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Abstract

We present limit theorems for a sequence of Piecewise Deterministic Markov Pro-
cesses (PDMPs) taking values in a separable Hilbert space. This class of processes
provides a rigorous framework for stochastic spatial models in which discrete random
events are globally coupled with continuous space-dependent variables solving par-
tial differential equations, e.g., stochastic hybrid models of excitable membranes. We
derive a law of large numbers which establishes a connection to deterministic macro-
scopic models and a martingale central limit theorem which connects the stochas-
tic fluctuations to diffusion processes. As a prerequisite we carry out a thorough
discussion of Hilbert space valued martingales associated to the PDMPs. Further-
more, these limit theorems provide the basis for a general Langevin approximation
to PDMPs, i.e., stochastic partial differential equations that are expected to be similar
in their dynamics to PDMPs. We apply these results to compartmental-type models of
spatially extended excitable membranes. Ultimately this yields a system of stochastic
partial differential equations which models the internal noise of a biological excitable
membrane based on a theoretical derivation from exact stochastic hybrid models.
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1 Introduction

In this study we present limit theorems for sequences of Piecewise Deterministic
Markov Processes (PDMPs) with values in a separable Hilbert space. PDMPs are a par-
ticular class of cadlag, strong Markov processes which combine continuous determin-
istic time evolution and discontinuous, instantaneous, random ‘jump’ events originally
introduced in [15, 16, 45] in filtering theory and stochastic control problems. We note
that in view of applications this paper is ultimately motivated by the interest in the
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derivation of a justifiable Langevin approximation to spatio-temporal stochastic hybrid
models of excitable membranes, e. g., neuronal membranes. This is accomplished by
the limit theorems we present in the following.

We start briefly introducing the general idea of our framework and the main results
which are made precise in the subsequent sections. We consider a family of fully cou-
pled, Hilbert space-valued PDMPs indexed by n € IN. Here fully coupled means that the
PDMPs which split into a continuously moving and a piecewise constant component are
such that the jump rates of the processes depend on the state of the full system and the
continuous dynamics depend on the state of the jump component. For the limit theo-
rems we rely on two key assumptions. Firstly, jumps possess heights decreasing to zero
for n — oo but occur at an increasing frequency roughly inversely proportional to the
jump size. We are therefore in the fluid limit setting, cf. [31, 32]. Secondly, we assume
that for each n the continuous dynamics in between jumps depend on the piecewise con-
stant component only via a finite set of (Hilbert space-valued) functions thereof, which
we call coordinate functions. It is the sequence of coordinate functions coupled to the
continuous component for which we derive limits. The first limit theorem we present
is a weak law of large numbers for PDMPs in infinite-dimensional Hilbert spaces where
the deterministic limit is given by a solution of an abstract evolution equation. Next
we proceed to the presentation of a central limit theorem for the martingales asso-
ciated with a PDMP. This central limit theorem gives the basis for an approximation
of PDMPs by diffusion processes which are solutions of stochastic partial differential
equations. Finally, we show how to represent the stochastic process arising as the limit
in the central limit theorem as a solution of a stochastic partial differential equation
(SPDE) which then yields a Langevin approximation for PDMPs by a system of SPDEs.
The new results presented extend previous results for PDMPs and pure jump processes
in Euclidean space [32, 18, 37]. The difficulties in extending the fluid limit theorems
in [31, 32, 37] to processes taking values in infinite-dimensional Hilbert spaces lie, on
the one hand, in the appropriate treatment of Hilbert space-valued martingales. These
arise by splitting a PDMP, being a semi-martingale, into a sum of a part with finite vari-
ation and a local martingale. As these considerations are essential we have devoted
a full section, Section 3, to the discussion of the martingales. On the other hand, the
more intricate existence theory of solutions to abstract evolution equations compared to
solutions of ordinary differential equations in Euclidean space demands for additional
technical rigour.

