UNIFORMLY CONTINUOUS SEMIGROUPS OF SUBLINEAR
TRANSITION OPERATORS

ALEXANDER ERREYGERS

ABSTRACT. In this work I investigate uniformly continuous semigroups of sub-
linear transition operators on the Banach space of bounded real-valued func-
tions on some countable set. I show how the family of exponentials of a
bounded sublinear rate operator is such a semigroup, and how any such semi-
group must be a family of exponentials generated by a bounded sublinear rate
operator.

1. INTRODUCTION AND MAIN RESULT

Let B be a Banach space. Then it is well-known—see for example [10, Theo-
rem VIII.1.2] or [11, Theorem 3.7]—that a semigroup (S¢)ter., of bounded linear
operators on B is uniformly continuous—that is, continuous with respect to the
operator norm—if and only if there is some bounded linear operator A such that

¢ n +o00o tk k
S;=e = lim (I+-A) = for all t € Rxo;
n—+00 n k! -
n=0
whenever this is the case, this operator is given by
Sy —1
A = lim =% .
tNO T

While I cannot imagine that this result has never been generalised to nonlinear
operators, I haven’t been able to surface a reference where this is done. Instead,
most of the work on nonlinear operators seems to be focused on strongly continuous
semigroups [2, |7, (19} 20].

In contrast, this work thoroughly investigates uniformly continuous semigroups
of nonlinear operators, at least in the setting of semigroups of sublinear transition
operators. My interest in (uniformly continuous) sublinear transition semigroups
stems from the important role they play in the setting of sublinear expectations
for continuous-time countable-state uncertain processes. I will not explain this in
detail here, but refer the interested reader to [9, 13} |21} 22].

The setting is as follows. Throughout the paper, we let X be a countable set,
and we denote the linear vector space of bounded real-valued maps on X by Z; it
is well-known that £ is a Banach space under the supremum norm

|®f|oc: RY: f > sup{f(z): x € X}.
The bounded real-valued functions on X include the indicator functions: for any

subset X of X, the corresponding indicator Ix € 8 maps z € X to 1 if x € X and
to 0 otherwise; for any = € X, we shorten I,y to 1.

This work is supported by the Research Foundation—Flanders (FWO) (project number
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1



2 ALEXANDER ERREYGERS

An operator, then, is a (possibly nonlinear) map from % to . One example
is the identity operator I, which maps any f € £ to itself. Such an operator A is
called bounded if

Afllso
1) JAlL = sup{ IA7]

[1flloo

and we collect all bounded operators in Oy; the identity operator is bounded be-
cause clearly ||I||s = 1.

We focus in particular on two types of operators: sublinear transition operators
and sublinear rate operators.

:fe%’,f;éo}<+oo,

Definition 1. A sublinear transition operator T is an operator such that

T1. T(Af) = \Tf for all f € Z and X € Rxo;
T2. T(f+g) <Tf+ Tg for all f,g € %;
T3. Tf <sup f for all f € A.

A transition operator is a sublinear transition operator that is linear.

The three axioms for sublinear transition operators ensure that for all x € X,
the corresponding component functional

[To](x): # — R: f > [Tf](x)

is a coherent upper prevision/expectation in the sense of Walley 29| Section 2.3.5]—
see also [28]—or a sublinear expectation in the sense of Peng 24, Definition 1.1.1].

Definition 2. A sublinear rate operator Q is an operator such that
Q1. QAf) = AQf for all f € % and A € Rxg;

Q2. Q(f +9) <Qf + Qg forall f,g € 2
Q3. g,u =0 for all p € R;

Q4. [Qf](z) <0 for all f € P and xz € X such that sup f = f(z) > 0.

A rate operator is a sublinear rate operator that is linear.

Axiom is known as the positive mazimum pm’ncipleﬂ In the case of finite X,
Definition [2] reduces to the notion of an ‘upper rate operator’ as used in [8, Defi-
nition 5] or |18 Definition 7.2] or that of a ‘sublinear Q-operator’ as used in [21]
Definition 2.1 and Theorem 2.5].

This provides sufficient background to state our main result, which link semi-
groups of sublinear transition operators to bounded sublinear rate operators; the
remaining terminology and notation will be defined further on.

Theorem 3. A semigroup of sublinear transition operators (Tt)teRzo is uniformly
continuous if and only if there is some bounded sublinear rate operator Q such that

n—-+oo

_ — +_\"
T, =9 = lim <I + Q) for all t € R>g;
n >
whenever this is the case, this rate operator is given by
T, -1

Q=1 .
Q tl\né t

LAfter Courrege [6, Section 1.2], see also |15, Chapter 4, Section 2] or |25/ Lemma II1.6.8].
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The remainder of this work is essentially devoted to the proof of this result,
although we prove some additional results along the way as well. In particular,
that a bounded sublinear rate operator generates a uniformly continuous semigroup
of sublinear transition operators follows from Theorem and Propositions
and further on, while the converse implication follows from Theorem and
Proposition [1§] further on.

In Section [2{ we (i) introduce a norm on the set Oy of bounded operators that
makes this into a Banach space; (ii) introduce the semigroups we are interested
in; and (iii) establish some convenient properties of sublinear transition and rate
operators. Section [3| examines how we can go from a sublinear rate operator to a
(family of) sublinear transition operator(s). Most importantly, Theorem [13| defines
the exponential '@ of a bounded sublinear rate operator @ through a Cauchy
sequence of Euler approximations, which gives a sublinear transition operator. The
section then continues with an investigation into the properties of the resulting
family (e!Q);er.,. Section Y| investigates the other implication: there we start from
a uniformly continuous sublinear transition semigroup and show that it then must
be generated by a bounded sublinear rate operator. Finally, Section [5| adds the
requirement of downward continuity, and Section [6] compares our approach to that
of Nendel [22].

2. OPERATORS AND SEMIGROUPS

Let 9 denote the set of operators—so maps from % to Z. We have previously
encountered the identity operator I, but this is not the only special operator that
we will need: another important one is the zero operator O, which maps any f € %
to 0. It will also be convenient to construct new operators through addition and
scaling of operators, which are defined in the obvious pointwise manner: for all
ABeDand pye R, A+B: B> B: f—Af+Bf and pA: B — B: f — uAf;
this makes O a real linear space. Since (4, ||®]|«) is a Banach space, we fall squarely
in the scope of Martin’s |19, Chapter 3| treatment.

2.1. The Banach space of bounded operators. Martin |19} Section I11.2] calls
an operator A € O Lipschitz if

[Af — Aglles
Al :—sup{
Al 17—l

and we collect all Lipschitz operators in
Oq, = {A e9: ||A||Lip < +OO}.

He goes on to show in his Lemma II1.2.3 [19] that the identity operator I is Lip-
schitz with ||I||Lip, = 1, and that for any two Lipschitz operators A,B € Oy, their
composition

:f,geﬂ,hég} < +os,

AB: B — #: f— ABYf)
is again a Lipschitz operator with ||AB||Lip < ||AllLipl|BllLip- Finally, Martin shows
that ||e||1ip is & seminorm on the real vector space Oy, |19, Lemma II1.2.1], and that
the derived function

[eflL: Or = Rxo: A = [[AllL = [|AOfloc + [|AlLip

is a norm on Oy, such that (Oy,, ||e||1) is a Banach space (that is, a complete normed
real vector space) |19, Proposition I11.2.1].
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While we will deal with Lipschitz operators, the set 9r, of Lipschitz operators
is not the most convenient for our purposes. As will become clear, it is more
convenient to consider the alternative operator seminorm ||e||s.

Lemma 4. The function ||e]s: O — Rxo U {400} as defined by Eq. is an
extended seminorm on O. Furthermore, for all A,B € O,

IABIls < [A[ls[IBls

Proof. ||e||s is positive by definition, and it is clear that ||O||s = 0. That ||e||s is
subadditive follows from the subadditivity of the supremum norm |/e||, and the
subadditivity of the supremum, and | e}, inherits the absolute homogeneity of the
supremum norm ||e||s.
For the second part of the statement, note that
[[Alls[Bf oo

|mmuw%”%7“%feﬂj¢0}gmﬁ o :fG%J#O}
= ”AHSHBHS O

Clearly ||||s is a seminorm on Oy, C 9. With a bit more work, we can verify
that
lellb: Ob = Ro: A = [[AO]|oo + [|A]ls

is a norm on Oy, and that (O, ||e||1,) is a Banach space.

