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ABSTRACT. We introduce a novel real-valued endogenous logic for expressing properties
of probabilistic transition systems called Riesz modal logic. The design of the syntax and
semantics of this logic is directly inspired by the theory of Riesz spaces, a mature field
of mathematics at the intersection of universal algebra and functional analysis. By using
powerful results from this theory, we develop the duality theory of the Riesz modal logic in
the form of an algebra—-to—coalgebra correspondence. This has a number of consequences
including: a sound and complete axiomatization, the proof that the logic characterizes
probabilistic bisimulation and other convenient results such as completion theorems. This
work is intended to be the basis for subsequent research on extensions of Riesz modal logic
with fixed—point operators.

1. INTRODUCTION

Directed graphs and similar structures, such as labelled transition systems and Kripke frames,
are mathematical objects often used to represent, by means of operational semantics, the
behaviour of (nondeterministic) computer programs [Plo81]. For this reason a large body of
research has focused on the study of logics for expressing useful properties of directed graphs.
Among these, modal logic (see, e.g, [BARV02, Sti01, CF08]) and its extensions (e.g., CTL
[CES83], modal p-calculus [Koz83], among others) play a fundamental role. After decades
of research, the current state of knowledge regarding modal logics is substantial:

Model Theory: the class of transition (often referred to as “relational”) structures in-
terpreting the language of modal logics and their interplay with modal formulas is well
understood. This theory includes key concepts such as that of bisimulation, algorithmi-
cally relevant properties such as the finite model property, expressiveness and definability
results and advanced constructions such as ultraproducts. We refer to [GOO07] for an overview.
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Algebraic Semantics: another natural approach to give semantics to modal logic is
algebraic: formulas are interpreted over algebras equipped with operations corresponding to
the connectives of the logic and subject to certain axioms. In the case of basic modal logic (i.e.,
system K [CF08]), the signature is {T, L, —,V, A, O} and the algebras considered are called
modal Boolean algebras and satisfy the usual axioms of Boolean algebras together with the
additional axioms 0L = L and O(F VvV G) = O(F) vV O(G) for the modal connective. Starting
with the seminal works of Jénsson, McKinsey and Tarski [MT46, JT51a, JT51b], a precise
correspondence between algebraic and transition semantics has been established. They key
tool being used is that of Stone duality: to each Boolean algebra B there corresponds a
certain topological “dual” space X, and the modal operation { : B — B of each modal
Boolean algebra corresponds to a transition (topologically closed) relation R C X x X:

modal Boolean algebra (B, ¢) = (topological) Kripke frame (X, R).

The correspondence is in fact a duality of categories when morphisms between Kripke frames
are defined using the framework of coalgebra theory [KKV04, Jacl6]. This duality provides
deep mathematical insights and is considered by Johan van Benthem as “one of the three
pillars of wisdom in the edifice of modal logic” [vB84] (the other two being completeness
and correspondence theory). We refer to [SV88] and [KKV04] for an overview.

Axiomatizations and Proof Systems: axiomatizations (sound and complete with respect
to the semantics) have been found for modal logic and many of its extensions, including
CTL [Rey01] and modal p-calculus [Wal95]. Furthermore, structural (analytic) proof sys-
tems based on Gentzen’s sequent calculus have been designed. These constitute the purely
syntactical side of the theory of modal logic. We refer to [Wan96] for a general introduction
and to [Stu07, DHLO06, Doul?] for a selection of some recent results.

1.1. Probabilistic logics. Despite their wide applicability, directed graph structures are
not adequate for modelling all kinds of programs. Most notably probabilistic programs, such
as those involving commands for generating random numbers (e.g., x=rand() in C++), are
naturally modelled by Markov chains or similar structures (e.g., Markov decision processes).
See, e.g., [BKO08|] for an overview. Consequently, a number of logics specifically designed to
express properties of Markov chains have been investigated: e.g., Kozen’s probabilistic PDL
[Koz81, Koz85], Larsen-Skou modal logic [LS91], probabilistic CTL ([HJ94, LS82]), among
others. We generally refer to such logics as probabilistic logics.

The current status of the theory of probabilistic logics is, compared with that of ordinary
modal logics, rather unsatisfactory. For example, for most probabilistic logics capable of
expressing properties useful in model checking (probabilistic CTL is a main example), the
following problems have been open for more than 35 years (since, at least, [LS82]):

(1) find a sound and complete axiomatization of the set of valid formulas,
(2) find structural proof systems (e.g., sequent calculus) for deriving valid formulas,
(3) establish if the set of valid formulas is decidable or not.

These problems are evidently intrinsically difficult but one reason that makes them
harder to tackle is, possibly, the fact that most probabilistic logics (including probabilistic
CTL) have been designed with special focus on model-checking (e.g., the ability to express
properties useful in practice, availability of efficient algorithms for verifying finite—state
systems, etc.) rather than mathematical convenience. This has led to successful results, with
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real-world probabilistic programs formally verified using model checking techniques. But,
on the other hand, very little progress has been made on the open problems listed above.

1.2. Real—valued probabilistic logics. The seminal work of Kozen on probabilistic PDL
[Koz85] is noteworthy as being among the first to the design probabilistic logics with main
focus on convenient mathematical foundations. A key novelty of probabilistic PDL is the
fact that its semantics is real-valued: formulas are not interpreted as true or false, as in
most other probabilistic logics with a Boolean semantics (including probabilistic CTL), but
are rather interpreted as real numbers (R). So in real-valued logics the semantics of a given
formula F' can be a number like 0, 1, 1—79 and 7. The adequacy and mathematical convenience
of a real-valued semantics in the context of probabilistic logics is discussed in detail in
[Koz81].

However, the logic probabilistic PDL is, using the terminology introduced by Pnueli
[Pnu77], exogenous: the language of formulas is both an assertion language able to express
properties of probabilistic programs and a programming language. The logic probabilistic
CTL and most other logics for model checking are, on the other hand, endogenous: the
language of formulas is independent from the concrete syntax of any given programming
language. This distinction is important because the “programming languages” embedded
in exogenous logics are usually quite abstract and restricted (e.g., consist only of the usual
Kleene algebra operations) while endogenous logics express properties of models generated by
arbitrary programs. One of the consequences is, for example, that the logic probabilistic PDL
enjoys the finite model property [Koz85] while probabilistic CTL does not [LS82, BFKKOS].
The failure of the final model property is a fundamental characteristic of probabilistic CTL
and a main source of complexity. This means that it does not seem possible to directly apply
the results available for probabilistic PDL to solve the open problems regarding probabilistic
CTL (and other endogenous logics) listed above.

For this reason, following Kozen, some research has subsequently explored the design
of real-valued endogenous probabilistic logics based on the idea of interpreting formulas
as real numbers. Early works include [MMO07, HK97, DGJP00, dA03]. A shortcoming of
these attempts is, however, that these probabilistic logics are not sufficiently expressive
to interpret the logic probabilistic CTL and other endogenous probabilistic logics having
the usual Boolean semantics. Recent works [Miol2a, Miol2b, Miol4, MS17] have shown,
however, that the desired expressivity can be achieved by extending a simple real-valued
probabilistic modal logic (called Lukasiewicz modal logic) with fixed—point operators, in the
style of Kozen’s modal p—calculus [Koz83]. Indeed, the resulting real-valued logic, called
Lukasiewicz p—calculus can interpret the logic probabilistic CTL. Hence the real-valued
approach to endogenous modal logics for probabilistic systems suffices to express most
properties of interest:

simple real-valued modal logic
+ D probabilistic CTL
(co)inductively defined operators
This observation suggests the following research program:

(1) Identify a simple real-valued endogenous modal logic £ having convenient mathematical
foundations which, once extended with fixed—point operators, is sufficiently expressive
to interpret probabilistic CTL and other probabilistic logics, just like the Lukasiewicz
modal logic mentioned above.
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(2) Develop the theory of the probabilistic real-valued logic £: model theory, algebraic
theory, axiomatizations and proof systems.

(3) Extend £ with the (co)inductive operators required to increase its expressive power.

(4) Develop the theory of the extended logic using the large body of knowledge on methods
for reasoning about fixed points and (co)inductive definitions.

The main contribution of this work is to set down the mathematical foundation of a
logic £ enjoying the properties outlined above.

1.3. Contributions of this work. We introduce the Riesz modal logic, a real-valued
probabilistic endogenous modal logic named in honour of the Hungarian mathematician
Frigyes Riesz. The design of the syntax and the semantics of this logic is inspired by the
theory of Riesz spaces, also known as vector lattices [LZ71, dJvR77], a branch of mathematics
at the intersection of algebra and functional analysis, pioneered in the 1930’s by F. Riesz, L.
Kantorovich and H. Freudenthal among others, with applications in the study of function
spaces.

A Riesz space (see Section 2.3 for the details) is a real-vector space V' equipped with a
lattice order (<) such that the basic vector space operations of addition and scalar multipli-
cation satisfy:

ifr<ythenx+2<y+z, if x <y then rz < ry, for any scalar r > 0.

For example, the linearly ordered set of real numbers R is a Riesz space. Hence the concept
of Riesz space is obtained by combining the notion of lattice, which is pervasive in logic,
with those of addition and scalar multiplication, which are pervasive in probability theory
(e.g., convex combinations, linearity of the expected value operator, etc.)

In the context of our work, it is convenient to think at Riesz spaces as a quantitative
generalization of Boolean algebras, obtained by replacing the two—element Boolean algebra
2 = ({0,1}, Vv, A, —) with the Riesz space R. This is not just a vague analogy as the theory
of Riesz spaces is very rich and includes key results such as:

e R generates the variety of Riesz spaces, just like 2 generates the variety of Boolean
algebras,

e Yosida duality, which is the equivalent of Stone duality for Boolean algebras, provides a
bridge between algebra and topology,

e completion theorems, just as in Boolean algebras, allow one to embed Riesz spaces into
other Riesz spaces whose order has certain closure properties (e.g., it is a complete lattice),
etc. This is convenient, for example, when it is required to guarantee the existence of
fixed—points of monotone operators as in the Knaster—Tarski fixed—point theorem.

What makes Riesz spaces particularly convenient for our applications to probabilistic logics

is that, being vector spaces, the notion of linear transformation plays a fundamental role in

the theory. For example the theory of Riesz spaces include results such as:

e theory of linear functionals: representation theorems such as, e.g., the Riesz representation
theorem for (probability) measures,

e extension theorems: e.g., generalizations of the Hahn-Banach theorem.

For these reasons we claim that the theory of Riesz spaces is a very convenient mathematical

setting to develop the theory of probabilistic logics.
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We define the transition semantics of Riesz modal logic with respect to transition
systems modelled as (topological) Markov chains, which we refer to as Markov processes.
Formally, these are defined as coalgebras of the Radon monad on the category of compact
Hausdorff spaces (see Section 2.2). The theory of coalgebra then provides automatically
appropriate definitions of morphisms between models, products, quotients, bisimulation,
etc. Beside the choice of the category to work with, which is motivated by mathematical
convenience and is at the same time very general (see discussion in Section 9), the semantics
is essentially standard, it agrees with several other works in the literature and is based on
the interpretation of the ¢ modality with the expected—value operator. And indeed we show
that Riesz modal logic can interpret other basic real-valued logics that have appeared in the
literature including the Lukasiewicz modal logic (see Section 3.2).

1.4. Technical results. Our main technical contribution is to set the mathematical foun-
dation of Riesz modal logic by developing its duality theory, following closely the duality
theory framework of ordinary modal logic. To do this, we define an algebraic semantics for
Riesz modal logic.

The algebras are called modal Riesz spaces and are Riesz spaces R equipped with an
additional unary operation ¢ : R — R subject to the following axioms (see Figure 3 in
Section 4):

Linearity: O(rixz 4+ ray) = r10(z) + m20(y),

Positivity: if x > 0 then ¢z > 0, and

1-decreasing;: 01 < 1.
This variety of algebras forms a category by taking homomorphisms (i.e., mappings preserving
all operations) as morphisms. By applying the machinery of Yosida duality, and other results
from the theory of Riesz spaces, we prove that the category of transition models (coalgebras)
is dually equivalent with the category of Archimedean modal Riesz spaces (Theorem 5.1).

This result has a number of consequences. Firstly, Riesz modal logic characterizes
bisimulation (Corollary 8.3). Secondly, we obtain a sound and complete axiomatizations of
Riesz modal logic (Theorem 8.1). The axioms and inferences rules are depicted in Figure 4
in Section 8. While other simple probabilistic modal logics characterizing bisimulation have
been completely axiomatized in the literature (see, e.g., the Markovian logic of [KLMP13,
KMP13]), to the best of our knowledge, Riesz modal logic is the first probabilistic logic
which, once extended with fixed—point operators, is sufficiently expressive to interpret other
expressive logics such as probabilistic CTL.

Using duality theory, we can investigate properties of the final coalgebra (which, in the
context of operational semantics, is understood as the collection of “behaviours” [Jacl6,
Kur00]) by establishing results of the initial modal Riesz space, and vice versa. We prove
some fundamental properties of the initial modal Riesz space in Section 6. These allow us,
for instance, to prove that the final coalgebra is a compact Polish space (Theorem 7.3).

Riesz modal logic is, by design, a very simple formalism and lacks temporal operators
needed to express many of the useful properties expressible in logics such as probabilistic
CTL. As already mentioned, the required expressiveness can be achieved by extending Riesz
modal logic with recursively defined operators, in the style of Kozen’s modal p—calculus.
This has been shown in, e.g., [Miol2b, MS17, Miol4, Miol8]. Fixed—point definitions usually
rely on the Knaster—Tarski theorem on complete lattices. In this context, by applying a
theorem of Kantorovich in the theory of Riesz spaces, we prove a fundamental completion
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result (Theorem 4.9): every Archimedean modal Riesz space can be embedded in a Dedekind
complete modal Riesz space. This, by duality, means that any topological Markov chain
(coalgebra) can be embedded into a topological Markov chain having a state—space which is
Stonean (i.e., the Stone-dual of a complete Boolean algebra).

1.5. Organization of this work. This article is organized as follows:

Section 2: Technical background. We provide the necessary background definitions
and results. This section is quite lengthy but, hopefully, serves the purpose of keeping this
article reasonably self-contained. Subsections 2.1 and 2.2 deal with basic notions from
probability theory and coalgebra and can be safely skipped by readers familiar with these
topics. Subsections 2.3, 2.4, 2.5 and 2.6 deal with the basic definitions and results of the
theory of Riesz spaces. Once again, these can be safely ignored by readers familiar with this
theory and consulted only when necessary.

Section 3: Riesz Modal Logic, Syntax and Transition Semantics. In this section
we define the syntax and the transition semantics of Riesz modal logic. The latter is given
in terms of topological Markov chains, which we refer to as Markov processes, defined in
Section 2.2. We give several examples of formulas and, in Subsection 3.2, explain how Riesz
modal logic can interpret other similar real-valued probabilistic modal logics that have
appeared in the literature, including the Lukasiewicz modal logic of [Miol2a, Miol4, MS17].