We apply our theoretical findings to spatially extended hybrid models of excitable
membranes. A first hybrid formulation of one such model in the context of neuroscience
was presented in [5] and reformulated and extended as examples for PDMPs taking
values in infinite-dimensional Hilbert spaces in [13]. For example, the Hodgkin-Huxley
model is a deterministic, macroscopic model for the coupled evolution of the neuronal
membrane potential and the averaged gating dynamics of ion channels [23]. More
realistically, the membrane potential, which is the macroscopically observed variable
of interest, arises from the stochastic dynamics of finitely many ion channels. Thus
the application of our limit theorems shows that the Hodgkin-Huxley is obtained as the
limit of a sequence of stochastic microscopic models taking the form of Hilbert space
valued PDMPs in the sense of a law of large numbers. Conceptually, here the fluid limit
corresponds to increasing the number of ion channels while simultaneously decreasing
the individual influence of an individual channel on the total current. The martingale
central limit theorem can then be used to define the Langevin approximation providing a
relatively simple stochastic version of the Hodgkin-Huxley model incorporating internal
fluctuations.

Concluding this introduction, we comment on related work to fluid limits in the
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infinite-dimensional setting. Averaging for PDMPs in infinite-dimension, in particular
for the neuron model introduced in [5], wherein also a law of large numbers was con-
sidered, has been recently considered in [22]. For a model of linear chemical reactions
by jump Markov processes a law of large numbers [4] and a central limit theorem [27]
have been proven based on the original work of [31, 32] for finite-dimensional jump-
processes. In these cases the deterministic limit is a reaction-diffusion partial differen-
tial equation and the central limit theorem yields diffusion processes given by stochas-
tic partial differential equations. Limit theorems for variations of this model have been
investigated in two series of studies, cf. [28, 29, 30] and [7, 8, 9, 10, 11]. A central
difference between spatial models of excitable media to models of chemical reactions
is that the latter exhibit diffusive motion of the reactants (~ channels) which is absent
in the former. Additionally excitable media equations exhibit non-local interaction of
channels as their dynamics are coupled globally via the membrane potential. The limit
theorems we establish have to account for these differences. Further, there is also a
difference on the technical side. The technique employed in [27] and in all subsequent
publications cited above is based on the semigroup approach to stochastic / determin-
istic evolution equations. In contrast, we pursue in the present paper the approach of a
weak formulation. At large, the weak formulation of evolution problems allows to con-
sider more general equations as when dealing with mild, strong or classical solutions,
cf. a discussion of this aspect in [46, Chap. 23.1]. Finally, we also mention a central
limit theorem for Hilbert-valued martingales in [36] and a diffusion approximation of
SPDEs on nuclear spaces driven by Poisson random measures in [25]. The methods of
proof we employ for the theoretical results in this study are motivated by the two last
references, but differ as the classes of stochastic processes considered therein and in
the present manuscript are different.

The remainder of the paper is organised as follows. We first briefly define PDMPs
in Section 2 and precisely state the structure for a sequence of such PDMPs to allow
for a limit. Then we discuss in detail the associated martingale process in Section
3. Limit theorems and the diffusion approximation are presented in Sections 4 and 5.
We have deferred the proofs of the main results to Section 6. Next in Section 7 we
discuss applications of these limit theorems to compartmental-type models of excitable
membranes where the proofs of the conditions are deferred to Appendix B. The paper is
concluded in Section 8 with a brief discussion and an outlook on further developments
and applications. Finally, the Appendix A of the paper contains the proof of the technical
Theorem 3.1 that guarantees the square-integrability of the associated Hilbert space
valued martingales and establishes an appropriate It6-isometry.

2 Piecewise Deterministic Markov Processes

In the first subsection we briefly define PDMPs and, in particular, discuss the specific
subclass of PDMPs for which we present limit theorems in this study. For a general
discussion of PDMPs we refer to the monographs [17, 24] and, specifically, for Hilbert
space valued PDMPs associated to solutions of partial differential equations we refer
to [13, 42]. In the second subsection we present the sequence of PDMPs for which the
limits are analyzed in this study. Finally, a notational remark: in this paper pairings (-, -)
and (-, -) denote the inner product or the duality pairing, respectively, with respect to a
certain Hilbert space which is usually indicated with a subindex. Further, * is used to
denote dual spaces.
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2.1 PDMPs on Hilbert spaces

Let (Q, F, (Fi)i>0,P) denote a filtered probability space satisfying the usual condi-
tions, X C H C X* be an evolution triple of separable real Hilbert spaces and K be
a countable set of isolated states. The product H x K serves as the state space for a
PDMP. Then, a PDMP is a cadlag strong Markov process X;(w) = (U;(w), 0:(w)) € Hx K
for all ¢ > 0 which consists of two components. The first, U;, takes values in H, pos-
sesses continuous sample paths and is denoted the continuous component of the PDMP.
The second, O, taking values in K and possessing right-continuous, piecewise constant
sample paths, we call its jump component. We say a PDMP is regular if the number of
jumps of O; is a.s. finite in every finite time interval [0,7]. In this study PDMPs are
always regular.