Proposition 5. The space Oy of bounded operators is a Banach space when
equipped with the norm ||e||p.

Proof. Our proof is essentially the same as Martin’s [19, Section I11.2].

First, it is clear that 9y, is a real vector space since addition and scaling clearly
preserve finiteness of the operator seminorm |[e||s. Second, it follows from Lemma[d]
that ||e||s is a seminorm on Oy,. Furthermore, it is easy to see that ||Al|s = 0 if and
only if Af =0 for all f € & such that f # 0; whenever this is the case, ||Allr =0
if and only if furthermore A0 = 0, which can only be if A = O. This proves that
|le|l is a norm.

A standard argument now shows that (Oy, ||e||1) is complete. Fix any Cauchy
sequence (A, )nen € (Op)N. Then for all f € B, (A, f)nen is a Cauchy sequence in
the complete space (4, ||®||), s0 lim,—, 100 A, f exists. The operator

Alimlg%—)gglf'—} lim Anf
n—-+4o0o

is bounded because the Cauchy sequence (A, )nen is bounded [16, Lemma 1.17]:

1. n— OOA’n o0
HMmMSW{Wm|&” ﬂ|:f€%J¢0}
< su {SUP{”Anb: n e N}HfHOO L feB,f £ 0}
- II.flloo ' ’
= sup{[|Ay|[b: n € N}
< +o00.

To see that (A,)nen converges to Ay, we fix any € € Ry . Because (A,)nen is
Cauchy, there is some N € N such that for all n,m > N,

1
[An = Anllb = [[An0 — ApOlloo + |An — A ls < 9¢
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On the one hand, we infer from this that for all n > N
|A1im0 — A, 0|00 < lim sup||Atim0 — Apn0|loo + ||Am0 — A0

m——+oo

= limsupHAmO - ATLOHOO

m——+oo
1
< 56.
On the other hand, we infer from this that for all n > N and f € £,
HAlimf - Anf”oo < lirnSU-pHAlimf - Amf”oo + ||Amf - Anf”oo
m——+00

< limsup||Amf — Anflloo

m——+oo
1
< sellflle-
From these two observations, it follows that for all n > N,
HAIim - An”b - HAlimO - AnOHoo + ||Alim - Aan < €.

Since this holds for all € € R, we conclude that the Cauchy sequence (A, )nen
converges to a limit Ay, in Oy, as required. O

Clearly, the identity operator I is bounded with ||I||, = ||I||s = 1. Furthermore,
for any two bounded operators A, B € Oy, their composition AB is bounded and

(2) [ABl < [Allb[IBlfb-

Proof. Tt follows immediately from the definitions of ||e||s and | e||;, and Lemma
that

[AB|ly = [[ABO]loc + |ABI[s < [|A[ls]BOlloo + [[Afls[IBlls = [IAflsIBlls < [[A[lsBllb-
O

While we’ll predominantly deal with |/e||,, the other norm ||e||r;, will also be of
use at some point further on, due to the following result.

Lemma 6. Consider bounded operators A,B,C € Oy. If A is Lipschitz, then
IAB — AC|l» < [|AllLip/B = Cllp-
Proof. Tt suffices to observe that for all f € 4,
[ABf = ACflloo < [[AllLip|IBS — Cflloc- O

Let us call an operator A € O positively homogeneous if A(Af) = MAf for all
A € Ryo and f € #A. For any positively homogeneous operator A € © and any

fe#\{0},
1 1 1
— Af=A(——f) with|——f =1
TS (fnoo ) : H|f||oome .
consequently,

(3) [Alls = sup{[[Aflloc: f € B, [ fllo = 1};

since AO = 0 due to positive homogeneity, it follows from this equality that if A is
bounded,

(4) [All = l[Alls = sup{l|Aflloc: f € B, [ flloc =1}
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This is in accordance with the operator norm for positively homogeneous operators
used in |18, Eqn. (1)] and [8, Eqn. (4)], as well as with the standard norm for
linear—additive and homogeneous—operators |26, Section 23.1].

2.2. Semigroups. In the setting of sublinear expectations for countable-state un-
certain processes, we are particularly interested in families of operators indexed
by R>g. These have been investigated thoroughly, usually in the following setting
(20 146 |7, 111} (17} |20} 23].

Definition 7. A semigroup is a family (S;)er., of operators such that

SG1. Se4t = SiS; for all 5,7 € R>p, and
SG2. So =1

We will exclusively be concerned with semigroups (T¢):cr., of sublinear tran-
sition operators, which we will briefly call sublinear transition semigroups; in this
context, the semigroup property is often called the ‘Chapman-Kolmogorov
equation.’

It is customary to consider semigroups that are continuous in some sense. A
popular notion of continuity is that of ‘strong continuity’, which means that

limS,f =S.f forallt € Rso, f € 2,

However, in this work we’ll work with a more restrictive notion of continuity that
is known as ‘uniform continuity’—curiously enough, and as mentioned in the intro-
duction, I haven’t been able to find a reference where this is used in the context of
nonlinear operators.

Definition 8. A semigroup (S;)¢cr., of bounded operators is said to be uniformly
continuous if

limS, =S; forall t € R>g.

s—t -

Whenever limsupg_~[|Ss[l, < +o0 for all £ € Rxo, this is the case if and only if

il{‘no Sa =1L

Proof. For the right-sided limit, note that for all s, € R>¢ such that s > ¢ and
with A = s — ¢, it follows from and Eq. that
1S5 = Stllb = [1ISaSe = Sell = [[(Sa = DSellb < [Sa = T[u[[Se b

For the left-sided limit, a similar argument but with s < ¢t and A =t — s shows
that
1S5 = Sellb = [ISs = SaSslln = [T =5a)Ssllb < [Sa — I[|u[|Asllb. 0

2.3. Some properties of sublinear transition operators. Consider a sublinear
transition operator T. Since [Te](x) is a coherent upper prevision for all x € X,
it follows from the well-known properties of coherent upper previsions—see for
example [29, Section 2.6.1] or [28 Theorem 4.13]—that

T4. Tf < Tg for all f,g € % such that f < g;
T5. T(f +u) =pu+Tf forall f € B and pcR;
T6. Tpu = p for all yu € Rxo;

T7. =T(—f) <Tf for all f € %;

T8. [ Tflloc < || flloo for all f € %;

T9. |Tf — Tgllee < ||f — glloo for all f,g € B.
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It follows immediately from |(T9), Eq. ()} and that for any sublinear

transition operator T,
T10. | TLip = [Tl = 15
TIL [Tl = [Tk = 1.
Since T is bounded and Lipschitz, we know from Lemma |§| that
T12. |TA — TBJ|p < ||A — BJ|, for all bounded operators A, B € Oy,.

2.4. Properties of sublinear rate operators. It is not difficult to show that for
any sublinear rate operator Q,

Q5. Q(f +u) =Qf for all f € % and u € R;
Q6. —Q(—f) < Qf for all f € %;

Q7. [QI;](z) <O0forall z € X.

Proof. For [(Q5) we simply repeat De Bock’s proof for [8, R6]: it follows from
subadditivity [(Q2)] and that

Q(f +1) < QU + Q) = Q) = Q(f + 1 — 1) <Q(f + 1) + Q(=p) = Q(f + ).
For observe that due to and the subadditivity of Q,
0=Q(f - f) <Qf +Q(-f).

Property |(Q7)| follows from |(Q5)| and the positive maximum principle [(Q4)| (for
f=L -1

[QL](z) = [Q(I; — 1)](z) < 0. O

With a bit more work, we obtain the following simple yet important expression for
the operator seminorm of a sublinear rate operator; this result generalises Proposi-
tion 4 in |14] to the countable-state case, but the proof here differs quite a bit from
the one there.

Proposition 9. For any sublinear rate operator Q,
1Qlls = 2sup{[Q(1 —I)](z): z € X} = Sup{[Q(l —2I)](z): z € X}.
Proof. For all z € X, it follows from positive homogeneity |(Q1)| and |(Q5)| that

2[Q(1 - L)](z) = [Q(2 — 2L))(z) = [Q(L — 2I,)] ().

Since the supremum is positively homogeneous, this proves the second equality in
the statement.

