y1, Yo, Y3) — T3 — 23 — x%)} are
squares in Zs, as they are congruent to 1 modulo 8. Therefore, we can write

co = i\/F(4)(d0,d1,d2,d3) 2 -d-a (5.75)

at least for (co,c1,c2,c3,dg,dy1,da,ds) in an open ball in Q§ centred in (1,0,0,0,1,0,0,0),
and of radius 1/2.

As a consequence, the coordinate map on a suitable neighborhood of e € P(H,) to QF is
as in (5.68). An analogous discussion can be carried out for the condition nrd(¢;) = nrd(¢s),
to show that zp can be expressed as a function of the (independent) variables z{), z;, 2}, i =
1,2,3, in a suitable neighborhood of the identity. It follows that the Jacobian matrix for
p = 2 is of the same form (5.69) for p > 2 and, as one can easily check, the partial derivatives
of the dependent variable ¢y are again given by (5.70) and (5.71). Thus, we obtain

ay —az as Fap 0 0 0
as ag —a; =as 0 0 0
“— — + 0 0 0
90,5 (9o (ai, bi); pol(e)) _ 52 %1 C:)o bzs oo 516
Oz 1<) k<T 0 0 0 b by by by
0 0 0 by bs bg b1
0 0 0 b3 —by by bo

which then yields

. 9o, (Zo(ai, bi); pole))
&rk

de = }ao(ag+a§+a§+a§)(b§+b?+b§+b§)2|2

2

= '\/F(4)(bo,b1, ba,bs) — a? — a3 — a3 F)(bo, b1, ba, bs)?
2
(5.77)

Once more, this expression is valid in the domain of definition of the p-adic square root,
containing a neighborhood for the coordinates of the identity of P(H. ).

By exploiting (4.26), the p-adic absolute values (5.73) and (5.77) immediately yield the
Haar measure on a neighborhood of the identity element of P(IH).
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Proposition 5.5.1. Let p > 2 be a prime number, and let IP’(]HI;) be the group of p-adic
quaternion pairs (5.45). For any Borel subset £ of P(HY), the following equalities hold:

-1

tpay (ENU) = / ‘\/F(él) (bo, b1, ba, b3) + va? — pa? + pva? Fyy(bo, b1, ba, b3)?|  dA(g),
o (EN%) b

(5.78)

for p > 2, while for p =2,
~1
Hpx) (€ N %) = / ‘\/F(4)(b0>b1,b2,b3) —a} — a3 — a3 F(q)(bo, b1,b2,b3)%| dA(q).
wo(ENZ) 2
(5.79)

Here, Hp() and dA(q) = daidasdaszdbydbidbadbs denote the Haar measure on ]P’(]HI;) and

on Q; respectively, F () denotes the definite quadratic form of Qg, and %y is a suitable
neighborhood of the identity element e € P(H)) where the coordinate map ¢o (cf. (5.68)) is
defined.

Since, by translation invariance, one can ‘move’ the measure on the fixed chart around e
all over the group, Proposition 5.5.1 is enough to compute any Haar integral on the whole
P(HX).

P

At this point, we are now ready to construct the Haar integral on SO(4,Qy). In-
deed, as done for SO(3,Q,), we can define a suitable (surjective) map P: L' (P(HY)) —
L (P(H))/Qj) such that

(PH@): [ dN@J(s@a) o€ B/, L PE).  (550)

P

where s: P(H))/Qy — P(H,;) is any Borel cross section of P(H,)/Qy onto P(H,S). Again,
for any compact subset K of P(HY), we define

U = {¢ € CF(P(H))) | (PY)(q) =1, Vg € K}, (5.81)

and set W = Wp o) .. Then, for every ¢ € W, the map 2#: L' (P(HY)/Q;) — L' (P(HY))
— i.e., the extended WMB lift — provides a right inverse of P.

In the light of the above discussion, the following result is now clear:

Theorem 5.5.1. Let pug and fip iy be the Haar measures on SO(4,Qy), and P(H,;) respec-
tively. For every prime p > 2, and any ¢ € Lt (SO(4,QP)), the following equality holds:

[ o = [ dns @ Zora) (5.82)

SO(4,Qp) P(HY)

where ét’i\/,qb € LY(P(H)\)) is the (extended) WMB lift of the map ¢.

Proof. By Proposition 5.3.2, SO(4,Q,) and P(H,;)/Qj, are homeomorphic and, then, Borel
isomorphic. This then entails that, for any given function ¢ € L! (SO(47 Qp)), we can express
its Haar integral (w.r.t. the Haar measure y on SO(4,Q,)) as an Haar integral on P(H,S)/Q;.
Moreover, the same homeomorphism also implies that P(H,‘)/Qy is a compact group. But
then, the equality in (5.82) directly follows from (3.31) of Theorem 3.1.3. O
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Remark 5.5.3. It is worth noting that the method we have followed here for constructing
the Haar measure on the p-adic special orthogonal groups is not the only possible one. In
fact, in [89], it was recently showed that the invariant measure on SO(n,Q,), for n = 2, 3,4,
can be obtained by using an inverse limit approach. Specifically, since such groups are
(Hausdorff) compact and totally disconnected, they are profinite groups. This entails that
they are isomorphic to the inverse limit of a suitable inverse family of finite groups (see
Subsection 1.2). On the other hand, once an inverse measure system was constructed for
this family, and observing that, an invariant measure for the groups in family is given by
the counting measure, one can prove that its projective limit (as a measure space) provides
the Haar measure on the inverse limit groups, namely, on SO(n,Q,), for n = 2,3, 4.






Part 111

p-Adic quantum theory



In this part of the dissertation, we focus on the description of p-adic quantum states
and observables in a p-adic Hilbert space. We begin in Chapter 6 by discussing p-adic
normed and Banach spaces over Qp; by further introducing a suitable notion of an
inner product, we also provide a definition of a Hilbert space in the p-adic setting. In
Chapter 7 we study bounded and adjointable operators, mainly described in terms of
matrix operators acting over p-adic Hilbert spaces. In Section 7.2, the p-adic unitary
operators U(H) are introduced, and their complete characterization is then provided
in Theorem 7.2.3. Section 7.3 deals with the trace class T(H) of a p-adic Hilbert
space. We prove that this set is a left ideal in the space of bounded operators B(H),
and a two-sided *-ideal in the Banach x-algebra of bounded adjointable operators
Baa(H). Eventually, we show that T(H) also has the structure of a p-adic Hilbert
space, the so-called p-adic Hilbert-Schmidt space. In Chapter 8, we discuss physical
states in the p-adic setting. We first provide an algebraic definition of a p-adic state
tailored on a suitable p-adic model of probability theory; then, we focus on the special
classes of the so-called statistical and density states. Finally, we introduce the notion
of a SOVM as a suitable p-adic counterpart to the POVMs of the standard complex
quantum mechanics. The material discussed here is in large part based on [17,92, 95].
Dewviations from the published version mostly affect notations and typesetting.



6

p-adic Banach and Hilbert spaces

Until today, there seems to be no universally accepted model of a Hilbert space over the field
of p-adic numbers or its quadratic extensions [9,18,126-128]. Having in mind applications
to quantum mechanics, in this chapter we introduce notions of p-adic Banach and Hilbert
spaces that are suitable for our purposes.

6.1 p-adic Banach spaces

We start with the following:

Definition 6.1.1. By a normed vector space over Q,, we mean a pair (X, || - ||), where
X is a vector space over Q, ,, and || - || is an ultrametric norm defined on X; i.e., a map
|||l : X = R* such that

o |z =0iff z =0;
o |az|| = |af ||z||, for all @ € Qp,, and all z € X;
o [lz 4yl < max([lz]l, [[yl), for all z,y € X.

Remark 6.1.1. In the literature [9,70,72,101,128], the pair (X, || -|) would be called an
ultrametric (or non-Archimedean) normed space. Putting

1X[ = {llz] [z € X} and  [Qpu| = {la| [ @ € Qpu}, (6.1)

the sets ||.X|| and |Qp, .| are not, in general, related by any inclusion relation. However, the
inclusion || X || C |Qp,,| entails the existence of unit vectors in X and also implies the reverse
inclusion, in such a way that, actually, || X|| = |Qp |- In the case where this condition is
satisfied, || X||\ {0} coincides with the valuation group |Q;, | (recall Remark 1.1.9). Since the
valuation group [Q; | is discrete, then, by Theorem 3 in [129], the field Q, , is spherically
complete, i.e., every nest of closed balls in Q,, , has a non-empty intersection.

Remark 6.1.2. In the following, we will mainly deal with separable (p-adic) normed and
Banach spaces, and we will consider separable (p-adic) Hilbert spaces only. In this regard,
note that, since Q, , is separable, we do not need to use the — in this case equivalent —
notion of a normed space of countable type [73,76]. We will consider some non-separable
ultrametric Banach spaces in Section 6.4.

Any p-adic normed space is a (ultra)-metric space. Thus, it can be completed, so resulting
into a p-adic Banach space (i.e., an ultrametric Banach space over Q, ).

Proposition 6.1.1 ([69,73,101]). Let (X,| - ||) be a p-adic Banach space. A series ), ;
in X is convergent if and only if lim; x; = 0. In particular, (regarding Q, , as a complete
p-adic normed space) a series Y, x; in Qp, converges if and only if lim; x; = 0.

73
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We now consider a class of p-adic Banach spaces that will be central for our purposes.
Let I be a countable index set (in the case where this set is finite, we will put I =
{1,2,...,n}, for some n € N; otherwise we put I = N), and let X be a p-adic Banach space.
We introduce the space co(I, X) of zero-converging — in the case where I = N — sequences
in X:
co(l,X) = {z ={xi}ier | z;: € X, lizm ||| = 0}. (6.2)

In particular, with X = Q, , (regarded as a one-dimensional vector space, endowed with
the norm | - |), we obtain the sequence space

co(I,Qp ) = {x ={z;}ier | i € Qpp, hfn|o:l| = O}. (6.3)

Remark 6.1.3. In order to include the case where I is finite, here and in the following we
set: lim; 2; = 0 and lim, ||z;|| = 0, for I finite.

The space ¢o(I, X), endowed with the sup-norm | - || defined by

|z|loo := sup ||z;|| = max||z;||, Va € co(I,X), (6.4)
iel i€l

is a (ultrametric) normed space over Q, ,. Moreover, it is possible to prove that c¢o(I, X)
is complete w.r.t. the sup-norm, and, thus, the pair (co(I, X),|| - ||s) is & p-adic Banach
space [70].

Remark 6.1.4. The p-adic Banach space (co(I,Qp,), | - [l) is & particular case of the
ultrametric Banach space co(I,K) — where K is a complete, non-trivially valued, non-
Archimedean field [69,128-130] and

co(1,K) := {z = {&i}ier | 2; €K, lim |z;|x = 0} (6.5)
— endowed with the norm
]| oo 1= sup |2i|x = max [z;]x. (6.6)
icl el

Next, we introduce the notion of norm-orthogonal system of vectors in a p-adic normed
space [69,73,76,101,131]:

Definition 6.1.2. Let (X, | - ||) be a p-adic normed space. Two vectors x,y € X are said
to be (mutually) norm-orthogonal if, for any a € Q,, ., ||| < ||z 4+ ay||, or, equivalently, if
llax + By|| = max{||az|], || By|}, for all o, B € Qp, .. More generally, a finite set {z1,...,z,}
in X is said to be norm-orthogonal if

n
g ;T
i=1

An arbitrary set B C X is called norm-orthogonal if every finite subset of B is. In particular,
a norm-orthogonal set B C X is said to be normal if ||z|| = 1, for all z € B.

= max |a;| [|z;]|, forall {on,...,an} CQp,. (6.7)

Definition 6.1.3. Let (X, | - ||) be a (separable) p-adic Banach space. A countable subset
B of X \ {0} is said to be a norm-orthogonal (normal) basis if

(B1) B is a norm-orthogonal (normal) set;

(B2) for each x € X, there exists a map c, : B — Q,, , such that

x = Z cz(b) b. (6.8)
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Note that a normal basis in X is, in particular, a (normalized) Schauder basis [96,131];
also see point (iii) in the proposition below. We will denote such a basis by e = {e; }ier.

Proposition 6.1.2 ([69]). Let (X, | - ||) be a p-adic Banach space, let {e;}icr be a normal
basis and let x =), ; ae;, with oy, g, --- € Q. Then, the following facts hold:
(i) in the case where I =N, lim; a; = 0;

(i) [[#]] = maxier [oul;

(iii) of, for some A1, g, -+ € Qpu, Y ;e Ai€i = @, then o = Ay, Vi € I; namely the expansion
of every vector in X w.r.t. the basis {e;}icr is unique.

Remark 6.1.5. By the unconditional convergence of a series in a p-adic Banach space,
every permutation of a normal basis is a normal basis too.

Theorem 6.1.1. Let (X, || - ||) be a (separable) p-adic Banach space over Q. Then, it
admits a norm-orthogonal basis. Moreover, X admits a normal basis if and only if || X||
|Qp..| (equivalently, if and only if | X|| C |Qp,.|; see Remark 6.1.1). If the last condition is
satisfied, the mapping

C()(I,Qp7u) > {.’L‘i}iej — Zwiei eX (69)
i€l

defines a surjective isometry of co(I,Qp, ) onto X.

Proof. The first assertion of the theorem follows from Theorem 50.8 in [69], taking into
account the fact that every finite extension of Q,, is locally compact. Alternatively, one can
use the fact that @Q, , is spherically complete, X is separable (equivalently, of countable
type) and Lemma 5.5 in [73]. The second assertion is (the separable version of) the Monna-
Fleischer Theorem; see Section 4.4.5 in [70], taking into account the fact that the valuation
group |Q;7 #| is a discrete subgroup of the multiplicative group of all positive reals. For the
final assertion of the theorem, see Proposition 3 in Section 4.4.2 of [70]. O

In the light of the previous result, we set the following:

Definition 6.1.4. We say that a p-adic Banach space (X,| - ||) over Q, , is normal if
| X = |Qp,u.|; equivalently, if it admits a normal basis.

Remark 6.1.6. Let (X, | - ||) be a (separable) p-adic Banach space. We define dim(X) as
the countable cardinality of any norm-orthogonal basis in X. In the finite-dimensional case,
dim(X) coincides with the algebraic dimension of X. In the infinite-dimensional case, we
simply put dim(X) = oo.

6.2 p-adic inner product Banach spaces

We now aim at introducing a suitable notion of p-adic Hilbert space over Qy ,. The first
step is to provide a convenient notion of p-adic inner product (Banach) space:

Definition 6.2.1. Let (X, | -||) be a p-adic Banach space over Qy, ,,. By a non-Archimedean
inner product on X we mean a map (-,-) : X x X — Q, , such that

(i) (,-) is a sesquilinear form, i.e., it is linear in its second argument and conjugate-linear
in its first argument (w.r.t. the conjugation in Q, , introduced in Section 3);
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(ii) (-,-) is Hermitian, i.e., (x,y) = (y,x);

(iii) the Cauchy-Schwarz inequality holds, i.e., [{x,y)| < |lz|| |lyll-

We call the triple (X, |-, (-,-)), where (-,-) is a non-Archimedean inner product, an inner
product p-adic Banach space.
Given an inner product p-adic Banach space (X, || - ||,(-,)), we say that (-,-) is non-

degenerate if, moreover, (x,y) = 0, for all y € X, implies that x = 0.
Remark 6.2.1. Note that here, in general, ||z| # v/|[{z, z)|.

Remark 6.2.2. It is worth noting that the Cauchy-Schwarz inequality immediately implies
that a non-Archimedean inner product (-,-) on a p-adic Banach space is continuous w.r.t.
both its arguments (separately), and also jointly continuous (i.e., as a map from X x X,
endowed with the product topology, into Q,, ,,), where the topology on X is the one induced
by the norm.

Example 6.2.1. Let us provide an example of an inner product p-adic Banach space.
Given a normal p-adic Banach space X, let us consider the (non-degenerate, Hermitian)
sesquilinear form defined by

XXX 3 (2,9) = (@) ==Y Ty (6.10)
el

where, for some normal basis {e;}icr, © = > ,c;vie; and y = ), yse;. Clearly, we have
that

ZE%

iel

(=, y)| =

< ) | < . | = .
< rglg;(lwzl lyi| < Iglgflxll rglg;{lyyl 1] 0o Y]] 0o (6.11)

i.e., the Cauchy-Schwarz inequality is satisfied. We call this inner product the canonical
inner product in X associated with the normal basis {e; }ier.

Remark 6.2.3. A normal inner product p-adic Banach space (X,| - ||,{-,-)) — with
dim(X) > 2, and even assuming that (-,-) is non-degenerate — may contain isotropic
vectors, i.e., non-null vectors x such that (x,z) = 0. Let us construct an example of

such a vector. Suppose that (-,-) is the canonical inner product associated with a nor-
mal basis {e;};cr, of Example 6.2.1. For p =1 (mod 4) and for p a non-quadratic element
of Qp, taking into account the fact that —1 is a square in Q,, let x € X be given by
z = (1—/per + (V=1++/—1/ft)es; i.e., the components z; € Q,,, of the vector z —
w.r.t. the fixed normal basis {e; };c; of X — are given by z1 = 1— /&1, z2 = vV—1+V/—1/R,
and x; = 0, for i > 3. Then, we have that (z,z) =Ty 21 +Taxa = (1 — p?) + (=1 +p?) =0,
namely,  is a (non-null) isotropic vector.

In an inner product p-adic Banach space (X, |- ||, (-,-)), we have two (distinct) natural
notions of orthogonality: the — previously introduced — norm-orthogonality and the inner-
product-orthogonality (IP-orthogonality). Clearly, we say that two vectors z,y € X are
IP-orthogonal — and we write z L y — if {x,y) = 0.

Definition 6.2.2. Let (X, || - ||,(-,:)) be a normal inner product p-adic Banach space. A
(finite or denumerable) sequence of vectors ® = {¢; }ics is said to be an orthonormal basis
in X, if the following conditions hold:

(01) @ is a normal basis in (X, || - [|);

(02) <¢1,¢J> = 5ija fOI‘ all Z,] S I
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Let (X,||-|,{-,)) be a normal inner product p-adic Banach space, and suppose that
X admits an orthonormal basis ® = {¢; };cr. By providing explicit examples, we now show
that the construction of a new orthonormal basis ¥ = {4; };cs in X, starting from the given
orthonormal basis {¢; }icr, is not a trivial task as it would be, say, in an ordinary separable
complex Hilbert space.

Assume, at first, that dim(X) = 2. In order to construct a new orthonormal basis in X,
suppose that z € Q, , is such that 2z =2 and |z| = /|22, =1 (<= 2], =1 < p #2).

Example 6.2.2. Let us give a few explicit examples where, for p # 2, the condition 2z = 2
is realized.

1. Let us take p = 3 and p = 5 (note that 5 =2+ 1- 3 is a quadratic non-residue mod 3).
Then, z = \[37\/5— where \f??) is one of the 3-adic square roots of 7 = 1+2-3 € (Q%)2,
ie.,

1+1-34+1-32+40-3%+2-34 4.

VT = 6.12
2+4+1-3+1-3242-340-3*+--- (6.12)
— verifies the condition 2z =7 —5 =2, and |z| = /|2|3 = 1.

2. Let p=3 and p = 2 ¢ (Q})%. Then, z = 2 + /2 is such that 2Z = 4 — 2 = 2, where
2[3 =1.

3. Let p =5 and p = 3 (3 is a quadratic non-residue mod5). We set z = \/295 + 3V3,
where /29" is one of the 5-adic square roots of 20 =4 +0-5+1-5% € (Q¢)?, ie.,

24+0-5+4-52+3-535+4-514 ...
V29 = 6.13
34+4-54+0-52+1-53+0-51+--- (6.13)
Then, we have that 2z = 29 — 27 = 2, where 2|5 = 1.
4. Let us take p =7 (and, say, p =17). Wesetz:ﬁ7 (2= 3% (mod 7)), with
3+1-7T+2-7246-T2+1-T44--.
Vol =2t 2+ 3+ 4+ (6.14)
A45-T+4-T240-T345- T4+

so that 2z = 2, where |2|7 = 1.

Now, given an orthonormal basis {¢1, ¢2} in X (dim(X) = 2, p # 2), the set {11, 12},
where

P = %(‘151 +¢2), 2= %(d)l — ¢2), (6.15)

with z € Qp,,, being chosen as above, is an orthonormal basis for X. Indeed, we have that

(11,%2) = 0 and (P1,91) = 2/2Z = 1 = (2, 12). Moreover: ||1p1]| = |[12|| = 1/|2| = 1. But,
it remains to show that {i1,12} is a norm-orthogonal set, as well. To clarify this point, let
us first prove the following fact:

Lemma 6.2.1. If z1,25 € Qp ), and p # 2 — equivalently, 2|, =1 — then
max{|z1|, |z2|} = max{|x1 + z2|, |z1 — 22|} (6.16)
Proof. We can suppose, without loss of generality, that |z1| > |z2|. Then, we have:

|z1] = [221] = (21 + 22) + (21 — 22)| < max{|z; + 22|, [v1 — 22|} < max{|zy], [z2|} = |24,
(6.17)
so that (6.16) holds true. O



78 6 p-adic Banach and Hilbert spaces

We can now conclude that the vectors in (6.15) form an orthonormal set. Indeed, let
x = x191 + 2219 be any vector in X = span{t, 2} = span{¢1, 2 }. We have:

T = %(xl =+ 132)(251 + %([El — I2)¢2. (618)

Since {¢1, ¢2} is a norm-orthogonal set and |z| = 1, we have that

1 1
2] = max{|m1 + x|, T — $2|} = max{|z1 + 2|, |r1 — 22|} = max{|z], |z2|},

E E
(6.19)
where the last equality holds by Lemma 6.2.1. Therefore, the set

{1 =271 + ¢2), ha = 27 (¢1 — h2) } (6.20)

is norm-orthogonal too. Clearly, if dim(X) > 2, then

Y = %((lﬁ +d2), 2= %(% —¢2), Ys=¢3, ... (6.21)

is again an orthonormal basis in X.
Let us now consider the case where dim(X) = oo and p # 2. If z € Q,, is such that
2z = 2, then ¥ = {1,992, 3,...} — with

b= (Gt o2), = (61— 0a) Us= (st ba) Ya= (b5 0a) .. (622)

— is an orthonormal basis. Indeed, if

1
w=y w = 2 (@) + 2i41)65 + (5 — T41)bi41), (6.23)

jEN j odd

then, since |z| = 1,
2]l = max{|z; + x4, |2 — z541]}- (6.24)
7 odd

Hence, by Lemma 6.2.1,
ol = max{l;], ||} = maxla;[}, (6.25)

so that ¥ is a norm-orthogonal (and IP-orthogonal) set, and an orthonormal basis in X,

M _ o =

because span{®;};en = span{¢; };en so that span{t,},en

6.3 p-adic Hilbert spaces

To the best of our knowledge, the existence of an orthonormal basis in a generic inner
product p-adic Banach space is not guaranteed (even assuming that the inner product is
non-degenerate). Therefore, it is natural to set the following:

Definition 6.3.1. Let (X, |||, (-,-)) be an inner product p-adic Banach space (over Qp, ,,).
We say that X is a p-adic Hilbert space if it admits an orthonormal basis {¢;}ic; (in the
sense of Definition 6.2.2). We will typically denote (the carrier space of) a p-adic Hilbert
space by H.
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Let € H, and let ® = {¢;};er be an orthonormal basis in H. By the first condition in
Definition 6.2.2, we can express x — in a unique way — as x = ), _; x;¢;, for some set of
coefficients {z;};cr in Qp, . Moreover, by the second condition in the same definition, and
taking into account the continuity, w.r.t. each of its arguments, of the non-Archimedean
inner product (see Remark 6.2.2), we have that

(@) = (5, Y serTithi) = ¥ _ i (b i) = x5, VjeL (6.26)

i€l

Thus, we see that any x € H is expressed — w.r.t. the fixed orthonormal basis ® in H — as

x =Y (¢i,x)ds, (6.27)

icl
from which we deduce the non-Archimedean Parseval identity

[} = max [{¢s, z)]- (6.28)

Proposition 6.3.1. Let H be a p-adic Hilbert space over Qp,. Then, H is normal —
i.e., |H| = |Qp,u| — and the non-Archimedean inner product (-,-) defined on it is non-
degenerate, i.e.,

(x,y) =0, Yye H = x=0. (6.29)

Proof. Since H admits a (ortho-)normal basis, then, by the second assertion of Theo-
rem 6.1.1, |H| = |Qpul- Let & = {¢;}icr be an orthonormal basis of H. If (z,y) = 0,
Yy € H, it must be true that (x, ¢;) =0, Vi € I. But then, by (6.27) and by the uniqueness
of the decomposition of a vector w.r.t. a (ortho-)normal basis in #, it follows that x = 0. O

Example 6.3.1. Let us consider the normal p-adic Banach space (co(Z, Qp, ), | - |loo) (see
Section 6.1), where ||z|cc = max;es|z;| (x = {2:}icr). Let e = {e;}ier be the set of all
sequences in ¢y(I,Qp, ) whose elements are of the form

er =(1,0,0,--+), e =1(0,1,0,---), e3=(0,0,1,---), ... . (6.30)

Clearly, the set {e;};cr is a normal basis — the standard basis — and dim(co(I,Qp,,)) =
card([). Let us endow (co(Z,Qp ), || - [loo) Wwith the canonical inner product, associated with
{ei}ier, introduced in Example 6.2.1:

CO(Iva,M) X CO(Iva,M) B (xay) = <.13,y> = Zf’byl S Qp,u' (631)
el

By construction, we have that
(ei, 6j> = 51‘]', VZ,] el, (632)

i.e., {€;}icr is an orthonormal basis for co(I,Qp,,.). Therefore, the p-adic Banach space
(co(L,Qp,), |Iloc), endowed with the inner product in (6.31), and admitting the orthonormal
basis {e;}icr, is a p-adic Hilbert space. In the literature [9,101], this p-adic Hilbert space
is sometimes called coordinate p-adic Hilbert space, and denoted by H(I). More generally,
given a normal p-adic Banach space X and a normal basis {e;};c; in X, we can endow this
space with the sesquilinear form defined by (6.10), so that {e;};c; becomes an orthonormal
basis and X a p-adic Hilbert space.