We next state the mechanisms which govern the time evolution of the paths of such
a PDMP Firstly, there exist for each § € K an abstract evolution equation

= A(0)u+ B(6,u) (2.1)

where A(f) : X — X* is a linear and B(6,-) : X — X* a (possibly nonlinear) operator.
We assume that the family of abstract evolution equations (2.1) is well-posed, i.e., given
any € € K and any initial condition v € H there exists a unique global weak solution
é(-, (u,0)) € L*((0,T),X) N H*((0,T), X*) depending continuously on the initial condi-
tion. Note, that the regularity implies ¢(-, (u,0)) € C([0,T], H), cf. [40, Chap. 11]. Then
the trajectory of the continuous component U; follows in between jumps of the jump
component O, the weak solution to (2.1) corresponding to the parameter 6 given by the
current state of the jump component. That is, for 7, £ € IN, denoting the jump times of
the PDMP we have that

U :(b(t—Tkv(U'rka@'rk)) Vie [Tk’Tk+1)'

Secondly, describing the stochastic transition dynamics of the jump component O, there
exist measurable transition rates A : H x K — R, that define the distributions of the
random jump time of O, in the sense that for all § € K

At

PO, =0, 0<s<At|0,] = exp(— AUps5,00) ds) : 2.2)

0
In view of (2.2) we assume that A is integrable along the solutions of (2.1) on any finite
time interval, i.e.,

/TA(¢(t, (0,0)),0)dt <00 YT < o0
0

for all # € K and all initial conditions u € H, but diverging as T — oco. We note that
in applications we usually find that the transition rate A is bounded which implies the
regularity of the PDMP. Finally, there exists a Markov kernel 4 on H x K into K that
gives the distribution of the post jump value, i.e.,

P[@t :§|@t 75 @t—] = u((Ut,@t_),{g}) Vf eK. (2.3)

The elements of the quadruple (A, B, A,u) are called the characteristics of the pro-
cess and under the above conditions define a regular PDMP uniquely (up to versions).
Furthermore, under these conditions the following result characterising the extended
generator of PDMPs is proven in [13, 42].

Theorem 2.1. A function f : H x K — R is in the domain of the extended generator
of a PDMP if the mapping t — f(U;, ©;) is absolutely continuous almost surely and
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the mapping (£, s,w) — f(Us—,€&) — f(Us—(w),Os—(w)) is integrable with respect to the
random measure A(Us—,0,_)u((Us—,0,-),dE)ds.

Moreover, if in addition f is continuously Fréchet-differentiable with respect to its
first argument such that the Riesz Representation® f, € H of the Fréchet derivative
satisfies f,(u,0) € X for w € X and is a locally bounded composition operator in
L?((0,T), X),? then the extended generator Af is given by

Af(u,0) = <A(9)u+B(9,u)7fu(u,9)>X+A(u,9)/

K

(/)= £, 0)) p((w,0), ) . 2.4)

2.2 An appropriate sequence of PDMPs

Let E denote another separable real Hilbert space. Further, for a certain m € IN (its
significance is explained in the next paragraph) we denoteby H = X" H, £ = X - | E
the direct products of the Hilbert spaces H and E which are Hilbert spaces themselves.
Finally we set £* = X_, E* which is the dual space to €.

We now define the structure of the sequence of processes for which we derive
the limit theorems. For all n € IN let (", F", (F}")i>0,P") be a a filtered probabil-
ity space satisfying the usual conditions and the processes (X}");>0 = (U}*, 0} )>0 de-
fined thereon are regular PDMPs taking values in H x K, with path properties as de-
fined in Section 2.1. Correspondingly, the characteristics of the PDMPs are given by
(A", B™, A™ u™). Note that the state space K, for the piecewise constant component
changes with varying index n whereas the state space H for the continuous component
remains fixed. Therefore, in order for such a sequence of processes to allow for a limit
we need to impose a special structure on the characteristics referring to the contin-
uous component. To this end we assume there exists an m € NN, introduced above,
such that for each PDMP (U, ©7):>0 there exists a family of measurable coordinate
functions zl' : K, — E, i = 1,...,m, such that the characteristics A"(¢), B"(0) depend
on the piecewise constant component and on the index n only via the £-valued coor-
dinate process z"(0) = (27(0),..., 2I*(0)). That is, there exist measurable operators

m

A B:ExX — X*suchthatforallm e N, allue Handallf € K,
A" (@)u = A(z"(0))u, B"(0,u) = B(z"(0),u). (2.5)