Section 4: Modal Riesz spaces. In this section we introduce the notion of modal Riesz
space, the algebraic counterpart of Riesz modal logic. In Subsection 4.1 we establish a com-
pletion theorem for modal Riesz spaces (Theorem 4.9). This result is likely of fundamental
importance in the future development of fixed—point extensions of Riesz modal logic based
on the Knaster—Tarski theorem. In Subsection 4.2 we comment on some similarities with
the notion of state MV-algebra from [FMO09].

Section 5: Duality between Markov processes and modal Riesz spaces. In this
section we establish our main technical result (Theorem 5.1): the categories of uniformly
complete Archimedean modal Riesz spaces and that of Markov processes with coalgebra
morphisms are dually equivalent.

Section 6: Initial algebra. In this section we give explicit constructions of the initial
objects of several categories of modal Riesz spaces and establish some basic properties. We
also leave open an important question which we could not answer so far (see Subsection 6.3).

Section 7: Final coalgebra. In this section we illustrate one application of the duality
theory: it is possible to establish properties of the final coalgebra in the category of Markov
processes by proving properties of the initial modal Riesz space. We prove that the state—
space of the final coalgebra is a compact Polish space.

Section 8: Applications of duality to Riesz modal logic. Another application of the
duality theory is, of course, to establish properties of Riesz modal logic. In this section
we prove that Riesz modal logic characterizes probabilistic bisimilarity and that the proof
system of Figure 4, for proving semantic equality between pairs of Riesz modal logic formulas,
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is sound and complete.

Section 9: Other classes of models: In this section we show how our notion of Markov
process (as given in Definition 2.8) is in fact very general in the sense that most of the
similar known notions can be embedded into Markov processes in our sense.

Section 10: Conclusions: In this section we present some final comments and direction
for future research.

Appendix A: In this appendix we prove a result regarding Archimedean Riesz spaces
needed in the proof of Lemma 6.12 of Section 6. This might well be a known result but we
could not find any explicit reference for it in the literature.

2. TECHNICAL BACKGROUND

2.1. Topology, measures and Riesz—Markov—Kakutani representation theorem.

We denote by CHaus the category of compact Hausdorff spaces with continuous maps
as morphisms. If X is a compact Hausdorff space, we denote with B(X) the collection of
Borel sets of X, i.e., the smallest o-algebra of subsets of X containing all open sets. A
(Borel) subprobability measure on X is a function B(X) — [0, 1] such that u(0)=0, u(X)<1
and p(U,, An)=>_,, 1(Ay) for all countable sequences (A;) of pairwise disjoint Borel sets.
The measure p is a probability measure if p1(X)=1.

A (sub-)probability measure p on the compact Hausdorff space X is Radon if for every
Borel set A, u(A)=sup{ pu(K) | K CA and K is compact}. In other words, a measure is
Radon if the measure p(A) of every Borel set A can be approximated to any degree of
precision by compact subsets of A. Most naturally occurring probability (sub—)measures are
Radon. In particular, if X is a Polish space, all (sub—)probability measures are Radon.

Given a set X, we denote the collection of all functions X — R by RX. If X is a
topological space, then C'(X) denotes the subset of RX consisting of all continuous functions.
We use Ox and 1x to denote the constant (continuous) functions defined as Ox (x) = 0 and
1x(x) =1, for all z € X, respectively. Using the vector space operations of R pointwise,
both RX and C(X) can be given the structure of a R-vector space. Furthermore, the ordering
(<) defined pointwise as f < g < Va.f(z) < g(z) is a lattice on both R¥ and C(X).

Given a compact Hausdorff space X and a (sub—)probability measure p on X, one can
define the expectation functional E, : C(X) — R as

E,(f) = /X £ dp (2.1)

where the integral is well defined because any f € C(X), being continuous and defined
on a compact space, is measurable and bounded. One can then observe that:
(i) E, is a linear map: E,(f1 + f2) =Eu(f1) + Eu(f2), and Eu(rf) = 7E,(f), for all r€R,
(i) E, is positive: if f > Ox then E,(f) > 0, and
(iii) E, is 1x-decreasing: E, (1x) < 1.
The latter inequality becomes an equality if p is a probability measure.
The celebrated Riesz—Markov—Kakutani representation theorem states that, in fact, any
such functional corresponds to a unique Radon subprobability (see [Lax02]).
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Theorem 2.1 ((Riesz—Markov-Kakutani)). Let X be a compact Hausdorff space. For every
functional F : C(X) — R such that (i) F is linear, (i) F is positive and (iii) F(1x) <1,
there exists one and only one Radon subprobability measure p on X such that F' =E,.

Given a compact Hausdorff space X we denote with R=!(X) the collection of all Radon
subprobability measures on X. Equivalently, by the Riesz—Markov—Kakutani theorem, we
can identify R=!(X) with the collection of functionals

{ F:C(X)— R | F is linear, positive and 1x-decreasing}.

The set R=1(X) can be endowed with the weak-* topology, the coarsest (i.e., having
fewest open sets) topology such that, for all f€C(X), the map T} RS X) — R, defined as
T¢(F)=F(f), is continuous. The weak-* topology on R=!(X) is compact and Hausdorff by
the Banach-Alaoglu theorem. Hence R<! maps a compact Hausdorff space X to the compact
Hausdorff space R<'(X). In fact RS! becomes a functor on CHaus by defining, for any
continuous map f:X —Y in CHaus, the continuous map R=!(f):R<HX) —RSHY) as

RENFIF)(g) = Flgo f), (2.2)

for all g € C(Y).
The functor R<! is shown to be the underlying functor of a monad in [Kei09, §6],
based on Swirszcz's proof of the probabilistic case [S74, $75] (see also Giry’s work [Gir80]).

However, we will not require the monad structure for the purposes of this article. Following
[FJ14], we call R=! the Radon monad.

2.2. Markov Processes and Coalgebra.

Informally, a (discrete-time) Markov process consists of a set of states X and a transition
function « that associates to each state x € X a probability distribution a(x) on the state
space X. This mathematical object is interpreted, given an initial state x(, as generating an
infinite trajectory (or “computation”) (x,)nen in the state space X, where z,41 is chosen
randomly using the probability distribution a/(zy). A slight variant of this model, allowing
the generation of infinite as well as finite trajectories, uses transition functions « associating
to each state x a subprobability distribution a(x). The intended interpretation is that the
computation will stop at state = with probability 1 — m,, where m, € [0,1] is the total
mass of a(z), and will continue with probability m, following the (normalized) probability
distribution a(x).

Ezample 2.2. Consider the following Markov process having state space X = {z1, 22} and

transition function « defined by: «a(x1) = %xl + %$2 and a(x9) = %xl depicted below:

1
3

Do

=

From the state x; the computation progresses to x; itself with probability %, to x9 with
probability % and it halts with probability %. From the state x2 the computation progresses
to x1 with probability % and it halts with probability %
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This informal description readily translates to a formal definition for Markov processes
having finite or countably infinite state space X, also known as Markov chains. Sometimes,
however, it is interesting to model Markov process having uncountable state spaces (e.g.,
X = [0,1]). When X is uncountable, the notion of discrete probability distribution is
naturally replaced by that of probability measure and, therefore, X is often assumed to be
a topological or measurable space and « is defined as a map from X to the collection of
(sub—)probability measures on X satisfying certain convenient regularity assumption.

In this work we define Markov processes as follows.

Definition 2.3. A Markov process is a pair (X, «a) such that X is a compact Hausdorff
topological space and o : X — R=!(X) is a continuous map.

Example 2.4 (Finite Markov chains). Finite Markov chains, such as the one defined in
the example 2.2 above, can be formalized as Markov processes in the sense of Definition
2.3. Indeed, the finite state space X, endowed with the discrete topology, is a compact
Hausdorff space. And the transition function o : X — R<!(X) is continuous (since X is
discrete). Observe that the space R=!(X) is isomorphic to the set D=1(X) = {d : X —
[0,1] | >°, d(x) < 1} of all subprobability distributions on X.

Ezample 2.5 (Uncountable Markov process). We define a Markov process having state space
X = [0, 1] where, from the state x € [0, 1], the computation progresses to x with probability
x and it halts with probability 1 — z. This is formalized by defining the transition function
a: X — RSYX) as follows:

alz) =x -0,
where ¢, is the Dirac probability measure centred on = € [0,1]. Note that «, being the
pointwise product of the continuous function (x — x) and the continuous function (z +— d,),
is indeed continuous.

The previous example is included particularly because it turns out to be useful in
proving Theorem 6.13, via Example 3.5 and Lemma 6.10. However, as a general example it
is amenable to criticism on the grounds that it does not use what we would consider to be
continuous probability distributions. Therefore we provide one further example.

Example 2.6. We define a Markov process « : ST — R=(S!) on the unit circle St with
the property that from each point there is a nonzero probability of moving to any interval
within S!. The circle S* is measurably isomorphic to (—m, 7] via the usual parametrization
by angle. Therefore we can consider the Lebesgue measure A restricted to S! and define an
Sl-indexed family of probability density functions on S*:

fe:S' =R
~ 1+4cos(¢+0)
foO) = —— >

from which we can define an S'-indexed family of probability measures on S, each with a
peak at ¢ but nonzero probability of moving to any interval within S*:

a(C) = fc A

which is to say, for every bounded real-valued measurable function g on S' we have

/Slgda(C) = /S1 gfcdA.
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It follows from the continuity of cos and arithmetic operations that if ({;);cn converges
to ¢ in S, then f¢, — f¢ pointwise. By the dominated convergence theorem, this implies
convergent sequences in S map to convergent sequences in R=!(S!) under . Since S! is
metrizable, we can conclude that « is continuous.

Remark 2.7. While these examples are natural, Definition 2.3 might appear unnecessarily
restrictive because several practically interesting classes of probabilistic systems do not have
a state space endowed with a compact topology (e.g., N and R are not compact) and often
the transition functions are not continuous (e.g., they are just Borel measurable). The
choice of using the class of compact Hausdorff spaces and continuous transition functions in
Definition 2.3 is mostly motivated by mathematical convenience since, as described later,
this is the class of topological spaces appearing in the duality theory of Riesz spaces. We
will explain in detail in Section 9 how this is not at all a restriction when it comes to Riesz
modal logic.

The theory of coalgebra (for a comprehensive introduction see [Jacl6]) provides a
convenient framework for formalizing the notion of morphism between Markov processes.
The following is an equivalent reformulation of Definition 2.3 in coalgebraic terms and relies
on the fact, discussed earlier, that R<! is an endofunctor on the category CHaus.

Definition 2.8. A Markov process is a coalgebra of the endofunctor R=! in the category
CHaus, i.e., it is a morphism a: X —R<!(X) in CHaus. A (coalgebra) morphism between
the coalgebra a: X —R=!(X) and the coalgebra 3:Y —R=}(Y) is a continuous function
f:X =Y such that the following diagram commutes:

X —%5 REY(X)

fl lR“(f) (2.3)
Y — = REY).

Such a morphism will be denoted by « EN B.

Definition 2.9 (Category of Markov Processes). We define the category Markov of Markov
processes to be CoAlg(R=!) where the objects are coalgebras a: X —R<!(X) in CHaus

and morphisms « i> [ are coalgebra morphisms.

It is a well known fact that CoAlg(F') is always a category, for any functor F. In
computer science, and in particular in the field of categorical semantics of programming
languages, one specific coalgebra in CoAlg(F') plays an important role. This is (when it
exists) the final object a: X — F(X) in CoAlg(F), and is called the final coalgebra. The
universal property that characterizes « is that, for every other F-coalgebra 5:Y — F(Y),
there exists one and only one coalgebra morphism 8 Xy o in CoAlg(F). This property
allows to interpret the domain X of « as the space of all “behaviours” as follows: given any
coalgebra 3 : Y — RS(Y), the behaviour of the state y is the point 1(y) € X. And two
states y1,y2 € Y are “behaviourally equivalent” if n(y1) = n(y2).

For this reason, in Section 7 we study some properties of the final Markov process, i.e.,
the final object in Markov.
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2.3. Riesz Spaces.

This section contains the basic definitions and results related to Riesz spaces. We refer
to [LZT71] for a comprehensive reference to the subject.

A Riesz space is an algebraic structure (A, 0, +, (r)rer, U, M) such that (A4, 0,4, ()rer) is
a vector space over the reals, (A, L, 1) is a lattice and the induced order (a < b < alMb=a)
is compatible with addition and with the scalar multiplication, in the sense that: (i) for all
a,b,ce A, if a <bthen a+c<b+c, and (ii) if @ > b and r € R>¢ is a non—negative real,
then ra > rb. Formally we have:

Definition 2.10 (Riesz Space). The language Lr of Riesz spaces is given by the (uncount-
able) signature {0, +, (),er, L, M} where 0 is a constant, +, Ll and 1 are binary functions
and r is a unary function, for all » € R. A Riesz space is a Lg-algebra satisfying the
equations of Figure 1. We use the standard abbreviations of —z for (—1)x and z < y for
rly==wx.

Note how the compatibility axioms have been equivalently formalized in Figure 1 as
inequalities and not as implications by using (zMy) and y as two general terms automatically
satisfying the hypothesis (x My) < y. Since the inequalities can be rewritten as equations
using the lattice operations (z < y < My = x), the family of Riesz spaces is a variety in
the sense of universal algebra.

(1) Axioms of real vector spaces:

e Additive group: x4+ (y+2)=(x+y)+z,z+y=y+zx,2+0=2z,2—2x =0,
e Axioms of scalar multiplication: r1(roz) = (r1-r2)x, lo = z, r(x+y) = (rx)+(ry),
(r1 +ro)x = (rz) + (roz),

(2) Lattice axioms: (associativity) zU (yUz) =(xUy)Uz, zM(yMNz) = (xMNy) Mz,
(commutativity) zUy = yUz, zMy = yMz, (absorption) zL(2My) = z, zM(zUy) = z,
(idempotence) x Uz =z, x Mz = x.

(3) Compatibility axioms:

g (5U|_|y)+2§3/+za
o r(xMy) <ry, for all scalars r > 0.

Figure 1: Equational axioms of Riesz spaces.

Ezample 2.11. The most familiar example is the real line R with its usual linear ordering,
i.e., with Ll and I being the usual max and min operations. An important fact about this
Riesz space is the following (see, e.g., [LvA07]). Given two terms 1, ts in the language of
Riesz spaces, the equality ¢; = t2 holds in all Riesz spaces if and only if t; = 9 is true in R.
In the terminology of universal algebra one says that R generates the variety of all Riesz
spaces. In this sense R plays in the theory of Riesz spaces a role similar to the two-element
Boolean algebra {0, 1} in the theory of Boolean algebras.

Ezxample 2.12. For an example of Riesz space whose order is not linear take the vector space
R™ with order defined pointwise: (z1,...,2n) <(y1,...,Yn) < x; <y;, for all 1 <i<n. More
generally, for every set X, the set R = {f : X — R} with operations defined pointwise
is a Riesz space. Since Riesz spaces are algebras, other examples can be found by taking
sub-algebras. For instance, the collection of bounded functions ¢*(X) = { f € RX |



6:12 R. FURBER, R. MARDARE, AND M. MIo Vol. 16:1

f is bounded} is a Riesz subspace of RX. As another example, if X is a topological space,
then the set of continuous functions C(X) = { f € RX | f is continuous} is another Riesz
subspace of RX.