In the light of Remark 6.2.3 about the existence of isotropic vectors in an inner product
p-adic Banach space, we set the following:
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Definition 6.3.2. For every quadratic extension Q, , of Q,, we define the isotropy index
vpu € Nas

Vp,p i= min{card(supp(z)) | € ¢o(N,Qp ), (x,z) = 0}, (6.33)
where supp(z) C N denotes the support of the sequence x = {z;}ien € (N, Qp,,,); namely,
supp(z) :={i e N | x; # 0}. (6.34)

Proposition 6.3.2. Given a quadratic extension Qp, of Qp, vp, € {2,3}.

Proof. 1t is clear that v, , > 1. Let us show that, in particular, either v, , =2 or v, ,, = 3.
Assume, at first, that p # 2. By Lemma 54.6 in [75], there exist numbers «, 3,7 € Q, such
that o # 0 # 8 and a® + 82 + 4% = 0. Therefore, putting © = ae; + Bes + ves, where
{e;}ien is the standard basis in ¢o(N,Q, ), we have that (z,z) = o® + 5% + 7% = 0; ie.,
Vp.u € {2,3}. For p = 2, the same result can be achieved by means of a direct calculation.
E.g., for p = 2, we can put = (1 + v/2)e; + ez (so that (z,z) = (1 —2) +1 = 0). For
p =3, we can take x = (14 v/3)e; + ez +e3. For =5, we take x = (1 +/5)e; + 2e5. The
remaining cases (p = 2 and p = 6,7,10,14) are similar and, once again, it turns out that
vpu € {2,3}. O

It is worth observing that the coordinate p-adic Hilbert space H(I) (Example 6.3.1) plays
a role analogous to the role played by ¢2(I) for the (separable) complex Hilbert spaces:
There exists an isomorphism of p-adic Hilbert spaces between H and H(I), where dim(H) =
card([l). Here, we are assuming the following:

Definition 6.3.3. Given p-adic Hilbert spaces (H, || - ||, (-,-)) and (&, || - ||, (-,-)) over the
same quadratic extension @, of Q,, a linear map W: H — K is called an isomorphism of
p-adic Hilbert spaces (an automorphism, in the case where H = K) if

(I1) W is an isometry: ||Wz|| = ||z||, Y € H;
(I12) WH =K;
(I3) (W, Wy) = (z,y), Va,y € H.

Otherwise stated, W is an isomorphism of p-adic Banach spaces — a surjective isometry —
preserving the inner product.

Then, let H be a p-adic Hilbert space, and let ® = {¢;};,c; be an orthonormal basis in
‘H. By Theorem 6.1.1, the map

Wo :Hox=> (¢ix)e; &= {(¢ix)}ier € H(I) (6.35)
icl
is an isomorphism of H onto H(I), since it is a surjective isometry and, by the continuity of
the inner product (see Remark 6.2.2),
<l‘, y> = <Zi€]<¢ia x> ®is Zje[<¢jv y> ¢]>
=D (6u2) (65,) (6, 5)
icl jel
= {6i,7) (¢i,y) = (£, ), (6.36)
icl

i.e., the inner product is preserved. Note that, Wa¢; = e;, Vi € I, where {e;};cs is the
standard basis in H(I), and dim(#) = card(]) = dim(H(I)). Therefore, two p-adic Hilbert
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spaces H and IC, over the same quadratic extension of Q,, are isomorphic if and only if
dim(H) = dim(K), in complete analogy w.r.t. separable complex Hilbert spaces.

However, the analogies between the complex and the p-adic Hilbert spaces cannot be
pursued too far. E.g., in a complex Hilbert space the norm stems directly from the scalar
product, and the closed subspaces — endowed with the subset inclusion and with the or-
thogonal complementation — form an (orthomodular) orthocomplemented lattice [132]; in
particular, a relation of the form (6.38) below holds true, whereas, for a p-adic Hilbert space,
we have the following;:

Proposition 6.3.3. Let H be a p-adic Hilbert space over Qp, ,,, with dim(H) > v, , € {2,3}.

Then, the mapping
Hoz— /|{x,z) € RT (6.37)

is not a norm. Moreover, in general, it is not true that
DAVCH and V=V'* — V4+VI=%H, (6.38)

where V*+ = {zx € H | (x,y) = 0, Vy € V}; i.e., there exists some non-empty subset V of H
such that V = V*+ and violating the relation V 4+ V+ = H.

(Note: For every non-empty subset V of H, V* is a norm-closed linear subspace of H.)

Proof. For every orthonormal basis ® = {¢1, ¢, ...} in H, the mapping

Hoz=> appp— i ={i, ...} €co(N,Qpp), (6.39)
k

— where Iy = zy, for £ < dim(H), and & = 0, otherwise — is an isometry preserving
the inner product (co(N,Qp,,,) being endowed with the canonical inner product associated
with its standard basis). Therefore, by Proposition 6.3.2, if dim(H) > v, ,, then H admits
(nonzero) isotropic vectors: 3z € H, x # 0, such that /|(xz,x)| = 0. This observation
proves the first assertion. To prove the second one, we now provide a counterexample to
implication (6.38). Let us first show that, for every 0 # 2 € H, Qp 2z = (Q,,2)*t. In
fact, since (-, -) is non-degenerate, there is some y € H such that (x,y) # 0. Then, for every
2 € H, the vector Z = z — (z,2) (z,y) "'y is IP-orthogonal to x:

(x,2) = (x,2) — (x,2){z,y) " Hx,y) = 0. (6.40)

+1 we have that

Therefore, for every z € H, Z € (Q,,, z)*. Thus, given any w € (Q,,, z)
(w,2) =0, Vz € H; ie.,
(w,z—ay) =0, VzeH, (6.41)

where o = (z, 2) (x,y)~*. This condition is equivalent to
(w— Bz,z) =0, VzeH, (6.42)

where 8 = (z,y) " (w,y) (a(w,y) = B(z, z)). Hence, as the inner product is non-degenerate,
w—PBz = 0;ie.,w= Bz € Qp,,z,so that (Q,, )t C Q,, z. But, forany ) #V C H, it is
always true that V C V1+; therefore, actually, Q, , x = (Qp, z)1+. At this point, observe
that, given 0 # = € H, we have:

(,2)=0 = QpuzC(Q, z)*

= Qpuz+(Qu z)t = (Qp.u 2t #H. (6.43)
Here, the relation (Q, , )t # H must hold, because the assumption that (Q, , )+ = H

would imply
Qpuz= (Qp’# 35)LL =H' = {0} (6.44)
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i.e., we would have a contradiction. In conclusion, if dim(#) > v, ,,, there exists a (nonzero)
isotropic vector = € H, so that

Qpuz=(Qpuaz)™" and Qpua+ (Qpue)" #H; (6.45)
i.e., implication (6.38) is violated. O
Remark 6.3.1. In the case where dim(H) = oo, the second assertion of the previous

proposition can be regarded as a manifestation of Solér’s celebrated theorem [133], according
to which a vector space over a division ring, endowed with a (non-degenerate) Hermitian
form satisfying a relation of the form (6.38), and admitting an infinite orthonormal sequence,
must be real, complex or quaternionic. Note that Soler calls an Hermitian space where a
relation of the type (6.38) is satisfied an orthomodular space. This is due to the fact that the
canonical orthocomplemented lattice of (form-closed) subspaces of a orthomodular space
turns out to be an orthomodular lattice; see, e.g., Theorem 2.8 in [134].

In the next section, we will also argue that a further distinguishing mark of an infinite-
dimensional p-adic Hilbert space H, versus a complex Hilbert space, is that it cannot be
identified with its (topological) dual H’.

6.3.1 Subspaces of a p-adic Hilbert space

Defining a suitable notion of subspace of a p-adic Hilbert space is not as straightforward as
in the complex setting. As usual, we will consider the standard complex case merely as a
useful model, and then highlight the (non-trivial) differences when dealing with the p-adic
case.

We therefore start by recalling a few basic facts concerning the subspaces of a complex
Hilbert space K [135-138]. We say that W C K is a Hilbert subspace of K, if it is a norm-closed
linear subspace (in such a case, W is in a natural way a Hilbert space itself). If W is a Hilbert
subspace of K, then its orthogonal complement W+ = {z € K | (z,w) =0, Yw € W}, is
a Hilbert subspace too, and W N W+ = (). Moreover, every vector 2 € K can be expressed
as the sum of two unique mutually orthogonal vectors, one lying in W (the projection of x
onto W) and the other lying in W+. Otherwise stated, K is the orthogonal sum of W and
W+ and we write K =W & W+,

Now, let ‘H be a p-adic Hilbert space. We want to provide a suitable definition of a
Hilbert subspace V. To this end, let us consider the following points:

1. If dim(H) > vp,, € {2,3} — where v, , is the isotropy index of H (see Definition 6.3.2)
— then there exist isotropic vectors in H, namely, non-zero vectors x such that (z, z) = 0.
If 2 # 0 is such a vector and we consider the one dimensional linear subspace V := Q,, ,x,
then it is clear that, putting

Vi ={z et | (x,v) =0, YoV} (6.46)
we have that V N V+ # (.

2. If now V is any norm-closed linear subspace of H, then, in general, it will not admit an
orthonormal basis. Otherwise stated, V is not, in general, a p-adic Hilbert space itself.

By the previous observations, we are naturally led to the following;:

Definition 6.3.4. Let H be a p-adic Hilbert space, and let ¥V C H be a norm-closed
subspace. We say that V is a Hilbert subspace of H if (either V = {0} or) V is a p-adic
Hilbert space itself.
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Definition 6.3.4 is equivalent to saying that a norm-closed subspace V of H is a Hilbert
subspace if it admits an orthonormal basis so that (V, |||, (,-)) is a p-adic Hilbert space.

Remark 6.3.2. From Definition 6.3.4, it follows that if Z C V C H, where V is a Hilbert
subspace of H and Z is a Hilbert subspace of V, then Z is a Hilbert subspace of H; i.e., the
relation characterizing a Hilbert subspace is transitive.

One can easily check that

Proposition 6.3.4. Let H be a p-adic Hilbert space, and let V C H be a Hilbert subspace.
Then, V* is a closed subspace of H admitting the following equivalent definitions:

(i) V* is the linear subspace of H defined by

Vi ={zeH|(z,0) =0, YvoeV}. (6.47)

(ii) V* is the linear subspace of H defined by
Vi ={z e H | (z,¢;) =0, Voo, € U}, (6.48)
w.r.t. some (hence, any) orthonormal basis ¥; = {¢;}jes in V.

Given a Hilbert subspace V of a Hilbert space , the closed subspace V' will not be,
in general, a Hilbert subspace of H; in fact, the existence of an orthonormal basis in V* is
not guaranteed. This observation motivates us to introduce a further notion of subspace of
a p-adic Hilbert space. Specifically, we set the following:

Definition 6.3.5. We say that a Hilbert subspace V of a p-adic Hilbert space H is regular
if some (hence, any) orthonormal basis in V can be extended to an orthonormal basis of H.

Proposition 6.3.5. Let V be a Hilbert subspace of the p-adic Hilbert space H. The following
facts hold:

o IfV is reqular, then V* is a regqular Hilbert subspace too.
o If V' is a Hilbert subspace of H and, moreover,
v+ u| = max{||v||, ||ul|}, YveV,VYueVt (6.49)
then V and V* are reqular Hilbert subspaces.

Proof. Let us prove the first point. If V is regular, then there exists an orthonormal basis
U = {¢;}icr of H such that, for some subset J of I — putting ¥; = {¢;};e; — we have
that ¥ ; is an orthonormal basis in V (equivalently, span(¥ ;) = V). It is immediate to check
that, setting W\ ; = Wy \ ¥ = {¥i}icn s, we have:

v+ =span(¥p ). (6.50)

By relation (6.50), ¥p\; is an orthonormal basis in Y+, which is then a regular Hilbert
subspace.

Let us prove the second point. If V* is a Hilbert subspace too, then there are orthonormal
bases ®; = {¢; }ics and U = {¢);};es of V and V1, respectively. Given any 1 € H, we put

ne =Y ($i,n) ¢i and e == _ (1;,1) 1. (6.51)

? J

We have that
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i.e., n—ne € V1, and, since (¢;, ;) =0,
(i, me) = 0. (6.53)
Hence,
=1 + (1 —na), where 7 — s € V*, (6.54)
so that

J

n—ne = (bjn—ne); =D (W0,
j

= ng. (6.55)

In conclusion, = n¢ + ny and, by condition (6.49),

Inll = max { [nell, lnell } = max { [{¢:, )|, [(¢5,m)| i € I, j € J}. (6.56)

Therefore, ®; U ¥ ; is an orthonormal basis in H, and V, V* are regular Hilbert subspaces
of H. O

Remark 6.3.3. Note that condition (6.49) is equivalent to the fact that V and V' are
norm-orthogonal subspaces of H. In fact, we have:

I w M

VIVt &S vlu, YweV, VueVt
< |Jaw + Bu|| = max{||av|, ||full}, VYa,B€ Qp,, YveV, Vue yt
— |v+ul = max{|lv||, [[u|}, YveEV,Vuec V. (6.57)

6.4 Linear operators between p-adic normed spaces

Let (X,] - lx), (Y;| - |ly) be two p-adic normed spaces, and let L : X — Y be a linear
operator from X to Y. In the p-adic setting, as in the complex case, linear operators are
continuous precisely when they are bounded [70,72,73,76,101]; specifically, L is bounded if

L
IIZ]| := sup | Lzlly < 0. (6.58)
z#0 ||zl x

(A bounded conjugate-linear operator and its norm are defined analogously). We denote the
space of bounded — equivalently, continuous — linear operators L : X — Y, by B(X,Y),
and we refer to the norm in (6.58) as the operator norm.

Theorem 6.4.1. Let X,Y be p-adic normed spaces over Qp, — with Y complete and
normal, i.e., Y|y = |Qpu| — and let Xy be a linear subspace of X. Then, every linear
operator Ly € B(Xo,Y) admits an extension L € B(X,Y) — a so-called Hahn-Banach
extension of Ly — such that |L|| = || Lo||. If Xo is dense in X, the bounded extension L of
Lg is unique.

Proof. By Lemma 2.4 in [73] (or by Proposition 20.2 in [69]) the normed space Y, being
complete and normal (and the valuation group |Qj ,| discrete), is spherically complete.
Then, the first assertion of the theorem follows from the non-Archimedean Hahn-Banach
theorem (i.e., Ingleton’s theorem; see Theorem 4.8 in [73]). The second assertion is clear. [
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From now on, we will remove subscripts X and Y from the associated norms, since it
will be clear from the context to which space they refer.

Proposition 6.4.1 ([70]). The space B(X,Y), endowed with the operator norm, is an ul-
trametric normed space over Q, ,,, which is complete (hence, an ultrametric Banach space)
whenever Y is.

As usual, in the case where X =Y, we simply write B(X) rather than B(X, X). Moreover,
since ||ST|| < ||S||||T||, for all S,T € B(X), if X is a p-adic Banach space, then B(X) is a
unital ultrametric Banach algebra [72].

As in the standard complex case, we define the (topological) dual of a p-adic Banach
space X as the ultrametric Banach space X’ := B(X,Q), ). Denoting by X" the bidual of
X, the linear map Ty : X — X" defined by (Ix(x))(f) i=¢(x), for all z € X and £ € X/,
is continuous (see Chapter 3 of [73]). If dim(X) < oo, then X is reflexive (i.e., Ix is a
surjective isometry); otherwise, since Q, , is spherically complete, by a classical result of
Fleischer — see Theorem 4.16 in [73] — X is not reflexive. Nevertheless, in the case where
X is infinite-dimensional, it may be ‘pseudoreflexive’:

Definition 6.4.1. A p-adic Banach space X is said to be pseudoreflexive if the linear map
Ix : X — X" is an isometry.

Remark 6.4.1. Let H be a p-adic Hilbert space, with dim(H) = oo. Then, its dual H’ is
not a p-adic Hilbert space isomorphic to H (like in the complex case), but a p-adic Banach
space isomorphic to £>°(N, Qy, ,,); see the forthcoming definition (6.59) and Proposition 6.4.3
below.

In order to describe the dual of the p-adic Banach space ¢q(I, X), where I = {1,2,...}
is a countable index set, we recall that, for a p-adic Banach space X, the space ¢*°(I, X) is
defined as follows:

(I, X) :={& ={&}ier | & € X, € bounded sequence in X}. (6.59)
This space, equipped with the norm

[€llo == sup [|&, (6.60)
i€l

is a p-adic Banach space [70,73]. In particular, for X = Q,, ,,, we obtain the p-adic Banach
space

0°°(1,Qp,) == {6 = {&}ier | & € Qpp, € bounded sequence in Qp, . }, (6.61)
endowed with the norm ||€]| = sup;c; &

Remark 6.4.2. The p-adic Banach space (N, Q,,,) — differently from co(N,Q, ) — is
not separable; equivalently — recall Remark 6.1.2 — it is not of countable type. In fact, for
every J C N, let 1; € £>°(N,Q, ) be defined by

(1J)i:{(1) i:;j : (6.62)

Clearly, ||1; — 1k||lco = 1, whenever J # K C N. Let us put

Py =€ € (N, Q) |1~ Lrllo <p7'} (6.63)

Thus, {Z;}scn is a countably infinite set of balls in ¢>°(N, @, ,,). Note that these balls are
mutually disjoint because, if £ € 1; and J # K C N, then

1= 17 = Ixlec < max{|[1s — &lloc, 1€ — 1xlloc} = max {p~", I = 1xlloc }, (6.64)
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in {25} cn must contain at least one element of &, and such an element is not contained
in any other ball in {Z;}jcn. It follows that there is an uncountable subset of &, so that
& itself is uncountable and, hence, £*°(N, Q) ,,) is not separable. It is worth observing that,
more generally, £>°(N,K) — where K is any complete ultrametric field, with a non-trivial
valuation — is not of countable type; see Theorem 2.5.15 in [76].

so that || —1k|lec > 1 and £ € Pk . Now, let & be any dense subset of £°(N, Q,, ,,). Each ball

Proposition 6.4.2 ([70,76,129]). Let X be a p-adic Banach space over Q, ,,. The topolog-
ical dual of the space co(I,X) is isomorphic, as a p-adic Banach space, to £°(I,X’). The
identification of co(I, X)) with £°(I, X") is given via the bilinear pairing

(1 X") x eo(1,X) 3 (§,9) = > &) = &(y) € Qpp- (6.65)
el

Remark 6.4.3. Note that the norm of any « € ¢o(I,Q, ) C £>°(I,Qp,,) coincides with the
norm of x regarded as an element of £*°(I,Q,, ) (equivalently, of ¢o(I,Q, ,)"). Moreover, by
suitably composing the pairing (6.65) with the conjugate-linear isometry {&;}ier — {& bier
of £°(I,Qp,,) onto itself, we obtain the sesquilinear pairing

(1, Q) X co(T,Qpu) 3 (69) = Y &y =E(y) = (§,y) € Q. (6.66)
icl
This pairing determines a conjugate-linear isometry

co(L,Qpp) 3 — (z,-) € co(I,Qp,u)"- (6.67)

Also note that cy(I,Qp, ) is pseudoreflexive, because the mapping

co(1,Qpu) 2z {((-),2) € co(I,Qpp)" (6.68)

— where ((-),z): £°(1,Qp,) 3 & = (£,2) = &(x) = Y, &m — is a linear isometry
(I[{z, )| = [|#]|oo). Clearly, we have: (£, z) = (Zx(z))(§), with X = ¢o(I,Qp,,). Observe
that, with a slight abuse, we are using the same symbol (-, ) for the inner product (6.31)
and for the sesquilinear pairing (6.66).

Proposition 6.4.3. Let 1 be a p-adic Hilbert space over Q, ,,, and let ® = {¢;}icr be an
orthonormal basis in H. The mapping

Ty Hov— @,y eH (6.69)

is a conjugate-linear isometry of H into its dual H', that is surjective if and only if dim(H) <
oo. The p-adic Banach space H' is isomorphic to £>°(1,Qy, ) — with card(]) = dim(H') —
and this isomorphism is implemented by the surjective isometry

Lo: 0°(1,Qp ) 3 & ={&i}ier = > _&ildi,-) €H, (6.70)

iel

where, if I =N, the series converges w.r.t. the weak™*-topology.
Finally, H is reflezive if and only if dim(H) < oo; in the case where dim(H) = oo, H is
pseudoreflexive, because the mapping

Ty H o0 (H’ S ¢ ¢(¥) € @M) N (6.71)

is an isometry of H into its bidual H".
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Proof. The mapping (6.69) is a (conjugate-linear) isometry, because

ol _ s 00) (61|

[ Tn|| = sup up
nzo |l n#0 [Inll
_ P maX;ecy |<7/)a ¢1>| |<¢17 77>|
n#0 maxies (P, n)]
= max|(¢i, )] = [|[v]] (6.72)

Since H, as a p-adic Banach space, is isomorphic to co(I,Qp, ) (card(I) = dim(#)) via the
mapping H > & = >, (¢, )i = {{(bs,2)}ier € co(I,Qp,), then, by suitably composing
this linear isometry with the bilinear pairing (6.65), we see that the map Lg: £>°(1,Qp ) —
H — (Lo) () :=2,c; &(ds,¥) — is an isomorphism of p-adic Banach spaces. Therefore, we
can write Lo = Y ;.7 §i{(i, - ), where, for I = N, the series converges pointwise, namely, w.r.t.
the weak*-topology (see, e.g., Section 7.3 of [76]). Also note that Jy(H) = La(co(L,Qpu));
hence, J is surjective if and only if dim(H) < co. Finally, we have already observed that,
if dim(H) = oo, then H is not reflexive. Nevertheless, H is pseudoreflexive, because the

mapping
In:Mo9= in¢i > (7'[/ >¢' = ij<¢j7‘> = ¢ () = Zﬁixi € Qp,y) cH"

iel jel el
(6.73)
O

is a linear isometry.

Remark 6.4.4. With regard to the isometry (6.70), note that — since, for every £ =
{&Y}ier € £°(1,Q, ) and every finite subset Iy of I,

1ie 1, €400 )| = max |6 [ Tpedil] = max| (6.74)
— in the case where I = N, the (pointwise converging) series ) . ;& (¢;,-) converges w.r.t.
the norm topology if and only if € € ¢o(I, X).
As a consequence of the first assertion of Proposition 6.4.3, we have the following:
Corollary 6.4.1. If A € B(H) and B € B(H') satisfy the intertwining relation
Ty o A= BoJy, (6.75)

then B Jy(H) C Ty (ran(A)) C Ju(H) and ||A|| = ||Bo|| < || Bl|, where By is the restriction
of B to the closed subspace Jy(H) of H'.

Proof. If relation (6.75) holds, then, since J3,: H — H’ is an isometry, we have

Al (AW

1A= sup Tl = 59 @l
_ qup IBIW))]|

70  [[Tu@)|l
184

= = Boll < [IB]l, (6.76)
ozeregn i) 1]

where By is the restriction of B to Jx(H), which, by (6.75), is a (closed) subspace of H/,
stable under the action of B. O

Definition 6.4.2. If A € B(#) and B € B(H') satisfy the intertwining relation (6.75) and,
moreover, |A|| = || B]|, we say that B is a dual Hahn-Banach extension of A.
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For every bounded linear operator A € B(H), one can define its Banach space adjoint
— or generalized adjoint — A’ : H' — H' by setting A’(¢') := ¢’ o A, namely,

(A'¢) () == ¢/ (AY), Vo e H, V¢ €H. (6.77)
In particular, A'({(¢,-)) = (¢,-) 0o A = (¢, A(+)), for all ¢ € H; namely,
(A0 Tn)(9) = Tu(¢) o A, Vo€ M. (6.78)

Proposition 6.4.4. If A € B(H), then A’ € B(H') and ||A|| = || 4]|.
Proof. See Section 4F of [73]. O
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Linear operators in a p-adic Hilbert space

In this chapter, we derive some useful characterizations of operators acting in p-adic Hilbert
spaces. Specifically, we will be concerned with the classes of bounded, adjointable, trace
class and Hilbert-Schmidt operators. We will focus on the case where dim(H) = oo, because
in the finite-dimensional setting most of the subsequent results become trivial. Accordingly,
we will identify the index set I of the previous chapter with N. For the sake of conciseness,
we put ¢g = ¢o(N,Qp ) and £° = L°(N,Q, ).