The coordinates 2" can be interpreted as a ‘sufficient statistic’ of the piecewise constant
component for the evolution of the continuous component. In statistics a sufficient
statistic for a quantity of interest is a function of the observations that is sufficient to
estimate this particular quantity. For example, the sample average of independently
and identically distributed real random variables is a sufficient statistic for the mean
of their distribution. In the present setting, this means that the coordinate functions
contain all information about the vector 0 that is needed to determine the continuous
dynamics in between jumps. Further, the essence of the subsequent limit theorems is
that the sequence of coordinate processes on the space £ allows for a limit under certain
conditions. Typically, in applications one is interested in the dynamics of the continuous
components only, thus a restriction of the attention to the coordinate functions is well
justified. As £ is a (vector-valued) Hilbert space itself, no generality would be lost if
instead of the family of coordinate functions we assumed the existence of Hilbert space-
valued functions 2" taking values in the same Hilbert space for each n. However, we
decided to use this more detailed notation since in examples one usually encounters that
it is a set of coordinate functions that encodes the information necessary for defining

I Note that the Fréchet derivative at a point u € H is alinear, bounded functional on H and thus an element
of the dual H*.
2An example of such a function f is (u,8) — |ul|% in which case fu(u,6) = 2u.
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the dynamics of the continuous component.

In order to illustrate this set-up let us briefly discuss the Hodgkin-Huxley model as
an example of the general excitable membrane model considered in Section 7. Here the
sequence of abstract evolution equations (2.1) arises from parabolic partial differential
equations modelling the space-time evolution of the membrane potential of the form

u(t, ) = Au(t,z) + Z g.pi(t,z)(E; —u(t,z)), t>0,z€DCR? (2.6)

2=Na,K,L

with constants g; > 0 and E; € R, cf. (7.6). The indices refer to electrical currents due
to the movement of charged Sodium (Na) and Potassium (K) ions across the membrane
and ohmic leakage (L) current mainly due to Chloride ions [26]. In hybrid versions
of the Hodgkin-Huxley system the conductances p;(¢,z) depend on the finite number
of open ion channels distributed in the membrane which increases with n. Each in-
dividual channel is modelled stochastically opening or closing at random times with
dynamics depending on u, cf. Section 7.2 for more details. In the case of constant po-
tential u(¢, ) = u each channel were a continuous time Markov chain. The collection of
channel states at any time instant ¢ defines the discrete component ©}. Finally, the co-
ordinate functions 2" relate channels in a specific state to their location in the physical
space D, cf. their definition in (7.5). They map the channel configurations into piece-
wise constant space-time functions stating the local density of channels in the particular
states, thus p?(t,z) := 21*(0F) € L?(D) = E. Hence, equipped with suitable boundary
conditions equation (2.6) is an abstract evolution equation of the type (2.1) where the
Hilbert spaces H, X and E are spaces of real functions on D C R¢.

3 The associated martingale process

For the limit theorems we derive in this paper, the main estimation procedures con-
cern certain martingales associated with the PDMP. As these are of such central impor-
tance we discuss them in this separate section. The principle aim is, on the one hand,
to derive conditions that imply the convergence in probability of the associated martin-
gales as needed for the law of large numbers (cf. condition (4.5) in Theorem 4.1) and,
on the other hand, we present some necessary structure for the central limit theorems.
Therefore we define for all j = 1,...,m the E-valued stochastic process M;" by

t
M) = (07) = 5(0F) — [ [A (. (0)e] 07 00)ds, @3.1)
where the integrand in the right hand side is given by

A )z en) = arwzen [ (50 - en) w(r.en).de)

n

Anren) Y (z;L(f) —zy(@g)) ur (U, 0m),{€}) . (3.2)