For the first equality in the statement, recall from Eq. that since Q is posi-
tively homogeneous,

1Qlls = sup{[|Q/fllc: f € Z, || flloc = 1}
(5) =sup{|[Q/](@)|: f € Z,||fllc = 1w € X}.

Next, observe that for all z € &, it follows from the sublinearity of Q and
(Q7)] that

0=[Ql(z) < [Q(l - 2L)](x) +2[QL](x) < [Q(1 — 2IL)](w).
Because ||1 — 2I,||oc = 1, it follows from all this that
[Qlls > sup{[Q(1 — 2L,)](z): z € X} = 2sup{[Q(1 — I,)](z): z € X'}.
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In the remainder of this proof, we set out to show that

(6) 1Qlls < 2sup{[Q(1 — L)](z): = € X'},

since the previous two inequalities imply the first equality in the statement.
Fix any g € £ with ||¢|lcc =1 and any x € X, and observe that

[Qg](z) = [Q(g — inf g)] (=)
due to |(Q5)l Let h := g —infg > 0 and a := suph, and note that h(z) > 0
and 0 < a < 2||lgllcc = 2—the latter because @ = supg — inf g; moreover, let
hy =h—a(l —1,) — h(z)L,. Since Q is sublinear,
[Qg](z) = [Q
Q

<[

[(2) = [Qhs + a(l = L) + h(z)L,))(z)

2)(z) +a[Q(1 - L)](z) + h(x)[QL] ().

As hy < 0 and suph, = 0 = 71{(33) by construction, it follows from the positive
maximum principle that [Qh.](z) < 0; since furthermore [QL,](x) < 0 due to
(Q7)|and e < 2 and h(z) > 0 by construction, we conclude that

(7) [Qgl(z) < a[Q(1 — L,)](z) < 2(Q(1 - L)](2).
For all f € # with ||f||c = 1 and z € X, it follow from Eq. (once for g = — f
and once for g = f) and that

—2[Q(1 ~ L)(=) < —[Q(-H(z) < [Qf)(=) < 2[Q(1 — L)) (=).
Together with Eq. , this implies the inequality in Eq. @ [

h
h

A trivial example of a sublinear rate operator is the zero operator O. One way
to define/obtain a non-trivial sublinear rate operator is to start from a sublinear
transition operator. The following result generalises De Bock’s [8] Proposition 5
from the setting of finite X to that of countable X.

Lemma 10. Let T be a sublinear transition operator, and fix some strictly positive
real number A € Rsq. Then the operator Q = A(T —1) is a bounded sublinear rate
operator.

Proof. Let us prove first that Q is a sublinear rate operator. Note that Q is a
bounded operator because Oy, is a real vector space and Q is defined as a linear
combination of bounded operators. That Q is sublinear—that is, satisfies
and follows immediately from the sublinearity of T and the linearity of I.
That Q maps constants to zero—so satisfies follows from the fact that T
and I are constant preserving [(T6)]. Finally, it is obvious that Q satisfies the
positive maximum principle |(Q4)| due to for all f € # and = € X such that
f(z) =sup f >0,

[Qf1(x) = A([Tf](z) — f(2)) < A(sup f — f(x)) = 0.

O

Krak, De Bock, and Siebes [18, Eqn. (38)] discuss a second way to obtain a
sublinear rate operator by taking the (pointwise) upper envelope of a set of rate
operators, and we can fairly easily generalise their results from their setting of
finite X to ours of countable X'. While this may be of interest to some readers—
especially those who want to do sensitivity analysis—I believe that this exposition
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would distract us too much from our main objective. As a compromise, I have
chosen to relegate this exposition to Appendix [A]

We can also go the other way around as in Lemma a suitable linear combina-
tion of the identity operator and a sublinear transition operator gives a (automat-
ically bounded ) sublinear rate operator. The next result formalises this, and in
doing so generalises De Bock’s [8] Proposition 5—or the slightly improved version
in [14, Proposition 3]—to the present, more general setting.

Lemma 11. For any bounded sublinear rate operator Q and any A € R>q such
that A||Qll, < 2, T :== 1+ AQ is a sublinear transition operator.

Proof. That T is a (bounded) sublinear operator—so an operator that satisfies
and follows immediately from the fact that I and Q are sublinear bounded

operators and that Oy, is a real linear space, so it remains for us to verify that T
satisfies |(T3)} To this end, we fix some x € X and f € #. Then it follows from

[(Q5)] that B B

[Tfl(z) = fz) + A[Q(f — f(2)](z).
With f, = f — f(z), a ==sup fp =sup f — f(z) > 0 and f, = f, — (1 — L), it
follows from this and the sublinearity of Q that

[Tfl(x) = f(2) + AQf](z) = f(2) + A[Q(fs + a(l ~ L))](z)
(@) + AQf:](2) + aA[Q(L — L)](x).

<
Since fw < 0 and sup fw =0 = fa:(x) by construction, the positive maximum

principle tells us that [Qf,](z) < 0, and therefore

)
[Tf](z) < f(z) + aAQ( - L)](=).
From Eq. and Proposition |§| we know that [Q(1 — L,)](z) < ||Q|»/2, whence

[Tf](z) < f(a) + a%@\b.

Since A||Ql|;, < 2 by the assumptions in the statement and o = sup f, = sup f —
f(z) by definition, we conclude that

[Tfl(z) < f(x) +sup f — f(x) < sup f,

which is what we needed to prove. ([

When combined with the previous lemma can be used to show that any
bounded sublinear rate operator is Lipschitz, which we already know to be true in
case X is finite 8 (R11) and (R12)]. This Lipschitz property will come in handy
further on, which is why we establish it formally here.

Proposition 12. Consider a bounded sublinear rate operator Q. Then

Q8. [|Qf = Q| < IQIullf = gl for all f.g € #; and
Q9. [|QA - QB|, < QllblIA =By, for all A,B € O,

Proof. Since the two properties in the statement are trivial if QI =0< Q=0,
we assume without loss of generality that [|Q][, > 0. For we fix some f, g € A.
Then with A :==2/(|Q|l,
1

|

[Qf ~Qlloc =  1AQS ~ AQgllc < T+ AQ)S — 1+ AQ)gloc + 5 I — gl
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Now we know from Lemma |[11{that I+ AQ is a sublinear transition operator, so it
follows from the previous inequality and |(T11)| that

1Qf ~ Qalloe < 115 = glloe = IQUl1f — gl

which is the inequality we were after

Property follows immediately from [(Q8)] due to Lemma [6] O

3. THE SUBLINEAR TRANSITION SEMIGROUP GENERATED BY A BOUNDED
SUBLINEAR RATE OPERATOR

Now that we have gone over the preliminaries, it is time to get going on our
first goal: to define the operator exponential of a bounded rate operator through
a Cauchy sequence of sublinear transition operators. After doing so in Section [3.1
we investigate the properties of the family of operator exponentials in Section [3.2

3.1. The exponential of a bounded sublinear rate operator. The path which
we will follow is the one outlined by Krak, De Bock, and Siebes |18| Section 7.3] in
the case of a finite state space, who took inspiration from earlier work by De Bock
[8] and Skulj [27]. The crucial idea is to combine Lemma |11 with the following ob-
servation: for any two sublinear transition operators S and T, their composition ST
is again a sublinear transition operator. Henceforth, we will use this basic observa-
tion implicitly in order not to unnecessarily repeat ourselves. The combination of
these two results leads to the following key result; it is generalises Corollary 7.10
in [18], but goes back to well-known ideas in the theory of operators [4].

Theorem 13. Consider a bounded sublinear rate operator Q, and fix some t € Rx.
Then the sequence ((I+ LQ)™)nen of bounded operators is Cauchy, and its limit

_ t_ n
e!Q = lim <I + Q>
n

n—-+oo
is a sublinear transition operator.