7.1 Bounded and adjointable operators in a p-adic Hilbert space

Let (Amn), m,n € N, be an infinite matrix with entries in Q, ,. We denote the set of all
such matrices by Moo (Qp,,,). The matrix (A,,,) determines a linear operator op (A,,) in co
by putting

dom(op (Amn)) == {x = {Zn}nen € ¢o | the series Y A,nx, converges, Vm € N, and
Yo 2om Amny converges too, i.e., { Yon Amnxn}meN IS co}, (7.1)

op(Amn)z:={, Amnajn}meN, x = {xn}tnen € dom(op(Amn)). (7.2)

Clearly, the matriz operator op(Ap,y,) will be — in general — unbounded, and here we are
assuming that it is defined on its mazimal domain dom(op (Amy)).
We further introduce the following set of linear operators in c¢g:

(co,c0) == {op(Amn) | (Amn) € Moo(Qp,), dom(op (Amn)) = co}- (7.3)
By Theorem 65 in [129], op (Amn) € (co, co) if and only if
(i)  limy, A =0,Vn eN;
(ii)  sup,,(sup,, |[Amn|) < oo.
Remark 7.1.1. It is worth stressing the following points:
e Since (lim = lim sup)
H(sup |Amn|) < sup (sup |Amn\) < 0, (7.4)
then the further condition that — see Theorem 65 of [129] —
o1 —
hlm 7 hm(sup |Amn|) =0 (7.5)
is redundant in the case we are considering.

89
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e By the Principle of the Iterated Suprema, if for ry,, > 0, m,n € N, either sup,, , rmn <
00, O SUP,,, SUP,, T'mn < 00, OF SUP,, SUD,, "mn < 00, then

SUP Tynp = SUP SUP Tynp = SUP SUP Ty < OO. (7.6)

m,n m n n m

Thus, condition (ii) above can be replaced with
(i) sup,, ,, [Amn| < c0.

We next switch from ¢y to an infinite-dimensional p-adic Hilbert space H over Q, . We
say that a linear operator A in H is all-over if

dom(A) = H. (7.7)

Since, by Theorem 6.4.1, a densely defined bounded linear operator in a p-adic Hilbert
space admits a unique bounded linear extension to the whole space, with the same norm —
precisely as it happens in the standard complex setting; see, e.g., Theorem 4.5 of [136] —
we will tacitly assume bounded operators to be all-over, i.e., to be defined on the whole H,
unless otherwise specified. As in Section 6.4, we denote the space of all such operators by
B(H).

Keeping in mind the isomorphism of p-adic Hilbert spaces Wg: H — H — see (6.35) —
where H = H(N) is the Banach space ¢g, endowed with its canonical inner product (6.31), we
can now consider matriz operators in H. An infinite matrix (Ay,) € Moo (Qp,,) — together
with an orthonormal basis ® = {¢,, }nen in H — determines a linear operator opg (Amy) in
H as follows:

dom(opg (Amn)) = {1/) =3, Tnbn = (Dn, V)bn | D, AmnTy, converges, Vm € N, and
> (O Amn®n) b converges too, ie., {3, Amnxn}meN €},
(7.8)

Op@(Amn) P = Zm (Zn Amn<¢n7 1/}>)¢Tnv (RS dom(op{)(Amn))- (79)
Taking into account definitions (7.1), (7.2), (7.8) and (7.9), we see that

dom(op (Amn)) = W dom(opg(Amn)) and op(Amn) o We = We 0 0pg(Amn).  (7.10)
For every orthonormal basis ® = {¢,, }nen in H, we put

(H, H)a := {opg(Amn) | (Amn) € Moo(Qp,p1), dom(opg (Amn)) = H}; (7.11)

i.e., (H,H)s is the set of the all-over matrix operators in H associated with ®. It is clear
that (H,H)s is, in a natural way, a linear space over Q, ,. Actually, we will show that its
definition does not depend on the choice of ®.

To this end, first note that every bounded operator A € B(H) belongs to (H,H)s
(whatever the orthonormal basis ® = {¢, }men is) because, putting

Amn = <¢T)’L7A¢n>a (hmm AT?LTL = O? Vn € N7 supm,n |Amn| S ||A||) (712)

we have that

where (¢, YPom) ¥ = (Dn, V)P (€., (Dn, ) Pm = |dm ) {@n], in Dirac’s notation) and both
the iterated series converge — as can be easily checked — w.r.t. the strong operator topology

in B(H) (i.e., the initial topology induced by the family of maps {&: B(H) — H}yen, where
&y (A) :== Ay). Thus, B(H) C (H,H)s; precisely:
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Theorem 7.1.1. For every orthonormal basis ® = {¢m }men in H, we have that

B(H) = (H,H)s = {0ps(Amn) | limy, Ay = 0, Y, and sup,, ,, [Ama| < 0o} (7.14)
Moreover, for every A = opg(Amn) € B(H),

[A]l = sup [Apmn| = sup || Agy |- (7.15)

m,n n

Proof. We have already observed that B(H) C (H,H)s. By relations (7.10), we have:

(H,H)a = {opa (Amn) | 0P (Amn) € (co,c0)}, (7.16)

where the set (co, ¢g) is completely characterized by conditions (i) and (ii). Hence, the second
equality in (7.14) holds true.

It remains to prove the inclusion (H,H)s C B(H) — so that, actually, (H,H)s = B(H)
— and, moreover, to show that

|A]| = sup |Amn| = sup |Adn|, VA = opg(Amn) € B(H). (7.17)

Let A € (H,H)e, with A = opg(Amn). For every ¥ € H, we have that

Ay = %: (;Amn(%W)qﬁm; (7.18)

hence:

1AWl = 5up | 37 Aunn (6, )| < P SUP [ Ay (G0, )] <[] sUpSUP [ Ay, (7.19)

Therefore, A is bounded and

| All < supsup [Apn| = sup [Apal. (7.20)

m,n

It is then shown that (H,H)s C B(H) too, and therefore, actually, the two sets coincide.
Now, let A = opg(Amn) € (H,H)s = B(H). Note that

1400l = || 3(6ms A6u)0m | = P |(G1ms b)) = SUP|Aal, VR EN.  (7.21)

From (7.20) and (7.21) it follows that

sup [Amn| = SUPSUP|Amn| = SUP||A¢nH < HAH < sup ‘Amn|' (7.22)

Hence, actually, ||A]| = sup,, ,, |Amn| = sup,, [[Ady |, for any A = opg(Amn) € B(H). O

Summarizing, it is proven that B(#) coincides with the linear space (H,H)s of the all-
over matrix operators in H w.r.t. an orthonormal basis ® = {¢,, }nen (independently of the
choice of ®); moreover, one can give a complete characterization of the infinite matrices
in M (Qp,,.) that correspond to bounded operators (w.r.t. any orthonormal basis in #).
Furthermore, the norm of a bounded operator is given by the supremum, in valuation, of its
matrix elements (again, w.r.t. any orthonormal basis).

At this point, we move on to discuss the notion of ‘proper adjoint’ of a bounded operator
in a p-adic Hilbert space H. In fact, as argued in Section 6.4, since, in the infinite-dimensional
setting, H cannot be identified with its dual H’, with every bounded operator A € B(H)
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is associated a generalized adjoint A’ € B(H’). Nevertheless, one can single out a suitable
class of bounded operators admitting a genuine ‘Hilbert space adjoint’ (the proper adjoint).

Given any A € B(H), we first associate with A a linear operator AT in # — the so called
pseudo-adjoint of A — as follows. We start with defining its domain as

dom(A") := {p € H | (¢, Ab) = (n, 1), for some n € H, and for all Y € H}. (7.23)

It is clear that dom(AT) is a linear subspace of H.

Remark 7.1.2. The linear subspace dom(A') can be regarded as the set of all vectors ¢ € H
such that the bounded functional (¢, A(-)) € H' can be identified, via the conjugate-linear
isometry Jz, with an element 1 of H; i.e.,

¢ € dom(A") = (¢, A()) = (n,-) = Tun, (7.24)
for some n € H.

Proposition 7.1.1. The condition

(Tn 9)(Ay) = (¢, AY) = (AT),9) = (Tu(AT9)) (¥), Vo € dom(AT), Vi € H,  (7.25)

uniquely determines a bounded linear operator AT: dom(A") — H, whose domain dom(AT)
is given by (7.23), and such that |AT|| < ||A||. Moreover, we have the following dichotomy:
either dom(A") = H, or dom(A") is a closed subspace of H, with dom(A") C H.

Proof. For every ¢ € dom(A'), the relation (Jx ¢) 0 A = Tun = Ju(Atp), determines a
linear operator AT: dom(A") — #H, where the vector n =: A¢ € H is unique because Jy is
a (conjugate-linear) isometry. Equivalently, one can use the fact that the sesquilinear form
(-,-) is non-degenerate; see Proposition 6.3.1. (The linearity of A is evident.) Moreover,
since

[Tu(ATO) | = | ATo| = [(Tu &) o All < | T ol Al = 61l All, ¢ € dom(AT),  (7.26)

At is bounded, with ||At|| < [|A].
Let us now show that dom(A') is a closed subspace of H. In fact, by Theorem 6.4.1, there

is a bounded operator B in H that agrees with AT on dom(A'), and such that || B|| = || AT <

| A||. Therefore, for every sequence {Xy,}nen C dom(A"), with x, — x € dom(Af) ”'”, we

have that
(Bx,¢) = lim (Bxn,¢) = lim (Atxn, ¥) = lim (xn, AY) = (x, Av), Vo € H,  (7.27)

where we have used the continuity of B and of the inner product (-, -); hence: Y € dom(AT) =
dom(At) I and B = A'. In conclusion, either dom(A") = #H, or dom(A') is a closed subspace
of H, strictly contained in H. O

Remark 7.1.3. By the definition of A" and by the dichotomy in Proposition 7.1.1, it is
clear that, if dom(A") € H, then, given any bounded extension B € B(H) of AT, we have:
—— Il
{<B¢,w> = (6, AY), V6 € dom(Al) = dom(AT) ', Vo € H, (7.28)
(B, ) # (¢, AY), Yo & dom(ATY), Vo & .7,

where the set .% = {1 € H | (B¢,?) = (¢, AY)} is a non-dense, closed linear subspace of
H depending on ¢ ¢ dom(A").
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Definition 7.1.1. We say that A € B(H) is adjointable if the pseudo-adjoint AT of A is
all-over, i.e., if dom(A") = #. In such a case, we put A* = AT and we call the all-over linear
operator A* the (proper) adjoint of A € B(H).

It is clear that the collection of all adjointable operators in ‘H — denoted hereafter by
Baa(H) — is, in a natural way, a linear space over Q, , (a linear subspace of B(#)). We are
now going to characterize it.

Theorem 7.1.2. If A € B(H) is adjointable, then its (proper) adjoint A* is a bounded
operator. Given any orthonormal basis ® = {¢dm tmen n H, if A = opg(Amn) € Baa(H),
then

A" = opg(Ann) € Baa(H), (7.29)

with A%, = Apm. Therefore, if A= 0pg(Amn) € Baa(H), then
(A1) sup,, , [Amn| < o0,

(A2) lim,, App =0, Vn €N,

(A3) lim, A, =0, Vm € N,

and, moreover,

[A™[] = sup [Amn| = [[A].- (7.30)

Conversely, if, for some orthonormal basis ® = {dm }men, A = 0pg(Amn) — i.e., if Ais
a matriz operator associated with & — where the entries of the matriz (Amn) € Moo (Qp 1)
are supposed to satisfy conditions (A1) —(A3) above, then A € B,q(H).

Notation 7.1.1. Taking into account the mapping (6.70), for every £ € ¢°°, we write
symbolically

o = (X, nbn, ) = La(€) = Y & (dn,-) €M, (7.31)

Here, the (pointwise converging) series Y. ;& (¢i,-) converges w.r.t. the norm topology
too if and only if £ € ¢y (Remark 6.4.4). With this notation, if, in particular, £ € ¢g C £,
the functional (>, £,¢n, ) can be directly identified with the element )" &, ¢, of H (with
norm || Zn Endnll = [[lloc = sup,, [€n] = max,, [€,]):

Proof of Theorem 7.1.2. Given an orthonormal basis ® = {¢,}nen in H and a bounded
operator A € B(H), A = opg(Amn), by the second series expansion in (7.13) — converging
w.r.t. the strong operator topology — we have that

(¥, Ax) = ZZAmn b, ) (bnsX) =Y (Z%<¢m,w>)<¢n,x>, (7.33)

for all ¢, x € H, where (by the arbitrariness of x € H)

{6 =3, Amn (bms )}, oy € £ (7.34)

Using Notation 7.1.1, we can write

(¥, Ax) = Zgn P X) = (X6 s X)- (7.35)
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Here, in general, we have a pairing between an element of H' (i.e., (¢, A(")) = (3, €Y bm, )
and the vector y € H.
Assume now that A € B,q(H). It follows that, for some n = A*y) € H,

(X & dm, x) = (U, Ax) = (A", x), Yx€EH. (7.36)

Hence, by the first assertion of Proposition 6.4.3, we must have that

{€}en €0 and D EHg, =AY € H. (7.37)

We stress that here ) £¥¢,, should be regarded as a bona fide expansion in H. Recall-
ing (7.34), we see that
A" = opg (AL, (7.38)
where A% = A,m.
Therefore, the adjoint A* of A — that, by definition, is defined on the whole Hilbert
space ‘H and, by Proposition 7.1.1, is bounded — is an all-over matrix operator and, by
Theorem 7.1.1, we conclude that

(i) supy, , [A%,] < 00 (= sup,, , [Amn| < 00),

(i) lim,, A%, =0,VYn € N (<= lim, A, =0, Vm € N),
and, moreover, since A € B(H), also

(iii) lim, A%, =0, Vm € N (<= lim,, A,,, =0, Vn € N).

It is clear that ||A*[| = sup,, , [An..| = sup,, ,, [Amn| = [[A]|.

Now, let A = opg(Amn) — with ® = {¢m }men any orthonormal basis in H — be a
matrix operator. By relation (7.14) in Theorem 7.1.1, if sup,), ,, [Anmn| < oo and lim,, A, =
0, for every n € N, then A is a bounded operator so that, for all 1, x € H, relation (7.33)

holds true. Next, if, moreover, lim,, A,,, = 0, for every m € N, then — putting A* . = A,
— we also have that op(A},,,) € (co, o). Hence,
{ZnA:nnxn}meN = {ZnAnm xn}meN € ¢o, Vo = {mn}neN € co, (739)

and, for every ¢ € H, the series
Z Z A (Dns ) S (7.40)

must converge to some vector 7 = opg (A%, ) ¥ € H, where opg(AL,,) € (H,H)es = B(H).
In conclusion, for every i € H, there is some n = opg(AL,,) ¥ € H such that, given any
X € H, by (7.33) (with the indices m, n merely re-named) we have:

(W, Ax) = Z(ZAW 50001 ) (el =Z(ZA ) ) ) = (0.0

(7.41)
Otherwise stated, A = opg(Amn) — with the matrix (A,,,) that satisfies conditions (A1)—
(A3) in the statement of the theorem — is adjointable, and A* = opg (A} because the

TYLn) ’

relation (1, Ax) = (A*Y, x), for all ¢, x € H determines A* uniquely. O

We will now derive some direct consequences of Theorem 7.1.2.
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Corollary 7.1.1. If A € B.a(H), then A* € Baq(H) too and
(A7) = A. (7.42)

Moreover, for all A, B € Baa(H) and all o € Qp,,, we have that (¢ A, A+ B € Bag(H) and)
AB,Id € Baa(H), together with

(¢d)" =aA, (A+B)*=A"+B*, (AB)"=DB"A". (7.43)

Proof. If A = opg(Amn) € B(H) is adjointable, then the matrix elements of (A;,,) satisfy
conditions (A1)—(A3) in Theorem 7.1.2, and clearly, the matrix elements of A* w.r.t. the
orthonormal basis ® = {@y, }men — recall that A* = opg (4%,,,), with A% . = A,,,, — satisfy
these conditions too. Hence, A* is adjointable too and (A*)* = opg(Amn) = A. We have
already observed that B,q(#H) is a linear subspace of B(#). The remaining facts are clear
from the definition of the adjoint of a bounded operator in a p-adic Hilbert space. O

Corollary 7.1.2. If A € B.q(H), then its generalized adjoint A" € B(H') is a dual Hahn-
Banach extension of its adjoint A* € Baa(H). Moreover, if A € Baa(H) and, for some
all-over linear operator B in H, the intertwining relation A’ o Jy = Jy o B holds, then
B € B.a(H), A" is a dual Hahn-Banach extension of B and B = A*.

Proof. We have already observed that the generalized adjoint A’ of a bounded operator A
satisfies the intertwining relation (6.78); i.e., for every ¢ € H, (A’ o jg_[)(gb) = Jn(0) o A.
If A€ Baa(H), by Proposition 7.1.1, the proper adjoint A* is (uniquely) determined by the
condition that J3(¢) o A = (Jy o A*)(¢), for all ¢ € H. Therefore, we have that

(A 0 Tn)(¢) = Tu(¢) 0o A= (Tu o A")(¢), Vo €H; (7.44)

i.e., the conjugate-linear isometry J3 intertwines A* with A’. Thus, A’ is a dual Hahn-
Banach extension of A*, because, by relation (7.30) in Theorem 7.1.2 and by Proposi-
tion 6.4.4, we also have that ||A*|| = || 4] = |4/

Moreover, if A € Baq(H) and, for some all-over operator B in H, A’ o Jy = Jy 0 B, then

(Fr 0 A7)(6) = Tu(6) 0 A = (A0 T) (9) = (Fr 0 B)(8), Vo €, (7.45)
so that B = A* € B,a(H) (Corollary 7.1.1), because the relation Jy(¢) o A = (Jp 0 A*)(6),
satisfied for all ¢ € H, uniquely determines the operator A* (Proposition 7.1.1). O

Notation 7.1.2. Given an infinite matrix (Ampn) € Moo (Qp, ), by writing lim, y, Apmpn = o,
for some o € Qp,;,, we mean that

Ve > 0, card({(m,n) e NX N | |4, — a| > €}) < 0. (7.46)
Equivalently, we mean that
Ve > 0, 3N € N, such that, if max{m,n} > N, then |A,,, — a| <, (7.47)
or, also, that
Ve > 0, 3N € N, such that, if m +n > N, then |A,,, — o] <e. (7.48)

Corollary 7.1.3. Let ® = {¢,, }nen be any orthonormal basis in H, and let A = opg(Amn)
be a matriz operator. If the elements of the matriz (Amy) satisfy the condition that

lim Ay =0, (7.49)

then A € Baa(H).
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Proof. Condition (7.49) implies:

(i) sup,, , |Amn| < 00, because for every € > 0 we have that the set {m,n € NxN | [A,,| >
€} is finite.

(ii) lim,, Ay =0, Vn € N, and lim,, A, =0, Ym € N.
By the final assertion on Theorem 7.1.2, it follows that A € Baq(H). O

Definition 7.1.2. We say that a bounded operator A € B(H) is self-adjoint if
A€ Baa(H) and A" = A (7.50)
From Theorem 7.1.2 we also immediately derive the following:

Corollary 7.1.4. Let ® = {¢, }nen be any orthonormal basis in H. An adjointable bounded
operator A € Bag(H) — A = opg(Amn) — is self-adjoint if and only if

Apn = Anm, VYm,n e N. (7.51)
Therefore, a matriz operator opg(Amn) s self-adjoint if and only if
(S1) App = Ay, Ym,n €N,
(82) sup,, ,, [Amn| < o0,
(83) lim,y, |[Amn| =0, Vn € N.

It is clear that the set of all self-adjoint bounded operators in H — denoted hereafter by
Bgo(H) — is a Q,-linear subspace of Baq(H) (by field restriction).
We conclude this section by observing that B,q(#) is a Banach x-algebra.

Proposition 7.1.2. The linear space Baa(H) is a p-adic Banach space and a (unital) Ba-
nach subalgebra of B(H). Therefore, Baa(H), endowed with the adjoining operation A — A*,
is a p-adic Banach x-algebra.

Proof. By Corollary 7.1.1, the linear subspace Baq(#H) of B(H) is actually a subalgebra of
B(H), containing the identity Id, and the mapping Ba.q(H) 2 A — A* € B.(H) is an
involution. Therefore, the only thing to be shown is that B,q(H) is closed in B(H). In fact,
let { A, }nen be a sequence in B,q(H), converging in B(H): lim,, A,, = A € B(H) (in the norm
topology). Since the adjoining operation is an isometric involution, then lim, A = B, for
some bounded operator B € B(H) ({Af},en being a Cauchy sequence in B(H)). It follows
that

(6. A) = lim {9, A,f) = lim (436, 0) = (Bo.v), Vo6 €H.  (T52)
Thus, A is adjointable (and B = A*); i.e., Baa(H) is a p-adic Banach space. O

7.2 Unitary operators in a p-adic Hilbert space

The definition of a unitary operator in a p-adic Hilbert space is not as simple as in the
complex case. Clearly, this is due to the fact that the relation between the norm and the
inner product is not the ‘standard one’. As in the complex setting, one can actually consider
various (equivalent) definitions. Since, orthonormal bases and matrix operators turn out
to play a central role in the p-adic setting, we will introduce unitary operators as matrix
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operators relating any pair of orthonormal bases; see Definition 7.2.4 below. Eventually, it
will be shown that a unitary operator is nothing but an automorphism of a p-adic Hilbert
space (Definition 6.3.3).

In order to prove the main result of this section, we first need to collect a few preliminary
facts. We will work in a p-adic Hilbert space H over Q, ,, with dim(#) = N, where N € N
or N = oo; accordingly, we will put Ney := {n € N | n < N} (ie., Noy =N, for N = 00).
As in Section 7.1, we will assume bounded operators to be all-over, and as in the previous
sections, the term ‘isometry’ will stand for ‘norm-isometry’. However, since the inner product
will play a major role here, for the sake of clarity it is worth starting with the following:

Definition 7.2.1. A linear operator A in H is called an isometry if
dom(A) =H and [A¢[| =|¢ll, V¢ eH; (7.53)
i.e., if it is all-over and norm-preserving (N-preserving).
Lemma 7.2.1. Let A be a linear operator in H. The following facts are equivalent:
(i) A is a surjective isometry;

(ii) A is bounded, admits a bounded inverse A= (with dom(A~1) = H) and

JAll =1 =[A7"]. (7.54)

Proof. Suppose that (i) holds. Then, by (7.53), A is bounded and ||A|| = 1. Moreover, A is
bijective and the linear operator A~! is an isometry too, because, for every 1 € H, there is
some ¢ € H such that ¢ = A¢ and |[¢|| = ||A¢| = ||¢||. Therefore, [|[A~ || = [|[A~LAg|| =
|||l = []20]|; whence, A~! is bounded and [|[A~|| =1 = ||A].

Conversely, suppose that (ii) holds (in particular, ker(A) = {0}). Assume that A is not
an isometry. Then, there exists some ¢ € H, ¢ # 0, such that

0 # [[¢ll # | Agl| # 0. (7.55)
Hence, we have:
|Ag]
0 1. 7.56
7 ol (7.56)

Now, if [|A¢||/||¢]| > 1, then we would have ||A|| > 1, which would contradict one of the
hypotheses in (ii). Instead, if 0 < ||A¢||/||¢]| < 1, then we would have ||[A~!|| > 1, because,
in such a case, we should conclude that

I I s
146l ~ TAATTG] ~ ol

This, as well, would contradict one of the hypotheses of (ii). Therefore, the bijection A must
be an isometry. 0

1

for some ¢ € H \ {0}. (7.57)

Remark 7.2.1. By the Bounded Inverse Theorem (see, e.g., Corollary 3.6 in [73], or Sub-
sect. 2.8 of [96]), if A is a bijective bounded operator in H — in particular, dom(A4) =
ran(A) = H — then A~! is bounded too. Thus, point (ii) in Lemma 7.2.1 can be reformu-
lated as follows:

(i)’ A is bounded and bijective, and ||A]| =1 = || A7

Definition 7.2.2. We say that a linear operator A in H is inner-product-preserving (in
short, IP-preserving) if

(Ag, Av) = (6,4), V¢,¢ € dom(A). (7.58)
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Lemma 7.2.2. If A is an IP-preserving, bounded operator in H, admitting a bounded inverse
A=Y (equivalently, an IP-preserving, bijective bounded operator), then A=Y is IP-preserving
too:

(A1, A7) = (¢, 9), Vo, €. (7.59)

Proof. For every pair of vectors ¢, € H, we have that ¢ = An, 1 = Ay, for some n, x € H,
because A is surjective, and

(A7l A7lp) = (A1 An, AT AX) = (0, x) = (An, Ax) = (6, 9),
where we have used the fact that A is IP-preserving. O

Remark 7.2.2. From the previous proof it is clear that, if A is any IP-preserving, injective
operator in #H, then

(A7, A7) = (o,9),  Vo,¢ € dom(A™) = ran(A). (7.60)

Remark 7.2.3. A bounded operator admitting a bounded inverse is often called — and
we will indeed call it — a top-linear isomorphism. Thus, Lemma 7.2.2 can be rephrased
as follows: If A is an IP-preserving top-linear isomorphism, then A~! is an IP-preserving
top-linear isomorphism too.