EeEK,

Hence the integrand is a countable convex combination of elements in F with time-
dependent coefficients and in between jumps it depends continuously on s. Anticipating
condition (3.4) below, which we generally assume to hold, we find that the integral in
the right hand side of (3.1) almost surely exists in the sense of Bochner. For a brief
discussion of the Bochner integral we refer to [39, App. A]. For an application of a
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functional ¢ € E* to (3.1) we obtain

(0, M} () = ($,2(0}))m — (9,2 (67)) & */0 [A™(¢, 2] () 6] (U, ©7)ds,  (3.3)

where the integrand is
[A™(, 2} () ] (U, ©F) = A™(U}, @?)/K (0,27 (€)E — (¢, 27 () p 1" (U, ©7),dE).

Thus the integral has the form of the extended generator, cf. Theorem 2.1, applied to
the mapping (u,0) — (¢,27(0))r. This already suggests that the processes (3.3) are
martingales under suitable boundedness conditions. In fact we are able to establish
that the processes M J” are F-valued cadlag martingales. We refer to [14, 39] for a brief
discussion of martingales in infinite-dimensional spaces. The easiest way to validate
the martingale property is due to the following result [39, Sec. 2.3]: If E"||M}'(¢)|[r <
oo for all ¢t € [0,7), the Hilbert space-valued martingale property holds if and only if
(9, M7 (t))g is a real-valued martingale for all ¢ € E*. The following theorem gives a
condition that guarantees that the processes (3.1) are square-integrable martingales
and satisfy an It6-isometry. The proof is rather technical and thus we have deferred it
to the Appendix A.

Theorem 3.1. Letn € IN be fixed and assume that for all t > 0 it holds that

B [ [rren [ 1 - Seniie(eren.a)a <. G4

n

Then the process M} is a square-integrable martingale and satisfies the It6-isometry

t
B 01 = [ B [Arpen [ 10 - el (r.en.a9]as. @)

We continue the investigation of the processes A" as Hilbert space valued mar-
tingales. From now on we always assume that assumption (3.4) holds. Note that the
finiteness of the second moments of the jump sizes is a standard condition in related
fluid limit theorems [31, 37, 36]. We introduce a concept akin to the quadratic covari-
ance operator in Euclidean finite dimensional spaces. This concept is important for the
central limit theorems in, on the one hand, establishing weak convergence, and, on the
other hand, characterising the limit. For further reference we refer to [35].

Definition 3.1. For the square-integrable, F-valued, cadlag martingale M ;' we denote
by (< M7} > )i>0 its predictable quadratic variation process, i.e., the unique (up to
indistinguishability), predictable L, (E*, E)-valued® process which satisfies that for all
¢, € E* the real-valued process

tis (6 M) (0, M (1)) — (6, <MTStb) g (3.6)

is a local martingale.

The aim now is to obtain an explicit formula for the quadratic variation process of the
individual martingales M as well as of the vector-valued process M" of all martingales
M}, i.e., the £-valued process

t M™(t) = (M{(), ..., M} (t)).

3L1(E*, E) denotes the space of trace class operators from the Hilbert space E* into E.
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To this end we define for all 4, j = 1,...,m operators G}; € L(E*, E) by

Y G (u, 0" = (3.7)

ij

= A"(u,07) /K (W, 20(€) = 220" m (7€) = 22(0")) 1™ ((u,07), de).

n

Clearly, these are linear, bounded operators mapping £* — F and depend measurably
on (u,0") € H x K,,. Fori = j each operator is non-negative, i.e., (¢, G7;(u,0")¢p)r > 0
forall ¢ € £, and symmetric, i.e., (¢,G7;(u,0")p) g = (¢, G};(u,0")Y) g forall ¢, € E*.
Let (¢k)ren denote an orthonormal basis in £*. We find due to the Riesz Representation
Theorem and Parseval’s identity that the trace of the operators G; satisfies

TrG?(u,0") = A"(u,0") Z (on, 211 (&) — 21 (0™) B 2u”((u,0"),d§)
K
n kEN

A"(uﬁ")/ [20:(6) = 220 || % 1™ ((w, 67, dE). (3.8)

n

For arbitrary ¢, ; the trace is bounded in terms of (3.8) as it follows from Young’s in-
equality that Tr G7}(u, 0") < 3Tr GJj(u, 0™) + 3 Tr G7;(u, 07).