The following definitions are useful. Let A be a Riesz space. An element a is positive
if a > 0. The set of all positive elements is called the positive cone and is denoted by AT.
Given an element a € A, we define at = a0, a” = —alU0 and |a| = a™ + a~. Note that
at,a",lal€ AT, at =(-a)",a” =(—a)T anda=a" —a".

Definition 2.13 (Archimedean Riesz space). An element a € A of a Riesz space is infinitely
small if there exists some b € A such that n|a| < |b], for all n € N. Clearly, 0 is infinitely
small. The Riesz space A is Archimedean if 0 is the only infinitely small element in A.
Equivalently, A is Archimedean if it satisfies the following (countably) infinitary rule:

la| <[b]  2lal <b] 3la[<[b] ... nla] <[]
a=20

- (A)

Figure 2: Archimedean Rule

All the Riesz spaces in Examples 2.11 and 2.12 are Archimedean. Not all Riesz spaces
are Archimedean, however, as the following example shows.

Ezample 2.14. The vector space R? with the lexicographic order, defined as (x1,41) <
(z2,y2) < either 1 < xg or 1 = z9 and y; < yo, is not Archimedean. For instance, (0, 1) is
infinitely small with respect to (1,0).

As usual in universal algebra, a homomorphism between Riesz spaces is a function
f: A — B preserving all operations. Therefore a Riesz homomorphism is a linear map
preserving finite meets and joins.

Definition 2.15 (Ideals and Maximal Ideals). A subset J C A of a Riesz space A is an
ideal if it is the kernel of a homomorphism f : A — B, in the sense that J = f~1({0}) =
{a | f(a) = 0}, for some Riesz space B. The sets {0} and A itself are trivially ideals. All
other ideals are called proper. Ideals in A can be partially ordered by inclusion. An ideal
J C A is called mazimal if it is a proper ideal and there is no larger proper ideal J C J'.

The following alternative characterization of ideals (see, e.g., Section 3.9 of [Vul67]) is
often much more simple to deal with.

Proposition 2.16. Let A be a Riesz space. A subset J C A is an ideal if and only J is a
Riesz subspace of A (i.e., closed under all operations) and furthermore, for all a € J and
be A, iflal € J and |b] < |a| then b e J.

Example 2.17. Given any Riesz space A, the collection of infinitely small elements (see
Definition 2.13) is an ideal of A.

We now introduce the important concept of a strong unit.

Definition 2.18 (Strong Unit). An element u € A is called a strong unit if it is positive
(i.e., u € AT) and for every a € A there exists n € N such that |a|] < n(u).
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Ezample 2.19. The real line R has 1 as strong unit. The space RN does not have a strong unit.
Its subspace ¢*°(N) consisting of bounded functions has 1y (the constant n — 1 function) as
strong unit. Similarly, let X be a compact topological space and C(X) the Riesz space of
continuous functions into R. Since X is compact, any function f € C(X) is bounded and
therefore 1y is a strong unit of C'(X).

We now introduce a notion of convergence in Riesz spaces which plays an important
role in the duality theory of Riesz spaces.

Definition 2.20 (u-convergence and u-uniform Cauchy sequences). Let A be a Riesz space
and u be a positive element u>0. We say that a sequence (a,)nen converges u-uniformly to
b, written (a,) — b, if for every positive real € > 0 there exists a natural number N, such
that |b — a,| < eu, for all n > N.. We say that (a,)nen is a u-uniform Cauchy sequence if
for every € > 0 there exists a number N, such that |a; — a;| < eu, for all i,j > N..

Clearly, if (an)—b then (ay) is a u-uniform Cauchy sequence.

Definition 2.21 (uniform completeness). A Riesz space A is u-uniformly complete if for
every u-uniform Cauchy sequence (a,,) there exists b€ A such that (ay,) — b. It is uniformly
complete if it is u-uniformly complete, for all uc A*.

We now state important properties related to uniform completeness of Archimedean
Riesz spaces with strong unit.

Theorem 2.22 (45.5 in [LZ71]). If A is Archimedean and has strong unit u, then A is
uniformly complete if and only if it is u-uniform complete.

Example 2.23. The Riesz space R has 1 as strong unit. It is a 1-uniformly complete space as
the notion of 1-uniform Cauchy sequence coincides with the usual notion of Cauchy sequence
of reals. Therefore R is uniformly complete. Let X be a compact Hausdorff space, C(X) the
Riesz space of continuous functions f: X —R and 1y € C(X) the constant function z — 1.
Then C(X) is 1x-uniformly complete ([LZ71, Example 27.7, Theorem 43.1]). Once again,
C(X) is uniformly complete because 1y is a strong unit.

Theorem 2.24 (Theorem 43.1 in [LZ71]). Let A be Archimedean with strong unit u € A.
Let ||| : A — Rx>q be defined as:

|a|| = inf{r e R | |a|] < ru} (2.4)

Then ||-|| is a norm on A, i.e., ||0]|=0, |la+b| < |la|| + ||b]| and ||ra|| = |r| - |a|, for all
a,be A and reR.

As a consequence, each Archimedean Riesz space with strong unit is a normed vector
space and therefore can be endowed with the metric d4: A? — Rx( defined as da(a,b) =
|la — bl|. Accordingly, we say that a Riesz homomorphism f:A— B between Archimedean
spaces with strong units is continuous (resp. is an isometry) if it is continuous (resp. distance
preserving) with respect to the metrics of A and B.

Importantly, on Archimedean spaces with strong unit, the notion of uniform convergence
and convergence in the norm (i.e., in the metric d) coincide.

Theorem 2.25 ((Theorem 43.1 in [LZ71])). Let A be an Archimedean Riesz space with
strong unit u. A sequence (ay) converges u-uniformly to b if and only if (a,) converges in
norm to b. The space A is uniformly complete if and only if it is complete as a metric space.
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2.4. Riesz Spaces with a distinguished positive element.

It is now convenient to extend the language of Riesz spaces with a new constant symbol
u for a positive element.

Definition 2.26. A Riesz space with distinguished positive element wu is a pair (A, u) where A
is a Riesz space and u > 0. A morphism between (A, u) and (B, v) is a Riesz homomorphism
f:+A— B such that f(u) =v. If u is a strong unit in A we say that (A, u) is unital.

When confusion might arise, we will stress the fact that a homomorphism f: (A, u)—
(B,v) preserves the distinguished positive elements (i.e., f(u)=wv) by saying that f is a
unital (Riesz) homomorphism. We write Riesz" for the category having Riesz spaces (4, u)
with a distinguished positive element as objects and unital homomorphisms as morphisms.
We write URiesz for the subcategory of Riesz" whose objects are unital Riesz spaces.

Ezample 2.27. The basic example is the real line (R,1). Since 1 is a strong unit, this is
in fact a unital Riesz space. Furthermore it follows easily from the result mentioned in
Example 2.11 that (R, 1) generates the variety Riesz".

The following theorem (see, e.g., [LZ71, Thm 27.3-4]) expresses a key property of unital
Riesz spaces.

Theorem 2.28. Let (A,u) be a unital Riesz space. Then, for every unital homomorphism
(A u)—= (R, 1), the ideal f~1(0) is mazimal. Conversely, every mazimal ideal J in (A, u)
is of the form fjl(()) for a unique unital Riesz homomorphism fr:(A,u)—(R,1).

Hence there is a one-to-one correspondence between maximal ideals in unital Riesz
spaces (A, u) and homomorphisms into (R, 1) preserving the unit. Observe, once again
(cf. Examples 2.11 and 2.27), how the Riesz space (R, 1) plays, in the theory of unital
Riesz spaces, a role similar to two element Boolean algebra {0, 1}, in the theory of Boolean
algebras.

We say that a unital Riesz space (A, u) is Archimedean if A is Archimedean. We
write AURiesz for the category of Archimedean unital Riesz spaces with unital Riesz
homomorphisms. We write CAURiesz for the category of Archimedean and uniformly
complete unital Riesz spaces with unital Riesz homomorphisms.

CAURiesz — AURiesz — URiesz — Riesz"

Ezample 2.29. Let X be a compact Hausdorff space. Let 1x be the constant (x — 1) € C(X)
function. Then (C(X),1x) is an Archimedean unital and uniformly complete Riesz space
[LZ71, Example 27.7, Theorem 43.1].

The following results describe the property of being Archimedean for unital Riesz spaces.

Theorem 2.30. Let (A, u) be a unital Riesz space. An element a € A is infinitely small if
and only if nla| < u, for all n € N. This means that the Archimedean rule (cf. Definition
2.13) can be equivalently reformulated as follows:
la| <u  2la|<u  3la|]<u ... nla/<u
a=20
Furthermore, A is Archimedean if and only if for every a # 0 there exists a unital Riesz

homomorphism f:(A,u)— (R, 1) such that f(a)#0.

- A
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Corollary 2.31. Let (A,u) and (B,v) be unital Riesz spaces and f : A — B a unital Riesz
homomorphism. If a € A is infinitely small then f(a) € B is also infinitely small.

Proof. By assumption we have that for all n € N the inequality n|a| < u holds. Since
f is a homomorphism we have that f is monotone (and thus f(n|a|) < f(u)) and that
f(nl|a]) = n|f(a)|. Furthermore, since f is unital, we have that f(u) = v. Therefore we have:

f(nlal) =nlf(a)] <v
for all n € N which means that f(a) is infinitely small. ]

2.5. Yosida’s Theorem and Duality Theory of Riesz Spaces.

In this section we assume familiarity with the basic notions from category theory
regarding equivalences of categories and adjunctions. A standard reference is [ML71].

The celebrated Stone duality theorem states that any Boolean algebra B is isomorphic
to the Boolean algebra of clopen sets (or equivalently continuous functions f: X — {0,1}
where {0, 1} is given the discrete topology) of a unique (up to homeomorphism) Stone space,
i.e., a compact Hausdorff and zero—dimensional topological space X. Here X is the collection
Spec(B) of maximal (Boolean) ideals in B endowed with the hull-kernel topology. In fact
this correspondence can be made into a categorical equivalence between Stone and Bool°P.

A similar representation theorem, due to Yosida [Yos41], states that every uniformly
complete, unitary and Archimedean Riesz space (A, u) is isomorphic to (C(X),1x), the
Riesz space of all continuous functions f: X — R, of a unique (up to homeomorphism)
compact Hausdorff space X. This correspondence can be made into a categorical equivalence

CHaus ~ CAURiesz” (2.5)

see, e.g., [Wes16] for a detailed proof. In fact Yosida proved a more general result which
can be conveniently formulated as an adjunction between CHaus and AURiesz®® which
restricts to the equivalence (2.5) on the subcategory CAURiesz®P. In the rest of this section
we describe it as a unit—counit adjunction (7, €) : C' 4 Spec consisting of two functors:
C:CHaus — CAURiesz®® — AURiesz®?
Spec: AURiesz®® — CHaus
and two natural transformations:
7 : idcHaus = Speco C
€ : C o Spec = id AURijesz°P
called unit and counit, respectively.

We first define the functor C': CHaus — CAURIiesz®.

On objects, for a compact Hausdorff space X, we define C'(X) as the set of continuous
real-valued functions on X, equipped with the Riesz space operations defined pointwise
from those on R (see Example 2.12) and strong unit 1x (x + 1). As discussed earlier (see
Example 2.29) this is indeed a uniformly complete Archimedean and unital Riesz space. On
continuous maps f: X —Y, we define C(f)(b) =bo f, for all be C(Y'). This is easily proven
to be a unital Riesz space morphism by the fact that the Riesz space operations are defined
pointwise.

We now turn our attention to the description of the functor Spec : AURiesz®® —
CHaus.
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As in the Stone duality theorem, on objects (A, u) in AURiesz, the functor Spec(A) is
defined as the spectrum of A, i.e., the collection of all maximal ideals of A (see Definition
2.15) equipped with the hull-kernel topology which can be defined as follows. A subset
X C Spec(A) is closed in the hull-kernel topology if and only if there exists a (not necessarily
maximal) ideal I C A such that X = hull(Z) where hull(I) = {J € Spec(A) | I C J}. See,
e.g., [LZ71, Theorem 36.4 (ii)] for a proof that Spec(A) is indeed a compact Hausdorff space.
On maps, for a unital morphism f:(A,uas)— (B,up) we define, for every J € Spec(B),
Spec(f)(J) = £1(J).

We now turn our attention to the description of the unit 7:idcHaus = Spec o C. This
is a collection of maps { nx : X — Spec(C(X))} indexed by compact Hausdorff spaces.
For a fixed compact Hausdorff space X and x € X we can define the map J,: C(X) =R
as 0z(f) = f(x) which is easily seen to be a unital Riesz homomorphism. Therefore, by
Theorem 2.28 the set N, =4§,1(0) is a maximal ideal in C(X), i.e., N, € Spec(C(X)). We
then define nx as nx(z)=N,.

Lastly, we now proceed with the definition of the counit € : C' o Spec = idAURjeszo?-
This is a collection of morphisms {e4 : C(Spec(A)) — A} in AURieszP, or equivalently
a collection of morphisms {e4 : A — C(Spec(A4))} in AURiesz, indexed by unital and
Archimedean Riesz spaces (A, u4). For a fixed such (A, u) and a € A we can define a function
a:Spec(A)—=R as a(J)=fs(a), where f; is the homomorphism from Theorem 2.28. That is
(see [LZ71, Thm 27.3-4]) the value a(J) is defined as the unique real number r such that
rug —a€J. The map a is continuous, i.e., @ € C(Spec(A)). We then define €4 as e4(a) = a.

The statement of Yosida’s theorem can then be formulated by the following two theorems
(see [Yos4l, Theorems 1-3], also [LZ71, Theorems 45.3 and 45.4] and [Wes16]).

Theorem 2.32. Both C' and Spec are functors. Both n and € are natural transformations.
The quadruple (n,€) : C - Spec is a unit-counit adjunction. The counit €4 is an isometric
isomorphism between A and its image in C(Spec(A)).

Proof. The fact that C is indeed a functor follows from elementary properties of composition
of functions and identity maps. We now show Spec is a functor. Let f : (4,u4) — (B,up)
be a unital Riesz homomorphism and J C B a maximal ideal. By Theorem 2.28 there is a
unital Riesz morphism ¢;: B — R such that qb;l(O) = J. The composite ¢ o f is a unital
Riesz homomorphism A — R, so

Spec(f)(J) = f7H(J) = (¢50 /)7}(0)

is a maximal ideal in A. This shows Spec(f) is a function Spec(B) — Spec(A). We show
it is continuous by showing that the preimage of a closed set is closed. Any closed set in
Spec(A) is hull(I) for some ideal I C A. By [LZ71, Theorem 59.2 (iii)], f(I) is also an ideal.
By elementary manipulations of the definitions, Spec(f)~!(hull(I)) = hull(f(I)), which, as
we started with an arbitrary closed set, proves the continuity of Spec(f). By basic properties
of the preimage mapping, Spec preserves identity maps and reverses composition, and is
therefore a contravariant functor, as required.