Proposition 7.2.1. A densely defined, IP-preserving operator is injective. If a bounded
operator A € B(H) is IP-preserving, then ||A| > 1; in particular, if A is an IP-preserving
top-linear isomorphism, then

Al A7 = 1. (7.61)

Proof. If a linear operator A in H is IP-preserving, given any ¢ € ker(A), we have that

0= (AY, Ap) = (¥, d), V¢ € dom(A). (7.62)
Thus, if A is densely defined — i.e., if dom(A) I H — then by the continuity of the inner
product (w.r.t. each of its arguments), we conclude that, actually, (1, ¢) = 0, V¢ € H; hence,
the Hermitian sesquilinear form (-, -) being non-degenerate, 1) = 0. Therefore, ker(A4) = {0}
and A is injective.
Now, suppose that A is bounded and IP-preserving. Applying the latter property and
the Cauchy-Schwarz inequality, we find that

{6, 0)| = [{Ag, Av)| < | Agll |Av]| < [ AI* o]l [, (7.63)

for all ¢,v € H. Setting 1) = ¢ in relation (7.63), and choosing this vector ¢ in such a way
that |{¢,¢)| = 1 = ||¢|| (e.g. an element of an orthonormal basis in H), we conclude that
|A]|> > 1; hence ||A|| > 1. Finally, if A is an IP-preserving top-linear isomorphism, then,
by Lemma 7.2.2, A~! enjoys the same property, so that both inequalities in (7.61) hold
true. O

We will now prove that, under mild conditions, an IP-preserving operator is a top-linear
isomorphism.

Theorem 7.2.1. A surjective, IP-preserving, all-over operator A in H is an adjointable
top-linear isomorphism and A* = A~1; moreover,

1Al = A = lA] > 1. (7.64)
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Proof. Since A is IP-preserving and dom(A) = H, by Proposition 7.2.1 it is injective. Let
us prove that A is bounded (equivalently continuous). By the Closed Graph Theorem (see,
e.g., Theorem 3.5 in [73], or Subsect. 2.8 of [96]), it is sufficient to show that A is a closed
operator. Let {xn }nen be a sequence in H such that

lim y,, = 0 and lim Ax,, = ¢, for some ¢ € H. (7.65)

In order to conclude that A is closed, we need to show that ¢ = 0. Indeed, by the continuity
of the scalar product (w.r.t. each of its arguments) and by the fact that A is IP-preserving,
we have:

(9, AQ/J) = <limnAXna AW = ligbn <AXna AW = hELn <Xna ¢> = (limpxn,¥) =0, VY € H.
(7.66)
Since A is surjective, we conclude that (¢,n) = 0, Vn € H; hence, the Hermitian sesquilinear
form (-,-) being non-degenerate, ¢ = 0, so that A is closed.
Summarizing, a surjective, IP-preserving, all-over operator A is bijective and bounded;
hence, by the Bounded Inverse Theorem, a top-linear isomorphism.
Let us now show that A € B,q(H) and A* = A~!. In fact, by Lemma 7.2.2, the bounded
operator A~! is IP-preserving too; hence:

(0. AY) = (A7, AT AY) = (A7 o, 9), Vo0 e M. (7.67)
Therefore, A is adjointable and A* = A™1, so that ||A|| = ||A*|| = ||[A™}| and, by (7.61) in
Proposition 7.2.1, relation (7.64) holds true. O

Notation 7.2.1. Given two vectors ¢, € H, by writing

"y, (7.68)

we mean that ¢ and ¢ are norm-orthogonal to each other (recall from Section 6.2 that ¢ L ¢
means that ¢ and ¢ are IP-orthogonal, instead); i.e., that ||a¢ + B¢ || = max{|ladl, ||5¥|},
for all o, B € Qp -

Definition 7.2.3. A linear operator A in H is said to be norm-orthogonality-preserving (in
short, NO-preserving) if
I 01
¢, €dom(A), ¢ Ly =  A¢p L Ay. (7.69)
Theorem 7.2.2. Every all-over, NO-preserving operator in H is bounded. Specifically, every
all-over, NO-preserving operator in H is a nonzero scalar multiple of an isometry and,
conversely, a nonzero scalar multiple of an isometry is NO-preserving. In particular, a linear

operator A in H is an isometry if and only if A is an all-over, NO-preserving (hence,
bounded) operator such that ||A|| = 1.

Proof. Since |H| := {||¢]| | # € H} = |Qp,|, the ‘Tamification index’ of H is equal to 1, so
that we can apply Corollary 1.3 in [139] (actually, the first assertion of the theorem follows
from Corollary 1.1 ibidem, and does not require the mentioned property of ). O

We can now introduce the unitary operators in the p-adic setting and provide a suitable
characterization of this class of operators.

Definition 7.2.4. A matrix operator in H of the form

U= Op¢>(<¢m,¢n>) (7'70)

— where ® = {¢,,}N_,, ¥ = {¢,}N_, are orthonormal bases in H — is called a unitary
operator. We will denote the set of all such operators in H by U(H).
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The set U(H) is characterized by the following result:

Theorem 7.2.3. Given a linear operator U in H, the following facts are equivalent:

(U1) U is a unitary operator — i.e., U = opg({Pm, ¥n)) — for some pair of orthonormal
bases ® = {p N _1 and U = {, }N_; in H;

(U2) U € B(H) and, for some pair of orthonormal bases ® = {¢,, N _; and U = {4, }N_,,
U¢k = ’(/Jk, Vk € NSN;

(U3) U € Baa(H), ||U|| =1 and UU* =1d = U*U;
(U4) U is a surjective IP-preserving, all-over (hence, bounded) operator and ||U| = 1;
(US) U is an IP-preserving top-linear isomorphism and |U|| =1 = ||[U7Y|;

(U6) U is an automorphism of the p-adic Hilbert space H, namely, an IP-preserving surjec-
tive isometry;

(U7) U is a surjective, IP-preserving, NO-preserving, all-over operator;

(U8) U is bounded and transforms orthonormal bases into orthonormal bases.

Proof. We will first show that (U1) <— (U2) = (U3).
Note that

|<¢mvwn>‘ < ||¢m|| ”wn” =1,Vm,n € NSNv and lirfln <¢mvwn> =0,Vn e NSN' (7'71)

Hence, by Theorem 7.1.1, we have that opg ((dm, ¥n)) € B(H) and, moreover,

Op@((¢ﬂ"b7wﬂ>)¢k = Z<¢mawk>¢m = wk:y vk € NgN~ (772)

m

Therefore, (U1) — (U2).
Conversely, if U satisfies (U2), then

U= Op<1>(<¢ma U¢n>) = Op¢(<¢mawn>)v (773)

where in the first equality, we have used the expression of a bounded matrix operator (w.r.t.
any orthonormal basis). Thus, (U1) holds true.

Now, given a unitary operator U = opg({¢m, ¥n)) € U(H) C B(H), since limy, (@, 1n) =
0, for all m € N_y, by the last assertion of Theorem 7.1.2 we conclude that U is adjointable;
ie, U(H) C Baa(H) as well. Moreover, as previously shown, the unitary operator U =
opg ({dm, ¥n)) is completely determined by condition (U2); therefore:

(Dm> U ) = (Ubm, Vi) = (Vms Vi) = Omie- (7.74)

Thus, U*¢y, = ¢, Vk € N_y, and hence — noting that: A € B(H), Adm = ¢m, ¥Ym € Noy
(where {¢,,}N _, is any orthonormal basis) = A =1Id — we have:

U*U =1d =UU*; ie., U*=U"% (7.75)
Also note that sup,, (dm, ¥n) = ||¢¥n] = 1, Vn € Noy; hence:

1= sup (¢m, ¥n) = Ul = U] = [U"]]. (7.76)

Thus, if U € U(H), then U satisfies condition (U3).
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Next, it is clear that (U3) = (U4), because, if the conditions in (U3) are satisfied,
then U is a surjective (adjointable) bounded operator and

(Ux,Un) = (U Ux,n) = {x;m), Vx,n € H; (7.77)

i.e., U is IP-preserving. Moreover, by Theorem 7.2.1, (U4) = (U5). Also, if U satis-
fies (U5), then, by Lemma 7.2.1, U is a surjective isometry (and IP-preserving); i.e., (U5)
= (U6).

Let us now prove that (U6) <= (U7). In fact, by the second assertion of Theorem 7.2.2,
if U is an isometry, then it is a NO-preserving (all-over) operator; hence: (U6) = (U7).
Conversely, if U is a NO-preserving, all-over operator, then (again by the second assertion of
Theorem 7.2.2) U is a non-zero scalar multiple of an isometry: U = zJ, with z € Q, , \ {0}.

Now, if, moreover, U is IP-preserving and surjective, then by Theorem 7.2.1, ||U|| = [|[U!|.
Thus, J is a surjective isometry and
el =ll=d = U= U =" T =17 = [|]=1. (7.78)

Therefore, U = zJ is an IP-preserving, surjective isometry; i.e., (U7) = (U6), as well.

At this point, let us observe that (U6) implies (U8). Indeed, if U is an IP-preserving,
surjective isometry, then, given any orthonormal basis {¢,, }N _; in #, and, putting 1, =
Uén, ¥n € Ny, we obtain another orthonormal basis {1, }N_;, because

(g, ) = (Udj,Udr) = (¢, k) = bji, (7.79)

and, for every (finite or denumerable) set {z,}N_, C Q,, — converging to 0, if N = co —
and every x € H,

I z0tnll = U750 20n]| = [0 2nénl| = max |z, (7.80)
where we have used the fact that U~! is an isometry, and

X=UU"%) = (60U W)U =D (Ubn,UU " X)Up = > (0, X)00n.  (7.81)

n n n

Thus, by (7.80) and (7.81), {#,}N_, is a normal basis, and specifically, by (7.79), it is
orthonormal.

Finally, it is obvious that (U8) = (U2), and this observation completes the proof,
since overall we have shown that: (U1) <«— (U2) — (@U3) — (U4) — (U5)
— (U6) — (U8) — (U2), and, moreover, (U6) <= (U7). O

Remark 7.2.4. One can easily check that
U:= Optb(<¢m7 wn>) = Z |’L/)k><¢k| = 0qu(<¢m,¢n>)a (782)
k

— where, if N = oo, the series converges w.r.t. the strong operator topology — and

U* = opg ((Ym, dn)) = Z |6x) (V1] = 0Py ((Ym, dn)) = U'e UH). (7.83)
k

Remark 7.2.5. By the characterization (U6) of U(H), it is clear that U(H) is, in a natural
way, a group. In fact, the product (composition) of two unitary operators is unitary and
Id € U(H). Moreover, by (7.83) — or, say, by (U6) and Lemma 7.2.2 (if U is an IP-
preserving surjective isometry, then U~! shares the same property) — if U € U(H), then
U~! = U* € U(H) too. Let us also observe that the unitary group of the p-adic Hilbert
space H is the intersection of two other remarkable groups, i.e.,

UH) = F(H) NN (H), (7.84)

where:
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o J(H) C B.a(H) is the group of all surjective, IP-preserving, all-over operators (note
that, by Theorem 7.2.1 and Lemma 7.2.2, if A € #(H), then A~! = A* € #(H) too);

e N (H) is the group of all surjective, NO-preserving, all-over operators — equivalently,
the group of all non-zero scalar multiples of surjective isometries (Theorem 7.2.2).

Remark 7.2.6. In the case where H is finite-dimensional — dim(#) = N € N; hence,
B(H) = Baa(H) is just the set Lin(#) of all linear operators in H, and UU* = Id if and
only if U*U = Id — the characterization (U3) of U(H) provides a simple description of the
unitary group of H as a matrix group, i.e.,

UH) = {0DsUmn) | Son_; UtnUsnp = Oty My, [Upnn| = 1}, (7.85)

where ® = {¢,,,}),_; is any orthonormal basis in H. It is worth observing that here the
condition

loPg (Unmn)I| = max [Upn| = 1 (7.86)

cannot be dispensed with (unlike the complex case). We illustrate this point by an explicit
example.

Assume that H is a p-adic Hilbert space, with p # 2 and dim(H) = 4. As shown in the
proof of Proposition 5.3 in [128], there exists a solution 1, ..., x4 of the equation

o2+ 23 4 2k + 2f = p*k, X1,...,24 €L, (7.87)
— for any K € N — satisfying the condition that
max |z;| = 1. (7.88)
7
Consider, then, the matrix (with rational coefficients)

X1 i) T3 X4

_ 1 —X2 o —T4 T3
(Amn) - ﬁ —xy _1.3 To 1 5 (789)
—I3 Ty I —x2
where x1, ..., x4 is the aforementioned solution of (7.87)—(7.88). Clearly, we have:
Son 1 At A = S0y Atn A = O bt max, , [Amn| = p* # 1. (7.90)

Thus, A = opg(Amn) € F(H) (because A* = A~L, hence, A is IP-preserving), but A ¢
A (H), because

1Al = A% = A7 = p* > 1, (7.91)
so that A cannot be a non-zero scalar multiple of an isometry (in such a case, we should
have that [|[A71|| = ||A||~!). Therefore, A ¢ U(H). Otherwise stated, A cannot be unitary,
since it preserves the inner product, but not the norm-orthogonality.

Remark 7.2.7. Let us observe explicitly that the group .#(#H) admits a further character-
ization; namely,

I (H) = {A € Baa(H) | A bijective and A* = A1}, (7.92)

In fact, by Theorem 7.2.1, #(#H) is contained in the set defined on the right hand side
of (7.92). Conversely, it is clear that every bijective operator A € B,q(H), such that A* =
A1 is IP-preserving:

(An, Ax) = (A" An,x) = (,x),  Yn,x € H. (7.93)
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Therefore, relation (7.92) holds true. As a consequence, we obtain a simple description of
the unitary group U (H). Indeed, note that, by (7.92) and by the characterization (U3) of a
unitary operator, we have:

UH) = I (H)NB(H)p = A (H) N B(H)1, (7.94)
where B(H)) and B(H); are, respectively, the unit sphere and that unit ball in B(H); i.e.,
BH)py:={A€B(H) | |Al =1}, B(H)1:={A€B(H)||A] <1} (7.95)

The first equality in (7.94) corresponds to the characterization (U4) of a p-adic unitary
operator, and the second equality follows from (7.64) in Theorem 7.2.1, according to which

[ (#H)I| < [1,00).

Remark 7.2.8. Considering again the case where H is finite-dimensional — dim(#H) = N €
N and B(H) = Lin(H) = Baa(H) — using elementary methods of matrix analysis one can
prove that, in this case, the group A4 (#) admits the following further characterization:

N (H) ={A€Lin(H)|[|A]| =1 =|det(A)|}, (7.96)

where det(A) is the determinant of the representative matrix of A w.r.t. any basis in the
finite-dimensional vector space H. Clearly, if A € U(H), then |det(A)] = 1 automatically,
because | det(AA*)| = | det(A) det(A) | = | det(A)[?.

Example 7.2.1. Let us consider the case where p = 2 and p = 14; i.e., H is a p-adic
Hilbert space over Qz(v/14). Let us assume that dim(#) = 2, and, given an orthonormal
basis ® = {¢1,¢2} in H, let us consider a linear operator U = opg (Upnrn ). By (7.85), U is
unitary if and only if

(Upn) = (CCL Z) , where: a@ + bb =1 = c¢+dd, a¢+ bd = 0, max{|al, |b|,|c|,|d|} = 1.

(7.97)
To satisfy this condition, we can put, e.g., a = \/—72, b= 214, ¢ = b and d = a, where

V=7 is any of the two 2-adic square roots of —7 = 1+0-2+0-224+1-23+1-24+- - € (Q})2.
Therefore, ¥ = {11 = ad1 + boa, o = b1 + aps} is another orthonormal basis in H.

7.3 The trace class of a p-adic Hilbert space

In this section, we will introduce a suitable notion of trace class operator in a p-adic Hilbert
space H. As in Section 7.1, we will assume that dim(#) = oo (and we will use the nota-
tions adopted therein), because in the finite-dimensional case the notion of trace introduced
here becomes completely analogous to the notion of trace of a linear operator in a finite-
dimensional complex Hilbert space and the results of this section hold true with obvious
modifications.

7.3.1 Traceable operators
We start with the following:



104 7 Linear operators in a p-adic Hilbert space

Definition 7.3.1. Let ® = {¢,, }men be an orthonormal basis in #H, and let T be a (densely
defined) linear operator in H such that ® C dom(7'). We say that the operator T is traceable
w.r.t. @ if the series

> bm Tom) (7.98)

m

is convergent. Namely, if lim,, (¢, Tdm) = 0 (see Proposition 6.1.1).

Proposition 7.3.1. A matriz operator T = o0pg(Timn) is (such that & C dom(T) and)
traceable w.r.t. ® if and only if

lim7T,,, =0, VneN, and limT,,, =0. (7.99)
m m

Proof. Tt is easy to see that ® C dom(T"), with T'= opg (Tmn), if and only if lim,, Tp,, = 0,
Vn € N. Indeed, recalling (7.8) and (7.9), if ¢,, € dom(T), then T¢,, = >, Trndm (hence,
{Tin}men € co) and, conversely, if lim,, T, = 0, then ¢,, € dom(T).

Moreover, if ¢, € dom(T'), then (T'¢,, = Trmndm and)

(60 Tén) =Y Ton (b dm) = T (7.100)

Therefore, if ® C dom(T'), then lim,, T},, = 0, Vn, and, if, moreover, the series (7.98) is
convergent, then
i T = Hm (b, Thm) = O. (7.101)

Conversely, if both conditions in (7.99) hold true, then ® C dom(7T), and lim,, (¢, Tdom) =
lim,,, Tym = 0, so that the series (7.98) converges; i.e., T = opg(Timn) is traceable w.r.t.
D. O

Remark 7.3.1. By Proposition 7.3.1 and by the characterization of matrix elements of a
bounded operator (see (7.14) in Theorem 7.1.1), it is clear that one can construct matrix
operators in H (dim(H) = oo) that are traceable w.r.t. a given orthonormal basis in H,
but not necessarily bounded. Precisely, one has to take any matrix operator T = opg (Timn)
satisfying both conditions in (7.99) and such that sup,, ,, |Tyn| = co.

The previous remark motivates us to consider a smaller class of matrix operators for the
definition of the trace class of H.

Definition 7.3.2. Let ® = {¢.;}men be an orthonormal basis in H. We introduce the
following set of matrix operators:

To(H) := {0ope(Tmn) | Trn € Moo (Qp,.) 8.t limy 4y Trpn = 0} (7.102)
Remark 7.3.2. Recalling Notation 7.1.2, the limit lim,, 1, T3, = 0 means that
Ve > 0, card({(m,n) € Nx N | |Tn| > €}) < 0. (7.103)
Equivalently, lim,, 4, T),, = 0 means that
Ve > 0, IN € N, such that, if max{m,n} > N, then |T},,| <, (7.104)
or, also, that

Ve > 0, 3N € N, such that, if m +n > N, then |T),,,| < e. (7.105)
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Moreover, conditions (7.103)—(7.105) are equivalent to assuming that the double series
Zm,n Ty is convergent, where

ZTM = lim ( > ZTM> (7.106)

m=1n=1

It is a remarkable fact that, given a double sequence {Zn }rm.nen in Qp 1, if My, 4 Tir = 0,

then both the iterated series
Z Z T and Z Z Tnn (7.107)
m n n m

converge and

Z men = Z men = men (7.108)

Therefore, if lim,, 1, Tnn = 0, then the convergent double series (7.106) can be expressed
as an iterated series.
Another useful fact is that, given a double sequence {Zyn }m nen C Qp s

(7.109)

m+n

. lim,, pmn =0, Vn € N, lim, ., =0, Vm € N,
lim @, = 0 — . . . s
and lim, », Zmn =0 (Pringsheim limit)

<~ lim,, T;my =0, Vn € N, and lim, £,,,, = 0, uniformly in m € N.
(7.110)

In relation (7.110), the expression “lim, ,, = 0, uniformly in m € N” means: for every
€ > 0, 3N € N such that, for n > N and all m € N, |z,,,| < €.
For the previous claims, see p. 62 of [69], Exercise 23.B, and Chapter 8 of [130].

If a linear operator T in H is traceable w.r.t. an orthonormal basis ® = {¢, }men, We
denote the sum of the series (7.98) by the symbol tre (7).

Proposition 7.3.2. If T = opg (Tin) € To(H), then it is traceable w.r.t. ® — in particular,
® C dom(T) — and

tr@ (T) Z ¢7"/’ Td)’rn Z T’rnm (7.111)
Proof. Observe that
card({m € N | |Trum| > €}) < card({(m,n) € N X N | [Tinn| > €}). (7.112)

Thus, recalling Remark 7.3.2, we argue that

def

T =0pg(Ton) € To(H) & lim Ty, =0 = lim T}, =0, (7.113)
m—+n m
and
lim Ty =0 == lim Ty, =0, ¥n€N. (7.114)

Thus, if T = opg(Timn) belongs to To(H), then & C dom(T) (see the proof of Proposi-
tion 7.3.1) and T is traceable w.r.t. ®. Moreover, (¢, Tdm) = Trm, for every m € N
(see (7.100)); hence, relation (7.111) holds true. O

We now provide a more precise characterization of the set of matrix operators 7o (H).

INamely, Ve > 0, 3N € N such that, if m,n > N, then |zmn| < €.
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Proposition 7.3.3. Let ® = {¢, }nen be any orthonormal basis in H. Then, the following
facts are equivalent:

(Tl) T S Bad(H) (lnd llmm+n <¢)m, T¢n> = 0;
(T2) T € B(H) and limy, 1 {pm, Tdn) = 0;
(T3) T € To(H).

Proof. Tt is obvious that (T1) = (T2). Also, if T € B(H), then T' = opg(Tinn), where
Ton = {Gm, Thy); hence (T2) = (T3). Next, if T € To(H), then by Corollary 7.1.3, we
have that T' € Baq(H). Moreover, since T' is bounded, T' = opg ({(¢m, T'¢n)). Hence, (T3)
= (T1), and the proof is complete. O

Corollary 7.3.1. To(H) is a linear subspace of Bag(H) and
TeTe(H) = T" € To(H). (7.115)

Proof. Since (T1) <= (T3) in Proposition 7.3.3 — therefore, To(H) C Baa(H) C B(H) —
it is sufficient to note that, for S, T € B(H), ¢,¢ € H and scalars a,b € Q, ,, the following
estimate holds:

(@, (aS + bT))| < max{lal| [(¢, SY)I, [b] [(&, T} (7.116)
It follows that
£ﬂ<¢mv S¢n) =0= Tlnlﬂ<¢maT¢n> = TlnlEl<¢7m (aS +bT)¢n) = 0, (7.117)

namely, S, T € To(H) = aS+bT € To(H). Moreover, if T € To(H) C Baa(H), then

<¢maT¢n> = <¢naT*¢m>~ Hence, llmm+n<¢m7T¢n> =0 = hmm+n<¢maT*¢n> =0, ie,
the implication (7.115) holds true. O

7.3.2 The trace class

Our next task is to show that, actually, the definition of the linear subspace Tg(H) of Baq(H)
does not depend on the choice of ®; i.e., given any pair of orthonormal bases ® = {¢., }imen
and ¥ = {4, bnen in H, we have that

To(H) = Tu(H). (7.118)

To prove this important fact, we need to establish a further relevant property of 7o (H).
To this aim, we will use the following technical result:

Lemma 7.3.1. Let (A ), (Trmn) € Moo(Qp,u) be any pair of infinite matrices satisfying the
following conditions:

(a) a=supy,, [Am| < oo,
(b) lim; Ay, =0, Vm € N, and
(¢) limyapn Tonn = 0.

Then, for every (I,n) € N x N, the series ), AimTmn converges to some Sy, € Qp, and
liml+n Sln =0.
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Proof. By condition (a), the sequence {4, }men belongs to £2°) for every | € N, and, by
condition (c), the sequence {T),,}men belongs to g, for every n € N (see relation (7.109)
in Remark 7.3.2). Hence, the series ) = ATy is convergent, for all [,n € N, and we can
put

Sln = ZAlmen € Qp,u- (7119)
Moreover, condition (c) also entails that
(d) 7= SUP,n |Tmn| < 0.

Let us assume that «, 7 > 0 (otherwise there is nothing to prove), and let us take any
e> 0.

Now, by (b), there exists some L € N such that, if m < N and I > L, |4Ap,| < €/7
(because we are considering a finite set {Aj; hen, - .-, {Ain}ien of sequences converging to
0). Next, by (c), there is some N € N such that, if max{m,n} > N, then |T},,,,| < ¢/c.