Let ® = (¢1,...,0m) and ¥ = (¢1,...,%,,) be elements of £*. Summing over all
operators (3.7) applied to the components of &, ¥ as indicated by the indices, i.e.,

m

(®,G™(u,0") W) i= > (i, G (u, 0™) ;) s (3.9)

i,j=1

we obtain a linear, bounded operator G™(u, ") mapping £* to £. This operator is sym-
metric as the operators G7; satisfy (¢, G} (u, 0")¢) g = (¢, G7;(u,0")¢) g forall i, j. More-
over, the operator G™(u, ™) is non-negative as it holds that

m 2
(.67 0") W) = A"(.0") [ (S0 =07 ) ((0.07).6).
no =1
Finally, the operator G™(u, §™) is of trace class if the operators G,;, j = 1,...,m, are of
trace class and the trace satisfies
TeG"(u6") = A"(w,6") [ [27(€) = OB (0,67).d8). (3.10)

n

We next prove that the operators (3.8) give the quadratic variations of the martin-
gales (3.1).

Proposition 3.1. The quadratic variation of the martingale M} satisfies for allt > 0
t
<KMP> = /0 Gy (U, 07)ds. (3.11)

Remark 3.1. It is an immediate consequence of Proposition 3.1 that the quadratic
variation of the £-valued martingale M™ is given analogously to (3.11) by integrating
the operator G".

Proof. First of all note that due to the characterisation of the trace (3.8) and condition
(3.4) it holds that the process in the right hand side of (3.11) takes values in L;(E*, E)
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almost surely. Further, it holds that <\/;">>, satisfies for all ¢, ¢ € E that

(0, <M>))p =

= / A”(US,@?)/ (1,27 (6) — 27 (O0)) (9, 27 (&) — 2 (O9)) " (UL, ©F), d€) ds
0 Ky

as this right hand side is, due to [24, Prop. 4.6.2], the unique real-valued process such
that (¢, M} (1)) (¥, M}'(t) e — (¢, <M]'>))p is a local martingale. Here (¢, M}'(t)) s
and (¢, M}'(t))r are understood as real-valued stochastic integrals with respect to the
associated martingale measure of the PDMP. Thus we infer that for all ¢, € E it holds

t
<) = [ (6.6 O p s,

Finally, the linearity of the Bochner integral (note that L,(E*, FE) is a Banach space)
implies (3.11). O

A further second property of the quadratic variation is that the process

te |MP(E)|5 — Tr <M

is a local martingale. We note that the trace process t — Tr <M;">>; is the unique, pre-
dictable increasing process exhibiting this property. Using the characterisation (3.11)
of the quadratic variation we thus obtain that the process

t t
e g IE =T ([ Gz ends) = IR - [ Treperends ¢

is a local martingale vanishing almost surely at ¢ = 0 and analogously in the case of the
E-valued martingale M™.

We are now in a position to state a lemma which establishes the convergence in
probability (3.14) of the processes (Mj")tzo necessary for the law of large numbers,
cf. condition (4.5) in Theorem 4.1.

Lemma 3.1. Assume that forallT > 0

n—oo

T

tw B [ [Anwzen [ - ek (. en.dg)ds =0, 313
0 Ky

Then the process (3.12) is a martingale and for all T, ¢ > 0, it holds that

Jim " [sup (0.7 1M} (t)|| 2 > €] =0. (3.14)

Proof. As the process M} is an E-valued cadlag martingale, it holds that ||Mj”||2E is a
cadlag submartingale. Thus an application of Markov’s and Doob’s inequalities yield
the estimates

n n 1 n n 4 n n
B fsup scpoiry IMP (O3 > €] < B sup o IMF@IE] < =B IMID)E

Now, the It6-isometry (3.5) and condition (3.13) imply the convergence in probability
(3.14). It remains to show that the process (3.12) is a martingale. A sufficient condition,
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see, e.g., [24, Prop. B.0.13], is that for all 7" > 0 it holds
t
B [supyepo 1047 0) 1% —/ Tr (U7, 67) ds|| < oo (3.15)
0

Estimating the term inside the expectation we obtain
t
2
supicion [V O — [ ez

t
n n n n n n 2 n n
< swpicion MG O + 5oy [ A0 [ |76 = @] (007, .
The expectation of the first supremum term in the right hand side is bounded due to
Doob’s inequality and the square-integrability of the martingale. The term inside the
second supremum is increasing, thus its expectation is finite due to condition (3.13).
O