We now consider the unit. In [Yos41l, Theorem 4] Yosida shows that the mapping
N. : X — Spec(C(X)) is a homeomorphism onto its image and has dense image. The
compactness of X then implies that the image of N. is closed, and therefore is all of
Spec(C(X)), i.e., N- is a homeomorphism X — Spec(C(X)).

The proof of naturality, i.e., that Ny = Spec(C(f))(/Nz) for all continuous maps
f: X — Y and for all x € X, is done by expanding the definitions on each side, so is
omitted. As a result, Spec o C = IdcHaus-



Vol. 16:1 PROBABILISTIC LOGICSBASED ON RIESZ SPACES 6:17

For the counit, Yosida shows that a € C(Spec(A)), and ° is a unital Riesz space
homomorphism with norm-dense image [Yos41, Theorems 1-2] (see also [LZ71, Theorem

45.3]).
The naturality of -, i.e., that for all f : A — B a unital Riesz homomorphism, a € A,

J € Spec(B) we have f(a)(J) = C(Spec(f))(a)(J) reduces to showing that a(f=1(J)) - ua —
f(a) € I, which is easily done using the linearity and unitality of f and the definition of .

To show that Spec is a right adjoint to C', we only need to prove that the following
diagrams commute:

~

C(x) <" C(Spec(C(X)))  Spec(4) Y Spec(C(Spec(4)))
k Tﬁc(x) x lSpec(eA)
C(X) Spec(4),

where X is a compact Hausdorff space and A a unital Archimedean Riesz space.
For the first diagram, we want to show that if @ € C(X) and =z € X, we have
C(nx)(ec(x)(a))(x) = a(r). Expanding the definitions, this is equivalent to showing

a(N,) = a(). (2.6)

By the definition of >, we have a(N;)-1x —a € N,. Applying the definition of N, and
elementary algebra then gives us the result.
For the second diagram, we want to show that for each J € Spec(A) and a € A that
a € Spec(ea)(Nspec(a)(J)) < a € J. This can be proved simply by expanding the definitions.
We have therefore shown that C' 4 Spec, i.e., Spec is a right adjoint to C. L]

Theorem 2.33. When restricted to CAURIiesz?, the adjunction becomes an equivalence
of categories. An object (A,u) of AURiesz is uniformly complete (i.e., it belongs to
CAURiesz) if and only if e is a Riesz isomorphism.

Proof. Yosida shows that - is a unital Riesz space isomorphism iff A is uniformly complete in
[Yos41, Theorem 3] (see also [LZ71, Theorem 45.4]). As the (norm) unit ball of A is exactly
the inverse image of the unit ball of C(Spec(A)), we have that the embedding - is also an
isometry, and therefore C'(Spec(A)) is isomorphic to the Banach space completion of A.
We already saw in Theorem 2.32 that Yosida proved that ny is always an isomorphism
for X a compact Hausdorff space. Therefore (C,Spec,n, €) is an adjoint equivalence when
restricted to CAURiesz [MLT71, §IV.4]. ]

The functor C o Spec: AURiesz®®? — CAURiesz’® maps (not necessarily uniformly
complete) Archimedean unital Riesz spaces to uniformly complete ones. In fact, Yosida
showed that A embeds densely in C'(Spec(A)). Therefore C'(Spec(A)) is isomorphic to the
completion of A in its norm (as defined in the statement of Theorem 2.24).

Definition 2.34. The uniform Archimedean and unital Riesz space C(Spec(A)) is called
the uniform completion of A and is simply denoted by A. We always identify A with the
(isomorphic) dense sub-Riesz space e4(A) of A.

A~

Proposition 2.35. For every A € AURiesz, the two spaces Spec(A) and Spec(A) are
homeomorphic. Furthermore, for every B€ AURiesz and unital homomorphism f:A — B
there exists a unique unital Riesz homomorphism f: A — B extending f.
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2.6. Dedekind Complete Riesz Spaces.

We conclude this section by discussing Dedekind—complete Riesz spaces. We refer to
[Vul67, §4] for a detailed introduction. Dedekind—complete Riesz spaces, due to their order—
completeness properties, play a role when fixed—point extensions of Riesz modal logic, based
on the Knaster—Tarski theorem, are considered (see, e.g., [Miol2b, MS17, Miol4, Miol8]).

Definition 2.36. Let (L,U,M) be a lattice. The lattice L is complete if for every subset
A C L there exist in L both a least upper bound (| |4) and a greatest lower bound ([ ]A).
The lattice L is Dedekind—complete if, for every bounded subset A C L, there exist in L both
| JA and []A.

It follows from this definition that every complete lattice is Dedekind—complete, but the
converse is not true. The real numbers R is an example of Dedekind—complete lattice which
is not complete since suprema and infima of unbounded sets do not exist in R.

Definition 2.37 (Dedekind—complete Riesz space). The Riesz space A is called Dedekind—
complete if its underlying lattice is Dedekind—complete.

The following is an important property of Dedekind—complete Riesz spaces (see, e.g.,
Theorem 25.1 of [LZ71]).

Theorem 2.38. Fvery Dedekind—complete Riesz space A is Archimedean and uniformly
complete.

In particular, if the Dedekind—complete Riesz space A has a strong unit u 4, the Yosida
duality described in Section 2.5, can be applied. Therefore every Dedekind—complete Riesz
space A with strong unit u4 is isomorphic to the space of real-valued functions C'(X) of a
unique (up to homeomorphism) compact Hausdorff space X. To the order—theoretic property
of Dedekind—completeness corresponds, via Yosida duality, a topological property of the
dual space: X is extremally disconnected.

Definition 2.39. A topological space is extremally disconnected if the closure of every open
set is clopen. An extremally disconnected space that is also compact and Hausdorff is called
Stonean.

It is well-known that a Stonean space X is (up to homeomorphism) the Stone dual of a
unique (up to isomorphism) complete Boolean algebra. Hence we get (see, e.g., Chapter IV
of [Vul67]) the following:

Proposition 2.40. Let A be a Dedekind—complete Riesz space with strong unit us. Then
A is isomorphic to C(X) for a unique (up to homeomorphism) Stonean space X .

The following theorem, due to Yudin (see [Vul67, Thm IV.11.1]), is the Riesz space
equivalent of the Dedekind-MacNeille completion theorem in the theory of lattices. It
states that it is possible to embed an arbitrary unital Archimedean Riesz space A into a
essentially minimal Dedekind—complete unital Riesz space, called the Dedekind—completion
of A, preserving all suprema and infima existing in A.

Theorem 2.41 (Dedekind completion). For every Archimedean unital Riesz space R there
exists a Dedekind complete Archimedean and unital space R, called the Dedekind completion
of R, such that:

(1) R embeds in R, so we can just write R C R,
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(2) R is order—dense in R, i.e., for every f < h € R there exists g € R such that f < g < h,

(3) existing suprema and infima in R are preserved in R. This means that for every A C R
and f =| | A (sup existing and taken in R) then f =|]A in R too.

(4) R is the smallest Dedekind complete space satisfying the properties above.

3. RiESzZ MoDAL LoGIC, SYNTAX AND TRANSITION SEMANTICS
In this section we formally introduce Riesz modal logic for Markov processes.

Definition 3.1 (Syntax). The set of formulas Form is generated by the following grammar:
6= 0|1]r¢ o+ oUv|¢Ny|0p  wherer € R.

The semantics of a formula ¢, interpreted over a Markov process a : X — R=HX) (see
Definition 2.8), is a continuous function [¢], : X — R defined as follows.

Definition 3.2 (Semantics). Let o : X — R=!(X) be a Markov process. The semantics (or
interpretation) of a formula ¢ relative to the Markov process « is the continuous function
[¢]a € C(X) defined by induction on ¢ as follows:

[0]a(z) =0 [a(z) =1
[réla(@) =7+ ([¢la(x))  [6+¢la(@) = [la(z) + [¥]a(2)
[¢ U ¢]a(z) = max {[¢]a(x), [¢¥]a(z)}
[6 N ¥]a(z) = min {[¢]a(z), [¢]a(@)}

[08]a(z) = /X [¢]0 d(z) = By ([¢]a)

Hence [0], and [1], are the constant functions Ox (z+0) and 1x (x> 1), respectively.
The connectives {r(_),+,U, M} correspond to the real vector space and lattice operations
of R lifted to C'(X) pointwise (see examples and 2.12 and 2.29). The semantics of the
formula (¢ is the function that assigns to x the expected value of [¢], with respect to the
subprobability measure «a(x).

Example 3.3. Consider the Markov process o : X — R=1(X) of Example 2.2, having state
space X = {z1,z2} endowed with the discrete topology. The semantics [¢],, of a formula ¢
is thus a real-valued function [¢], : X — R. Furthermore, since the state space is discrete,
the interpretation of ¢ can be simply expressed as a weighted sum:

[06]a(z) =D ([6]aly) - du(v))
yeX
where d, = a(z), i.e., d, € DSY(X) is the subprobability distribution over X assigned to x
by the transition function a.
Now consider the formula ¢1. The formula ¢1 can be understood as mapping each state
x € X to the total mass of the probability distribution «(x). Therefore in this example we
have [01]o(z1) = 2 and [01]a(z1) = 3.
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Consider next the formula —(¢1)+1. Simple calculations show that [—(01)+1]a(21) = &
and [—(01) 4 1]a(z2) = 2. The formula —(01) + 1 assigns to each state the probability of
terminating the computation at that state.

The semantics of the formula ¢({Q1) can be calculated as follows:

[001aer) = 5 (101)(@0) + 5 ([01]@2)) = 5 -2 + 5

CO\H

and

[001]a(e2) = 5 (1010(@) +0([01](e2)) = 3 - 5 +0= 15

Indeed the meaning of Q{1 is the function that assigns to each state the probability of
making two computational steps (without halting) starting from that state.

Example 3.4. Consider the Markov process a : X — R=!(X) having state space {z,vy, 2}
depicted as follows:

Consider the two formulas ¢1 = Q(1)1 Ug) and ¢ = O(¢1) U O(1h2), where ¢; = Q1 and
o = (1 — O1) and observe that [i1](z) = 1 = [¢2](2) and [¥1](z) = 0 = [¢2](x).

The semantics of the formulas ¢ and ¢9 at the state y is calculated as follows:

[¢1]aly) = (Wll—l%ﬂ (2)) + 3 ([r Uala(2))
= (1u0) 2(ou1)

3

1
i
i
3
=1

and

o) = (o) + 4011a(2) U (loalele) + Fual(2)
(F+0U0+3)

3
Hence this example shows that the distributivity law:

Oz Uy) = O(x) L O(y)

generally fails in Riesz modal logic.

Ezample 3.5. Consider the Markov process « of Example 2.5, having state space X = [0, 1].
The semantics of the formula ¢1 is the continuous function [01], : [0,1] — R. Again, the
formula ¢1 maps each state x to the total mass of the subprobability measure «(x). Hence,
by expanding the definitions, it corresponds to the identity function:

[O1]a(z) = / lda(z) = / 1-zdd, ==z
[0,1] [0,1]

Similarly, the semantics of {({1) is the quadratic function:

[001]a( / [01]a da(x) = /[01] z-zdd, =22 . M
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The fact that [Q¢], is indeed continuous, for any formula ¢ and Markov process «, is a
direct consequence of the Riesz—Markov—Kakutani theorem, as we now prove (Lemma 3.8

below).
Recall from Section 2.1 that, by the Riesz—Markov—Kakutani theorem, we have the
correspondence

RELX)~ (X SR) LR g E,
where we used the letters ¢ and [ as a reminder of when the space of continuous functions

and the space of positive, linear and 1x-decreasing functions are considered. Therefore, each
Markov process a : X — R=1(X) can be identified as the function:

a: X5 (X SR)SR)
where
A@)(f) = Buge) () = | fda(a).
By swapping the arguments of « as a curried function, we obtain a positive linear map
C(X) — O(X) (where C(X) = X 5 R) which, for clarity, we denote by {4
Oa: (X 5SR) = (X 5SR), where Oo(f)(x) = a(z)(f) (3.1)

To see that Q4 (f) is indeed a continuous function, for any feC(X), let (x;);c; be a net in
X converging to z € X. We need to prove that lim;e; On(f)(x;) = Oal(f) (limjes x;). This
follows from the definition (3.1) and from

ima(e)(f) = (ot ) () = () ()
el el el
where the first equality follows from the definition of the weak-* topology and the second

from the continuity of a.
The following proposition then follows.

Proposition 3.6. Let a: X —RSYX) be a Markov process and let O, be defined as above.

Then, for every f,g € C(X), the operator (o has the following properties:

L4 (Linear) Oa(rf> = T<>oc(f) and Qa(f + g) = Qa(f) + Oa(g);
e (Positive) if f > O0x then Ou(f) > Ox,
e (1x-decreasing) On(lx) < 1x.

This discussion allows us to equivalently rephrase the definition of the semantics of
Riesz modal logic formulas.

Definition 3.7 (Semantics, rephrased). Let a: X — R=!(X) be a Markov process. The
semantics [¢], € C(X) of ¢ can be defined by induction on ¢ as follows:
[0]o =0x [l =1x
[r¢la =r[la [¢+ ¥l = [¢]a + [¥]a
[[¢ L 1“]& = [[¢Ha U H¢Ha [[¢ M wﬂa = [[¢]]a M H¢Ha
[0¢]a = Oal([¢]a)

The following lemma now becomes obvious since {, maps continuous functions to
continuous functions.

Lemma 3.8. For every ¢ the function [¢]a is continuous.
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The following simple to prove proposition states that the the semantics of formulas is
invariant under coalgebra morphisms.

Proposition 3.9. Let a: X - R=YX) and B:Y = R=YHY) be two Markov processes and

let o L B be a coalgebra morphism. For every formula ¢ the equality [¢p]o = [¢]p o f holds,
ice., [Ba() = [813(/(x)), for all z€ X.

Proof. We simply need to unfold the definitions. Recall that a coalgebra morphism « i) 15}
is a continuous function f : X — Y such that 8(f(z)) = R='(f)(«(z)) holds. By definition
of the action of the Radon functor R=! on morphisms (see Section 2.1) we have that
the probability measure 3(f(x)), or equivalently its corresponding expectation functional
Eg(f(z)) : C(Y) — R, is definable as follows:

Eg(f(2))(0) = Eqa)(bo f) (3.2)
for all b € C(Y). We prove the statement [¢], = [¢]g o f by induction on the structure of
¢. The only non trivial case is that of ¢ = Q1. By definition we have:

[0¥]a(z) = Eq()([¥]a) and [0¢]s(f(2)) = Eg(s@)) ([¥]s)
Therefore, by Equation 3.2 above, we obtain the equality [01]s(f(z)) = Eq) ([¥]s o f)-
The inductive hypothesis [¢)]o =[] o f on ¢ then concludes the proof. ]

3.1. Semantic equivalence of formulas. We now turn our attention to the set of valid
equalities between modal Riesz formulas.