Summarizing, we have found the following additional conditions:

() I>L m<N = |An| <e¢/T,
(f) max{m,n} >N = |Tpn.| < €/a.
Therefore, eventually we obtain the following estimates:

(E1) By (a) and (f) — for all I € N and all n > N — we have that

€
|Sln| = |ZmAlmen| < sup |Alm‘ |Tmn| <« a = €.
m

(E2) By (d) and (e), and by (a) and (f) — for all [ > L and all n < N — we have:

|Sln| < sup ‘Alm| |Tmn| =
m

€ €
max{max{|Alm| |Tonnl}, sup |Aiml Tmn|} < max { T, @ } =e.
m<N m>N T (0%

In conclusion, by the estimates (E1) and (E2),
I>Land/orn>N = |Si,|<e (7.120)

(and, a fortiori, if max{l,n} > M = max{L, N}, then |S},| < €).
Eventually, we have shown that, for every € > 0, the set

{(,n) EN X N|[Sp| > €} (7.121)

is finite. Equivalently, for every e > 0, there exists some M € N such that, if max{l,n} > M,
then |Sj,| < € namely, lim;4,, S;, = 0. O

Theorem 7.3.1. Given any orthonormal basis ®, the linear subspace To(H) of Baa(H) C
B(H) is a left ideal in B(H), i.e.,

AT € To(H), VA€ B(H),VT € To(H). (7.122)
Moreover, To(H) is a two sided *-ideal in Bag(H), i.e.,

T €To(H), AT, TAcTs(H), VT € To(H), YA € Boa(H). (7.123)
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Proof. Let us prove property (7.122) of Tg(H). Since A € B(H) and T € To(H) C B(H),
we have that S = AT € B(H) and

A=o0pg(Aim), T =0pe(Trnn) = S =o0ps(Sin), (7.124)

where Sp,, = >, A Tn. Here, the infinite matrix (A;,,) satisfies conditions (a) and (b) in
Lemma 7.3.1, because A is bounded (Theorem 7.1.1). Moreover, (T, ) satisfies condition (c)
(by the definition of 74 (#)). Hence, by the same lemma, lim;,, S, = 0; i.e., S = AT €
Ta(H).

Let us now prove that T () satisfies properties (7.123), as well. We have already shown
that, if T € To(H), then T* € T5(H) too (Corollary 7.3.1).

Next, if, additionally, A € Baq(H), then AT, A*T* € T (H), so that

TA=(A"T*)* € To(H). (7.125)
The proof is complete. O

We will now derive two remarkable consequences of Theorem 7.3.1; the most important
one is the following:

Corollary 7.3.2. For every pair of orthonormal bases ® = {¢m }men and ¥ = {¥, nen,
we have that

To(H) =Te(H) =T(H). (7.126)
Proof. Let U be the unitary operator determined by condition (U2) in Theorem 7.2.3, i.e.,
U= Op<1>(<¢m7 U¢n>) = Op<I>(<¢mv wn>) (7127)

Recalling Proposition 7.3.3, we have:

T cTo(H) <= U*TU € To(H) ((7.123) in Theorem 7.3.1, U* =U "' € B,4(H))
> 0= lim (b, U*TU ¢,,) = lim (Y, Ty

m-Tn

&L T e To(H). (7.128)
Therefore, Ty (H) = To(H), for any pair of orthonormal bases @, ¥ in H. O

Definition 7.3.3. We call an operator belonging to the two-sided x-ideal T (H) of Baq(H)
— whose definition does not depend on the choice of an orthonormal basis in H (by Corol-
lary 7.3.2) — a trace class operator. The linear space T (H) itself will be called the the trace
class of H.

We next obtain a second remarkable consequence of Theorem 7.3.1:
Corollary 7.3.3. Given a linear operator T in H, the following facts are equivalent:
(i) TeTH):;

(i) T € B(H) and, for some pair ® = {dm}men, ¥ = {¥n}tnen of orthonormal bases,
satisfies the condition that
hgrn <¢m7 Twn> = 0; (7129)

(i) T € B(H) and, for every pair ® = {¢m tmen, ¥ = {¥n}nen of orthonormal bases in
H, satisfies condition (7.129).
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Proof. Clearly, (iii) = (ii). Let us prove that (ii)) = (i).
Assume that (ii) holds, and let U be the unitary operator determined by

Udr = r, Vk € Ny ie., U = opg((@m, ¥n))- (7.130)
By (7.129) we have:

Therefore, TU € T (H) and, by Theorem 7.3.1, T' = (TU)U* € T (H) too; i.e., (i) = (i).

It is then sufficient to show that (i) == (iii), as well. Let T € T(#) and let ® =
{®m }men, ¥ = {¥n }nen be any pair of orthonormal bases in H. We have:

ligrn (P, Th) = lir+n (Gm, TU@y,) = 0. (7.132)

Here, U is the unitary operator determined by (7.130), and we have used the fact that

TU € T(H) (Theorem 7.3.1). O

Remark 7.3.3. Recalling Remark 7.3.2, the condition that T' € B(H) satisfies (7.129) is
equivalent to the condition that the series

> (s Ttn) (7.133)

m,n

be convergent. This is reminiscent of the fact that, in a (infinite-dimensional, separable)
complex Hilbert space IC,

TeTK) = ZZ {1, Txn)| < 00, (7.134)

for some — equivalently, for any — pair {n,;, }men, {Xn}nen of orthonormal bases in K.
This is probably the tightest connection that one can establish between the p-adic and the
complex trace class. Recall indeed that, for a complex Hilbert space KC, one usually first
defines the trace of a positive bounded operator (that may be finite or infinite). Then, the
trace class T (K) is introduced as the set of all bounded operators T such that their absolute
value |T'| (the unique positive square root of T*T') has a finite trace; see, e.g., [135]. But
this route cannot be pursued in the p-adic setting, because there is no natural notion of
positivity for a bounded operator.

Having shown that the definition of the trace class 7 (H) does not depend on the choice
of an orthonormal basis in H, we now want to prove that, for every T = opg(Trn) € T (H),
the trace itself of T — i.e., the quantity (recall Proposition 7.3.2)

tre(T) ==Y (dm:Thm) = Y _ Tonm € Qp,p (7.135)

m

— does not depend on the orthonormal basis ® = {¢, }men, so that we can call it the trace
of the operator T € T(H).
We first need to establish a technical fact.

Lemma 7.3.2. Given double sequences {Zmn }tmnen, {Ymntmmnen i Qp ., the following
facts hold true:

() limpan Tmn =0 and [ymn| <o € RT, Vm,n € N = limy 10 TmnYmn = 0.
(i) If {Tmntm.nen is of the form Tpmn = Ym2n, where ypym — 0 and z, — 0, then

lim &, = 0. (7.136)

m—+n
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Proof. Claim (i) is obvious. Let us prove (ii).
Both the sequences {ym tmen, {2n }nen converge to zero; hence:

lim z,, = limy,, 2, = 0, for all n € N, and lim y,,2z, = 0, for all m € N. (7.137)
Moreover,
lim 2, = 0, (Pringsheim limit) (7.138)

because, Ve > 0, IN € N such that, if m,n > N, then

[Yyml, [2n] < Ve, (7.139)

so that |Zmn| = |yml| |2n| < €. As recalled in Remark 7.3.2, conditions (7.137) and (7.138)
together entail that

lim &, = 0, (7.140)
m—+n

which proves (ii). O

Theorem 7.3.2. If T € T(H), then, for any pair of orthonormal bases ® = {¢m tmen and
U = {¢p tnen in H, we have that

tre(T) = trg (T) = tr(T). (7.141)

Proof. Indeed, first note that

tMﬂ}hM% ZZ%%¢MW (7.142)

where we have used the expansion ¢, = > (¥n,®m)¥n and the continuity of the inner
product. Since (¢, ¥,)| < 1, for all m,n € N, then, by the implication (i) = (ii) in
Corollary 7.3.3, and by claim ( ) of Lemma 7.3.2, we can argue that

TeTH) = ligrn (Y, Tpm) =0 (Corollary 7.3.3)

= %iﬂ(gbm, Un) (Y, Tpm) =0 (Lemma 7.3.2).

Thus, as recalled in Remark 7.3.2 (see (7.108)), we can exchange the sums on the r.h.s.
of (7.142), so obtaining

e (T) = Y Y (bm: ¥n) (n, Tdm)
=3 s o) (s T (s b))
= SOST S W G (G o) (0 T, (7.143)
n m k

where, for the second equality, we have used the fact that T, (Yw,dm)tr =
> k(s &m)(Ty) (T being bounded) and, once again, the continuity of the inner prod-
uct.

Next, since [(¥g, dm)| < 1, for all k,m € N, lim,, (¢, ¥,) = 0, for all n € N, and
i, T} = (TG, ) =0, ¥n €N, (7.144)

T being (of trace class, hence) adjointable, we have:

li%(qﬁm,wn)(zpn,ka} =0, VneN, (by point (i) of Lemma 7.3.2)
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= hrﬁkw’“’ Om ) (Dmy Un) (U, TYr) =0, Vn €N. (by point (i) of Lemma 7.3.2)

Therefore, it is further possible to exchange the sums over m and k in the last line of (7.143).
Eventually, we obtain that

tro(T) = 50 X (S ) ) . To)
n k m
=D > ks ) (Y, i)
n k

= 505 i (b T
n k

= Z(q/)n, T =: trg(T). (7.145)

Here, for obtaining the second equality we have exploited the (very familiar, in a complex
Hilbert space) relation Y, (¥k, dm)(dm,¥n) = (i, ¥n), which, in the p-adic setting, is
provided by the last line of (6.36). O

The trace tr: T(H) — Qy,, enjoys the following remarkable properties:
Proposition 7.3.4. Given two trace class operators S, T € T(H), we have:

(P1) tr(S+T) =tr(S) +tr(7T), and tr(aT) = atr(T), for all @ € Qp 4, i.e., the trace is a
linear map;

(P2) tr(T*) = tr(T);
(P3) for every unitary operator U € U(H), tr(UTU*) = tr(T).

Proof. The linearity of the trace is clear. Let us prove property (P2).
Let ® = {¢,, }nen be any orthonormal basis in H. Then, we have:

tr(T7) = Z<¢>n,T*¢n> = Z(T%, bn) = Z (b, Thp) = Z<¢>n,T¢>n> = tr(T). (7.146)

n n n n

Moreover, for every unitary operator U € U(H),

tr(UTU*) = (6o, UTU$p) = > (thn, Tthp) = tx(T), (7.147)

n n

where we have used the fact that U* is a unitary operator too, so that, by point (U8) of
Theorem 7.2.3, ¥ = {¢, }nen = {U*¢n tnen is an orthonormal basis. O

7.3.3 The cyclic property

The reader will have noticed that in Proposition 7.3.4 are listed all the main properties of
the trace — say, in a complex Hilbert space — except the ‘cyclic property’. We are now
going to show that the p-adic trace possesses this important property too, provided that the
domain of the map tr(-) be suitably extended (for the sake of simplicity, we will denote the
extended map by the same symbol).

In fact, recalling the first assertion of Theorem 7.3.1, T(H) is a left — but not a right
— ideal in B(H) (dim(H) = o0). Let us better clarify this point by means of an explicit
example.
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Example 7.3.1. Let B € B(H) be a bounded operator that is not adjointable, and let x € H
be a (nonzero) vector such that y & dom(BT), where B is the pseudo-adjoint of B. For every
¢ € M, such that (¢,¢) =1 (e.g., an element of an orthonormal basis), we can consider the
trace class operator T' = |¢) (x| € T (H). Let us show that the bounded operator TB € B(H)
is not a trace class operator. Indeed, for every ¢ € H, we have: (¢, TBvY) = (x, By). Now,
since x ¢ dom(B'), there is no vector n € H such that (n,v) = (x, By) = (¢, TBv), for all
Y € H; otherwise stated, ¢ ¢ dom((T'B)"). Therefore, TB & Baq(H) O T(H), and this fact
entails that 7 (H) is not a right ideal in B(H).

By the previous discussion, in order to derive, in the p-adic setting, the cyclic property
of the trace, we need to introduce a new class of operators that we will call the weak trace
class.

Definition 7.3.4. We say that a bounded operator A € B(H) is uniformly traceable if it is
traceable with respect to every orthonormal basis in H and, moreover,

tre(A) = try(A4) = tr(A) (7.148)
for every pair of orthonormal bases ® = {¢, tmeny and ¥ = {¢, }nen in H.

It is clear that the set of all uniformly traceable operators in A form a linear subspace
Tw(#H) of B(H), which is precisely the weak trace class of H.

Remark 7.3.4. Let K be a (separable) complex Hilbert space, with dim(K) = oo. It is
well known that a bonded operator A € B(K) is of trace class if and only if it is uniformly
traceable; i.e., if and only if the series

> (ms Axm) (7.149)

m

converges to a unique limit for every orthonormal basis {Xm }men in K (see, e.g., Proposi-
tion 4.42 of [137]). It turns out that — see Remark 7.4.4 below — this property does not
hold true for a p-adic Hilbert space; namely, T (H) 2 T (H) (dim(H) = c0).

Proposition 7.3.5 (Cyclic property of the trace). For every bounded operator B € B(H)
and for every trace class operator T € T (H), we have that

BT € T(H) C T(H) and TB € To(H). (7.150)

Moreover, we have:

tr(BT) = tr(TB). (7.151)

Proof. We have already shown that BT € T (#), because T(H) is a left ideal in B(H) (see
Theorem 7.3.1, where To(H) = T (#H)). Then, we have:

r(BT) =Y (b, BTdm)
= {bm, B, (n. Tom) ¥n))  (because T = 3=, (tn, T )n)

= Z Z(qﬁm By) (Wn, Thpm), (continuity of B and of the inner product)
(7.152)

where ® = {¢m }men, ¥ = {¢n}nen is any pair of orthonormal bases in H.
Note that
[{(dm, Bn)| < ||BJ|, Ym,n € N, and liin (Vny Thpm)y = 0. (7.153)
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Hence, by point (i) of Lemma 7.3.2, we have:
7}521<¢ma B%LW%, T¢m> =0. (7154)
By (7.154), we can exchange the sums in the last line of (7.152), so obtaining

tr(BT) = Z Z<1’[}"’ T b ) (Dm> Bin)
= Z<wn7 T(Zm <¢m7 B¢n>¢m)>
= (¥n, TBYy) = tra(TB). (7.155)
By the arbitrariness of the orthonormal basis ¥ in H, we conclude that TB € Ty (H) C B(H)
and tr(TB) = trg(TB) = tr(BT). O
Remark 7.3.5. The inclusion relation
TB C Tw(H), VT € T(H), VB € B(H), (7.156)

is a manifestation of the fact that T'B is a compact operator; see Corollary 7.4.2 below.
In particular, the (non-adjointable, bounded) operator TB constructed in Example 7.3.1 is
compact.

Proposition 7.3.6. For every bounded operator B € B(H) and for every trace class operator
T € T(H), we have that

tr(BT)| = [tr(TB)| < [|BI[ITI|  and [te(T)] < ||IT- (7.157)

Proof. In fact, given any orthonormal basis {¢y, }men in H, [tr(BT)| = |, (¢m, BT dom)| <
maxmen [{Pm, BT m)| < maxmen || BT ¢m || < ||B|| |T||- In particular, putting B = Id, we
obtain also the second inequality in (7.157). O

Corollary 7.3.4. The map tr(-): T(H) > T — tr(T) € Qp,, is a bounded linear functional
and |[tr(4)|| = 1.

Proof. By the second inequality in (7.157) the functional tr(-) is bounded and |tr(-)|| < 1.
If ¢ is an element of an orthonormal basis in H, then [tr(|¢)(¢|)] = 1 = || |¢){(¢] ||, so that
the previous inequality is saturated. O

7.4 Trace class operators as compact operators

As is well known, the trace class operators in a (infinite-dimensional, separable) complex
Hilbert space K form a Banach space, when endowed with the trace norm. This space
is embedded in the Hilbert space of all Hilbert-Schmidt operators in K (endowed with
the Hilbert-Schmidt product). The closure — w.r.t. the operator norm — of these spaces
coincides with the closure of the linear space of all finite rank operators in I, namely, with
the Banach space of compact operators, which is the only proper closed two-sided ideal in
the Banach algebra of bounded operators. In particular, the trace class of K is not closed
w.r.t. the operator norm (dim(KC) = 00). See, e.g., the standard references [135-137,140].
As the reader may expect, this familiar picture keeps some of its main features — but
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also requires some essential modification — when switching to a (infinite-dimensional) p-adic
Hilbert space H.

As above, for the sake of simplicity, we will assume that dim(#H) = oo, but all subsequent
results (and their proofs) remain valid — with obvious adaptations, and even if possibly
getting trivial — in the finite-dimensional setting. E.g., the ‘p-adic singular value decom-
position” — see Corollary 7.4.3 below — holds true in the case where dim(H) < oo and
T(H) = Baa(H) = B(H) is just the space Lin(#) of all linear operators in H.

Definition 7.4.1. An all-over linear operator C in # is said to be compact if C H, — where
H; is the unit ball in H: Hy := {¢p € H | ||| < 1} — is a precompact subset of H (namely,
if C'H; has a compact closure).

Remark 7.4.1. In formulating the previous definition, we have taken into account the fact
that Q,,,, is locally compact, because, in this case, the compactoid subsets of H coincide
with the precompact subsets. See Chapter 4 of [73]; in particular, Section 4.S and the
subsequent definition of a compact operator in the non-Archimedean setting (also see the
seminal paper [141]).

Remark 7.4.2. From Definition 7.4.1 it is clear that the linear space .Z (H) of all finite-rank
operators — the linear operators in H having finite-dimensional range spaces — consists of
compact operators.

Theorem 7.4.1. The set C(H) of all compact operators in H is a closed linear subspace
of B(H). Specifically, C(H) is the closure of the linear subspace F(H) of all finite rank
operators in H. Moreover, C(H) is the only proper closed two-sided ideal in B(H).

Given any orthonormal basis ® = {¢m tmen in H, a bounded operator A = opg(Amn) €
B(H) — Apmn = (dm, Adyn) — is compact if and only if

lim (sup,,en|Amn|) = 0. (7.158)
Every compact operator C' € C(H) can be expressed as
C=> Nej o, (7.159)
jeJ
where J ={1,2,...} is a countable index set and

e {\j}jes CQpu — for C # 0, we assume that {\;}jes C Qp , = Qp, \ {0} — and, if
J = N, limj )\j = 0,‘

e {e;}jes and {€;}jcs are contained in H and H', respectively, with ||e;|| = ||€;| = 1;
e {e;}jes is a (normalized) norm-orthogonal system in H;

o c;Oe;: H — H is the bounded operator defined by (e; © €;) ¢ :=¢€;() e;, and the sum
in (7.159) — whenever J is not finite — converges w.r.t. the norm topology.

In particular, the norm-orthogonal system {e;};cs can be chosen to be contained in an
orthonormal basis in H.

Conversely, every operator C of the previous form — i.e., such that CY =
ZjeJ Aj€;(¥)e;, for ally € H, with {\;}jes, {e;}jes and {€;};cs as specified above — is
compact.

Proof. For the first two assertions, see Chapter 4 of [73]; in particular, Theorem 4.39 and the
subsequent discussion. For the third assertion, since the valuation group \Q;_y #\ is discrete,
we can apply Theorem 5 and Corollary 6 of [142].
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Let us prove the fourth assertion. Let A = opg(Anm,) be a bounded operator. By the
first series expansion in (7.13), for every vector ¢ € H, we have:

A =3, (3, Amn(bns ) by Where £ = { Ay bnen € £2°, for all m € N, (7.160)

Therefore, putting

fn = La(E) =" Avn{dn,-) (7.161)

neN

— where Lg: (> — H' is the surjective isometry defined by (6.70), and convergence of
the series w.r.t. the weak®-topology is understood — we obtain that, for every ¢ € H,
Ay = Em fm(w)ﬁbma with Hfm“ = ”f(m)”oo = SUPpeN |Amn|- Moreover, by the corgllary
after Proposition 4 of [141], we conclude that A is compact if and only if 0 = lim,, || fm| =
lim,,, (Supn€N|Amn|).

Decomposition (7.159) of a compact operator is essentially the equivalence of points ()
and (¢) in Theorem 4.40 of [73], but with some improvement that requires a suitable modi-
fication of the proof therein. We outline the modified proof.

Let C' be a compact operator in H, and let us assume that C' # 0 (otherwise, there is
nothing to prove). By the preceding part of the proof, we argue that C' can be expressed in
the form B

Cy=> fi(¥)e;, Ve, (7.162)
jeJ
where J = {1,2,...} is a countable index set, f; H = Qpu, j € J,is a nonzero bounded
linear functional — if J = N, such that lim; ||EH = 0 — and {e;}jes is a normalized
norm-orthogonal system (in particular, it can be chosen to be contained in an orthonormal
basis). Taking into account that ||H|| = |Qp, .|, there is a subset {\;};cs of @, , such that
0<|N|= ||J§|| It is then sufficient to put

- 1~
¢ = )\—jfj (7.163)

— where {€;},c is a set of normalized functionals in H’ and, if J = N, lim; A\; =0 — to
obtain decomposition (7.159) from (7.162).

We stress that, for J = N, since |le; ® €;]| <1 — and, hence, lim; |\;|[le; ©® €|l =0 —
the series in (7.159) converges not only w.r.t. the strong operator topology, but also w.r.t.
the norm topology.

Conversely, every linear operator C' of the form C' = ) ._; A\je; ©® ¢; — with {)\;};e,
{ej}jes and {€;};cs as above (in particular, ||e;| = ||€;] = 1 and, if J = N, lim; |\;| = 0)
— is compact, because it is the norm-limit of a sequence of finite rank operators. O

From Theorem 7.4.1 we derive three important consequences.

Corollary 7.4.1. Given any orthonormal basis ® = {¢m}men, @ matriz operator A =
0Py (Amn) in H is compact if and only if

(C1) sup,, , [Amn| < o0,
(C2) lim,, Ay = 0, V0 € N,
(C3) limyy, p, Ay, = 0 (Pringsheim limit).

Proof. If A = opg(Amn) is compact, then it is bounded, so that, by Theorem 7.1.1, it satisfies
conditions (C1) and (C2). Moreover, it must satisfy condition (7.158) in Theorem 7.4.1, as
well. The latter condition is easily shown to be equivalent to the pair of conditions formed
by (C2) (once again) and (C3). Conversely, if A = opg(Anmy) satisfies conditions (C1)—(C3),
then it is bounded and verifies condition (7.158), as well; hence, by the fourth assertion of
Theorem 7.4.1, it is compact. O
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Corollary 7.4.2. Every compact operator C in H is uniformly traceable — i.e., C(H) C
Tw(H) — and, if {\;}jer, {e;}jes and {€;},cs are as in Theorem 7.4.1,

C=> XNe;0eg = tr(C)=>_ X&(e)). (7.164)
jeJ jeJ
Proof. For any orthonormal basis ® = {¢$,, } men in H, we have

115[_1 )‘j <¢m7 ej> g](¢m) = 0; (7165)
m+j

because (lim,,(¢m,e;) = 0 =) limy, A\j (P, €;) €;(0n) = 0, for all j € N, and, more-
over, lim; \j (¢m, ;) €j(¢m) = 0 uniformly in m € N (|Aj(dm,e;) €(dm)l < [N]);
see relation (7.110) in Remark 7.3.2. It follows that, if J = N, the double series
ijmeN Aj (dm,€j) €;(¢m) is convergent and its sum coincides with the sum of both the
iterated series (Remark 7.3.2); hence:

Z Aj gj (6] Z Aj e] meN (Pm; e]> ¢m)

JEN JjEN
=D X (bm.ei) E(dm)
JENmMmEN
Z Aj (Dm,€5) € (Dm) = ZZ)\ (Om,€5) €j(Dm) = tra(C).  (7.166)
7,meN meN jeN

Here, the second equality follows from the continuity of the functional ¢;, whereas for the
last equality we have used the decomposition of C' (converging w.r.t. the norm topology)
and the continuity of the inner product. Clearly, in the case where J = {1,2,...} is a finite
subset of N, one can freely exchange the finite sum with the series, so obtaining the same
result.

Now, since the quantity > jea i€ (ej) does not depend on the choice of the orthonormal
basis ® = {@m }men, it turns out that every compact operator C' in H is uniformly traceable
and relation (7.164) holds true. O

Corollary 7.4.3. Every compact operator C' in H, belonging to the closed subspace
Cad(H) :=C(H) N Baa(H) (7.167)

of C(H), can be expressed in the form

C=> Nle) i, (7.168)

jeJ
where J ={1,2,...} is a countable index set and

e {Njtjes C Qpu — for C # 0, we assume that {N\j}je; C Qp, — and, if J = N,
limj )‘j = 0,’

e both the sets {e;}jes and {f;};cs are contained in H, with ||e;| = || f;|| = 1;
e {ej}jes — or{fj}jes — is a (normalized) norm-orthogonal system in H;

o le;)(fjl: H — H is the bounded operator defined by (le;){f;|) ¥ = (f;,¥)e;, and the
sum in (7.159) — whenever J is not finite — converges w.r.t. the norm topology.
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In particular, the norm-orthogonal set {e;};c; — alternatively, the norm-orthogonal set
{fi}jes — can be chosen to be contained in an orthonormal basis in H.

Conversely, every operator C of the previous form — i.e., such that Cvy =
YjesNilfiv)ej, for all v € H, with {\;}jes, {ej}tjes and {fj}jes as specified above
— belongs to Caq(H).

Finally, Caa(M) is a two-sided x-ideal in Baa(H).