To prove this result, we will rely on two intermediary results which generalise
Lemmas E.4 and E.5 in 18], respectively; the proofs of these generalised results
follow the proofs of the originals closely, whence I have relegated them to Appen-

dix Bl

Lemma 14. Consider some n € N and some sublinear transition operators Ti,..., T,
and Si1,...,5,. Then

T3+ T =81+ Sall, < Y_ITx =Skl
k=1

Lemma 15. Consider a bounded sublinear rate operator Q. Then for all A € R>q
such that A||Q|lp <2 and ¢ €N,

< A?QI3-
b

(1+ ?Q)e — I+ AQ)
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Proof for Theorem[I3 Fix some n,m € N such that ¢||Ql|;, < 2min{n,m}. Then
by the triangle inequality,

(50 - (50) |,

| i) - Comme) e (eame) (e se)
n nm b nm m b

Now since t||@|b < 2n < 2nm, it follows from Lemma Lemma [14] (with Ty =
I+ £Q) and Sy = (I+-£Q)™) and Lemma (with A = £ and ¢ = m) that

(0] = (o) | = 50) - ()
n nm n nm
t\? <o
<n(%) 1
1.
- L21alk.

n

<n
b

b

A similar argument shows that

t - m t - nm
i)t
m nm b
and therefore

H (1 ; tq) - (1 + tQ) < (1 i 1)t2||cz||%.
n m n m

From this, we infer that ((I+ £Q)™)nen is a Cauchy sequence.
Since (Db, [|e||) is a Banach space [Proposition [f], this Cauchy sequence con-
verges to a limit

1 _
< —t|Q|?
= - Q%5

b

_ t_ n
e!Q = lim <I + Q)
n——+4oo n
in Oy. That this limit '@ is a sublinear transition operator follows from its defi-
nition as the limit of ((I4+ £Q)™),en because (i) we know from Lemmathat for
sufficiently large n, (I+ %Q) and therefore (I+ %Q)" is a sublinear transition oper-
ator; and (ii) the axioms of sublinear transition operators are preserved

under limits. O

With Q a bounded sublinear rate operator and ¢ € R>g, we call e'Q the operator
exponential of tQ because its defining limit expression mirrors one of the many
limit expressions for the exponential of a real number. It is quite peculiar that we
obtain Euler’s limit expression, though, as it is not commonly used in the theory
of (nonlinear) semigroups

2The limit expression that is usually encountered is—see, for example, |17, Theorem 11.3.2],
|20, Chapter 4], |30, Chapter IX] or |11, Chapter II]—of the form

1 —-n
e = lim (I——A) ,
n——+oo n

which of course requires that the inverse of the operator on the right hand side is well defined.
Note, also, that usually this definition is done pointwise, so through a limit in the ‘original’ Banach
space (here %) instead of through a limit in a suitable Banach space of operators (here Oy).
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3.2. The exponential family. Theorem [I3] provides a way to obtain a fam-
ily (etQ)teR>0 of sublinear transition operators starting from a bounded sublinear
rate operator. Due to the results in [13, Section 5], we are particularly interested
in whether such a family forms a semigroup. The following result establishes that,
quite nicely, this is always the case; it is related to Theorem 2.5.3 in [4], so it should
come as no surprise that the proofs are similar.

Proposition 16. Consider a bounded sublinear rate operator Q. Then (etQ)teRzo
is a uniformly continuous sublinear transition semigroup.

Our proof for Proposition [I6] makes use of the following intermediary result,
which will come in handy further on as well.

Lemma 17. Consider a bounded sublinear rate operator Q. Then for all s,t € R>q,
€5 — e, < Is = tlIIQllb-
Consequently, the function e*Q: R>p = Op:t— e!Q is Lipschitz continuous.

Proof. Fix some s,t € R>( and observe that for all n € N,
esQ — (I + EQY @ — (I + EQ)n
n n b
_\" t_\"
+ H(I+ Q) - <I+ Q)
n n b

For the last term, it follows from Lemmas and [14] that for all n € N such that

Q2 < n and 3]Q/2 < n
[+ 2Q)" - (14 £a) | <nf(1+ 2Q) - (1+ 2Q) | =1s- Q.
n n b n n b

Due to Theorem the inequality in the statement now follows from all this by
taking the limit for n — 400 in the first equality of this proof. O

@ - ], < |

+
b

Proof of Proposition[T8. Tt follows immediately from Theorem 13| that e"Q = I
[(SG2)]. Our proof of the semigroup property [(SG1)|is one in three parts.

First, we prove the following, perhaps a bit less immediate, consequence of The-

orem [I3
(8) e™Q = ()" for all t € Rsg,n € N.
Indeed, for all € € R+ there is some k € N such that ¢||Ql|;, < 2k and

. nt nk o ¢ k
o0 < w2010

nk
From this, Lemma and Lemma |14 (with T;, = ¢'Q@ and S = (I+ £Q)k), it follows

that i .
(eta)n — <I + IZQ) eQ — <I + IZQ)

o nt nk
e — <I + Q)
nk

<< and < S
p— an .
2 2n
b b

<n

b

<
b

€
27

and therefore

<
b

+
b

ent@ _ (etQ)"




UNIFORMLY CONTINUOUS SEMIGROUPS OF SUBLINEAR TRANSITION OPERATORS 13

Since € € Rs o was arbitrary, this verifies Eq. (8).
Second, we use Eq. to show that for all p,q € Q>¢, and with n,,n, € Z>¢
and d € N such that p =n,/d and ¢ = n,/d,

o A _ (40)" (cHQ)" _ (c30) T _
Third, we fix some s, € R>o and some € € Rso. Then because e*Qis (Lipschitz)
continuous [Lemma , there are some p,q € Q>¢ such that [|e*Q — ePQ|}, < €/3,

[efQ — e1Q||, < €/3 and [[esTDQ — @+ < ¢/3. From this, Eq. @ and
Lemma [I4] it follows that

||es66t6 _ e(s+t)QHb < Hesée@ _ eerqQHb + He(s+t)6 _ e(p+q)6Hb
< [er 9|, + [ e+ [0 — ele+a3Y
< €.

Since this inequality holds for arbitrary € € R, we conclude that e5QefQ = e(sT9)Q,
as required for [(SG1)]

Finally, the uniform continuity of the semigroup (etQ)tGRZO follows immediately
from Lemma (Il

Let us investigate the function
6’62 R>o = Op:t— etQ,
with Q a bounded sublinear rate operator, a bit more. We now know that this

function is (Lipschitz) continuous. The natural follow up question, then—at least

to me—is whether this function ¢! is differentiable. The following result answers
this question positively; in doing so, it generalises Proposition 7.15 in [18] and
Proposition 9 in [§] to the setting of countable instead of finite X.

Proposition 18. Consider a bounded sublinear rate operator Q. Then for all t €
RZO;
SQ o t@ I—
lim e e Qe'Q.
s>t §—1

Proof. Let us prove an intermediary result first. Fix some A € R>( such that
A|lQ|lb € 2. Then for all n € N,

AT
—x -

1 — _

- K||eAQ - I+A9Q),
1

<

b
ag (i AN L1 A" ~
< e <I+nQ Hx|I3Q) —1+2Q

It follows from this, Theorem [13] and Lemma [T5] that

b

AQ_T 1| a5 A\" 1 A" —
eA_QH Slirgiupg A — (I—I— nQ> +AH<I+ nQ) —(I+AQ)
n e3¢} b b
(10) = A[QIf3.

Let us consider the right-sided limit first. To this end, we fix some s € R> with
s > t. Using the semigroup property of e*Q [Proposition , we find with
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A = s —t that
eQ—eQ  _ o AT\ 5 AT
_ Qll = - - QI < ||~
sor W g A vt
b b b

where for the inequality we used Eq. and |(T11)] Since Eq. holds for
sufficiently small A, we conclude from this that
SQ _ tQ _
e e —
lim ———— = Q€'
sl\‘ni s—t Qe
The left-sided limit is similar, although we need one extra step in the argument.
Suppose that ¢t > 0, and fix some s € R>( such that s <t. Then with A =t —s =

_(S - t)7

esQ _etQ =) _ Q.
prErai i
b b
| A
- _QeAQ>e(t 2)Q
( —A b
I-— _
< _eA Qe”Q
b
Observe now that
I—-e2Q _ .5 A1 _ .5 A1 — = AD
QY = | Qe <=z -Q| +[ar-Qe?,
b b b
AR T _ Am
< =5 -+l e,
b

where for the final inequality we used It follows from this, Eq. and Lemma

that B .
€SQ _ etQ I
lim & — %" — Qe O
s/t s—1t

From Lemmaand Propositionsand we know that e*Q belongs to C*(R>o, O),
and that it is a solution of the abstract Cauchy problem

Ss =S¢ =
lim LA QS; for all t € R>g
s—=t s —1 =
So =1

Even more, due to Proposition [12]it follows from the Cauchy—Lipschitz Theorem—
see for example Theorem 7.3 in [3]—that e*< is the unique solution (in C*(Rxq, Oy))
to this abstract Cauchy problem.