Definition 3.10 (Equivalence of formulas). Given a Markov process a : X — R<1(X), we
say that two formulas ¢ and ¢ are a-equivalent, written ¢ ~q, 1, if it holds that [¢]o = [¢]a-
Similarly, we say that two formulas are equivalent, written ¢ ~ 1, if for all & € Markov it
holds that ¢ ~ .

It is clear, from the unital Riesz space structure of (C(X),1x), that all Riesz spaces
axioms hold true with respect to the equivalence relation ~. For example ¢ + ¢ ~ ¥ 4+ ¢
and (r + s)¢ ~ r¢ + sip. It also follows from the previous discussion on the semantics of the
formula Q¢ that
e (Linearity) r0¢ ~ O(r¢) and O(¢ + 1) ~ O + O
e (Positivity) O(¢oL10) LU0 ~ O(p LU 0)

e (1-decreasing) O(1) U1 ~1

One of the main goals of this work is to show that, in fact, this set of axioms (axioms
of Riesz spaces with a positive element together with the axioms listed above for ¢) is
complete in the sense that any valid equality ¢ ~ 1 can be derived syntactically from these
axioms using the inference rules of equational logic and the Archimedean rule. This is stated
precisely as Theorem 8.1 in Section 8.
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3.2. Relation with other probabilistic logics in the literature. Other real-valued
logics for expressing properties of Markov chains or similar systems (e.g., Markov decision
processes, weighted systems, etc.) have an underlying! basic real-valued modal logic which
differs from Riesz modal logic in the choice of the basic connectives. It turns out that most
of such basic modal logics can be interpreted within Riesz modal logic.

For example, the real-valued modal logic of Panangaden (see [Pan09, §8.2]), which is
particularly important because it characterizes the Kantorovich pseudo-metric on Markov
processes? has real-valued semantics of type [¢]s: X — [0, 1] with formulas defined by the
syntax:

g, u=11—¢| oMY |Op|pOT where €0, 1]
and semantics of the arithmetic connectives given as [¢ © ] (x) = max{0, [¢]a(x) — 7}.
Therefore this logic can be directly interpreted in Riesz modal logic by defining

por=0u(ep—rl).

Similarly, the real-valued modal logic underlying the Lukasiewicz modal p-calculus (see
[MS17] and [Miol4]), which is important because this logic (once extended with fixed—point
operators) is sufficiently expressive to interpret probabilistic CTL, has also real-valued
semantics of type [¢]q: X — [0, 1] with formulas defined by the syntax:

o u=0[1[ro|¢@¢|d0¢Y[oUd|dNy |0 where €[0, 1]

and semantics of the arithmetic connectives given as:

[¢ @ ¢]alz) = min{l, [¢]a(z) + [¢la(2)}  [¢©Y]a(z) = max{0, [¢]a(z) + [¢]alz) —1}.

Therefore, also this logic can be interpreted in Riesz modal logic by defining

oY =1N(P+v) dOP=0U(¢+¢—1).
This implies that the extension of Riesz modal logic with fixed—point operators is also
sufficiently expressive to interpret probabilistic CTL.

4. MoODAL RIESZ SPACES

In this section we introduce the notion of modal Riesz space. This will be the variety of
algebras corresponding to Riesz modal logic for Markov processes.

Definition 4.1. A modal Riesz space is a structure (A, u, ) where (A, u) is a Riesz space
with designated positive element u (Definition 2.26) and ¢ : A — A is a unary operation
satisfying:

(1) (Linearity) ¢(a+b) = O(a) + O(b) and O(ra) = r(0a), for all reR

(2) (Positivity) O(aUl0) > 0,

(3) (u-decreasing) O(u) < u.

1Often these logics extend their basic modal fragment with other operators (e.g., defined by fixed—point
equations) which increase the overall expressive power.

2Here we are slightly abusing the terminology because the notion of Markov process of [Pan09, §8.2] differs
from ours in that it allows analytic spaces (i.e., continuous images of Polish spaces) as state—spaces, rather
than compact Hausdorff spaces, and measurable transition maps, rather than continuous ones. in Section 9
we discuss how Markov processes in the sense of [Pan09, §8.2]) can be embedded into Markov processes in
our sense. But for the purpose of this paragraph, it is enough to compare the logic of Panangaden with Riesz
modal logic on probabilistic models that fit both definitions: e.g., Markov processes in our sense having a
Polish state—space.
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The full list of axioms in presented in Figure 3.

Thus the class of modal Riesz spaces is a variety in the sense of universal algebra
(because the inequalities here can be rewritten as equalities using the lattice operations).
Homomorphisms of modal Riesz spaces are unital Riesz homomorphisms which further
preserve the ¢ function (i.e., f(0(a))=0(f(a)). We say that (A, u, ) is Archimedean (resp.
unital and u-complete) if (A, u) is Archimedean (resp. unital and u-complete). We denote
by Rieszg the category having modal Riesz spaces as objects and homomorphisms of modal
Riesz spaces as morphisms. We also define URiesz,, AURiesz, and CAURiesz, to be
the categories of unital, Archimedean and unital, u-complete Archimedean and unital modal
Riesz spaces, respectively.

CAURiesz, — AURiesz, — URiesz, — Riesz;

(1) Axioms of Riesz spaces:

e Real Vector space:

— Additive group: z + (y+2)=(x+y)+z,z+y=y+z, 2 +0=x,x —z =0,
— Axioms of scalar multiplication: r1(rqz) = (r1 - o)z, lx = x, r(z +y) =
(r2) + (1), (r1 +72)2 = (r12) + (r22),

e Lattice axioms: (associativity) zU (yUz)=(xUy)Uz, zMN(yMz)=(zNy)Mz,
(commutativity) z Uy = y Uz, zMy = y Mz (absorption) z U (z Ny) = z,
zM(zUy) = z, (idempotence) z Uz =z, z Nz = z.

o Compatibility axioms:

(a) (zMy)+2z< (y+2),

(b) r(xMy) < ry, for all scalars r > 0.
(2) Axiom of the positive element: 0 < u,
(3) Modal axioms:

o Linearity: O(riz + ry) = rid(z) + r20(y),

e Positivity: 0 < O(x U 0),

e u-decreasing: ¢1 < 1.

Figure 3: Equational axioms of modal Riesz spaces.

Remark 4.2. Note that in the presence of linearity, positivity of ¢ is equivalent to monotonicity
of ¢ (i.e., a < bimplies ¢(a) < O(b)). Clearly monotonicity implies positivity. In the other
direction, assume ¢ is positive and let a < b. Note that a < b < b—a > 0 [LZ71, Thm
11.4]. Then by positivity ¢(b — a) > 0. By linearity, ¢(b) — ¢(a) > 0 and this is equivalent
to O(b) > O(a).

Ezample 4.3. As a trivial example, note that every Riesz space (A4,u) can be given the
structure of a modal Riesz space by taking, e.g., { to be the constant 0 function {(a) = 0 or
the identity function ¢(a) = a.

More interestingly, each Markov process gives rise to a modal Riesz space.

Example 4.4. Let a : X — R=YX) be a Markov process. As discussed in Section 3
we can view « as the operator ¢, : C(X) — C(X) acting on the unital Riesz space
(C(X),1x). By Proposition 3.6 the operator ¢, satisfies the required properties to make
(C(X),1x,0q) a modal Riesz space. Furthermore, since (C(X),1x) € CAURiesz we have
that (C(X),1x,0q) € CAURiesz.
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Hence, to each Markov process a: X — R=!(X) corresponds the modal Riesz space
Ay=(C(X),1x,0q) € CAURIeszy.

By combining the Riesz—Markov—Kakutani representation theorem and Yosida’s theorem
we have in fact that this correspondence is bijective on isomorphism classes.

Theorem 4.5. For each A = (A,u,()) € CAURIiesz, given a choice of isomorphism
A= C(X), there exists one and only one Markov process o€ Markov such that A = A,.

Proof. By Yosida’s theorem (Theorem 2.33), (A, u) is isomorphic to (C(X),1x) for a unique
(up to homeomorphism) compact Hausdorff space X =Spec(A). Fixing such an isomorphism
and conjugating the original ¢ by the isomorphism, we get a positive linear 1x-decreasing

map ¢:C(X) % C(X):

01 (X SR) L (X SR)
and by swapping the arguments as a curried function, we equivalently get a function which,
for clarity, we denote by a:

a: X S5 (X SR SR)  ag@)(f) = 0(f)(@), (4.1)

By using the Riesz—Markov-Kakutani theorem, the space ((X 5 R) AN R) coincides with
R=1(X). We can show that ay is indeed continuous using the definition of continuity in
terms of nets, as follows. Let (x;);cs be a net converging to z € X. Since ¢(f) is a continuous
function, for each feC(X), we have O(f)(lim; z;) = lim;(O(f)(x;)) and therefore, from the

definition oy, we have
o (lim ) (f) = lim (e (1) ()

As this holds for all f € C(X), this shows that o (lim; ;) = lim; ¢ (x;), where the latter
limit is with respect to the weak-* topology, and proves that «y is continuous.
Therefore we can see that ag: X —R<1(X) is the unique Markov process corresponding

to (A, u, Q). []

Ezample 4.6. For a fixed compact Hausdorff space X, let a: X — R=Y(X) be the Markov
process defined as a(z)=4,, for all z € X, where 6, € RS!(X) is the Dirac measure defined
as 0;(A) =1if x€ A and 0,(A) =0 otherwise, for all Borel sets A C X. More colloquially, «
is the Markov process where each state x € X loops back to itself with probability 1. Let
Ay = (C(X),1x,0q) be the modal Riesz space corresponding to «. It is easy to check that
Oq is just the identity map, i.e., Oo(f) = f, for all f € C(X).

Hence there is a bijective correspondence between the (isomorphism classes of) objects
of Markov and the objects of CAURiesz. It will be shown in the next section that this
correspondence lifts to a duality between the two categories.

We now establish two useful propositions regarding modal Riesz spaces. The first
establishes a simple but useful inequality that will be invoked several times. The second
states that the Riesz—ideal of infinitely small elements (see Definition 2.13) of a modal Riesz
space is closed under the () operation.

Proposition 4.7. The following equality holds in all modal Riesz spaces: |O(x)] < O(|x]).

Proof. We can express x as the difference of two positive elements: z = 27 — z~. Also,
recall that |z| = % + 2~. By monotonicity and linearity of { we get:

0@@)] = [0(a™ —27)| < [0(=" +27)[ = [0(a™) + O(a7)]
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and using the fact that ¢ is positive, we obtain

[0(2F) +0(z7)| = 0@@™) + 0(z7) = Ot +27) = O(|z])
as desired. ]

Proposition 4.8. Let (A,u, Q) be a modal Riesz space and a € A an infinitely small element
of A. Then O(a) is also an infinitely small element of A.

Proof. The assumption says that, for some b € B and for all n € N, the inequality n|a| < |b]
holds. By monotonicity of { we obtain that {(n|a|) < O(|b|). By linearity, O(n|al) = nd(|al).
Hence,

n(lal) < O(b])
for all n € N. Furthermore, by positivity of ¢, we know that ¢(|a|) and O(]b|) are positive
elements, i.e., O(|a|) = [O(|a])| and O(|b]) = [O(]b])|. Hence

n[O(laf)| < [0(]b])]
for all n € N, which means that {(]a|) is an infinitely small element.
We can conclude the proof by observing that 0 < |0(a)| < O(|a|) (see Proposition 4.7)
since this implies
n[0(a)] < nd(lal) < O(Ib])
i.e., that ¢(a) is infinitely small. ]

4.1. Dedekind complete modal Riesz spaces. We have stated in Section 2.6 as Theorem
2.41 the fundamental fact that each Archimedean unital Riesz space R can be embedded in
a Dedekind complete unital Riesz space R.

In this section we extend this result by showing that modal Archimedean unital Riesz
spaces can be embedded in Dedekind complete modal Riesz spaces. This is a direct
consequence of a theorem of Kantorovich about the extension of positive linear operators on
Riesz spaces.

Theorem 4.9 ((Dedekind extension of modal Riesz spaces)). Let (R, ) be a Archimedean
and unital modal Riesz space. Then there exists a Dedekind complete Archimedean and unital
modal Riesz space (R, Q) such that:

(1) E is the Dedekind completion of R (from Theorem 2.41) so we view R C R,
(2) O extends O, i.e., O(f) = O(f) for all f € R.

Proof. By Definition 4.1, the operation ¢ : R — R is positive, linear and 1-decreasing.
Kantorovich’s theorem (see, e.g., Theorem X.3.1 and subsequent discussion in §X.4.1 in
[Vul67]) states that any function F' : R — R which is positive (F(0) > 0) and linear
(F(f+9g) = F(f)+ F(g9) and F(rf) = rF(f)) can be extended to a positive and linear
operator F' : R — R on the Dedekind completion of R. Thus we just need to verify that
the resulting ¢ is also 1-decreasing ({(1) < 1) and this is clear since 1€ R and therefore
O(1) = O(1) and O(1) < 1 because ¢ is 1-decreasing. ]

Remark 4.10. The choice of { is, in general, not unique.
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In other words (R, {) embeds (preserving the modal operation) in (R, () and existing
suprema and infima are preserved.

We denote with DAURIiesz the category of Dedekind complete modal Riesz spaces.
The result of Theorem 4.9 implies the following corollary.

Corollary 4.11. The equational theories of DAURIiesz, spaces and AURiesz spaces
coincide.

4.2. Relation with other works in the literature. Following the celebrated theorem
of Mundici, which states that the category of abelian lattice—ordered groups and that of
MV-algebras are equivalent (see, e.g., [Munll] for a detailed presentation), much work has
focused on the study of MV-algebras and its variants.

In [NL11] the authors have introduced Riesz MV-algebras, which are MV-algebras
endowed with the operation of scalar multiplication by reals in the unit interval [0,1]. They
have proved that the categories of Riesz spaces with strong unit (URiesz) and that of Riesz
MV-algebras are equivalent. We decided to develop the theory of our probabilistic modal
logic on top of the language of Riesz spaces, rather than that of Riesz—MV algebras, because
the operations of addition and scalar multiplication by reals are natural for expressing
the axioms of the { operator, whereas the operations of MV-algebras are arguably harder
to understand and would result in less readable axioms. However, rephrasing the work
presented in this paper using the language of Riesz—MV algebra should be, in principle,
possible.

Flaminio and Montagna have extended the notion of MV-algebra to that of state
MV—-algebra [FM09]. These algebras are MV-algebras extended with a modal operator
(o) satisfying certain axioms. Their main result is that the ¢ modality can always be
identified with a state on the MV-algebra and this, in turn, can always be identified with an
integration operation on the spectral representation of the underlying MV-algebra [Kro06).
The similarities between state MV—-algebras from [FM09] and modal Riesz spaces are, at the
present moment, rather unclear. The two notions are unlikely to be equivalent (even via an
equivalence of categories) because the o modality of state MV—algebras satisfies the axiom
o(o(z)) = o(z) (see Lemma 3.3.G of [FM09]) while the equation {(Qz) = ¢x does not hold
in modal Riesz spaces (see Example 3.3 in Section 3).