Proof. Let C be an adjointable compact operator in H. Then, by Theorem 7.4.1, we have

that C'= )", ; A\je; ©¢€;, with {A;}jes, {e;}jes and {€;} e as specified therein.
It is easy to check that the generalized adjoint C’ € B(H') is given by
C'=> X0 (Tue),  (Tne; €M) (7.169)
jeJ

Here, Zy;: H — M is the isometry defined by (6.71) and the operator €; ® (Zye;): H' — H'
is of the form (&; ® (ZTye;)) &' = (Tne;) (@) €; = ¢ (e;)€;, for all ¢’ € H’'; moreover, for
J =N, the series converges in B(#') w.r.t. the norm topology (because |[€; ® (Zye;)| =1
and, hence, lim; |A;| ||€; ® (Zxe;)|| = 0). Since C' is adjointable, by Corollary 7.1.2, ¢’ is a
dual Hahn-Banach extension of the proper adjoint C* of C.

Let us assume that, in particular, the set {e;};c is contained in an orthonormal basis.
It follows that, for every k € J,

(C" o Tn)( Z Aj(ex,ej) €5 = Aper € Tu(ran(C™)) C Tu(H). (7.170)

JjeJ

(Recall that J3: H — H' is the conjugate-linear isometry defined by (6.69) and the inter-
twining relation A’ o Jp = Jy o C* holds.) Therefore, {€;},c; C ran(Jx).
Observe now that, defining f; € H by

Infi = e €ran(Tn), VjeJ (7.171)

— where the vectors {f;};es C H are uniquely determined by the functionals {€;};c; and
Ifill = llg;ll = 1, because Jp is a (conjugate-linear) isometry — we can introduce the
bounded operator

D=3 X lfi)esl- (7.172)

jeJ

Here, if J = N, the series converges w.r.t. the norm topology, and D is both compact and
adjointable (being the norm-limit of a sequence of adjointable finite rank operators). Then,
we have:

(C o) (W) =D N (W,e) & =Y N lej, ) Tufy = (T o D)(¥), V€ M. (7.173)

jeJ jeJ

Hence, by the second assertion of Corollary 7.1.2, Caq(H) 2 D = C* and, using the continuity
of the adjoining operation in B,q(#), we find that

C=D"=> (NIfe) =D A lea)fil, (7.174)
jeJ jeJ
where {\;};cs, {e;}jcs are as specified in Theorem 7.4.1 — in particular, the norm-

orthogonal set {e;};cs can be chosen to be contained in an orthonormal basis — and {f;}cs
is a set of normalized vectors.
Observe also that, by the first part of the proof, if C' is compact and adjointable, then
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its adjoint is (both adjointable and) compact; i.e., C' € Coq(H) = C* € Caq(H) (and, of
course, C** = (), so that

Cad(H)* = {C* | C € Caa(H)} C Coa(H) (7.175)

and

Cad(H) = Caa(H)™ C Caa(H)™™ = Caa(H)™. (7.176)

Hence, actually, Coq(H) = Caa(H)*.

Therefore, every operator D € Coq(H) is of the form D = C*, for some C' € Coq(H), and,
again by the first part of the proof, we know that it can be written as > . ; v; | f)(e;], where:
{v; = A\j}jes C Qp, and, if J = N, lim;y; = 0; |le;|| = | f;]| = 1; the norm-orthogonal
system {e; };es can be chosen to be contained in an orthonormal basis in . Thus, we have
an alternative option for the choice of the norm-orthogonal system in decomposition (7.168)
(where the vectors {e;};cs now play the role of functionals, i.e., {{e;,-)};ecs).

The third assertion of the corollary is clear, since, if C is of the form (7.168), then it is
both compact and adjointable (being the norm-limit of a sequence of adjointable finite rank
operators). Finally, Coa(H) = C(H) N Baa(H) is a two-sided *-ideal in Baq(H), because C(H)
is a two-sided ideal in B(H), Baq(H) is an algebra (w.r.t. composition of operators) and, as
previously argued, Coq(H) = Caa(H)*. O

Remark 7.4.3. The expressions (7.159) and (7.168) may be regarded as a p-adic counter-
part of the singular value decomposition [135-137,140] of a compact operator in a separable
complex Hilbert space. Decompositions (7.159) and (7.168) are easily seen to be not unique.

Definition 7.4.2. Any (non-unique) decomposition of the form (7.159) (or of the
form (7.168)) will be called a canonical decomposition of the compact operator C' € C(H)
(respectively, of the adjointable compact operator C' € C,q(H)); in particular, we will as-
sume that {e;};c; — or {f;};es, in the case where C' € Coq(H) — is a (normalized) norm-
orthogonal system in H. In the case where {e;},;c; — alternatively, {f;},e, for C € Caa(H)
— is chosen to be contained in an orthonormal basis, we will call orthonormal the associated
canonical decomposition.

We will now show that the trace class operators in H form a suitable class of compact
operators.

Definition 7.4.3. We say that a linear operator A in H is block-finite w.r.t. an orthonormal
basis ® = {¢dm, fmen if it is of the form A = opg(Amn), where, for some k € N,

max{m,n} >k = A, =0. (7.177)

We say that A is block-finite (tout court) if it is block-finite w.r.t. some orthonormal basis
in H.

Clearly, all block-finite operators are of finite rank (hence, compact), and the set of all
block-finite operators w.r.t. an orthonormal basis ® = {¢,, }men is a linear subspace %4 of

C(H).

Theorem 7.4.2. T(H) is a closed linear subspace of C(H). Specifically, T (H) is the closure
of the linear subspace Be of C(H), for every orthonormal basis ® = {¢dm tmen in H.

Proof. Let us first show that, for every orthonormal basis ® = {¢mm}men in H, T(H) C

PBo M fact, given any trace class operator T' = opg(Tmn) € T (H), we can define the
matrix operator *T" := oPg (’“Tmn)7 k € N, where

(7.178)

by _ Tinn, if max{m,n} <k,
" 0, otherwise.
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Clearly, *T € % and, by construction,
HT — k7 H = sup ‘Tmn — kTmn| = sup{|Tmn| | max{m,n} > k}. (7.179)
m,n

Now, since T is of trace class, for every € > 0, there is some j. € N such that
max{m,n} > j. = |[Tmn| <€ (7.180)
hence, for every k > j,
T - kT | = sup{|Tnn| | max{m,n} >k} < sup{|Tpnn| | max{m,n} > j.} <e. (7.181)

Therefore, limy, HT —kr || =0, hence, T(#) is contained in the norm-closure of %s.

Let us next prove that 7(H) D Bs HAH, as well, so that, actually, T(H) = %H'”. Indeed,
let us now suppose that {*C' = opg("Cinn)} ren 1S a sequence in A converging, in norm,
to some (necessarily compact) operator C' = 0pg (Cinn)- Then, for every € > 0, there is some
Je € N such that

k>jo = ||C-FC| <e (7.182)

Moreover, for every k € N, since kC is block-finite w.r.t. ® = {®m }men, there is some [, € N
such that
max{m,n} >l = "C,., =0. (7.183)

Therefore, for every € > 0, there is some j. € N such that

k>jo = €>|C="C|| =sup|Cpn — "Crn|
m,n

= max{ sup ‘Cmn — kan|, sup |Cmn|}.

max{m,n}<lk max{m,n} >l
(7.184)
In conclusion, for every € > 0, there is some | € N — say, | = li, for any k£ > j. — such that
max{m,n} >1 = |Cpn| <e. (7.185)
Otherwise stated, limy, 4y, |Crn| = 0, so that C = opg(Crpn) = limy FC' is a trace class

operator and — by the arbitrariness of the converging sequence {kC’ } wen C PBo —T(H) D
—— -l
By .

Eventually, it is shown that T(H) = %s Il

and the proof is complete. O

We will next prove a remarkable characterization of the trace class of H.

Theorem 7.4.3. The following characterization of the trace class of H holds true:
T(H) =Caa(H) :=C(H) N Baa(H). (7.186)

Moreover, given any canonical decomposition of a trace class operator T € T(H) = Caa(H)
e, T'=3 " Ajlej)(fil, where {\;}jes. {ej}jes and {f;}jes are as specified in Corol-
lary 7.4.3; in particular, {e;};cr, or {fj}jer, is a normlized norm-orthogonal system in H
— we have that

tr(T) =Y X (fj.€5), (7.187)
jeJ
and the following estimate holds:
< 1 fa e < = . .
[tr(T)] < max A [(f5, €5)] < [T = max|A;] (7.188)

(Compare with the second inequality in (7.157).)
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Proof. We already know that 7(H) C C(H) N Baa(H). Let us show that this inclusion
is, actually, an equality. In fact, given any orthonormal basis ® = {¢,, }men in H, by
Corollary 7.4.1 a compact operator A = opg(Amn) € C(H) must verify conditions (C1)—
(C3) therein. If, in addition, A is adjointable, then, by Theorem 7.1.2, we also have that

(C4) lim, A,,, = 0, ¥m € N.

By relation (7.109) in Remark 7.3.2, conditions (C2)—(C4) are equivalent to lim,, 4, App =0
(and condition (C1) becomes redundant). Hence, A is a trace class operator.

The proof of relation (7.187) is similar to the proof of Corollary 7.4.2: For any orthonor-
mal basis ® = {¢p, }men in H,

tr(T) = tr (X e 0 e (Fil) = D0 DA (b e3) (f bm)

meNjeJ
= Z Z )‘ f]7¢m ¢m7€j Z)\ f],ej (7189)
j€J meN JjeJ

Here, if J = N, exchanging the sums is justified by the fact that lim,,; Aj (¢m, €;) (fj, dm) =
0, because lim,, \j(Pm,e;){fj, ¢m) = 0, for all j € N, and lim; A ((ﬁm,eJ)(f],cém) 0
uniformly in m € N (|1\j (dm, €;)(fi, bm)| < [Aj])-

Let us now prove that |T|| = max;ecs|)\;|. Since ||T| = ||T7*|, in the following we
can assume, without loss of generality, that {e;};cs; (rather than {f;};cs) is a nor-
malized norm-orthogonal system in H. Hence, for every vector ¢ € H, we have that

1Tl = 1122 5e Aj (Fi9) esll = supje s [Xi1[{f;,9)], and

|| Ty (A, |<fj,w>>
P~ sup (il sup =

where we have used the fact that 73 is a (conjugate-linear) isometry. Then, since |(f;, e;)| <
1, the estimate (7.188) holds true. O

1Tl = = sup |\j| [|Tafjll = max |A;|,  (7.190)
jeJ JjeJ

Remark 7.4.4. By Theorem 7.4.1, Corollary 7.4.1 and Corollary 7.4.3, it is clear that
not every compact operator is adjointable and then T(H) = C.q(H) € C(H) C Ty(H)
(dim(#) = o0). For instance, the bounded operator TB in Example 7.3.1 is compact but
not adjointable.

In a infinite-dimensional separable complex Hilbert space, the product of two trace class
operators is of trace class too, but not every trace class operator is the product of two trace
class operators (instead, it can expressed as the product of two Hilbert-Schmidt operators);
see [135-137,140]. In a p-adic Hilbert space H, putting

T(H)?:={ST|S,TeT(H)}, (7.191)

we have that T (H)? C T(H), because T (H) is a two-sided ideal in Baq(H); moreover, from
Theorem 7.4.3 we derive the following:

Corollary 7.4.4. T(H)? = T(H). In particular, every trace class operator R € T(H) can
be expressed in the form R =SB, for some S,T € T(H).

Proof. We only need to prove that 7(H)?> D T(H); i.e., that every R € T(H) is of
the form R = ST, for suitable S,7 € T(H). Since T(H) = Caa(H), we can write
R = Zje] Aj |€j><fj‘, with J = {1,2,...} C N, and {/\j}jej, {ej}jeJ, {fj}jeJ as spec-
ified in Corollary 7.4.3. Now, given any orthonormal basis ® = {¢;}men in H, let
us set S = > . k;les) o5, T = > 2,c,vi|05)(fjl, where rjv; = A; and, if J = N,
lim; k; = 0 = lim; v;. The existence of suitable sets {x;};cs, {vj}jes in Qp, satisfying
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the previous conditions is guaranteed by Lemma 8.1.5 in [76]. Therefore, {x;};c, {€;}jecs

and {¢;};cs — and, analogously {v;};cs, {¢j}jes and {f;};cs — are as prescribed in
Corollary 7.4.3. Hence, S,T € Coq(H) = T(H) (note that Theorem 7.4.3 is essential here),
and, by construction, ST = 3", ; ;v le;) (fil = >2;c5 Ajles) (fil = R. O

7.5 The p-adic Hilbert-Schmidt space

In the light of the results of the previous section, it should not be surprising that, in the
p-adic setting, T (H) actually plays a two-fold role: the trace class and the Hilbert-Schmidt
space.

In fact, let us introduce the sesquilinear form

TH) x T(H) 3 (S, T) = tr(S*T) = (S, T)720) € Qp s (7.192)

which is Hermitian, because

(S, T)rirsy 1= t2(S*T) = te(T*8) = (T, S) (7.193)

T(H)®

Notice that, here, for obtaining the second equality, we have used property (P2) of the trace
(see Proposition 7.3.4).
We will call the Hermitian sesquilinear form (-, - )7, in T(H) the p-adic Hilbert-Schmidt
product.
Given any orthonormal basis ® = {¢, }men in H, we can also consider the family of
: ik ®
matrix operators {] E }j, i defined by
FE® = opg ("E,r, ), where 7PER = 8m0km; (7.194)

namely, in the usual Dirac notation, *E® = |¢;)(¢r| (i.e., "*EL b = (6r,)¢;). Note that,
for every trace class operator T' := 0pg (Tmn ), we have:

(*E®, T>m) = tr(|ow) (5] T) = Tjx. (7.195)
It follows that the Hermitian sesquilinear form (-, )7, is non-degenerate, because

ik @ _ : _
(T*E®) | =0, VikeN = T =0. (7.196)
Theorem 7.5.1. The p-adic Banach space T(H) — endowed with the p-adic Hilbert-
Schmidt product (-,-)rsy — becomes an inner product p-adic Banach space. Moreover,
for every orthonormal basis ® = {¢m }men in H, {]qu)}j,keN is an orthonormal basis in

T (H). Therefore, the triple (T(H), || - ||, {-s )ran) 18, actually, a p-adic Hilbert space.

Proof. We have already shown that 7 (H), endowed with the operator norm, is a p-adic Ba-
nach space, and that the sesquilinear form (-, )7, is both Hermitian and non-degenerate.
Observe now that, for all S, T € T(H), we have:

(S, T)raol = [te(S™T)| = [22,,(Sbm, Tom)| < max [(Som, Tom)| < [IS|HIT];  (7.197)

i.e., (-, )7 satisfies the Cauchy-Schwarz inequality, as well. Therefore, (-, ), is an inner
product, and T (H), endowed with this sesquilinear form, is an inner product p-adic Banach
space.
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It remains to show that {j WOk is an orthonormal basis in 7 (#). Since it is clear

that

}j,keN

CRB BT = (106 (651 16,0 (ul) = (65, 6000, 08) = G500k, (7.198)

we only need to prove that {*E'® }j ren 18 @ normal basis. In fact, for every finite subset 1
of N x N and every finite subset {a;}; rer of Qp ,, we have:

sz,kez ik J‘kE@H = Inax |- (7.199)

Moreover, for every trace class operator T := opg(Tinn), we have that

T= 11}an, where 'T := 30 ia o Tin7"E®. (7.200)

This fact is a consequence of the estimate

|7 —'T|| = sup | Tonn — ‘Tonn| = sup{|Tynn| | max{m,n} > 1}, (7.201)

together with the same argument used in the first part of the proof of Theorem 7.4.2, which
shows that — T being of trace class — lim, |7 —'T|| = 0.

In conclusion, {j Fp® }j kEN is an orthonormal basis in the inner product p-adic Banach
space T (H), which is then a p-adic Hilbert space. O

The p-adic Hilbert space (T (H), |- I, (-, )r@y) Will be called the p-adic Hilbert-Schmidt
space.

7.6 Selfadjoint trace class operators

Let us now consider the Qp-linear space Tso(H) 1= T(H) N Bsa(H) = Caa(H) N Bsa(H) of
all selfadjoint trace class operators in the p-adic Hilbert space H, that is closed in T (H),
because the mapping 7(H) > T — T* € T(H) is a (conjugate-linear) isometry and, hence,
continuous (thus, Tsa(H), endowed with the operator norm, is an ultrametric Banach space
over Q).
Proposition 7.6.1. Every selfadjoint trace class operator T € Tsa(H) can be expressed in
the form
T = (o;le;) (il + 751 £i)esl), (7.202)
jeJ
where J ={1,2,...} is a countable index set and
e {0j}jes C Qpu — for T # 0, we assume that {o;}je; C Qp, — and, if J = N,
1imj 05 = 0,‘

e {¢;}jes is a normalized norm-orthogonal system in H, and || f;|| =1, for all j € J;
e the sum in (7.202) — whenever J is not finite — converges w.r.t. the norm topology.

In particular, the norm-orthogonal system {e;};c; can be chosen to be contained in an
orthonormal basis in H.
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Conversely, every linear operator T of the previous form belongs to Tsa(H), and

r(T) =2 se(oy (fje5)) = D (0 (f5e5) +5 (es, ) € Qs (7.203)

jed jet
moreover, |tr(T)| < ||T|| < maxjes |oj|.

Proof. Clearly, a trace class operator T' € T (H) is selfadjoint if and only if it is of the form
T = A+ A*, form some A € T(H) = Caa(H). Then, by Corollary 7.4.3, A=}, ;0;e;){fj]
— with {0;},es, {€j}jes and {f;};cs as above — so that T' € T, () if and only if it is of
the form (7.202), and then formula (7.203) follows immediately from (7.187). Moreover, by
the estimate (7.188), we have that |tr(T)| < ||T|| = ||A + A*|| < max{||A]l, |A*||} = || 4|l =

O

manG,] ‘O'j|.

Definition 7.6.1. Given a selfadjoint trace class operator T € Tg,(H), an expression of
the form (7.202) will be called a symmetric decomposition of T. In the case where {e;};cs
is chosen to be contained in an orthonormal basis, we will call orthonormal the associated
symmetric decomposition.
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A p-adic model of quantum states

Building on the foundations laid down in the preceding sections, we will now attempt at
achieving a general definition of a quantum state in the p-adic setting. As usual, the standard
complex case will provide us with a useful road map, but, when dealing with a p-adic Hilbert
space, the emergence of non-trivial peculiarities should be expected.

8.1 The complex setting in a nutshell

Since we do expect that the general lines, rather than the peculiar features, of the theory
will be preserved when switching from the complex to the p-adic case, it may be sensible
to consider, as a starting point, the most abstract formulation of standard quantum me-
chanics, i.e., the so-called algebraic formulation [137,143-145]. This formulation relies on
the following set of fundamental assumptions:

e A quantum system can be described by means of two main classes of objects — states
and observables — mutually related by means of a natural pairing map. By suitably
exploiting these two kinds of objects, one can then construct all other parts of the
theory: measurements, symmetry transformations, dynamics etc.

e The (bounded) observables of the system are supposed to form the self-adjoint part s,
of an abstract non-commutative unital C*-algebra 2.

e A generic state w (of A) is defined as a normalized positive functional on 2; i.e., as a
functional w: A — C satisfying the conditions

w(A*A) >0, VAe, w(Id) = 1. (8.1)
Here, the positive elements A*A of 2 form a convex cone.

e Denoting by G(2() the set of all states of the C*-algebra 2, the pairing between observ-
ables and states is provided by the evaluation map s, X S(A) 3 (4, w) — w(A).

From these assumptions, one can then derive the following main facts:

1. Every state w: 2 — C is automatically continuous (i.e., bounded, as a linear functional);
specifically, it turns out that ||w|| = w(Id) = 1.

2. 6(2) is a convex subset of the (complex) Banach space of bounded functionals on 2.
3. For every A € 2 and every state w € (), w(A*) = w(A).

4. In particular, for every observable A € 2, and every state w € &(2), the real quantity
w(A) — i.e., the pairing of A with w — can be interpreted as the ezpectation value of
the observable A when the physical system is in the state w.

125
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5. By the celebrated Gelfand-Naimark theorem [137,143,144], A can be realized as — i.e.,
is isometrically *-isomorphic to — a C*-subalgebra € of the C*-algebra of all bounded
operators B(K) in a complex Hilbert space K. For the sake of simplicity, we will suppose
henceforth that I is separable and € = B(K) (this is the case of ordinary quantum
mechanics).

6. By the previous identification of 2 with B(K), we can single out a remarkable class of
states — the so-called trace induced states &, (2() — that can be defined by

w € Gy (A) PN tr((-)pw): A — C, for some p,, € D(K), (8.2)

where D(K) C T(K) is the convex set of all unit-trace positive trace class operators in
K, the so-called density or statistical operators.

7. It is worth stressing that, in the case where dim(K) = oo, &, (A) € &(2A). There

is a remarkable characterization of trace induced states as those states that are o-
additive [137,146]. Identifying the abstract algebra 2 with B(K), a state w € &(B(K))

is o-additive if

W(EjeJPj) = ZW(Pj)v (8.3)

jeJ

for every (countable) family {P;};cs of pairwise orthogonal projections in K, where
the possibly infinite sum Zje] P; is supposed to converge w.r.t. the weak operator
topology (it actually converges w.r.t. the strong operator topology, as well). Therefore,
w € B(B(K)) is o-additive if and only if w = tr((-)py), for some density operator
Pw € D(K). The role, the meaning and the relevance of those states that are not com-
pletely additive is controversial [146], and one often restricts to the trace induced ones;
equivalently, to density operators. This is analogous to restricting to o-additive proba-
bility measures in classical statistical mechanics.

8. The spectral decomposition A = fR)\dPA(A) of a selfadjoint operator in L — where
P4 is the spectral measure uniquely associated with A — allows one to complete the
probabilistic interpretation of the theory. In particular, it shows that every (bounded
or unbounded) observable can be expressed in terms of the lattice of projections
P(K) C Bsa(K), whose elements are then regarded as the elementary propositions of
the theory [146].

9. Eventually, one is led in a natural way to describe the observables of a quantum system
in terms of PVMs (projection-valued measures) or, more generally, of POVMs (positive-
operator-valued measures, also called “semispectral measures”) [147-149]. The — both
conceptually and mathematically transparent — generalization of PVMs into POVMs
has a remarkable physical interpretation related to the theory of open quantum systems
(Naimark’s dilation theorem [147]).

8.2 Convexity and probability in the p-adic setting

Quantum probability theory is tailored on classical probability theory, of which it can be
regarded as a non-commutative counterpart. This is not surprising because the outcome of
a quantum measurement process must be, ultimately, a classical probability distribution. In
particular, both theories share essentially the same notion of convexity.

Clearly, the basic rules of the game must be re-written when switching to the p-adic
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setting. We start with briefly introducing the p-adic (or, more generally, non-Archimedean)
notion of convexity. Our treatment will be rather sketchy; for further details, the reader
may refer to Section 2.5 of [72] and Section 3.1 of [76]. Moreover, we will adapt the main
definitions and results to the special case that will be considered in the next subsection.

Let (X,]| - ||) be a normed space over Q, ,. By field restriction, we can regard it as a
vector space over Q, and consider a notion of Q,-convexity (rather than Q, ,-convexity).
We will keep trace of this choice — essentially motivated by our objectives — in the notation
that will be adopted.

Definition 8.2.1. A subset &/ of X is said to be absolutely Qp-convez if (0 € &/ and)
At +py € o, for all z,y € & and all A\, € Z,, where Z, = {\ € Q, | [A| < 1} is the
ring of p-adic integers. Given any subset 2" of X, its absolutely Q,-convex hull acoq,(Z")
is defined as the intersection of all absolutely Q,-convex sets containing %2 .

We have that acog, () = 0 and, if 2" # 0,
acoQ,(£) ={Mz1+-+ X zn [nEN, z1,...,2, € X, A1, A €7y} (8.4)
We will denote by acog,(2") the (norm-)closure of the set acog,(£").

Definition 8.2.2. A subset ¢ of X is said to be Q,-convez if it is either empty or of the
form z + <7, for some x € X and some (nonempty) absolutely Q,-convex subset & of X.
Given any subset 2" of X, its Q,-convex hull cog, (%) is defined as the intersection of all
Qp-convex sets containing 2.

We will denote by oq,(2") the closure of the set coqg,(2"). Given a p-adic Hilbert space
H and an orthonormal basis ® = {¢,,}N_; (where N € N or N = o0) in H, the closed
Qp-convex hull o, (®) is said to be a Q,-simplex in H.

One can easily check the following facts:

e A Qp-convex subset of X is absolutely Q,-convex if and only if it contains 0.
e cog, (X)) = {)\1961—1—- A ATy [N EN, Ty, 2 € X, M A €Ly, D Ak = 1}.