4. UNIFORMLY CONTINUOUS SUBLINEAR TRANSITION SEMIGROUPS

The question now arises whether the converse of the main results in the pre-
vious section also hold: is every uniformly continuous sublinear transition semi-
group (Ty)ier., generated by a bounded sublinear rate operator Q, in the sense
that - B

T, =e!Q forallte R>¢?
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In this section we set out to show that the answer to this question is positive.
Before we get into our investigation, let us take a closer look at the requirement
of uniform continuity for sublinear transition semigroups.

Proposition 19. A sublinear transition semigroup To is uniformly continuous if
and only if -

. ‘T -

lim sup
N0

The proof of this result is a bit long and not necessarily informative, but the
interested reader can find it in Appendix [C]

We’ll to progress through a sequence of (intermediate) results in order to estab-
lish the main result, Theorem [23| further on. As a first step, we set out to establish
the ‘inverse’ to Theorem instead of defining the exponential of a bounded
sublinear rate operator through a Cauchy sequence, we seek to define the natural
logarithm of a sublinear transition semigroup through a Cauchy sequence. The way
we will go about this is to generalise the following well-known limit expression for
the natural logarithm: for any strictly positive real number a € R+,

< +00.
b

Ina= lim n(a% —1).
n—-+4oo

To translate this limit expression to the setting of bounded operators, we (i) re-
place a by T; and 1 by I, and (ii) note that since T; = (Tt/n)n, we can think of Ty,
as the—or an—n-th root of T;. It still surprises me that this approach works, since
never before have I seen this limit expression in the setting of operators.

Proposition 20. For any uniformly continuous sublinear transition semigroup (T¢)ter-,

and t € R>q, the sequence (n(Tt/n — I)) is Cauchy in Oy, and its limit

neN
InT; == ngrfoo n(Tyn — 1)
is a bounded sublinear rate operator.

In our proof for Proposition [20] we will rely on Proposition [19|and the following
intermediary result, which establishes a convenient bound on || T —I—n(Ty/, —1)||.

Lemma 21. Consider a sublinear transition operator T. Then for all n € N,
=n = nn—1) = 2
(T *I)*n(T*I)HbSTHT*IHb :

Proof. Our proof will be one by induction. The statement is clearly satisfied for
n = 1, so it remains for us to check the inductive step. So we suppose that the
inquality in the statement holds for some n € N, and set out to show that

—n+1 — (n+n =
(11) [T =1 = (n+ (T = Df, < =T -1l
First, we rewrite the operator on the left-hand side of this inequality:
—n+1 . —n+1 — —

T =)=+ )T =1 = (T 1) = n(T—1)— (T-1)
= (T" =D)T —n(T-1).
Adding and subtracting n(T — I)T on the right-hand side then gives

T D)=+ )T -1 = (T" 1) = n(T = 1)) T +n(T - T — n(T - 1),

(T
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so we see that
[T =)= (n+ 1)(T =D, < [|(T"~1)=n(T-D)T|, +||n(T-HT-n(T-D1||,.

For the first term on the right-hand side of this inequality, it follows from Eq. ,
and the induction hypothesis that

I((T" =) = (T = D) T, < [|(T" = 1) = (T =D, |T],
=[|[(T" = 1) —=n(T -1)||,
=Dy,

IN

For the second term, we recall from Lemmathat n(T —1) is a bounded sublinear
rate operator; as T and I are both bounded operators, it therefore follows from

[(Q9)] that

[n(T = DT — n(T — DI||, < |[n(T = D||, [T —1|, =»IT —1|I3.
Thus, we see that
(n+1)n

—n+1 — nn—1) = _ _
| =D - )T, < T 1 4l T -1 = S T,
which verifies Eq. and concludes our proof. O

Proof of Proposition[20. The statement holds trivially in case ¢ = 0, so we assume
without loss of generality that ¢ > 0. Since (T¢)er., is uniformly continuous by
assumption, it follows from Proposition [19] that

8= sup{HTtt_I 1t e R>0} < +o00.
b
Consequently, for all k € N,
_ 175)
(12) HT% =1f|, < T
Fix some n,m € N. Then
(T, -1 = m(T2 -],

= [n(Ts = 1) = (T = 1)+ (T = 1) = (T — 1)
<n| (T - —m(T. )| +m|Ts-1)-n(T. -1 .
From the semigroup property of (T¢)ter.,, we infer that
Ty =(Tx)" and Tyg=(Ty)"

Due to these two inequalities, it follows from the preceding inequality, Lemma

and Eq. that

_ _ —1) [/ tB\? 1) [ tB\>
In(T: —1) —m(Te ~D, < n% (mn) +m% <ni>
_Imm—1) 5 1L n(n—1) 5.
= B+ B

n
1/1 1
(s Des
2\n m
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Since this inequality holds for arbitrary n,m € N, we can conclude that the se-
quence (n(T;/,) —Dnen in Oy is Cauchy. As (Oy,, [[e||p) is complete, this sequence
converges to the bounded operator

InT, = lim ’I’L(TL —I).

n—-+00
To verify that the bounded operatOI;lnTt is a sublinear rate operator, it suffices
to realise that (i) for all n € N, n(T;,, — I) is a bounded rate operator due to
Lemma and (ii) the axioms [(Q1)H(Q4)| of a rate operator are preserved when
taking limits. O

Its limit expression already warrants calling InT; the ‘(natural) operator loga-
rithm of T;,” but the following result provides full justification: the operator loga-
rithm is indeed the inverse of the operator exponential.

Proposition 22. For any bounded sublinear rate operator Q,
Ine'® =tQ forallte R>o.

Conversely, for any uniformly continuous semigroup (Tt)ier., of sublinear transi-
tion operators,

T, =™ forallte R>g.

Proof. For the first part of the proof, recall from Proposition and Lemma
that (eSQ)SE]R>0 is a uniformly continuous sublinear transition semigroup, so the
operator logarithm is well defined. The equality for ¢ = 0 holds trivially because
e0Q = I, so we assume without loss of generality that ¢ € Rs(. Fix some € € Ryy.
Then it follows from Propositions and and the fact that ¢°Q@ = I—that there
is some n € N such that

t

<% and Hn(e?Q—I)—lnetQ
b

L <3
b 2

From this, it follows that

[In eQ — tQlp < Hln eQ — n(en® — I)Hb + Hn(e%Q -1 - tQHb

Q1
:thethn(e%QfI)H )&
b

‘7,@

i
n

b
< €.

Since this holds for arbitrary € € Ry and arbitrary t € R+, we have proven the
first part of the statement.

For the second part of the statement, we again fix some ¢ € Ryg and t €
R>o. Then due to Theorem [13] and Proposition [20] there is some n € N such that
I T, < 2n,

_ 1 ~\"
e Te (1+ 1nTt>
n

Note furthermore that

€ _ _ €
<< and Hl T, — (TL—I)H <<
. 2 arn ni; n i b D)

I+%<n(T% 1)) =T

)

3|+
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we use that (T )" = Ty because (T;)ier., is a semigroup, to yield

(141 (n(T: -1))) = 7.

Since ||InT;|;, < 2n by construction, Lemmaensures that I+-1 In T} is a sublinear
transition operator; this means that we may invoke Lemma to yield

<1+ ilnTt)n - <I+ =(n(T, I))) ,
<1+ ilnTt> - <I+ (T —I)))

InT,; — n(TL — I)H
n b

1
n

n

<n

<6
2.

b

From all this, it follows that

[T = e, =

b

1 — " I —\"
< H<I+ ~(n(T —1))) - <1+ lnTt)
n n n b
1 ! InT
=+ I + — In Tt — € t
n b
<€
Since € € R+ was arbitrary, this shows that T; = elnTt, as required. O

At long last, we are ready to provide a positive answer to the question posited
at the beginning of this section: is every uniformly continuous sublinear transition
semigroup generated by a bounded sublinear rate operator?