The precise connection between state MV-algebras and modal Riesz spaces is an
interesting topic for further research.

5. DUALITY BETWEEN MARKOV PROCESSES AND MODAL RIESZ SPACES

In this section we extend the adjunction (7, €) : C' 4 Spec between CHaus and AURiesz?
of Section 2.5 to one between Markov and AURiesz;” which becomes a duality when
restricted to the subcategory CAURieszgp . The unit-counit adjunction is described by the
quadruple (n?,€?) : C A Spec? consisting of the two functors:

C°:Markov — CAURiesz,’ — AURiesz,’

Spec?: AURiesz,’ — Markov
and the two natural transformations:

77<> : idMarkov = Spec<> © CO
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% . CO o SpeCO = idAURieszgp

We start by defining the functor C¢ : Markov — CAURiesz,. On objects o : X —
R=1(X) in Markov, it is defined as C®(a) = Ao = (C(X),1x, {a), as in (3.1) and Proposition

3.6. On (coalgebra) maps ai>ﬁ between a: X —R=HX) and 3:Y —R=L(Y) having un-
derlying function f:X —Y, we define C°(f) to be C(f), where C': CHaus — CAURiesz?
is the functor described in Section 2.5.

We now turn our attention to the definition of the functor Spec?®: AURieszgp — Markov.
On objects A = (A, u, ) belonging to CAURiesz the Markov process

g = Spec(A) — RS (Spec(A))
can be defined as in (4.1) from Theorem 4.5. If instead A just belongs to AURiesz
we only have (Theorem 2.33) that A is isomorphic, via the counit e4(a) =a, to a dense

subspace of C'(Spec(A)). In this case, for each J € Spec(A), we give a partial definition of the
subprobability measure (seen as a linear functional) awy(J) on all functions @ € C(Spec(A))

as in Theorem 4.5: -

ag(J)(a) = O(a)(J) (5.1)
We can then uniquely extend «(J) to the whole space C'(Spec(A)) by using the fact that e4
is an isometry with dense image. On a morphism f:(A4,u4,04) — (B,up,Op) we define
Spec?(f) as Spec(f), where Spec: AURiesz®® — CHaus is the functor described in Section
2.5.

The unit no : idMarkov = Spec<> 0 C? is defined exactly as the unit n from Section 2.5.
That is, for all Markov processes a: X —R=!(X), we define 0 =a 5 Spec?(C?(a)) having
underlying function nx : X — Spec(C(X)).

Similarly, the counit € : C° o Spec? = id AURiesz? is defined exactly as the counit e

from Section 2.5. That is, for A = (4, u, Q) in AURleszQ we define EA = €4.

The fact that all previous definitions are consistent, e.g., that C° indeed maps coalgebra
morphisms to modal Riesz space morphisms or that 7° is indeed a collection of coalgebra
morphisms, are summarized by the following theorem.

Theorem 5.1. As defined above, C° and Spec® are functors and n® and € are natural
transformations. Furthermore Spec® is a right adjoint to C°, and restricts to an equivalence

Markov ~ CAURiesz%p.

Proof. By Example 4.4 we have that if (X, a) is a Markov process, (C(X), Qn) is an object of
CAURiesz;. We now show that if f: X — Y underlies a Markov process homomorphism
(X,a) — (Y, B), then CV(f) is a morphism in CAURiesz from C(Y) — C(X), i.e. if the
diagram (2.3) commutes, then C(f) o Qg = Qa0 C(f), as follows. We prove this by applying
the left hand side to arbitrary elements b € C(Y) and z € X:

C()(0s(0)) (@) = 0s(b)(f(2))

B(f(z))(b) by (3.1)
:R<1( F(a(z))() by (2.3)
= a(z)(bo f) by (22)

a(z)(C(f)(b))
= <>a( (£)(b)) (=) by (3.1).
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We then have that C preserves the identity maps and composition because C' does so as a
functor CHaus — CAURiesz®’.

We show that, for (A4, u,) € AURIiesz, (Spec(A), ayp) is a Markov process as follows.
By the pointwiseness of the definitions, a(.J) is positive and unital for all J € Spec(A), at
least on the subspace 2(A) C C(Spec(A)). Its extension to C'(Spec(A)) is positive and unital
because the positive cone in C'(Spec(A)) is (norm) closed. We show that o, is a continuous
map as follows. Let (J;);er be a net converging to an ideal J in the hull-kernel topology of
Spec(A). For each a € A, we have that

ag <lilm Ji> (@) = 0(a) (li?a Ji> = lim O(a)(J;)
= limag(J;)(@).

Therefore ay, is continuous in the weak-* topology defined by <(A4) C C(Spec(A)). As 2(A)
is dense in C(Spec(A)) and R=!(Spec(4)) C C(Spec(A))* is norm-bounded and therefore
equicontinuous, this topology agrees with the usual weak-* topology defined by C(Spec(A))
on R=Y(Spec(A)) [Sch66, I11.4.5]. Therefore Spec(A,u, () is always a Markov process.

Let f: (A,ua,04) = (B,up,Op) be a morphism in AURiesz,. We want to show that
Spec?(f) is a morphism of Markov processes, i.e., aqy, o Spec(f) = R=!(Spec(f)) o ag,-
We do this by proving that for all J € Spec(B) and a € A that oy, (Spec(f)(J))(a) =
R=L(Spec(f))(ao,(J))(a), using the denseness of 2(A) C C(Spec(A)). We have, writing
“nat” to indicate the use of the naturality of = from Theorem 2.33,

R=1(Spec(f)) (o, (1))(@) = ag, (J)(C(Spec(f))(a))
= a9, (J)(f(@)) nat
= 05(f(a)(J)
= F(0a@)(J)
= C(Spec()(0a(@)(]) nat
(

As in the case of C?, the rest of the proof that Spec is a functor follows as in Theorem
2.33 from the fact that Spec is a functor.

We can finish the proof that this is a dual adjunction that restricts to a duality
CAURiesz,’ =~ Markov by proving that N and -, the unit and counit of the adjunction
in Theorem 2.33, are a morphism of Markov processes and a modal Riesz homomorphism,
respectively. The reason for this is that diagrams in Markov (respectively, in AURiesz)
commute iff their underlying diagrams in CHaus (respectively, in AURiesz) commute, and
morphisms in Markov (respectively, in AURiesz) are isomorphisms iff their underlying
morphisms in CHaus (respectively, in AURIiesz) are isomorphisms.

We first show that - is a modal Riesz homomorphism, i.e., that if (A4, u, ¢) is an object

of AURiesz, <>( ) = Qa,(a) for all a € A. Let J € Spec(A):
Oa (@)(J) = a6 (J) (@) = Oa) ().
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Now we want to show N. is a Markov morphism, i.e., that if (X, «) is a Markov
process, RSY(N.) o a = ag, o N.. We use the fact that each b € C(Spec(C(X))) is
of the form b = a for some a € C(X) (Theorem 2.33) to reduce this to showing that
REY (N2 (a(z))(a@) = ag, (Ng)(a). Observe that

—

o, (Nz)(@) = Oala)(Nz)

This concludes the proof. []

6. INITIAL ALGEBRA

In this section we study the properties of the initial modal Riesz space in the category
CAURiesz of Archimedean unital modal Riesz spaces. Its dual object is the final Markov
process (the final coalgebra) in the category Markov of Markov processes.

6.1. Initial object of Riesz;. We first start by considering the initial object, which
we denote by I, in the category Rieszg of all modal Riesz spaces, thus including non—
Archimedean and non—unital spaces.

Since Rieszg is a variety in the sense of universal algebra, the initial object exists and
it can be constructed as a ground term algebra (free algebra of no generators) in a standard
way, as follows.

Let Form be the set of terms without variables in the signature {0, +, (7),er, M, U, 1,0}
of modal Riesz spaces. Equivalently, Form is the set of formulas of Riesz modal logic.

We define the equivalence relation = C Form X Form as: ¢ = v if and only if ¢ and
1 are provably equal (in equational logic) from the axioms of modal Riesz spaces when
interpreting the atomic formula 1 € Form as the the constant w in the language of modal
Riesz spaces (Definition 4.1):

¢$=v <= (Axioms of Rieszy) - ¢ =
The collection of equivalence classes of =
Form/= = { [¢]= | ¢ is a Riesz modal logic formula}
is endowed with the structure of a modal Riesz space I as follows:
I = (Form/=,0", +, (') er, ', U', ', OF)

where:
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Proposition 6.1. The modal Riesz space 1 is the initial object in the category Rieszy of
modal Riesz spaces. For each modal Riesz space (A,u, Q) there is a unique modal Riesz
homomorphism !4 : I — A defined inductively as:

la([0]2) =04 a([l]lz) =u
([¢+¢]z) = la([ol=) + 'a([¥]=) la([ro]=)
!A(W'—W]z) = | ([Gﬂz) U ta([]=) la([pNyl=) =
A([0gl=) = O(ta([g]2))-

6.2. Initial object of URiesz,. We now observe that the positive element [1]= is a strong
unit of L.

Theorem 6.2. The element [1]= is a strong unit of L.

Proof. We need to prove that for every formula ¢, there exists some n € N such that the
inequality |¢| < nl is derivable from the axioms. This follows easily by induction on the
structure of ¢ as follows. The base cases ¢=0 and ¢=1 are trivial. For the case ¢ = ¢1 + @2
let us fix, using the inductive hypothesis, ni,no € N such that |¢1] < nl and |¢2| < nol
respectively. Then the inequality ¢1 + ¢2 < (n1 + ng)l is easily derivable. The cases for
¢ =rd1, ® = ¢1M¢ps and ¢ = ¢1 L ¢ are similar. For the case ¢ = Q¢1, we can use the
inductive hypothesis to get a number n; such that |¢1] < ny1. Hence, by monotonicity of ¢,
we get O(|¢p1]) < O(n1l). Using the linearity of ¢ and the axiom (1 < 1 we obtain

Olp1]) < O(n1l) = ny(O1) < mql
We can now conclude using the fact that [0¢1]| < O(|¢1]) (see Proposition 4.7). ]

Hence I belongs to the subcategory URiesz( and it is its initial object.

Proposition 6.3. The modal Riesz space I is the initial object in the category URiesz of
modal unital Riesz spaces.

6.3. Initial object of AURiesz,. In [MFM17] it was claimed (Theorem VI.3 in [MFM17])
that I enjoys the Archimedean property and it is, therefore, the initial object in the category
AURiesz; of Archimedean unital modal Riesz spaces. The proof, however, contains a fatal
mistake. At the present moment, we do not know if I is Archimedean or not.

Open Problem: Does the modal Riesz space 1 satisfy the Archimedean property?

However we are able to construct explicitly the initial object I, of AURiesz in such a way
that If T is Archimedean, then I = I, (as claimed in [MFM17]); otherwise, I # I,.

The Archimedean modal Riesz space I, is obtained by quotienting I by the congruence
relation ~ corresponding to the ideal Infy of infinitely small elements in I:

[¢l= = [¢]= <= (l[¢)= — [¥]=]) € Infy
Recall from Theorem 2.30 that:
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Definition 6.4. An element a = [¢|= in [ is infinitely small if, for every n € N it holds that
na < [1]=, i.e., by definition of the equivalence relation =, if - n¢ < 1 is derivable by the
axioms of modal Riesz spaces. We denote with Inf} the collection of infinitely small elements
of I.

The set Infy is a Riesz-ideal of I (see Proposition 2.17) and thus closed under all Riesz
operations. Furthermore, by Proposition 4.8, Infy is also closed under the { operation. This
implies that the quotient algebra I/~ is a well-defined modal Riesz space which we denote
with I,:

I =1/x.
Note that if I is Archimedean (see open problem above), then the only infinitely small
element is the zero—element (Infy = {[0]=}) and therefore I = I,.

Theorem 6.5. The modal Riesz space 1, s the initial object in AURiesz.

Proof. For each modal Riesz space (A, u, ), we have the unique modal Riesz map !4 : 1 — A
defined inductively in Proposition 6.1.

We have the map [-] : I — I, taking each element to its equivalence class modulo
difference by an infinitesimal: [a] — [a]/~.

Given an Archimedean modal Riesz space (A, u, (), and an infinitesimal element a € I,
we have ! 4(a) = 0 because infinitesimals map to infinitesimals under unital Riesz homomor-
phisms (Proposition 2.31) and the only infinitesimal in A is 0, because A is Archimedean by
assumption. Therefore the map !4 : I — A factorizes as !y o [-] where 'y : I, — A, i.e. ) is
well-defined on ~-equivalence classes.

To show that !4 is the unique modal Riesz homomorphism from I, to A, assume the
existence of another f :I, — A. Then fo[-]:I— A=!4. As [-] is surjective, this implies
f =Yy, proving that I, is initial. []

We now give another characterization of I, which, being completely syntactic, is some-
times more convenient to work with.

We define the equivalence relation =, C Form x Form as: ¢ =, v if and only if ¢ and

are provably equal from the axioms of modal Riesz spaces and the Archimedean infinitary
rule A (see Definition 2.13):

¢=41 <= (Axioms of Riesz;) +AF ¢ =1
The collection of equivalence classes of =,
Form/=, = { [¢]=, | ¢ is a Riesz modal logic formula}

is endowed with the structure of a modal Riesz space in the same way used for defining I.
Proposition 6.6. The two modal Riesz spaces 1, and Form/=, are isomorphic.

Proof. The isomorphism maps the element [¢]=, of Form/=, to the element [[¢]=]_ of L.

a

We need to show that this map preserves equivalence classes, i.e., that ¢ =, 9 holds if

and only if [¢]= ~ [¢]=.
So, first assume that [¢]= ~ [¢)]=. This means, by definition, that |[¢]= — [¢)]=| € Inf].
This in turn means that:

For all n € N it holds that (Axioms of Rieszy) - n|¢ —¢| < 1.
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Now applying the Archimedean axiom on these premises, we obtain a proof of |¢ — 1| = 0,
i.e., (Axioms of Rieszy) + A I |¢ — 1| = 0 and, from this, it is easy (see Theorem II1.3.2(e)
of [Vul67]) to obtain a proof of ¢ = 1. Thus, by definition, we have that ¢ =, 1 as desired.

Now, for the other direction, assume that ¢ =, ¥, i.e., that (Axioms of Rieszy) + A I
¢ = 1p. We reason, by induction on the structure of the proof, on the applications of the
Archimedean rule. For the base case, if the proof does not use the Archimedean rule then
we in fact have ¢ = v and therefore [¢]= =~ [¢)]=. Now assume instead that the proof is
concluded by application of the Archimedean rule as follows:

[$1l <[yl 201l < 3Bl <l ... nle] <l

[¢1| =0
for some formulas ~ (in this case ¢ = |¢1| and ¢ = 0). Then, by induction, we have that
for each n € N the inequality n|¢1| < || holds in I, i.e.. [n[¢1]z]z < [[fy];]z Since I, is
Archimedean, it then follows that [[¢1]=] . = [[0]=] ., as desired. []

- A

6.4. Initial object of CAURieszy. We are now finally ready to construct the initial
object of the category CAURiesz, of Archimedean unital and complete modal Riesz spaces.
This is the uniform completion (see Definition 2.34) C°(Spec?((I,))) of I,, which we denote

by I, for convenience.