Definition 8.2.3. A map g: X — Y — where Y is a vector space over Q, , — is said to
be Q,-convez if

g()\lxl + )\2172) = /\15](171) + )\29(582), Vr1,20 € X, VA1, Ao € Zp such that \; + Ao = 1.
(8.5)

Theorem 8.2.1. Let (X,||-||) be a normed space over Qp,,. For p # 2, a subset € of X is
Qp-convex if and only if

AMT1+ Aoxy €FC, Vr1,0 €F, VA1, A2 € Ly, such that A\ + Ao =1, (86)

whereas this condition is (necessary but) not sufficient in the case where p = 2.
For p =2, a subset € of X is Qp-convez if and only if

AZ1 + Aoz + A3x3 € cg’ V.’ﬂl,mg,l'g S (g, V)\l, Ao, A3 € Zp such that Ay + Ao + A3 = 1.
(8.7)

Proof. That a convex combination of three elements of a set belongs to this set is the stan-
dard sufficient condition ensuring convexity in a non-Archimedean normed space; see The-
orem 3.1.15 in [76]. Then, condition (8.7) is (necessary and) sufficient for the Q,-convexity
of X. Moreover, in the case where p # 2, the residue class field F,, of Q, consists of p > 3
elements, so that, by Theorem 3.1.17 in [76], the milder condition (8.6) is sufficient too,
whereas this condition is not sufficient for p = 2. (We stress that we can apply the previ-
ously mentioned results in non-Archimedean convexity because, by field restriction, X can
be regarded as a vector space over Q,.) O
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Corollary 8.2.1. The range g(X) of a Qp-convex map g: X =Y — where Y is a vector
space over Qp,, — is a Qp-convex subset of Y.

Proof. Just note that, if g is Qp-convex, then also
g(A1z1 + Ao + Azw3) = A1g(w1) + Aag(z2) + Azg(z3), (8.8)
for all 1,2, 23 € X, and for all A, A2, A3 € Z,, such that A\; + Ay + A3 = 1 (assuming that,

say, A1 + Ao # 0, write A\jx1 + Aoxo = ()\1 + )\2)()\1371/()\1 + )\2) + )\21‘2/()\1 + )\2)), where
M/ (A1 + A2), A2/ (M + A2) € Z,,), and apply Theorem 8.2.1. O

Definition 8.2.4. A nonempty subset .’ of X is said to be Q,-affine if it is of the form
x + 2, for some x € X and some Qp-linear subspace . of X. Given any nonempty subset
2 of X, its Q,-affine hull aff g (2Z7) is the intersection of all Q,-affine sets containing 2.

Clearly, a Q,-affine subset of X is also Q,-convex, because every Q,-linear subspace of
X is a Qp-absolutely convex subset of X. We will denote by EQP(% ) the closure of the set
aff g,(27). Given a p-adic Hilbert space H and an orthonormal basis ® = {¢n,}h,_; in H,
the closed Qp-affine hull EQP(Q) is said to be a Q,-hyperplane in H.

One can easily prove the following facts:

o A Qp-affine subset of X is a QQp-linear subspace if and only if it contains 0.

e A nonempty subset ¢ of X is Qp-affine if and only if, for every pair of vectors z,y € 2,
the Qp-line {z + a(y — =) }acq, = {¥ + a( — ¥)}acq, through x and y is contained in
€5 namely, if and only if az + (1 — a)y € 2, for all z,y € S and a € Q,,.

e if g: X — Y, where Y is a vector space over Q, ,, is Qp-affine — g(az + (1 — a)y) =
ag(z) + (1 — a)g(y), for all z,y € X, and o € Q, — then g(X) is a Q,-affine subset of
Y.

° aﬁQp(%):{ZlexﬂneN, Ti,..., 8y € X, T,..., T € Qp, Zzzlwkzl}.

Proposition 8.2.1. Given a map g: X — Y — where Y is a vector space over Q, , — the
following facts are equivalent:

(A1) g is Qp-convex;
(42) g is Qp-affine;
(A3) g is of the form g(x) = g(0) + h(x), for some Qp-linear map h: X =Y.

Proof. Clearly, property (A2) implies (A1). Let us prove that (A1) implies (A2), as well. In
fact, if g is Qp-convex, it is sufficient to show that g(az + (1 — @)y) = ag(z) + (1 — a)g(y),
Ve,y € X, Va € Q, \ Zy, ie., for |a| > 1. Let us write y as a Q,-convex combination

(aa:Jr(lfa)y)Jr(lflia

y=1— )z:AMx+ﬂfam%H1—M% (8.9)
where A =1/(1 — a), (1 — X) € Z,, because [N\ = |1/(1 — )| =1/|(1 —a)] =1/|a| < 1 and

|1 — A] = 1. Observe, now, that we have:
g(y) = g\az + (1 —a)y) + (1 — N)x)

= Aglaz+ (1 - 0)y) + (1 = Ng(x) = -1 gloz + (1~ a)y) -

In conclusion: g(az+ (1 —a)y) = ag(z) + (1 —a)g(y), for |a| > 1, and, hence, for all @ € Q,
(g being Q,-convex).

The equivalence between (A2) and (A3) can be shown by a standard argument. We leave

the details to the reader (to prove that (A2) implies (A3), it is enough to show that the

map h: X =Y, h(z) := g(z) — g(0), is Q,-homogeneous and, hence, also additive). O

(07

T g(z). (8.10)
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It turns out that p-adic probability theory differs significantly from classical probability
theory, because it mainly involves affine — rather than convex — structures. Nevertheless,
both theories arise in a natural way from a common conceptual background. Again, our ex-
position will be sketchy; for further details and examples, see [94,95,150,151], and references
therein.

The statistical output of a concrete experiment consists of (relative) frequencies of the
form n/N, where N is the total number of measurements performed during the experiment
and n < N counts the number of measurements providing a fixed experimental outcome.
Therefore, the possible statistical outputs of each experiment take values in the following
subset of the field of rational numbers: g = {g € Q| 0 < ¢ < 1}. Assuming that a principle
of statistical stabilization of frequencies holds (for N — o00), it follows that the closure cl(&g)
of Op, in the completion of Q w.r.t. some suitable topology, should provide the set where
all experimental statistical distributions take their values. Usually, one assumes that this
topology is the one induced by the standard valuation on Q, so obtaining cl(Jg) = [0,1] C R.
It is a remarkable fact that, if one considers the topology induced by the p-adic valuation,
instead, then cl(0g) = Qp; see Theorem 1.2 in Chapter VI of [150].

Therefore, we can set the following;:

Definition 8.2.5. A (discrete) p-adic probability distribution is a countable set {7;};cs C
Qp such that >, ;m; = 1.

It is worth observing the following simple facts:

The set {1,2,—1,—1} is a legitimate p-adic probability distribution, whereas it is not a
standard probability distribution.

For every pair {m;};cs, {7k }rex of p-adic probability distributions, {7; T} e ke is a
p-adic probability distribution too.

e For every p-adic probability distribution {7} ey, max ey |7;| > 1. Indeed, we have that
1= |ZjeJ 77]" < maxjey |-

For every quadratic extension Q,, , of Q,, the collection of all probability distributions
indexed by J can be identified, in a natural way, with a subset of ¢ (J,Qp.,.), i.e.,

w@o(J, Qp,u) = {{ﬂ'j}jeJ € co(J, Qp,u) | w5 € Qp, Vj € J, ZjeJTrj = 1}- (8.11)

Note that wq(J,Qp,.) is a Qp-affine subset of ¢y(J, Qp, ) — called the probability hy-
perplane of co(J,Qp ) — that, apart from the trivial case where card(J) = 1, is an
unbounded subset of co(J,Qp, ), because it is a translate of the Qp-linear subspace
{{:cj}jeJ € co(J,Qpp) | z; €Qp, VjeJ, ZjeJ z; = O}. E.g., if card(J) > 2, for ev-
ery n € N, the probability distribution = = {p‘", 1—-p7,0,0,... } C co(J,Qp,,,) is such
that ||7]|ec = p™.

e The probability hyperplane wq(J,Qp, ) contains a distinguished Qp-convex subset
vo(J, Qp, ) of co(J,Qp,,) — namely,

’Uo(J,Qp’,J) = {{Tfj}jej S Co(J,Qp’M) | T S Zp, V] c J7 ZjGJ T = 1} (812)

— that is a bounded closed subset of co(J,Qp ), called the probability simplex of
co(J, Qp,). E.g., the sequence {7rn =p" 11— p)}neN belongs to vo(N, Qp.,.).
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8.3 States in p-adic quantum mechanics

In the spirit of the algebraic approach to quantum mechanics and taking into account the
peculiar features of p-adic probability theory, we now define a state of the unital Banach
x-algebra B,q(#H) as a suitable element of Baq(#H)’, where H is a p-adic Hilbert space over a
quadratic extension @, ,, of Q.

Definition 8.3.1. A state for the p-adic Hilbert space H is a linear functional
Q: Baa(H) = Qpu (8.13)
satisfying the following conditions:
(81) Q is a bounded functional, i.e., ||Q| := supj 40 [2(A)|/[|A]| < cc.
(82) Q is involution-preserving, i.e., Q(A*) = Q(A), for all A € B.q(H).
(S3) Q is normalized, i.e., Q(Id) = 1.

By comparison with the complex setting, it is clear that a distinguishing feature of the
p-adic case is contained in condition (S2) (recall that an analogous property follows from
the positivity condition in the complex case). Also note that, since every selfadjoint operator
A € Bs,(H) can be written as A = B + B*, for some adjointable operator B € Baga(H), we
have:

QA)=QB+B")=QB)+QUB) €Q,, VA€ Bu(H). (8.14)

Proposition 8.3.1. Given any state Q: Baa(H) — Qp , for H, there is a bounded functional
Qext : B(H) — Qyp,, such that

(E1) Qoxt agrees with Q on Baa(H), ie., Qext(A) = QA), f Il A € Baa(H); whence,
Qext 18 tnvolution-preserving on Baq(H) — Qext(A*) = ( ), A€ Baa(H) — and
cht (Id) == 1

(E2) [|Qexs|l = |||, where the norms are defined on B(H)' and Baa(H)', respectively.

Proof. Given any state € for H, by Theorem 6.4.1, it is sufficient to take a Hahn-Banach
extension Qex: B(H) — Qp, of the bounded functional Q: Baa(H) — Qp, (see Theo-
rem 6.4.1). O

Let us denote by S(H) the set of all states for H. By the preceding result, S(#) can be
identified with the quotient Sext(#)/ ~ of the set

Sext(H) :={© € B(H)' | © is involution-preserving on Baq(H) and Qeyi(Id) = 1} (8.15)

w.r.t. the equivalence relation defined by

01 ~ 0y &L 0,(4) = 05(A), VA € Bu(H). (8.16)

Moreover, in each equivalence class of Sexi(H) modulo ~, there is a functional © € B(H)’

such that [[© = 0]z, |-

Proposition 8.3.2. S(H) and Sext(H) are Qp-affine subsets of Baqa(H)" and B(H)', respec-
tively.

Proof. Just observe that, by Definition 8.3.1, if Q;, Qs € S(H), then af)1 +(1—a)s € S(H),
for all & € Qp, and, by (8.15), an analogous property holds for Sex(H) too. O
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8.4 The trace induced states

Just like in the standard complex setting, the algebraically defined p-adic states are some-
what too general and vaguely characterized objects to be useful for most practical applica-
tions, and it is natural to restrict to the much more concrete class of tracial states.

For the sake of notational simplicity, we will assume that dim(H) = oo, but the sub-
sequent results and their proofs remain valid — with obvious adaptations — in the finite-
dimensional case (say, neglecting the trivial case where dim(H) = 1, for 2 < dim(H) < o0).
In particular, if dim(H) < oo, T(H) = Baa(H) = B(H) and all states for H are tracial.

Let us first consider the subset Ts(#) (where the subscript stands for ‘statistical’) of
T (H) defined by

Tat(H) :={S € Tea(H) | tr(S) = 1}. (8.17)

We endow T4 (H) with the relative topology w.r.t. the p-adic Hilbert-Schmidt space T (H)
(the norm-topology).

Theorem 8.4.1. T (H) is a closed Qp-affine subset of T(H). A linear operator S belongs
to Te(H) if and only if it is of the form

S = (o5 les) {15l +75 1 £5)(e50), (8.18)

jeJd
where J ={1,2,...} is a countable index set and
e {0j}jes CQ, and, if J =N, lim; 0; = 0;
e {€;}jes is a normalized norm-orthogonal system in H, and || f;|| =1, for all j € J;

o > jesloj{fives) + 5 e f3)) = 1;
e the sum in (8.18) — whenever J is not finite — converges w.r.t. the norm topology.

Every S € Tg(H) admits a decomposition of the previous form where, in particular, the
norm-orthogonal system {e;}jcs is contained in an orthonormal basis in H.

For every S € Tt (H), the functional tr((-)S): Baa(H) — Qp,, is a state for H, and the
map

Tt Tae(H) 3 S = (tr(()S): Baa(H) = Qp) € S(H) (8.19)

is a continuous Qp-affine injection of Te(H) into S(H), where S(H) is endowed with the
relative topology w.r.t. Baa(H)'; moreover, ||t (S)| = ||S||, for all S € Ts(H).

Proof. The fact that Ts(H) is a Q,-affine subset of T(H) is straightforward from (8.17).
By Corollary 7.3.4, the linear functional tr(-): 7(H) — Qp,, is bounded, so that Tg(H) —
which is the intersection of the closed subset Tsa(#H) of T(H) with the (closed) pre-image
w.r.t. tr(-) of the singleton set {1} C Qp , — is closed in T (H).

The second and the third assertion of the statement follow directly from the definition
of 75 (H) and Proposition 7.6.1.

Moreover, given any A € B,g(H) and T € T (H), the estimate

[tr(AT)| < [[A[T], (8.20)

see the first inequality in (7.157), shows that tr((-)T"): Baa(H) — Qp,,, is a bounded func-
tional. In particular, for every S € Ts(H) C Tsa(H), the bounded functional tr((-).S) is both
involution preserving — tr(A*S) = tr(SA) = tr(AS), where we have used relation (P2)
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in Proposition 7.3.4 and the cyclic property of the trace — and normalized. Therefore,
tr((-)S): Baa(H) = Qp,, is a state for H.

It is clear that the map 7y is Qp-affine. Consider, next, the linear map
T:TH)DIT — (tr((~)T): Baa(H) — (@p,“) € Baa(H)'. (8.21)

Here, as previously noted, for every T € T(H) the linear functional 74 (T) = tr((-)T)
is bounded and, by (8.20), |7x(T)| < ||IT||. Now, taking A € Baa(#H) of the form
A = |¢)(¢|, where ¢,1 are arbitrary vectors in H, we have that tr(AT) = tr(|¢)(W|T) =
tr(|To)(¥]) = (¢, T). Thus, given any orthonormal basis {¢y, }men, we also have: ||T|| =

SUP,, nen [(Pm, Ton)| = sup,, nen [tr(|0m) (n|T)| < [T (T (Il [dm)(dn| | = 1). We con-

clude that |74 (T)|| = ||T||; i-e., Tx is a linear isometry, and then the Qp-affine map 7,
which can be regarded as a restriction of 74, is injective and continuous. Moreover, obvi-
ously, |71 (S)]| = ||5]|, for all S € Tg(H). O

Definition 8.4.1. We call the operators in the Qp-affine subset 75 () of T (#) the statis-
tical operators in H. Moreover, we call the states in the set Sy (H) = 7 (Tst(H)) C S(H)
the trace induced states for H.

Since the map 73 is Q,-affine, then S, (H) is a Qp-affine subset of S(#) that, by the final
assertion of Theorem 8.4.1, can be isometrically identified with 75 (). Note that, by the
second estimate in (7.157) (also see (7.188)), for every tracial state Q = 74(S5), S € Tet(H),
we have:

Q(1d) = 1 = tr(S) < [[] = [|2]. (8.22)

This is a further difference w.r.t. the complex case, where every state w satisfies ||w|| =
w(Id) = 1.

Let us then have a closer look at the structure of the Q,-affine set 7g;(#) of all statistical
operators. To highlight this affine structure, let us first observe that — introducing the set

Tsa(H)o :=A{T € Tsa(H) | tr(T) = 0}, (8.23)
which is a (closed) Q,-linear subspace of T(H) — for S € Tg(H) and T € Tea(H)o,
S+T € Too(H), and, if | S| < ||T]l, then ||S + 71| = |IT]. (8.24)

We will call S+ T a zero-trace perturbation of the statistical operator S (by T'), and, by
the previous argument, it is easy to see that there exists a zero-trace perturbation of S of
arbitrarily large norm (7. ()0 being a Qp-linear subspace of 7(#)). Moreover, considering
a symmetric decomposition (8.18) of S, there is a natural partition J = JoU J; of the index
set J, where

Jo={jeJ| (e, f;)=0} and Jy:={jeJ| (e f;) #0}, (8.25)

and we can write S = Sy + 57, with

So =Y (o les)(fil + 75 1) {es]) € Tea(M)os S1i="> (o les)(f5] + 751 £5){es]) € Tee(H).

Jj€Jo JjE€JL
(8.26)
(If Jo = 0, then we put Sy = 0.) Here, we have used formula (7.203) to conclude that
tr(Sop) = 0, whereas tr(S;) = tr(S) = 1. Therefore, S is a zero-trace perturbation of Sy by
So-

We will now derive a useful refinement of a symmetric decomposition of a statistical
operator. To this end, we will fruitfully adopt the following convenient notation:
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Notation 8.4.1. For every pair of nonzero vectors ¢, € H — ¢ # 0 # 1» — and every
o €Qy, =Qpu\ {0}, we set

F0(0) ;_{<0+o> 1) (W] + 7 [6)(8]) € T(M)o i (616} = 0

Yo
(0 (6, 6) + 7 (6,6)~L(c | )] + T |0)ol) € Tu(H) if (o) £0 2D

Here, we stress that (g’(\/J(O') € Tsa(H), and tr((gz\/}(a)) =1, if (¢, %) # 0, whereas tr ((Zq\p(o)) =

0, otherwise. Moreover, we introduce the sets

Ta(H) = {S € Tu(H) | § = p(0), ¢, € H\ {0}, (6,4) #0, 0 €Q},},  (8.28)

~

Toa(H)o = {S € Taa(H)o | S = ¢0(0), b, € H\ {0}, (6,9) =0, 0 € Q). (8:29)

We also put ¢ = ¢1/1(1). Note that &/}(0) = @(5). Moreover, d/)z\b(aa) = (;/57,\21(0), for all
a € Qp, and — in the case where (¢, 1) # 0 — an analogous equality holds, if we map ¢ or
1) into ag or o), respectively.

In particular, given a nonzero vector v, we have that @(a) = gy = 1) (] € Tea(H)o,
if the vector ¢ is isotropic, and (o) = o = (1, ) ") (| € Tee(H), otherwise. In the
latter case, the statistical operator ¥ is a (selfadjoint) rank-one projection: i i) = p.
Definition 8.4.2. Let ¢, € H be a pair of nonzero vectors, and let o € Qy . If (¢, ) # 0,

we say that (bl/)( ) € it(H) is a simple statistical operator. If, instead, (¢, ) = 0, we say
that dﬂ/}( ) € Tea(H)o is a simple zero-trace operator.

By the previously introduced notation, we can suitably re-write the symmetric decom-
position S = 3. ;(0;le;)(fj| + 77 [f;)(ej]) = So + 51 of the statistical operator S. In fact,
by construction, we have that

So = Z (o +77) e]fj oj) Z v; ejfj o) € Tea(H)o, where: v; € Qp, j € J1, (8.30)

J€Jo Jj€Jo
while
S1 =Y (05 {fire;) + 5 (e, ;) e fi(o))
FISDA
= Z ﬂj?j?j(aj) € Tst(H), wherer mj € Qp, j € Ji, and 37, ; m; = tr(S) = 1.
JjE€I

(8.31)
Therefore, actually, Sy € m@p(ﬁa('}{)o) and S € EQP(’?;(H)).

Remark 8.4.1. Let us observe explicitly that spﬁ(@p(ﬁa(’ﬂ)o) C Tsa(H)o, since the Q-
linear space Tsa(H)o is closed in T (). Moreover, we have that aff g, (ﬁt(H)) C Tst(H), and
hence a?Qp(ﬁt(H)) C Tst(H) too, because Tgt(H) is a closed Q,-affine subset of T (H).

It is clear that, conversely, every linear operator in H of the form S = Sy + 51 — where
Sy € spﬁ(@p('ﬁa(%)o) and S € EQP(’Et(H)) — 1is a statistical operator, because in such a
case S is a zero-trace perturbation of a statistical operator S; (by Sp).

We eventually get to the following result:
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Theorem 8.4.2. FEwvery statistical operator S in H can be expressed as a zero-trace
perturbation of a statistical operator S; — contained in the closed Qp-affine hull

ﬁ@p(it(ﬂ)) C Tw(H) generated by all simple statistical operators — by an operator
Sy € W@p(ia(?{)o) C Tsa(H)o. Conversely, every zero-trace perturbation of a statisti-
cal operator — in particular, of an operator contained in E@p(it(H)) by an operator in
WQp(ﬁa(H)o) — 18 a statistical operator too.

Therefore, we have that

Te(H) = Tea(H)o + Tae(H) = Tea(H)o + aff g, (Tt (H)) = spang, (Tea(H)o) + aff g, (Tee ().
(8.32)
Moreover, for every T € Ty (H), we have:

Tste(H) =T + Ta(H)o; (8.33)
otherwise stated, Ts(H) coincides with the (closed) Qp-affine subset T + Tsa(H)o of T(H).

Proof. The first assertion follows form our previous discussion; in particular, for any S €
Tst(H), from the decomposition S = Sy + S1, with Sy, S; expressed as in (8.30) and (8.31),
respectively. For the final assertion, just note that every statistical operator S € T (H) can
be expressed in the form S =T + (S —T'), where T is some (fixed) statistical operator and
(S =T) € Ta(H)o- O

We have already noted that T, (H) — being Q,-affine — is an unbounded subset of T (H),
in sharp contrast w.r.t. the complex case. It is natural to ask: Is there any p-adic parallel
for the bounded convex set of density operators in a separable complex Hilbert space?

Let us consider the following set of statistical operators:

Dp(H):={SeTa®) | IT| <7}, re|TEIIN{0} =1Q;,l (8.34)
Here, note that

o forr <1, D.(H) ={S € Tx(H) | |IT|| < r} =0, because every statistical operator has
norm not smaller than 1;

e by the previous point, for r > 1, D.(H) = {S € Tot(H) | 1 <||T|| < r};
e for every for s € |Q; |, s > 1, Usgre\@;’“\Dr(H) = Tt (H);

e expressing a statistical operator S € Ty (H) as a matrix operator — S = opg(Smn),
for some orthonormal basis ® = {¢,, }men — it is easy to see, by means of explicit
examples, that D1(H) = {T € Ts(H) | |T|| = 1} # 0 and, for r,s € |Q; [, with
r>s2>1,D.(H) 2 Ds(H), because ||D.(H)|| = {t € |Q,,l |1 <t <7} (note, by the
way, that |Ta(H)]| = {t € Q)] |+ > 1});

e by Theorem 8.2.1 and by the strong triangle inequality for the operator norm, for every
r€|Qp .l 7> 1, Dr(H) is a Qp-convex subset of T(H).

Definition 8.4.3. We call density operators those statistical operators in the p-adic Hilbert
space H belonging to the bounded subset D(H) = D;1(H) of T(H) defined by

D(H) = A{T € T«(H) [ T < 1} ={T € Ta(H) [ [T = 1}. (8.35)

Example 8.4.1. If ¢ € H, is a non-isotropic nonzero vector, then the statistical operator

DO = (W, ) ") (| € Teu(H) is a density operator if and only if |(v,%)| = ||o||?. For

every orthonormal basis {¢,, }men and every probability distribution {7, }men contained

in the probability simplex vo(N,Qp..), > en Tm [Om) (dm| € D(H). E.g., > cnp™ H(1 —
D) |dm ) {dm| is a density operator.
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Proposition 8.4.1. D(H) is a Qp-convex closed subset of T(H). For every trace class
operator T' € T (H), the following facts are equivalent:

(D1) T € D(H).

(D2) T' € Tsa(H) and admits a canonical decomposition of the form T' = 7. ; Ajle;)(fjl,
where {\;};cs is contained in the valuation ring B, ,, = Qp u1 i={2 € Qp | 2| < 1}

OfQP,M and ZjeJ Aj <fj7€j> =L

(D3) T' € Tsa(H) and admits a canonical decomposition of the form T = 37, ; Ajle;){(f;l,
where maxjey [Aj| =1 and 32, ; Aj (fj.e5) = 1.

If p # 2, conditions (D1)—(D3) are equivalent to the following:

(D4) T € Tea(H) and admits a symmetric decomposition of the form T' = 3", ;(o; |e;){f;]+
;| fi)(ejl), where {o;}jes C By, and 3¢ (0 (fj.€5) +75 (€5, f3)) =1

Proof. As previously noted, by Theorem 8.2.1 and by the strong triangle inequality for the
operator norm, D(#) is a Qp-convex subset of T (#). Moreover, D(#) is the intersection of
the closed unit ball (or of the unit sphere) in 7 (H) with the closed subset Tg(H) of T(H);
hence, it is closed in T (H).

By relations (7.187) and (7.188), given any canonical decomposition 7" = 3 . ; A; |e;) (f;]
of a trace class operator T € T(H), we have that tr(T) = >, ; A; (fj,ejg and || =
max;cs |Aj| (so that ||T|| <1 <= {\;}jes C Z,). Therefore, conditions (D1) and (D2)
are equivalent, and, by the second equality in (8.35), conditions (D2) and (D3) are equivalent
too.

Moreover, if condition (D2) is satisfied, writing T = %(T—FT*), we obtain the symmetric
decomposition T' = . ;(0; le;)(f;| + 75 | f;)(e;]), where 3=, ;(0; (fj,€;) + 75 (ej, f5)) =
tr(T) = > ;e A (fj.e5) = 1 and {205 = Aj}jes C Uy, in particular, if p # 2, then
|20;| = |oj| and {o;};c; C Vp, . Thus, (D2) implies (D4).