4 A weak law of large numbers

In order to propose a deterministic limit of the sequence of PDMPs we consider
functions F; : £ x H — E, j = 1,...,m. In combination with the operators A, B
these functions are used to define a coupled system of deterministic abstract evolution
equations

@« = A(p)u+ B(p,u), @

p; = Fj(P,U), j=1...,m.
We assume that to suitable initial condition (ug, pg) € H x £ there exists a unique weak
solution (u(t),p(t))i>0 in C(R4, H x &) of (4.1). Additionally, we assume that for all
1 =1,...,m the components p; satisfy

t
(¢, pi(t)) e = (¢, pi(0)) +/0 (¢, Fi(p(s),u(s)))pds  Vtel[0,T], ¢ € E". (4.2)

That is, the components p; satisfy the equation (4.1) in the sense of an Hilbert space
valued integral equation. We note that in application one usually encounters deter-
ministic limit systems that possess strong or classical solutions and hence the cur-
rent weak framework is satisfied. Finally, we assume that the operators A, B and F,
j = 1,...,m, satisfy Lipschitz-type conditions on L?((0,7),€ x X) in the sense that for
every T > 0 there exist constants L; and L, such that for all u,v € L((0,7), X) and all
p,q € L2((0,T),€) it holds that

/0 (A(g)v — A(p)u, v — u)x + (B(q,0) — B(p,u),v — upy dt

T m
<Ly o- Y e -plbd. @)
0 i=1

and
T 2 T m
([ 1B - Bpawledt) <Lo [ Jo-ul+ 3 la-plbd @4
0 0 =1

where we have omitted the arguments ¢ of the functions u, v, p and q.

Remark 4.1. In the proof of the law of large numbers, see Section 6.1, these Lipschitz
conditions are applied such that one pairing (v, q) refers to a path segment of the con-
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tinuous component of a PDMP and the coordinate process and the second (u, p) to the
deterministic limit functions. Thus for the applications of (4.3) and (4.4) in the proof
it is sufficient that these hold only for pairings (v, q) out of a set containing almost all
paths of the sequence of PDMPs and (u, p) being the deterministic limit, i.e., one (!) dis-
tinguished pairing. This restriction of (4.3) and (4.4) to be satisfied only for particular
pairings (v, q) and (u, p) out of the whole path space has a decisive advantage: In order
to establish these conditions we are able to incorporate additional qualitative results on
the trajectories of the PDMPs and the deterministic limit and the constants L, L, may
depend on (u,p). For example, in the application to excitable membrane models such
an additional qualitative is that the components corresponding to u, v, p, ¢ are pointwise
bounded.

We now present a weak law of large numbers in Theorem 4.1 below. The proof of the
theorem follows the lines of previously published limit theorems considering processes
in finite dimensions [31, 37]. The main difficulties arising in infinite-dimensional phase
space concerns the bounds on the martingale part, cf. condition (C1), which is rarely
a problem in finite dimensions. However, using the appropriate martingale theory in
Hilbert spaces these can be kept to a minimum. Then the difficulties are mainly of a
technical nature as martingale theory in connection with PDMPs in infinite-dimensional
spaces gets more involved and is not covered by previous results in [24]. We have
established the necessary theory in the preceding Section 3 and addressed the question
of the convergence of the martingale part (C1) within this framework. Most importantly,
in Lemma 3.1 we have proven a sufficient condition for (C1) to be satisfied. In particular,
this sufficient condition (3.13) is a natural extension of the condition employed in finite
dimensions, cf. [31, 37].

A different approach to establishing condition (C1) which avoids using martingale
theory in Hilbert spaces is exemplified in the law of large numbers proved in [5]. In
infinite-dimensional space this approach encounters the problem of simultaneously con-
trolling countably many real martingales compared to only finitely many in the case of
its finite-dimensional counterpart. This problem can be overcome with an intricate com-
pactness argument which relies on the assumption that the dual space E* is compactly
embedded in some additional normed space and all estimates — especially an estimate
which also implies condition (3.13) — have to be derived in the norm of this additional
space. Furthermore, the condition, that all martingales ((¢, M*(t))g)i>0, j = 1,...,m
and ¢ € E*, possess almost surely uniformly bounded paths, has to be introduced. We
are of the opinion that our approach is more elegant, but, more importantly, it avoids
the introduction of additional conditions.