Proposition 6.7. The uniformly complete modal Riesz space I, is the the initial object in
the category CAURiesz,.

Proof. The functor Spec®, being a right adjoint, preserves limits, so it preserves terminal
objects. Since I, is initial in AURA{esz, this means that Spec®(I,) is the final coalgebra of
Markov. Since, restricted CAURieSZgp the functor C? is an equivalence of categories, it
does preserve terminal objects. Therefore C°(Spec?(I,)) is the initial object of CAURiesz
(terminal object of CAURiesz;’). The counit map effa is such that C°(Spec®(I,)) is
isomorphic to the completion of I,,. ]

From Proposition 2.35 we get that the two modal Riesz spaces I, and I, are related by
the following fact.

Proposition 6.8. The modal Riesz space 1, embeds as a dense subalgebra of I, and the
spectrum Spec(ll,) is homeomorphic to the spectrum Spec(l,). In particular, there is a
one-to-one correspondence between maximal ideals in 1, and 1.

One may wonder if this universal completion step is really necessary. Indeed, if I, is
uniformly complete then I, = [,. In the rest of this section we show that the completion is
indeed necessary because I, is not uniformly complete (Theorem 6.13) and, therefore, does
not belong to CAURieszy.
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6.4.1. Uniform Incompleteness Proof. We use Example 3.5 here. Specifically, we apply
Proposition 3.6 to it, obtaining a modal Riesz space (C([0,1]), 1 1}, 0a). We can see that,
for each a € C(]0, 1)),

<>a(a)(a:):/Xada(x)z/Xa-xdaxzx.a(x),

which is to say, if we write x for the identity function rather than a variable, 0, (a) = za. It
is convenient to write it like this because we will be reasoning about the action of ¢, in
terms of polynomials, in order to characterize the image of !¢((o,1))-

We first need a lemma about the action of LI and M on polynomials.

Lemma 6.9. Let [r,s] be a closed interval in R (so s > r), and let a,b : [r,s] — R be
polynomial functions. There exists a strictly increasing finite (possibly empty) sequence
(), of numbers in [r,s] such that, defining xo = r and xp41 = s, a Ub is equal to a
polynomial on the interval [x;, xy+1] for alli € {0,...,n}.

Proof. If a = b, then a Ub = a, so we take n = 0 and the sequence to be empty, and we
are finished. So for the rest of the proof we assume that a # b. Therefore a — b # 0, so
it has finitely many real roots in [r, s], which we form into a strictly increasing sequence
(without multiplicity) (z;)_,. By the intermediate value theorem, if (a — b)(x) > 0 for one
x € [z, xit1], then (a —b)(z) > 0 for all x € [x;, x541], otherwise there would be a root in
between. Therefore a(x) > b(x) and therefore (a U b)(z) = a(x) for all z € [z;,x41]. If
(a —b)(z) < 0, then we have (a U b)(z) = b(x) for all x € [z;, zi+1]. It cannot happen that
(a —b)(x) =0 for x € (x4, Tit+1), so we are finished. []

Using this, we can characterize the image of o017y : T — C([0,1]), which, as [-] : T — T,
is surjective, characterizes the image of !/C([o g ila—C ([0,1]) too. For short, we will write
'and ! for these maps.

Lemma 6.10. The image of the map !¢(jo,1)) : 1 — C([0,1]) consists of functions a € C([0, 1])
such that there exists a finite (possibly empty) strictly increasing sequence of numbers (x;)i" 4
in [0,1], such that if we take xo =0 and x,4+1 =1, then for all i € {0,...,n}, a agrees with
a polynomial on [x;,x;11]. We call such functions piecewise polynomial.

Proof. The proof is by induction on the structure of the elements of I.

e 0 and 1: We have !(0) = 0 and !(1) = 1, which are both polynomials on [0, 1].

e Scalar multiplication: Let r € R be a scalar, a € I an element such that there exists a
finite strictly increasing sequence (z;)j_; such that !(a)l, z,,,] is a polynomial for all
i €{0,...n}. Then

!(Ta”[xi,xi.,_l] = r!(a)“xi,xi_,_l]
which is therefore a polynomial.

e +: Let a,b € I such that there exist strictly increasing finite sequences (z;); and
(yj)jL; such that !(a) is a polynomial on each [z;, ;1] and !(b) is a polynomial on each
[yj, yj+1]. We can enumerate the set {z;}"; U {y;}7", in increasing order to obtain a
strictly increasing finite sequence (zj)};_; such that both !(a) and !(b) are polynomials
on each [zx, zg+1]. Then !(a + b) =!(a)+!(b) will also be equal to a polynomial on each
[Zk7 2k+1]~

e LI: Let a,b € I be elements such that !(a) and !(b) are piecewise polynomial. As in the
previous case, form a sequence (z;)?_; such that both !(a) and !(b) are equal to polynomials
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on each [z;, x;+1]. By Lemma 6.9, there exists a strictly increasing sequence (yi,j)?;1 such
that !(a)U!(b) is a polynomial on [y; j, i j+1] for each j € {0,...,n;}. We can therefore
enumerate {z;}7_; U {yi;}72, as (zr)h_, and then !(a)U!(b) is a polynomial on each
[2k, 2k+1], as required.

e O: Let a € I be an element such that !(a) is piecewise polynomial, with sequence (x;)" ;.
As 1(0(a)) = xa, we have that on each [x;,x;11] is za, which is a polynomial. []

It is therefore clear that there are elements of C([0,1]) outside the image of !, and
therefore ', such as z — e* : [0,1] — R.
We will need the following fact about injective unital Riesz homomorphisms as well.

Lemma 6.11. Let f : (A,u) — (B,v) be an injective unital Riesz homomorphism between
Archimedean unital Riesz spaces. Then f is an isometry, i.e. |[f(a)|ly = ||al|w-

Proof. First observe that injective Riesz homomorphisms are order embeddings, i.e.
f(@) < F(8) & F() 1 f(b) = f(a) & faTb) = f(a) & aNb=aca<b
Therefore, using the definition of the norm,
I£@ll, = inf{r € Rso | |f(a)] < rov}
— inf{r € Roo | f(|a]) < f(ru))
= inf{r € R>g | |a| < ru}
= llallu- O

The following lemma uses a result about completeness of unital Archimedean Riesz
spaces (Corollary A.6) that we could only find a convoluted proof of, which is in appendix A.

Lemma 6.12. Let f : (A,u) — (B,v) be a unital Riesz homomorphism between Archimedean
Riesz spaces with strong units. If (A,u) is uniformly complete and f has dense image, then
f is surjective.

Proof. As f is unital, it is bounded, and therefore continuous. So the ideal J = f~1(0) (an
ideal by [LZ71, Theorem 18.3 (iii)]) is norm-closed. By Corollary A.6, (A/.J, [u]) is a uniformly
complete Archimedean Riesz space with strong unit [u]. The map f : (4/J, [u]) — (B,v) is
injective, and so is an isometry by Lemma 6.11. Because the image of f is dense, so is the
image of f, which means that for each b € B there is a sequence (a;);en in A/.J such that
f(a;) = b as i — co. Therefore (f(a;))ien is ||-|lo-Cauchy, so (a;)ien is |- |Ij-Cauchy, and
therefore converges to an element a € A/J. By continuity f (a) =0, so f, and therefore f, is
surjective. ]

We can now prove the final result.
Theorem 6.13. I, is not uniformly complete.

Proof. By Lemma 6.10 and the lattice form of the Stone-Weierstrass theorem [LZ71, Lemma
45.2],V : 1, — C([0,1]) has dense image. If I, were uniformly complete, I would be surjective
(Lemma 6.12). However, by Lemma 6.10, ! is not surjective, e.g. & + e” is not in the image
of ! because it is not equal to a polynomial on any nontrivial interval. []
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7. FINAL COALGEBRA

We have identified in the previous section the initial object I, in the category CAURiesz,.
From the duality between CAURiesz, and Markov we can infer that the dual object of
I, is the final coalgebra in Markov. We denote this Markov process by ap : F — R<L(F).

Recall, from Theorem 4.5, that its state space F is the compact Hausdorff space consisting
of the collection of maximal ideals in I, endowed with the hull-kernel topology:

F = Spec(,).
Therefore we can study the topological structure of the final coalgebra o of Markov by
studying the (hull-kernel topology of) the collection of maximal ideals in I,. By Proposition
6.8, we can equivalently study the maximal ideals in I,:

F = Spec(I,) = Spec(I,) (7.1)

To illustrate this method, we now show that the compact Hausdorff space F is Polish, i.e.,
separable and (completely) metrizable.

Recall from Definition 2.24 that I, being unital and Archimedean, is a normed space
with norm ||-|| and compatible metric d. We first establish the following useful property of
I, by elementary syntactic arguments.

Lemma 7.1. For each formula ¢ there exists a formula v having only rational coefficients
such that d([¢]=,, [V]=,) < €.

Proof. By Proposition 6.6, we need to prove d([¢]=,, [¢]=,) < €, i.e., that the inequality
l[¢]=, — [¥]=,| < [el]=, holds in I,. This means we need to derive the inequality |¢ — )| < €l
form the axioms of modal Riesz spaces and the Archimedean rule. Our proof does not make,
in fact, any use of the Archimedean rule.

The proof goes by induction on the modal-depth m(¢) of ¢ defined inductively by
m(0)=m(1)=0, m(0p) = 1 + m(¢) and m(p1 + ¢2) = max{m(¢1), m(¢2)} and similarly
for all other connectives. The base case m(¢) = 0 is trivial, as ¢ can be identified with a
real number ry € R and we can choose 9 to be sl for some rational s such that |r — s| < e.

Suppose now that m(¢) = k + 1. We have to consider all separate cases. The most
interesting is the case ¢p=~_¢1. We can pick, by inductive hypothesis on ¢, a formula
with rational coefficients such that d(¢1,91) < e, ie., [|¢1 — ¢1|]=, < [el]=,. Then, using

=a —

the inequality [O(x)| < O(]z|) from Proposition 4.7, it is simple to show that:
|01 — Ovhr] = [O(d1 — ¥1)| < O([d1 — ¢n]) < O(el) = €O(1) < el

All other cases involving the other connectives follow easily form the inductive hypothesis.
For example, if ¢=¢1 + ¢2 then, by inductive hypothesis, we can pick 1 and ¥ such that
lpi — i < %e. It then clearly follows that ¢ = )1 + ¥2 has the required property. ]

Note that the set of formulas v having rational coefficients is countable. Hence I, is
separable as a metric space.

Corollary 7.2. The unital Archimedean algebra 1, is separable as a metric space.

As a corollary of the previous proposition, we get the following interesting property
regarding the topology of F.

Theorem 7.3. Let (A,u) be an Archimedean unital Riesz space which is separable as a
metric space in its norm. Then Spec(A) is Polish. Therefore Spec(1,) is Polish.
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Proof. The space (A, u) embeds densely in C(Spec(A)), so C(Spec(A)) is separable in norm.
This implies that the compact space Spec(A) is metrizable [Con90, V.6.6 Theorem]. Every
compact metric space is Polish [Kec94, Chapter I, §4.2 Proposition]. (]

8. APPLICATIONS OF DUALITY TO RIESZ MODAL LOGIC

In this section we use the duality theorem and the characterization of the initial modal Riesz
space ﬁa and its dual, the final Markov process ag, to prove basic results about the Riesz
modal logic.

We start by proving that the proof system presented in Figure 4 for deriving equalities
between Riesz modal logic formulas is sound and complete with respect to the semantic
equivalence relation (~) of Definition 3.10.

(1) Axioms of Riesz spaces:

e Real Vector space:

— Additive group: z + (y+2)=(x+y)+z,z2+y=y+z,2+0=2,x —2 =0,
— Axioms of scalar multiplication: ry(rez) = (r1 - ro)z, lx = x, r(z +y) =
(re) + (ry), (r1 +ro)z = (riz) + (rox),

e Lattice axioms: (associativity) z U (yUz)=(xUy)Uz, zM(yMz) = (zMNy)MNz,
(commutativity) z Uy = y Uz, 2My = y Mz, (absorption) z L (2 MNy) = z,
z2M(zUy) = z, (idempotence) x Ux =z, x Mz = .

e Compatibility axioms:

—(@Ny)+2<(y+2),

— r(xNy) <ry, for all scalars r > 0.
(2) Axiom of the positive element: 0 < u,
(3) Modal axioms:

e Linearity: O(riz + ray) = r10(z) + r20(y),

e Positivity: 0 < O(x LU 0),

e u-decreasing: ¢1 < 1.

(4) Archimedean rule:
2l <Myl 20l <[yl 3l <fyl ... nlz[<lyl

=0 A

Figure 4: Sound and Complete Proof System for the Riesz modal logic.

Theorem 8.1. Let ¢, € Form be two modal Riesz logic formulas. Then
¢~ P = (Axioms of Rieszg) +A F ¢ = 1.

Proof. Direction (<) (soundness). We know that to each Markov process a: X —R=<1(X)
corresponds the Archimedean unital modal Riesz space A, = (C(X),1x,0q) and, by
Definition 3.7, that [¢]o =[¢]a holds if the equality ¢ =1 holds in A,. The assumption
(Axioms of Rieszy) + A = ¢ = 1) means that ¢=1) is true in all Archimedean modal Riesz
spaces and in particular in all A,.

Direction (=) (completeness). Assume ¢~ holds, i.e., the equality [¢]o=[1]s holds
for all Markov processes «: X — R<!(X). In particular the equality holds on the final
Markov process ap:F—R<Y(F). By duality, we have C(F) ~ I,.
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Therefore [¢]ap = [¥]ap means [¢p]= ~ [¢]= or, equivalently by Proposition 6.6, that
¢ =4 . By definition of the equivalence relation =, this means:

(Axioms of Rieszg) +A F ¢ = 1)
and the proof is completed. L]

The following theorem is another simple consequence of the machinery based on duality.

Theorem 8.2. Let x,y € F two points in the final coalgebra. If x # y then there exists a
formula ¢ such that that [¢]ap () # [Plap (¥)-

Proof. The space F = Spec(I,) is compact Hausdorff. Therefore points can be separated by
continuous functions meaning that x#y if and only if there exists a continuous function
feC(F) such that f(x)# f(y). By duality we have that C(F) ~ I,. Furthermore we know
by Proposition 6.8 that I, is a dense subalgebra of L. Hence, by choosing a sufficiently close
approximation of f, we obtain a function g€, C C(F) such that g(x)#g(y). Now g=][¢|=,
for some formula ¢ € Form and this is the desired separating formula. L]

By combining Theorem 8.2 above with Proposition 3.9 we then get the following corollary
which states that modal Riesz logic formulas characterize behavioural equivalence. Recall
that two states of a Markov process a are called behaviourally equivalent if n(x) = n(y)

where o —5 ap is the unique coalgebra morphism from « to the final coalgebra.