Theorem 23. Let (Tt)teRzo be a sublinear transition semigroup. If this semigroup
is uniformly continuous, then InT1 is a bounded sublinear rate operator, and

T, =¢' InT, for allt € R>g.

Proof. Since (Tt)te]Rzo is a uniformly continuous sublinear transition semigroup,
Proposition guarantees that for all ¢ € Rx, InT; is a bounded sublinear rate
operator, while Proposition 22| ensures that

T, = emTe for all t € R>g.

As (e lnTl)teRZU is uniformly continuous as well [Lemma, it suffices to show
that T; = et ™t = e!I"T1 for all ¢ in some dense subset T of Rxq, and we will do
so for T = Q>¢. That is, it suffices to show that
(13) InT, =¢InT; for all ¢ € Q.

To this end, note that for all ¢ € R>¢ and n € N, it follows from Proposition
that

(14) Ty = lim nk(Tnt —I) =n lim k(T% —I) — nInT,.

k—+oco nk k—+oco

nk
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Now fix some ¢ € Q>¢. Then there are some n € Z>( and d € N such that ¢ = n/d,
and Eq. tells us that

lnT% =nlnT: and InT;=InTs=dInT:.
d d d

Because d > 0, these equalities clearly imply the one in Eq. for ¢ = n/d, and
this concludes our proof. ([l

5. DOWNWARD CONTINUITY

The notion of downward continuity plays an important role in the setting of
sublinear expectations for countable-state uncertain processes, so we will take it
into account here as well. We say that a sequence (f,, )nen is decreasing if fr, > fn41
for all n € N, and then write (f,)neny N\ f if it converges pointwise to f € %. An
operator A € 9 is called downward continuous—sometimes also continuous from
above—if for all z € X, the corresponding component functional [Te](z): & — R
is downward continuous, meaning that

lim [Tf,](z) = [Tf](z) for all " > (fu)nen \ f € %,

n—-+o0o

where here and in the reminder, we write ‘%" > (fu)nen N\ f € %’ to mean
any decreasing sequence (f,)nen € 4" that converges pointwise to some f € %—
which is the case if and only if (f,)nen is uniformly bounded (below). Note that
the identity operator I and the zero operator O are trivially downward continuous.
If X is finite, then a sequence (f,)nen € %" converges pointwise to some f € %
if and only if it converges uniformly to f, in the sense that
lim ||fn — flleo =0.

n—-+oo

Hence, whenever this is the case, for any sublinear transition operator T it follows
immediately from that
lim Tf, =Tf, and therefore lirf [Tf.)(x) = [Tf](x) forallxze X.
n—-+oo

n—-+o0o
Consequently, if X is finite then any sublinear transition operator is trivially down-
ward continuous.

The main result of this section is the following, which ties the downward conti-

nuity of the semigroup (etQ)teRZO to the downward continuity of the sublinear rate
operator Q

Proposition 24. A bounded sublinear rate operator Q is downward continuous if
and only if €' is downward continuous for all t € Rq.

In our proof, we’ll make use of the following intermediary results.

Lemma 25. For any bounded sublinear rate operator Q and any A € Rsg such
that A||Qlly < 2, T = I+AQ is downward continuous if and only if Q is downward
continuous. Conversely, for any sublinear transition operator T and X € Rsg, Q ==
XT —1) is downward continuous if and only if T is downward continuous.

Proof. Since 1 is trivially downward continuous, it follows immediately from the
definition of T = I+ AQ that one of T and Q is downward continuous if and only
if the same holds for the other. Similarly, it is clear that Q = A(T —1I) is downward
continuous if and only if T is downward continuous. [
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Lemma 26. Consider some k € N and some operators A1, ..., Ay that are
isotone, meaning that Agf < Ayg for all f,g € B such that f < g. If Ay is
downward continuous for all £ € {1,...,k}, then Ay --- Ay is downward continuous
as well.

Proof. Since the composition of isotone operators is again an isotone operator, it
clearly suffices to prove the statement for & = 2. To prove that A; A, is downward
continuous, we fix some B" > (f,,)nen \« f € A. Since (f,)nen decreases pointwise
to f and A, is assumed to be isotone and downward continuous, (Asf,)neny € B"
is decreasing and converges pointwise to Ay f € 4. Since in its turn A; is assumed
to be downward continuous, this implies that for all x € X,

lim [(A1A2)fu](2) = lim [Ar(Azfn)](2) = [A1(A2f)](z) = [(A1A2) f](2). U

n—-+400 +oo

Proof of Proposition[24 For the implication to the left, we assume that Q is down-
ward continuous and set out to show that then @ is downward continuous for all
t € R>g. Since e¥Q =T is trivially downward continuous, we assume without loss
of generality that ¢ > 0. Then for all x € X and %" > (f,)) \\ f € %4, we need to
show that

(15) lim [e'9f,] () = [¢"2f] ().

n—-+oo

So fix any such x € X and " 3 (f,,) \( f € %, and let 8 := max{|| f1 oo, || f]loc }-
Since (fn)nen decreases to f, it is clear that sup f; > sup fo > --- > sup f and
inf fy > inf fo > -+ > inf f; consequently || f|lcc < 8 for all n € N.

If 8 =0, then f = fo = --- =0 = f, and Eq. (15 follows immediately

because €' is a sublinear transition operator [Theorem | and therefore constant

preserving

For the case 8 > 0, we fix some € € R>o. Then by Theorem [[3] there is some
k € N such that t||Q||p < 2k and, with Ay = t/k,

[0 1+ 20" < 55

From Lemmas [11| and [25| we know that I + A, Q is a sublinear transition operator,

so in particular an isotone one , that is downward continuous. Since the com-

position of downward continuous isotone operators is again a downward continuous

isotone operator [Lemma, we conclude that (I+A;Q)¥ is downward continuous.
Next, we observe that for all n € N,

@£ @) — [ @)] < [[Cha) @)~ [+ MR £] @)

+ [T+ 2 Q)F fu] (2) — [T+ 2:Q)* f] ()]
+ [T+ AQ)* ] (2) =[] (@)].

Because (I+ A,Q)F is downward continuous, the middle term on the right-hand
side converges to 0. As '@ — (I+ A,Q)” is a bounded operator, we can bound the
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first term by
[ 2] (@) = [(T+ ARQ)F £u] ()] < [[e" X fn — (T+ AkQ)* fu|
< € — (14 AQH, Il
€ p_ ¢
< %ﬁ = 9

In a similar manner we find for the third term that
[ f] (@) = [T+ AcQ)F f](2)] <

Hence, it is clear that

N

. tQ tQ
nEIEOJ [€ Q] () = [ef](2)] <
Since this inequality holds for arbitrary € € R+, it implies the equality in Eq. ,
and this finalises our proof for the implication to the left.

The main idea for the proof of the converse implication is straightforward: the
downward continuity of Q follows from that of €!@ for all t € R>q and I because
due to Proposition Q can be approximated by GAZJ for some sufficiently small
A. Since the formal argument is similar (but more straightforward) as the one in

the first part of this proof, we leave it as an exercise to the reader. O

6. COMPARISON TO NISIO SEMIGROUPS

Nendel |22} Section 5] also considers semigroups of sublinear transition operators,
but the way he constructs them differs a bit from the approach I've taken in this
work. Their starting point is a set ¥ of Markov semigroups—that is, a set of
semigroups of linear transition operators that are downward continuous. To make
the connection more clear, observe that for any Markov semigroup (T;)ier.,, it
follows from the Daniell-Stone Theorem that its matrix representation, given by

Ti(z,y) = [Tily](z) forallt € R>p,z,y € X,

is in one-to-one correspondence with what is known as a ‘transition (matrix) func-
tion’, sometimes (somewhat ambiguously) shortened to ‘transition matrix’, see |1}
§ 1.1], |25, Example II1.3.6], |17, Section 23.10] and [5 Part II, §1]. It now follows
from Theorem [3] and Proposition 24} —and is essentially well-known, see for exam-
ple |17, Section 23.11] or |5, Section I1.19, Theorem 2]—that such a Markov semi-
group (T})ier., is uniformly continuous if and only it is generated by a bounded
downward continuous linear operator Q, in the sense that

n—-+4o00 n!