Finally, if (D4) holds, then T' € Tu(H) is such that tr(T) = > . (0 (fj,e;) +
Tileqs £3) = 1 and T = || ,e,(05 le3) (5 + o7 ) esDl| < maxjes oy eg) (5l | =
max, ey |o;] <1, so that condition (D1) is verified too. O

8.5 The SOVMs and the statistical interpretation

The statistical interpretation of trace induced states is ensured by defining the observables
as a suitable p-adic counterpart of the POVMs:

Definition 8.5.1. A (discrete) selfadjoint-operator-valued measure (in short, a SOVM) in
H is a norm-bounded countable family {A;}ic; C Bsa(H) such that »°, ; A; = Id. Here,
if the index set I is not finite, the series is supposed to converge w.r.t. the weak operator
topology (i.e., the initial topology induced by the family of maps {&y v : B(H) = Qp u}é pen,
Epp(A) = (@, Ay)). We call a SOVM {A4; }ier C Bsa(H) contractive if, in particular, ||4;|| <
1, for all ¢ € I; we say that it is tracial if {A;}ier C Tea(H).

Lemma 8.5.1. Let {A;}ier C Boa(H) be a SOVM, where the index set I is (countably)
infinite. Then, for every pair of vectors ¢,y € H,

lim(g, A)) = 0, (8.36)
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Proof. In fact, we have that

> Ai =1d (w.r.t. the weak op. topology) = (b,1) = (¢, (X, A)¥) = Y (¢, Aith)
el el
= lim(p, A)) =0, (8:37)

where the second implication holds by Proposition 6.1.1. O

Proposition 8.5.1. Let {A;}ier C Bsa(H) be a SOVM. Then, for every trace induced state
Qe S (H), {QA:)}ier is a p-adic probability distribution. In particular, if Q is a density
state — t.e., Q@ = 7(S), for some S € D(H) — and {A;}ic; is contractive, then {Q(A;)}icr
is contained in the probability simplex vo(I,Qp, ). Finally, {A;}icr ts contractive if and only
Zf maX;eg HAZH =1.

Proof. By relation (8.14), {Q(A4;)}ier C @, and, if the index set I is finite, the first assertion
follows directly from the condition that ), ; A; = Id. Thus, we will henceforth assume that
the index set I is (countably) infinite.

Given any trace induced state Q € S, (H), we have that Q = 79,(.59), for some S € T (H),
and, taking any canonical decomposition S =) ._; A; |e;)(f;| of the trace class operator S,
we have that

Q(Ai) = tr(AiS) = tr(AidS e A5 les)(fil) = tr(32 e, [Aies)(f5])
—Z)\ tr(|Aie;)(f5]) Z)\ (f5, Aiej).

JjeJ jeJ

jeJ

(8.38)

Here, the third equality follows from the fact that the linear map 7(H) > T — AT € T(H)
is bounded, and for obtaining the fourth equality we have used the fact that tr(-): T(H) —
Qp,u 1s a bounded functional and, if J = N, the series > .. ; A;j [A;e;)(f;| converges w.r.t.
the norm topology.

Observe now that, by Lemma 8.5.1, lim; A; (f;, A;e;) = 0, for all j € J. Moreover, in
the case where J = N, since lim; \; = 0 and a = sup,¢; || 4] < oo (by the definition of a
SOVM), then

[(f;, Aies)| < allfill llejll = a, Vi,jel = li]m)\j (fj, Aiej) =0, uniformly ini e I.

(8.39)
Therefore, we can freely exchange the sums, in the following calculation:
DOQA) =D N (1 Aiey)
iel iel jeJ
=D D N (fi Aiey)
jeJiel
=3 N (5 i Aie) = >N (fj.e) = tx(S) = 1. (8.40)
jeJ jeJ

Here, we have used relation (8.38) and the fact that ), ; A; = Id (w.r.t. the weak operator
topology). In conclusion, it is proven that {2(A4;) = tr(A4;5) }ier C Qp is a p-adic probability
distribution.

For the second assertion, just note that, if ||4;|| < 1, then, for every canonical de-
composition § = 37, ;A |eJ><fJ\ of the statistical operator S € T (#H), we have that
[Q(A)] = |tr(A:9)] = |deJ i (fi, Aiej)| < maxjeg A (fj, Aie;)| < maxjey|A;|. There-
fore, if S € D(H), then, by the equivalence of conditions (D1) and (D2) in Proposition 8.4.1,
(4] < 1.
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Regarding the final assertion, we only need to show that if {A;};cs; is a contractive
SOVM, then max;e; ||4;]] = 1. Indeed, if {A;}ier is a contractive SOVM, we must have:
L= [[d]} = | Xsep Aill < maxier [|Aif] < 1. O

Example 8.5.1. Given a trace induced state tr((-)S) € Si.(H), with every symmetric
decomposition S = 3>, ;(0; le;)(fj| + 75 |f;){e;[) — J = {1,2,...} — of the statistical
operator S is associated, in a natural way, the p-adic probability distribution {7r0 =0,m =
o1 {f1,e1) + o1 {e1, f1),... } and the SOVM

{Ao=1d =S =T1d = 33, (05 le;) (f5| + 75 | i) (es]), Av = o [er)(fil +TT|fi)enl, -}

(8.41)
Note that, for p # 2, {Ag, A1, ...} is contractive if S € D(H), because || Ag|| < max{1, ||S||} =
1, and || 4;|| = |loj lej) (f;] || = |oj| <1, for all j € J (see Proposition 8.4.1). But (for every

prime number p, and for dim(H) = oo) it is not tracial because Ay = Id — S & T (H). For
every orthonormal basis {¢m, }men in H, {|dm){dm|}men is a contractive tracial SOVM.






Part 1V

Conclusion and Perspectives



The final part of this dissertation serves the dual role of collecting, on the one hand,
the main results and achievements attained in this work and, on the other, of pro-
viding a preliminary exploration of the potential extensions to the ideas presented in

the previous parts.
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Summary and Outlook

The material presented in this dissertation is mostly based on our research works [17, 88,
89,92,93] aimed at setting the stage for a p-adic model of quantum information theory. Our
initial motivation is the intriguing idea, originally proposed by Volovich, that the existence
in nature of a shortest measurable length, i.e., the so-called Planck’s length, entails that
at a Planckian regime, physics may be ruled by the strong triangle inequality, that is, it
should ultimately reveal a non-Archimedean character. In particular, below a scale com-
parable to Planck’s length, space-time does not consist of infinitely divisible intervals, but
only of isolated points, what we can imagine as a sort of ‘space-time atoms’. Since, up to
isomorphisms, the only non-Archimedean field one can construct by completing the field of
rational numbers is the field of p-adic numbers @, one is led to take this field as the right
candidate to model space-time coordinates at very short distances.

There are two possible routes one can follow when trying to construct a p-adic model
of quantum mechanics. The first one adopts the point of view wherein physical states are
described in terms of complex valued functions on Q,. The second approach, instead, moves
in a more radical p-adic direction, and suggests that states and observables themselves have
to live in a p-adic Hilbert space. Our first concern was to provide a suitable definition of a
qubit — in the p-adic setting — exploring both the two possible directions. In particular,
the main results we found can be synthesized as follows:

e In Part II, we started from the idea to define a p-adic qubit as a two-dimensional irre-
ducible projective representation of the group of rotations SO(3,Q,) in Qf,. This required
us to construct, as a preliminary step, the Haar measure on this group. We first pro-
vided a general construction for an invariant measure on every p-adic Lie group. Here,
we used heavily the topological properties of these groups; indeed, since they have a nat-
ural structure of a p-adic manifold — and, as such, are totally disconnected topological
spaces locally homeomorphic to Q) — they admit an open cover consisting of disjoint
open sets. Then, our strategy was to ‘locally import’ the Haar measure of Qj on any
given fixed chart in the group, and then to exploit the change-of-variable formula for
multiple integrals on Q) to ‘move’ the invariant measure thus constructed all over the
group. This provided us with an explicit formula yielding the local representation (i.e.,
w.r.t. the coordinates of a fixed chart) of the Haar measure on every p-adic Lie group. We
then specialized this result to the groups SO(n,Q,) in dimensions n = 2, 3,4, namely,
to the only compact special orthogonal groups. For SO(3,Q,) and SO(4,Q,) we proved
that a more convenient approach is first to realize these groups as suitable quotients of
the multiplicative group of p-adic quaternions; then we found their Haar integrals by
exploiting first our general formula, and then the well known Weil-Mackey-Bruhat lift.

e In Part III, we explored the second route to the p-adic quantization. Our first step
here was to develop an abstract approach to quantum mechanics and quantum infor-
mation theory over a quadratic extension of the field Q,, of p-adic numbers. We started
by introducing a suitable notion of a Hilbert space H over Q,, (a quadratic exten-
sion of Q). In our definition, a key element is the existence of an orthonormal basis
for such spaces; this, in fact, allowed us to properly define Hilbert subspace and to
extend, to the p-adic setting, some of the common geometric features of the standard
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complex Hilbert spaces. We then described some relevant classes of operators acting in
a p-adic Hilbert space. In particular, we first observed that a far-reaching approach in
this non-Archimedean setting is to define operators in terms of a suitable matrix rep-
resentation. The first class of operators we described is the (ultrametric) Banach space
B(H) of bounded operators. In particular, we observed that not every element of B(H)
admits a proper adjoint and, in fact, the adjointable operators in H form an ultrametric
Banach x-algebra B,q(H) C B(H). In our theory, we identified this algebra with the
algebra of (bounded) observables of a p-adic quantum system. Next, we characterized
the class of unitary operators U(H) C Baa(H), defined as those matrix operators re-
lating any pair of orthonormal bases in H. From this, we then proved some interesting
properties of the unitary group U(H). In particular, we showed that it actually coin-
cides with the intersection of the group #(H) of all surjective, IP-preserving, all-over
operators, and the group A4 (H) of all surjective, NO-preserving, all-over operators. We
passed then to study the trace class T(H) C Baa(H) of H again resorting to a suitable
matrix representation. We showed that, similarly to the complex case, T(H) is a two-
sided #-ideal in B,q(H). However, unlikely the standard setting, 7(#) coincides with
the Hilbert space of the Hilbert-Schmidt operators; moreover, 7(H)? = T (H), whence
T(H)™ = T(H), for all n € N, that is, T(#H) alone plays the role that the trace ideals
have in the standard complex case. With this machinery at hand, we then passed to
characterize physical states and observables. Specifically, adopting the point of view of
the algebraic formulation of (standard) quantum mechanics, we defined physical states in
p-adic quantum mechanics as (suitably normalized) involution-preserving bounded func-
tionals on the unital x-algebra Baq(#) (the algebra of bounded physical observables). In
particular, the role played by the o-additive states in the standard complex case is now
played by the tracial states Si;(H), induced, via the trace functional, by the statistical
operators Tg(H). Here, we observed again a peculiarity of the p-adic setting w.r.t. the
standard quantum theory. Indeed, we showed that Tg (H) is a Qp-affine — whence an
unbounded — subset of T(H) (thus, in contrast with the convex set of density opera-
tors of a complex quantum system). Nevertheless, one can still define a Q,-convex (and
norm-bounded) subset D(H) of density operators in T (H); but, the important point
here is that these states are only a special instance of the much larger class of statistical
operators. Eventually, we completed the statistical interpretation of the (new) theory by
suitably defining the observables in p-adic quantum mechanics. In particular, we argued
that the selfadjoint-operator-valued measures (SOVMs) may provide a suitable p-adic
counterpart of the usual POVMs associated with a complex Hilbert space.

At this point, we want to briefly discuss some natural continuations and extensions of the
ideas presented in this dissertation. Within the first approach to the p-adic quantization, it
is clear that, having derived a general expression for the Haar measure for a p-adic Lie group,
the potential applications involve extending to p-adic groups all the usual harmonic analysis
techniques of the standard real case. A natural next step is, in particular, to study — via
the Peter-Weyl theorem — the two-dimensional irreducible projective representations of the
group SO(3,Q,). This will then provide us with an explicit model of a p-adic qubit. Another
class of problems where the Haar measure plays a central role is related to the phase-space
formulation of quantum mechanics [152]. Here, one starts by first noting that the usual group
of translations on phase space (with its genuinely projective representations) is replaced, in
the p-adic setting, by a compact p-adic Lie group. This group will admit square integrable
representations, which can be constructed once the Haar measure for it is known. Exploiting
these representations it is then possible to define generalized Wigner transforms mapping
quantum-mechanical operators into complex valued functions on the relevant group [84-87].

For what concerns the second route to the p-adic quantization, there are several aspects
of the theory that still need to be studied, or further clarified. Indeed, a first point which
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deserves a better investigation is the characterizations of the symmetry transformations in
p-adic quantum mechanics. Recently, symmetry transformations of a p-adic quantum system
have been defined as maps preserving the natural affine structure of the space of physical
states [153]. In particular, it has also been observed that there exist symmetry transforma-
tions mapping a suitable density operator into a state of arbitrarily large norm [153]. The
existence of these ‘non-canonical’ symmetry transformations is a further remarkable feature
of p-adic quantum mechanics. Hence, a central problem is to provide a suitable classifica-
tion of these symmetry transformations. This issue, however, is non-trivial as it requires to
preliminary construct a suitable theory of ‘p-adic projective representations’.

Another point that also needs more attention is the definition of orthogonal projections
operators in p-adic Hilbert spaces and, accordingly, the characterization of the logic structure
of a p-adic quantum system. Tensor products and entanglement are central in quantum
information theory, and we expect that they will be central in the p-adic setting too. Hence,
another interesting problem is to further investigate the tensor product structure of p-
adic Hilbert spaces, in particular addressing the characterization of separable or entangled
physical states, and of the corresponding physical observables. This will ultimately allow
us to describe the physics of composite p-adic quantum systems. Finally, an interesting
line of study — more oriented towards possible applications in p-adic quantum information
theory — is the investigation of dynamical maps and dynamical (semi-)groups, which can
be profitably used to characterize p-adic quantum channels and instruments.
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A

The real quaternion algebra and its relations with

SO(3,R) and SO(4, R)

We devote this appendix to a brief account on the real quaternion algebra H, along with
a discussion of the quaternionic realization of the elements in SO(3,R) and SO(4,R). This
will also give us the opportunity to highlight analogies and differences with the p-adic case
of Section 5 of Part II.

A.0.1 The real quaternion algebra H

There are several ways of describing the real quaternion algebra H [83,105]. As a real vector
space H =2 R x R3, and any element in H is written as £ = (a,x), with a € R and x € R3.
The multiplication law is given by:

(a,x)(b,y) = (ab—x -y, bx +ay +x X y), (A1)

where x -y and x X y are respectively the usual inner product and vector product between
vectors in R3. Tt is easily verified that the product (A.1) is associative. The centre of H is
given by the subspace R x {0} = R. Likewise, we identify {0} x R? with R3, in such a way
that every element in H can be expressed as £ = a + X, a € R, x € R3. Denoting by i, j, k
the canonical basis vectors of R?, ¢ can be expressed as

& =a+ xi+ x2j + 23k, (A.2)

where a, x1, 2, x3 € R. Then, the multiplication law between quaternions is given by speci-
fying the products between the basis vectors i, j, k [83,154]:

2=j2=k>=-1, ij=-ji=k, jk=-kj=i ki=—ik=j. (A.3)

It is straightforward to realize that H is a non-abelian algebra.

H is an involutive algebra, as the map H 3 € = a +x — & := a — x € H is an involutive
anti-automorphism. Moreover, £ = [£]? = a? + |x|? = Fgr(a, 1,22, 73), where Fg denotes
the definite quadratic form of R*. Thus, every non-zero element in H is invertible, with
&1 =¢/I€)?, and so H is a division algebra. Those elements in H for which |¢| = 1 are called
unit quaternions. They form a group in H, denoted by U(H):

UH)={¢cH||f=1}={¢ccH|¢ " =¢} (A4)

Remark A.0.1. In the literature (e.g., [112]), the quantity &€ is referred to as the reduced
norm of ¢ in H, and denoted by nrd(§) (see Remark 5.1.2). From the definition, it is clear
that the reduced norm on the real quaternion algebra H is equivalent to the square of the
Euclidean norm on R* (since the definite quadratic form on R* induces the Euclidean inner
product, and vice versa). However, this is not the case when one defines a quaternion algebra
over a generic field w.r.t. some quadratic form (see, for instance [111,112]): The latter does
not necessarily induce the considered norm on the vector-space structure of that algebra.
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There is another (yet equivalent) way in which H can be described [105]. Let us consider
the subset H of the algebra My (C) of complex 2 x 2 matrices of the form

a b o +iq g2 +igs
M=% 2)= : 43) g €R, A5
(‘b a) (—QQ +t1ig3 qo — 11 @ (A9)

for every 57 = 0,1,2,3, where ¢ denotes the imaginary unit. One can easily verify that H
is a subalgebra (actually, a division algebra) in My(C). In particular, that every non-null
element M € H is invertible easily follows by observing that

qo +iq1 g2 +1q3 2 2 2 2
det(M) = det . . = +q7 +q5 + A6
( ) < G g3 qo qu) 4o 741 T4z T q3 ( )

is the (non-degenerate) four-dimensional definite quadratic form over R. From (A.5), we also
see that every element M € H can be written as M = qo + iq1 + jgo + kg3, where

= ((Z) Oi)’ = (01 (1)) k= <? E)) (A7)

and where we omitted the identity matrix I multiplying go. Moreover, it can be easily
checked that i, j, k obey commutation relations which are analogous to the quaternion
commutation relations (A.3). Indeed, the correspondence

qo +1iq1 g2 tigs
0=H>¢=(q,q,q, — 0(§) = . ) €eH A8
£ =(q0,91, 92, G3) €3] (q2+lq3 0 qu> (A.8)

defines an algebra isomorphism from the quaternions H to the algebra of complex matrices
H [83]. In particular, unit quaternions are identified in H by

U(H) = {M € H | det(M) = 1}. (A.9)

A.0.2 Relations between real quaternions and rotations

Here we recall the relation between H and SO(3,R). Let £ € U(H) be a unit quaternion.
The map H > n — &né~! € H is an isometric linear transformation of H, which leaves
the centre R of H pointwise fixed and, therefore, also leaves the orthogonal subspace R?
invariant. Hence, the restriction of this map to R? is an element of O(3, R), which we denote

by £(§):
k(E)x = ¢x¢7t, xeR3. (A.10)
Furthermore, k(év) = k(§)k(v), i.e., k: U(H) — O(3,R) is a homomorphism. Let us derive
the explicit form of k(). For H 3 £ = qo + iq1 + jgz + kg3, and R3 3 x = iz + jy + k2, we
have:
ExE =i(z(qd + 4 — a3 — 63) + 2y(q1q2 — 4390) + 22(q2q0 + 43q1)),
i(22(q1a2 + qoa3) + y(a§ — af + @3 — @3) + 22(q2a3 — Q1 0))
k(22(q1q3 — 200) + 2y(q100 + ¢203) + 2(¢2 — ¢} — @3 + ¢3)), (A.11)

from which we deduce that (&) is given by

R+ - -6 2(qq2 — q39) 2(q2q0 + 93q1)
k() = 20qra2 +q093) B —G+B -G 20203 — q1q0) . (A.12)
2(q193 — q290) 2(q190 + ¢2q3) @ —ai — a3 + 43

A direct calculation shows that det(x(§)) =1, i.e., 5(§) € SO(3,R).
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Remark A.0.2. The fact that x(§) € SO(3,R) also follows by observing that U(H) is
connected and r: U(H) — SO(3,R) is continuous [83].

In the light of the discussion above, every unit quaternion £ = qo+1iq1 +jg2 + kg3 € U(H)
is associated with a rotation R in SO(3,R). In particular, s is the group homomorphism
U(H) — SO(3,R) in the short exact sequence (5.40) [111,112]. This then yields the group

isomorphism
SO(3,R) = U(H)/Fs. (A.13)

With a similar argument, based on the isometries H > n + &np~! € H for (€, 0) € U(H) x
U(H), one can prove the following isomorphism [112]:

SO(4,R) = (U(H) x U(H))/Fa. (A.14)

(A.13) and (A.14) become homeomorphism, considering the standard topology for the in-
volved spaces, providing double coverings for SO(3,R) and SO(4,R).






B

An alternative proof of Proposition 5.3.1

In Section 5.3 of Part II, we showed that the group isomorphism v : H)/Q; — SO(3,Q,)
given in Theorem 5.3.1 is a homeomorphism. The proof of Proposition 5.3.1 relies on
measure-theoretical results; here we provide an alternative proof which shows more ex-
plicitly the relation between p-adic rotations and quaternions, depending on their reduced
norm.

As already argued in the proof of Proposition 5.3.1, the groups H) and SO(3,Q,) are
locally compact, once supplied with their p-adic topology. The map k, is continuous, as
kp(§) is a rational function on the parameters go, 1, g2, g3 of & = qo + ig1 + jg2 + kg3, with
denominator nrd(§) # 0 for every £ # 0. Therefore, r, redefined on the quotient of H,
modulo ker(x,) is continuous, i.e. ¢ is continuous. We are left to prove that also the inverse
map 1~ is continuous, or equivalently that ¢ is a closed function (it maps closed subsets of
H,; /Q;; to closed subsets of SO(3,Qy)). To ease this, we want to deal with compact spaces,
rather than just locally compact ones.

Notice that nrd : Hy — Qp is a homomorphism (it is multiplicative), as well as the
quotient map ¢ : Q5 — Q2 /(Qp)?, therefore ¢ o nrd : HX — Q7 /(Q;)? is a homomorphism.
Its kernel is ker(gonrd) = {£ € HX | nrd(¢) € (Q})?}, and Qj is a normal subgroup of ker(go
nrd) and Hy (being its centre). It follows, by the fundamental homomorphism theorem, that
there exists a unique group homomorphism ¢ : HX /Q% — Q5 /(Q;)? such that gonrd = pom:
This map is ¢(£Q;) = nrd(§) mod (Q;‘,)z. In fact, given two distinct representatives of the
same class, i.e. v # £ such that vQy = £Qj, we have v € {Q; and hence p(vQ;) = nrd(v)
mod (Q})? = nrd(€) mod (Q})2 = p(¢Q;)-

HY —— SO(3,Q,)

e

Q; Hy /Q;

Actually, by the isomorphism theorem, we have H / ker(gonrd) = Q; /(Q;)?. For ker(gonrd)
is stable under multiplication by scalars in Q},, we have the induced quotient ker(gonrd)/ Qs
such that (HX/Qp)/(ker(q o nrd)/Qj) = H /ker(q o nrd) = Q3 /(Qj)?. We observe that &
and \§ have same image w.r.t. ¢ o7 (or equivalently g o nrd), for every £ € H)\, A € Qj.
Therefore, to have a surjective map onto Qj/ (Q;)2, once chosen a representative for each
equivalence class of this quotient group, it is enough to consider the restriction of H to
the set of quaternions having reduced norm exactly equal to those representatives. A similar
argument applies to H X /Qy. We recall [71,74] that

{1, u,p,up} 2 Z/27 x Z/2Z, p > 2,

B.1
{+1, 42,45, +10} 2 Z/27 x 7,)27. x 727, p =2, (B-1)

Q;/(Q;)* = {
where u € U, is a non-squared invertible p-adic integer. We thus define S(e) = {£ € H; |
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nrd(§) = e}, by varying € in the set of p-adic integer representatives of the equivalence
classes of Q;/(@;)z, i.e. for € = 1,u,p,up when p > 2 and for e = +1,+2,+5, £10 when
p = 2. Now we have the following diagram where, by abuse of notation, we also denote by m
and ¢ the homonyms maps redefined on (J,_ S(e) and (U, S(¢)) /Q}, respectively, and where
the injective maps are simply the (closed, continuous) canonical embeddings of | J, S(€) and
(U. S(e)) /Q;p, in HY and H,5 /Qj respectively.

U, S(e) HLy SO(3,Qp)
”i Wl %
(U.S(e) /Qp ——— Hx/Q;5

I
Q/(Q)?

The sets S(e) are pairwise disjoint. Moreover, it can be shown that S(e) C Z;% is compact,
in a similar fashion to the proof of the fact that the entries of SO(4,Q,) are p-adic integers
(see Theorem 5 in [113]). As a consequence, |J, S(e) is a compact subset of H,', being the
finite union of compact sets. Now that we can consider just the compact subspace |J, S(€)
of H,;, the proof of the fact that ¢ is closed is straightforward. Consider a closed subset
C in (U, S(e)) /Qp € HX/Qj. Its preimage 7~ '(C) C U, S(e) € H) is closed, since 7 is
continuous. Closed subsets of the compact |J, S(e) are compact, in particular 7=(C) is
compact. The map r}, = rply_ s(e) : U, S(€) = SO(3,Q,) is continuous, as a restriction of
the continuous map r,. The continuous image x), (7~*(C)) of the compact set 7~ *(C) is

Kp

compact. In turn, li; (77_1(6')) is closed, being a compact subset of the compact Hausdorff
group SO(3, Q). This proves that «;, is a closed map. Finally, this implies that ¢ is closed,
and hence it is a homeomorphism.
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