Corollary 8.3. Let o : X — RSN (X) be a Markov process and x,y € X. Then x and y are
behaviourally equivalent if and only if [¢]a(x) = [¢]a(y) for all formulas ¢.

9. OTHER CLASSES OF MODELS

The completeness result (Theorem 8.1) may be considered, at a first glance, as slightly
artificial. This is because the class of models we are considering (i.e., Markov processes in
the sense of Definition 2.3) have a compact Hausdorff space as state-space and the transition
function is required to be continuous. But often, in practice, one is interested in interpreting
probabilistic logics on probabilistic transition systems whose state—space is not a compact
space or on systems having a discontinuous transition function.

Ezample 9.1. Consider a Markov chain having a countably infinite state space. Then its
state space (when viewed as a topological space with the discrete topology) is not a compact
space and thus the Markov chain cannot be naturally modelled as a Markov process in the
sense of Definition 2.3.

Ezample 9.2. A (discrete—time) random walk on the real line could be modelled as a Markov
kernel (i.e., measurable map) 7 : R — M=!(R) (where M=! is the Giry monad from [Gir82]).
This very natural model does not fit the definition of Markov process of Definition 2.3 for
two reasons: R is not compact and 7 is, generally, not continuous but merely measurable.

More generally, many interesting examples of Markov processes are naturally modelled as
measurable maps 7 : X — M=1(X) where X is a standard Borel space and 7 is measurable.
Several other examples can be found in the literature: for example Markov processes defined
on analytic spaces [Pan09] or even measurable spaces [KMP13].
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These models do not fit Definition 2.3. Yet, Riesz modal logic can be naturally interpreted
over them simply by defining;:

[0]-(z / 6], dr(z

Let us write B(X, R) for the set of bounded measurable real-valued functions on a measurable
space (X,3). This is a subset of £*°(X), and is in fact a Riesz subspace when equipped
with the pointwise operations defined from those in R. Similarly to (3.1), we can define a
positive linear 1x-decreasing map ¢, : B(X,R) — B(X,R) by

/de

This definition goes back to the predicate transformer semantics defined in [Koz85, §2]. It
follows from the fact that 7(z) is a probability measure and linearity of integration that -
is a positive linear 1x-decreasing map B(X,R) — ¢°°(X). By the definition of the o-algebra
on M=1(X), for all S € ¥ the function O (xs) € B(X,R), and it then follows by a standard
argument using linearity and the dominated convergence theorem that ¢, (f) € B(X,R) for
all f € B(X,R).

It is then simple to show, by induction on the complexity of ¢, that the semantics
[¢]- of every formula ¢ under this interpretation is a bounded Borel measurable function
[¢]-: X — R.

We now explain how our completeness theorem still holds if all the models of the examples
above (and arguably most other models in the literature) were considered in addition to
Markov processes (Markov) defined on compact Hausdorff spaces with continuous transitions
(as in Definition 2.3). The key idea is that more general models can be embedded into
Markov processes in the sense of Definition 2.3. This can be proved, as we now show, using
the duality results of Section 5.

Let us denote by C one of the classes of measure-theoretic models discussed above?
together with the corresponding interpretation of Riesz modal logic in terms of (measurable)
bounded functions.

Theorem 9.3 ((Extended Model Completeness)). Given two formulas ¢ and v of Riesz
modal logic, the following assertions are equivalent:

(1) (Axioms of Rieszf) + A+ ¢ =1
(2) [¢]-=[v]+ holds in all models in Markov U C.

Proof. 1t is sufficient to prove that if an equality fails in some model in C then it fails in some
Markov process in the sense of Definition 2.3. Formally, we need to prove that if [¢], # [¢],
in some model (X, 7) € C then there exist a Markov process (Y, o) € Markov (i.e., in the
sense of Definition 2.3) such that [¢], # [¢]s-

Recall that B(X,R) is the space of bounded Borel measurable functions of type X — R.
By the discussion above, B(X,R) is an Archimedean unital Riesz space with strong unit
[1] = (z — 1), and the interpretation [¢], described above makes the structure A =
(B(X,R), [0],) into a modal Riesz space. By assumption, the equality ¢ = 1) fails in A, and
so by duality, the modal Riesz space A space is isomorphic to a subspace of (C(Y), [0]s)
for some (Y, 0) € Markov, in which ¢ = v therefore fails as well, and this concludes the
proof. L]

3In increasing generality, Markov processes with a state space that is a standard Borel space, an analytic
space, or just a general measurable space.
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The proof of the above theorem shows that, as long as we deal with reasonable models
of probabilistic transition systems, the denotation of Riesz modal logic formulas belongs
to some Archimedean Riesz space of bounded real-valued functions and thus, using the
duality theory, it can be also be equally interpreted in some Markov process in the sense of
Definition 2.3.

9.1. Labelled Markov processes. In this paper we have modelled Markov processes as
transition functions mapping states to subprobability measures. This choice was made, once
again, for mathematical convenience: the axiomatization of the { operator of Riesz modal
logic is simple and intelligible.

In operational semantics (see, e.g., [Plo81, Sok11, Pan09]) it is very common to consider
transition systems having labelled transitions. Labelled Markov processes, still based on
sub—probability measures, can be defined as follows:

Definition 9.4. Let L be a set of labels. A labelled Markov process is a pair (X, {7 }ier)
where X is a compact Hausdorff space and 7, : X — R=!(X) is a continuous map.

Riesz modal logic can naturally be adapted to be interpreted over labelled Markov
processes by replacing the single modality ¢ with a L-indexed family of modalities (I), and
by interpreting these labelled modalities as expected (see Definition 3.7):

[(Dol(x) = E([¢], mu(x))

This multimodal variant of Riesz modal logic can be axiomatized just by duplicating
the axioms of ¢ for each (I) and | € L. For example, if L = {a, b}, the axiomatization is
obtained by taking the axioms of Riesz spaces and the following equations

e modal axioms for (a):
(Linearity) (a)(f+g) = (a)(f)+({a)(g) and {a)(rf) = r({a) f), for all r€R,
(Positivity) (a)(f L 0) 2 0,
(1-decreasing) (a)(1) <

e modal axioms for (b):
(i) 9(7+9) = (1) + 1) e (00 ) = (). for all €
(Positivity) (b)(f U O)

(1-decreasing) (b)(1) <

10. CONCLUSIONS

We have introduced Riesz modal logic, a real-valued endogenous probabilistic modal logic
for expressing properties of probabilistic transition systems. The syntax and the semantics
of the logic are directly inspired by the theory of Riesz spaces and this has allowed us to
develop a mathematically convenient duality theory. We have also shown that Riesz modal
logic can interpret other basic real-valued probabilistic logics appeared in the literature:
most importantly, the Lukasiewicz modal logic from [Miol2a, Miol4, MS17]. This implies
that the extension of Riesz modal logic with fixed-point operators results in a very expressive
probabilistic logic capable of interpreting very popular probabilistic logics such as probabilistic
CTL.

The study of specific fixed—point extensions, including questions such as axiomatizations
and decidability properties, is a very interesting topic for further work (see, e.g., [Miol8] for
preliminary results). In this paper, we have proved a key extension theorem (Theorem 4.9)
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which is likely going to be of fundamental importance when the existence of the fixed—point
considered is guaranteed by the Knaster—Tarski theorem (as in, e.g., [Miol2a, Miol4, MS17,
Miol8] and Kozen’s modal p—calculus [Koz83]).

We have left open an important question (see Open Problem in Section 6.3) regarding
the Archimedean property of the initial modal Riesz space. A positive answer to this question
(as claimed in [MFM17] but using a wrong argument) would imply that the axiomatization
of Riesz modal logic (Figure 4 in Section 8) remains complete even when the Archimedean
rule is removed from the proof system. This of course has some practical interest since the
Archimedean rule is infinitary and not easily tractable.

Lastly, another aspect not considered in this work, and left for future work, is the design
of convenient analytical proof systems (e.g., sequent—calculus) for Riesz modal logic and
its extensions. This is a very interesting direction for future work. See, e.g., [LM19], for
preliminary results.
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APPENDIX A. PROOF THAT QUOTIENTS OF COMPLETE ARCHIMEDEAN RIESZ SPACES
ARE COMPLETE

In this appendix we present a proof for the fact that if (A, ) is an Archimedean Riesz space
with strong unit u and uniformly complete, I C A a closed ideal, then A/l is Archimedean
and uniformly complete. This fact is used in Section 6.4.1. We could not prove it the direct
way, by showing that the [u]-norm of A/I is the quotient norm of A (which it is easy to
prove is complete if A is), so we used Yosida duality.

Lemma A.1. Let A be a Riesz space, u € Ay a strong unit, and I C A an ideal. Then [u]
is a strong unit in A/I.

Proof. As I is an ideal, [-] : A — A/I is a Riesz homomorphism, and is therefore monotone
and linear. If [a] € A/I, there exists n € N such that —nu < a < nu (equivalently |a| < nu),
so —nfu] < [a] < nu], proving [u] is a strong unit. ]

Let X be a compact Hausdorff space. Given Y C X a closed subset, define
I(Y)={a e C(X) |Vy € Ya(y) = 0}.

By the definition of the Riesz operations in C'(X), it is easy to see that this is an ideal.
Since convergence in C(X) corresponds to uniform convergence of functions, I(Y') is always
a closed ideal (with respect to the norm defined by the unit of C'(X)). If J C C(X) is a
norm-closed ideal, we define

Z(J)={z € X |Va € Ja(z) =0} = (] a”(0).
acJ
Being an intersection of closed sets, Z(J) is a closed subset of X.
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Lemma A.2. Let X be a compact Hausdorff space and J C C(X) an ideal. There is a
directed set (v)kex of elements of J that are [0, 1]-valued functions converging pointwise to
1on X\ Z(J).

Proof. Let K be the set of finite subsets of X \ Z(J). For each point z € X \ Z(J), there
exists a € J such that a(r) # 0. As J is an ideal, the element v,y = % nled,is
[0, 1]-valued, and takes the values 1 at x. We then define vg,, .3 = LliZ; vs;- Then
(vk)kek is a directed set, and it converges pointwise to 1 on X \ Z(J). ]

Lemma A.3. Let X be a compact Hausdorff space, J C C(X) an ideal, a € C(X) vanishing
on Z(J). Let a = sup,cx a(x) + 1. Then avy A a — a uniformly.

Proof. Let € > 0. Define C' = a }(R\ (—¢,¢)), which is closed, and therefore compact. As
C C X\ Z(J), (vg)kek converges pointwise to 1 on C, so by Dini’s theorem [Bou98, X.4.1
Theorem 1] it converges uniformly on on C. Therefore there exists a k € K such that for
all k' € K with k¥ > k, and for all z € C, |1 — v ()| < 5. Therefore |o — avy (z)| < 3,
which, because 0 < vy (2) < 1, is the same as a — avy (z) < 5. So

1 1
avg(r) >a— - =supa(z)+1— =
rzeX 2

1

= sup a(x) + .

reX 2

So (avgr Ma)(x) = a(x) for all z € C, and therefore |(avg Ma)(z) —a(z)] =0 < e.
For x ¢ C, we have |a(x)| < €. As a(x) — avp (z) < a(z) < €, we have (a(x) — avy (z))U
0 < e. Therefore

la(x) — (avp Ma)(x)| = a(z) — (qvp Ma)(x) = a(z) + (—avp(x)) U (—a(x))
= (a(z) — avp (2)) LU0 < e.

So we have shown that for all € > 0, there exists ¥ € K such that for all ¥’ € K with k' > k
and for all z € X (whether x € C or = & C) |(avp Ma)(x) — a(z)| < €, which is to say,
(avg Ma)ger converges uniformly to a. ]

Proposition A.4. Z and I form an isomorphism between the set of closed subsets of X
and the set of norm-closed ideals of C(X), i.e. if Y C X is closed, then Z(I(Y)) =Y, and
if J C C(X) is a norm-closed ideal, then I1(Z(J)) = J.

Proof. Let Y C X be a closed subset. If z € Y then for all a € I(Y) we have a(z) = 0,
sox € Z(I(Y)). If €Y, then by Urysohn’s lemma, there exists a continuous function
a: X — [0,1] such that a(y) = 0 for all y € Y and a(z) = 1. Therefore a € I(Y') but
a(x) #0,s0 x & Z(I(Y)).

Now let J C C(X) be a norm-closed ideal. If a € J, then for all z € Z(J), we have
a(x) = 0, by definition, so a € I(Z(J)). Conversely, if a € I(Z(J)), by Lemma A.3, we have
a net (vg)rex of elements of J and a real o € R such that avg Ma — a uniformly. As J is
an ideal, avg Ma € J, and as J is uniformly closed, a € J. L]

Proposition A.5. Let X be a compact Hausdorff space, J C C(X) a uniformly closed
ideal. Let Y = Z(J) and define ¢ : C(X) — C(Y) by ¢(a) = aly. This is a unital Riesz
homomorphism. The map ¢ vanishes on J and the induced map ¢ : C(X)/J — C(Y) is a
unital isomorphism.
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Proof. The map ¢ is a unital Riesz homomorphism because the Riesz operations on C'(X)
and C(Y') are defined pointwise in terms of the Riesz operations on R. If a € J, then for all
yeY = Z(J), we have a(y) =0, so ¢(a) = 0.

The map gg is a unital homomorphism, so we only need to prove that it is a bijection to
prove that it is a unital isomorphism [LZ71, Definition 18.4]. We prove that it is surjective
by proving that ¢ is surjective. If b € C(Y'), then by Tietze’s extension theorem [Bou98,
IX.4.2 Theorem 2] there exists a € C'(X) such that aly =, i.e. ¢(a) =b.

To prove that it is injective, suppose that ¢([a]) = ¢([a']) for a,a’ € C(X). This means
that ¢(a — a’) = 0, which is to say, a —a’ € I(Y) = I(Z(J)) = J because J is norm-closed
(Proposition A.4). Therefore [a] = [d/]. ]

Corollary A.6. Let (A,u) be an Archimedean Riesz space with strong unit that is uniformly
complete, and J C A a closed ideal in A. Then (A/J, [u]) is Archimedean, [u] a strong unit,
and uniformly complete.

Proof. The element [u] is a strong unit by Lemma A.1. By Yosida’s theorem, there exists a
unital Riesz isomorphism €4 : (A,u) = (C(X),1) for X a compact Hausdorff space. As it is
an isomorphism, it preserves the norm defined by the unit, so it is an isometry. Therefore
J" = e4(J) is not just an ideal, but a norm-closed ideal as well. The map [-]oey : (A, u) —

(C(X)/J',[1]) vanishes precisely on J, so []oex : (A/J,[u]) = (C(X)/J',[1]) is a unital
Riesz isomorphism. By Proposition A.5, C(X)/J’ is uniformly complete, because it is
isomorphic to C(Z(J')), and therefore A/J is uniformly complete. []
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