, t \" Xmqr
(16) T, =eQ = lim <I + Q) = Z for all t € Rx>o;
" n=0
note that the matrix representation of Q must have the following properties:
(i) Q(z,y) >0 for all z,y € X with = # y;
(i) Qz,z) =—32,4, Qz,y) for all z € X
(iii) sup{—Q(z,z): z € X} < 4o0.
Nendel [22] constructs a sublinear transition semigroup (S;);ecr., such that for
any Markov semigroup (T})icr., € ¥, B

Tif <Sif forallteRsg,fe€ B
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Moreover, this ‘Nisio semigroup’ (gt)teRzo is the point-wise smallest semigroup that
dominates T: for any semigroup (St)ser., such that

th S Stf fOI' all (TS)SE]RZO S g,t S RZO, f S g,
he shows that
th S gtf S Stf fOI' all (TS)SGRZO € T,t S RZO, f S (%

To compare this to our approach, let us consider the setting of his Remark 5.6 [22].
First, we assume that every Markov semigroup T, = (Tt)teRZD in ¥ is uniformly
continuous, or equivalently, is generated by the downward continuous bounded rate
operator

Qr. = fim .
Second, we assume that the set of corresponding rate operators is uniformly bounded:
sup{||Qllv: Q € Q} < 400 with Q= {Qr,: Ts € T}.
Nendel |22] shows, then, that for all f € £,
(17) Rsg — B:t— Sif

is the unique solution to the Cauchy problem

18) lim w = Qu(t) forall t € Rsg

where Q: % — 2 is the pointwise upper envelope of Q, which—as is explained in
Appendix [A}—is defined for all f € & by

Qf: X =2 R: z— sup{[Qf](z): Q € Q}.

Now Proposition [28|in Appendix |[A| establishes that Q is a bounded sublinear rate
operator. This is relevant here because it follows from Proposition [18] that

Ry =+ %A:t— e
solves the Cauchy problem in Eq. , from which we may conclude that the Nisio
semigroup (S¢)ser., is generated by Q:
gt = 615Q for all t € Rzo.

APPENDIX A. SETS OF RATE OPERATORS
For any set Q of rate operators, its corresponding pointwise upper envelope
QQ: 2B — RY
maps any f € A to
Qof: X > RU{+00}: 2 > [Qof]() = sup{[Qf](x): Q € Q}.

From this definition, it is easy to see that QQ is an operator—that is, that it has
P as codomain—if and only if

(19) sup{|sup{[Qf](:c): QeQ}|:ze X} < 400 forall f e AB.

Whenever this is the case, QQ turns out to be a sublinear rate operator.
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Lemma 27. Consider a set Q of bounded rate operators. Then the corresponding
pointwise upper envelope Qg is an operator if and only if Eq. holds; if this is
the case, then QQ s a sublinear rate operator.

Proof. The necessity and sufficiency of Eq. follows immediately from the def-
inition of Qg. That Qg is a sublinear rate operator follows immediately from its
definition as a pointwise supremum: QQ is sublinear and satisfies [(Q3)| and |(Q4)

because every rate operator Q € Q is linear and satisfies and O

It suffices for Eq. that @ is uniformly bounded with respect to the operator
norm ||e||,, in the sense that sup{||Q|lr: Q € Q} < +oo. In fact, this sufficient
condition also ensures that Qg is a bounded operator.

Proposition 28. Consider a set Q of rate operators. Then the corresponding
upper envelope Qg is a bounded operator if and only if Q is uniformly bounded
with respect to ||e||y, in which case Qg is a sublinear rate operator and

1Qally = sup{||Qllv: Q € Q}.
Proof. For the sufficiency, assume that § = sup{||Q||p: Q € Q} < +oo. To use
this to our advantage, we observe that for all f € 2 and Q € Q,
—Blflle < 1Qlsflloc < =Q(=f) = Qf < 1Qlls[ flloc < Bl floc-

These inequalities imply that is satisfied, so we know from Lemma that Qg
is a sublinear rate operator. It now follows from Proposition [0} the definition of

Qg Eq. and Proposition@that
1Qqlls = sup{[Qqo(1 - 2L,)](x): = € X}
= sup{sup{[Q(l —2I,)|(z): Qe Q}:x € X}
= sup{sup{[Q(1 - 20L,)](2): = € ¥}: Q € Q}
— sup{Qllv: Q € Q.

Since by assumption Q is uniformly bounded with respect to ||e||,, we infer from
these equalities that Qg is a bounded operator, as required. Since Qg is bounded
and positively homogeneous, it also follows immediately from this equality and

Eq. that
1Qallb = 1Qolls = sup{lIQll»: Q € Q}.

For the necessity, suppose that QQ is a bounded operator. Then we know from
Lemmathat QQ is a sublinear rate operator. Hence, in a reversal of the argument
in the first part of this proof, it follows from Eq. and Proposition@l7 the definition
of Qg and again Proposition |§| that

sup{[[Qllv: Q € Q} = [Qqls-

Since QQ is a bounded operator by assumption, we may conclude from this equality
that Q is uniformly bounded for ||e]|,. O

We can also go the other way around, so from a sublinear rate operator Q to the
corresponding set of dominated rate operators

Qn =1{QeQ: (vf € #) Qf <Qf},
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where 9 denotes the set of all rate operators. The next results establish some
properties of this set, including the following one.

Definition 29. A set O of rate operators is separately specified if for any selec-
tion (Qz)zex in Q, there is a rate operator Q € Q such that [Qf](z) = [Q.f](x)
forall fe B and z € X.

Proposition 30. Consider an upper rate operator Q. Then the set QQ of domii-
nated rate operators is non-empty, convex and separately specified.

Proof. That QQ is non-empty follows almost immediately from the Hahn—Banach
Theorem—see for example |3, Theorem 1.1] or |26, Theorem 12.31.(HB3)]. To
see why, recall that £ is a real vector space, and observe that the set C C £ of
constant functions is a linear subspace of 4 and that ¢: C — R: g +— 0 is a linear

functional on C. For all z € X, the component functional p,: & — R: f — [Qf](x)
is sublinear and dominates g, so by the Hahn—Banach Theorem there is a linear
functional @, on £ that extends ¢ and is dominated by p,, whence

(20) Q=) £ -Qu(—f) = Qu(f) < [Qf](x).
Consider now the operator Q: % — % defined by

[Qf)(z) = Q.(f) forall f e B,zecAX;

since Qf, —Q(—f) € %, Eq. ensures that Qf € %. It is now clear that by
construction, Q is a linear operator that maps constant functions u € C to 0 satisfies
the positive maximum principle [as it is dominated by Q]. In other words, Q € QQ,
SO QQ is indeed non-empty.

To see that Qg is convex, it suffices to realise that (i) the convex combination
of two rate operators is again a rate operator, and (ii) if two rate operators are
dominated by Q, then so is their convex combination. To see that QQ is sepa-
rately specified, it suffices to realise that all requirements on rate operators and the
requirement of domination are pointwise for x € X. [

Lemma 31. Consider a sublinear rate operator Q. Then
sup{[[Qllv: Q € Qg} = 1Qlls,

s0 Q is a bounded operator if and only if QQ 1s uniformly bounded. Whenever this
is the case, Qg is closed with respect to ||e|]y,.

Proof. The first part of the statement follows almost immediately from Eq. and
Proposition [J] (twice):
sup{[|Qllv: Q € Qg} =sup{[|Qlls: Q € Qg}
= sup{[Q(l —2I)](z): Q € Q@,:r € X}
=sup{[Q(1 — 2I,)](z): = € X}
= Qs

In the remainder of this proof, we show that Qg is closed in (Op,[[e[|n). So
we fix any sequence (Qp)nen that converges to some A € Oy, in the sense that
lim, 4 o0[|A — Qullb = 0, and set out to show that A € Qf. Fix any f € #
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and z € X, and observe that because Q is uniformly bounded, so is ([Qn f](%))nen
because for all n € N,

[Quf1(@)] < 1Qnfllse < Qullbllfllo < sup{l|Qmllb: m € N}H|flloo-

Furthermore, the assumption that lim,,_, o ||A — Q|| = 0 implies that

0< lm [[Af(x)~ [QufI@)] < Tim A= Qufllc < Tim [A=Qull]f]lc = 0.

lim
n—-+oo
From this, we conclude that

[Af](z) = nEIJIrlOO[an](JU) forall fe B,z e X.

Because every Q,, is a rate operator, we infer from this realisation that (i) A is
linear, (ii) A maps constant functions to 0 and (iii) A satisfies the positive
maximum principle consequently, A is a rate operator. Since every Q,, is
dominated by Q, it also follows from the equality above that the rate operator A
is dominated by Q, or equivalently, belongs to QQ. ([

APPENDIX B. PROOFS FOR RESULTS IN SECTION Bl

This appendix contains the proofs for the two intermediary lemmas which we
rely on in the proof for Theorem [I3] as well as in the proof for Proposition 24]

Proof of Lemma[14 Our proof will be one by induction, and basically repeats the
one given by Krak, De Bock, and Siebes [18, Proof for Lemma E.4]. For the
induction base n = 1, the inequality in the statement is trivial. For the inductive
step, we assume that the inequality in the statement holds for n = £, and set out
to verify that it then also holds for n = £ 4+ 1. To this end, observe that

HTl o+ Tpp1 — Sy '§é+1Hb
< [Ty TeTess = Ty -+ TSeally + [Ta - TeSesr — S -+ SSea .

For the first term, Ty --- Ty is a sublinear transition operator and T,y and Sgyq
are bounded operators, so it follows from that

HT1 o TygToqyq — Ty - 'Tz§£+1||b < HT£+1 —§e+1Hb~

To bound the second term, we use Eq. |j (with A = T;---Ty —S;---S, and
B =Sy;1) and and invoke the induction hypothesis:

T2+ TiSers = Si-+-SSen |y < [T~ Te =S+ Selly S,
< ||T1 Ty —S; - .§£Hb

¢
= ZHT’C - gk“b'
k=1

From all this we infer that
+1

HT1 <+ Toyqr — Sy '§e+1Hb < ZHTk _ngbv
k=1

which is precisely the inequality in the statement for n = ¢ 4 1. [
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Proof of Lemma[I5 Our proof follows that of Krak, De Bock, and Siebes [18] Proof
for Lemma E.5] closely, so it will be one by induction over ¢. The statement holds
trivially for the induction base ¢ = 1. For the inductive step, we assume that
the inequality in the statement holds for some ¢ = k and all A € R such that
AllQ|lb < 2, and set out to verify this inequality for £ = k + 1 and some A € Rx
such that A||Ql|;, < 2. Then with § := A/(k + 1),
(1+0Q)""" = (1+ (k+1)6Q) = (1+6Q)" +6Q(1 +6Q)" — (I+ k6Q) — 6Q.
It follows from this and the induction hypothesis that
[T+ 6Q ! — T+ (k+1)5Q)||, < [T+ Q)% — T+ kiQ) Hb +0]|QI+0Q)" - Ql,
< K0%QI} +6]|QU+6Q)* - Q.
Next, we note that Q = QI*, invoke Proposition (with A = (I+6Q)* and B = 1)
and then Lemma (14| (with T}, = (I +6Q) and S = 1), to yield
—— k+1 — — — —
[ 00)"* (0 Gk )5Q)], < K2R + Q) 1+ 00— 1,
< K28 [[Ql5 + ks|[Qll, [T+ 6Q - 1],
— — 2
= k2% QI% + ka*[|Ql|,,"-
Since k% + k < (k + 1), it follows from this that indeed
— k+1 __
[(T+0Q)" " — I+ (k+1)6Q)||, < (k+1)*5*|Qls = A%||Q],. O

ApPPENDIX C. PROOF FOR PROPOSITION [19]

Proposition [19) generalises Lemma 3.100 in my doctoral dissertation [12] from the
setting of finite X to that of countable X. The proof that we are about to go through
is a rather straightforward generalisation of the proof of the aforementioned result,
with some minor modifications; in it, we will rely on the following intermediary
lemma.

Lemma 32. For any real number o € R,

e = lim (l—i— ) .
n——+oo n+1

Proof. Recall that, by definition of the exponential function,

e = lim (1+9)n.
n

n—-+oo

To prove the equality in the statement, we observe that for any natural number n
such that n + 1 # —a,

R n:<1+”il)n+1.
RN

n+1 1_’_%“)

Note that in the right-hand side, the numerator converges to e® in the limit for
n going to +o0o and the denominator converges to 1. Therefore, taking the limit
for n going to 400 on both sides of the equality above proves the equality in
statement. (]
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Proof of Proposition[19. The inequality in the statement clearly implies that (T;)ser-,
is uniformly continuous. The proof of the converse implication—so starting from
uniform continuity—is more involved; in fact, our proof will be one by contraposi-
tive: we assume that

‘T

and set out to prove that then (Tt)teRzo is not uniformly continuous, which due to
and Definition [8| means that

lim sup|/T; — ||, > 0,
N0

-1
(21) lim sup
N0

= +QQ’
b

or more formally, that
(22) (3e € Ro)(V6 € Ru0) (3t €]0,0]) ||T: —1||, > e

We fix some € € |0,1[, some €; € ]0,1 — ¢ and some arbitrary § € Rsg. Since
limyyy00e™ = 0 and 0 < 1 — € — €; by construction, we can moreover pick
some A € Ry such that e < 1 — ¢ —¢;. From Lemma we know that there
is some N, € N such that

(122
n+1

Let us use our contrapositive assumption: it follows from Eq. that there is
some A € ]0,min{1/\,d/N,, }[ such that AA < |[[Ta — I||,. With n the unique
natural number such that nA < § < (n+1)A, our restrictions on A guarantee that
n > N, and A\A < 1.

Let 8 := || Ta —1I||p/2. If B > €/2, then we have clearly verified Eq. (22)) because
§ was arbitrary, A € ]0, 8] by construction and || Ta — I||, =28 > e.

The case f < €/2 < 1/2 is quite more involved. Since AA < 25 < 1 by
construction,

(24) 1-AA>1-28= (1-AA)" > (1-28)" = 1—(1-AA)" < 1—(1-28)";

i . pY)
similarly, because 0 < g < A < 1,

(23)

<e foralln>N.

(25) 1<1nfl)ng1(1m>".

To continue, we fix an arbitrary e; € Ry such that 3 — e3 > 0; then since Ta —
I is a bounded sublinear rate operator [Lemma , it follows from Eq. and
Proposition [9] that there is some x € X such that

(26) B—e < [Ta(l-1,)](z) <B
and for all other y € X'\ {z},
(27) [Ta(l-1,)](y) < 8.

It follows from [(T7)] [[T4)] [(T5)] and Eq. that for all other y € X'\ {z},
[Ta(l-1)](y) = = [Ta(=14L)](y) = = [Ta(-1,)](y) = 1-[Ta(1-1,)] (y) = 1-B.
Thus, we have shown that

TA(l - ]Ia:) >B—e+ (1 - 26)(1 - ]Im)
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It follows from the semigroup property [(SG1)|of (Ts)ser-,, the previous inequality,

some properties of T a—in particular |(T4)| [(T5)| and |(T1)| (which we may invoke
because § < 1/2 whence 1 — 23 > 0)—and again the previous inequality that

Toa(l —1,) = TATA(1 — 1)
>Ta(f e+ (1-26)(1~-1))
— B+ (1-28Tal ~ 1)
>B—e+(1-268)(f—e+(1-28)1-1L))
=(B-e)(1+(1-28)) + (1-28)*(1 - L).
We apply this same trick n — 2 times more, to yield

nmu—mw><5—@%§ja—2mf)+a—2mW1—Ly

k=0
Evaluating the functions on both sides of the equality in x and using the well-known
expression for the partial sum of a geometric series, we find that

Toall = 1)](0) > (3 - ) T g = P21 - (1= 20)"),

Since § — ez > 0, it follows from this and Egs. and that

Wmammmzﬂw@0<1rﬁly>

since n > N¢, by construction, we can also invoke Eq. , to yield

ﬁnA(l _ ]Iz)} (I) Z 6 ;662 6 ;ﬁEQ

where for the second inequality we used that e~ < 1 —e—e¢;. Since this inequality
holds for arbitrarily small €2, we may infer from it that

Toa(l —1)](2) > %e.

Because T,a — I is a bounded sublinear rate operator, we conclude from this,
Lemma [T0] and Proposition [J] that

I Toa =1f}, > e

(1 —e M — 61) > €,

Since § € Ry was arbitrary and we’ve ensured that nA € ]0,4[, we've verified

Eq. (22). 0
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