Finally, consistently with the notation in Section 3 we use in the subsequent the-
orem and its proof the notation [A"(-,27(-))g] as defined in (3.2). Then, for given
(u,0™) € H x K, functionals [A"(,z?())E} (u,0™) on E* are defined by the map-
pings ¢ — [A"(¢, 27 (-)) ] (u,0"). As usual we identify the bidual E** with E and thus

[A™(-,2"() ] (u,0") € E.

J
Theorem 4.1. We assume that the following conditions hold:

(C1) Forallj=1,...,mitholds that for fixed T, e > 0

Jim " [sup scjo.7) 1M} (t)]| 2 > €] =0. (4.5)
(C2) The functions F}, j = 1,...,m, satisfy for all e > 0 that

T
lim P” [/0 [[A™ (-, 2 () 6] (U, ©F) — Fy(z™(07), Ul dt > e} 0, (4.6)

n—oo
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where we have omitted the argument t of the functions u and 6.

(C3)  The initial conditions (U}, ©F) of the sequence of PDMPs converge in probability
to the initial conditions of the deterministic limit in the sense that for all e > 0

Tim P" |07 — ol + > I5(65) = piO)l > ¢|=o.

Then, for every € > 0 and every fixed T' > 0 it holds that
JTim P [supco (107 — I} + Y 15O - ps(0l%) > =0, @)
j=1

Remark 4.2. The result (4.7) implies convergence in probability of the processes

(U, 2™(O7))i>0 to the deterministic function (u(t), p(t)):e(o,r) in the Hilbert space L*((0,T), H x
£). If the differences of the components are almost surely bounded independent of n

the convergence even holds in the mean, cf. the application of the law of large numbers

in Theorem 7.1. Further, the conditions (C1)—-(C3) are generalisations from Euclidean
space to infinite-dimensional Hilbert spaces of those employed in the corresponding the-
orems for PDMPs in Euclidean space [37] and, in particular, of the original formulation

in case of pure jump processes in Euclidean space [31]. In these cases the conditions
above reduce to the corresponding assumptions.

5 The central limit theorem and the Langevin approximation

We proceed to the presentation of the central limit theorem for associated martin-
gales (M]");>o defined in (3.1). The central limit theorem provides the theoretical basis
for an approximation of spatio-temporal PDMPs by Hilbert-space valued diffusion pro-
cesses where the latter can be represented by solutions of stochastic partial differential
equations, see Section 5.2.

Proving central limit theorems usually involves two tasks: On the one hand, one has
to show the existence of a limit and, on the other hand, one has to provide a charac-
terisation of the limit as a certain stochastic process. The former is equivalent to the
problem of tightness of the stochastic processes. In the case of martingales sufficient
conditions for tightness depending on the quadratic variation process are stated in [36].
In order to characterise the limit there exist different approaches, showing either that
the limit solves a given (local) martingale problem which is known to have a unique so-
lution (cf. [25, 36]) or proving weak convergence of the finite dimensional distributions
(cf. [27, 37]). We present two central limit theorems, Theorems 5.1 and 5.2, employing
the two methods, respectively, however, to avoid repetition we state only the proof of
the first in the present study and refer to the PhD thesis of one of the authors [42] for
the proof of the second. The two theorems differ in a technical assumption which in
each case arises in addition to the central condition of the convergence of the quadratic
variations. We believe that for applications of the limit theorems it is advantageous
to know both versions of the martingale central limit theorem, as it is easily conceiv-
able that only one of these technical assumptions is satisfied. Hence the theorems are
applicable in different situations.

Finally, we emphasise that in the following the space £ need not necessarily be the
same space for which the law of large numbers is satisfied. However, clearly, the space
£ in the present section contains the space in the law of large numbers as subspace. In
applications, usually, the law of large numbers holds in a space with a stronger norm,
for example, for the excitable membrane model considered in Section 7 the law of large
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numbers holds in L?(D) whereas the central limit theorem holds in the space H~2%(D).*

This is a major difference to the corresponding results in finite-dimensional space where
both limit theorems hold in the same space.®

5.1 A martingale central limit theorem

In this section we present central limit theorems for the scaled £-valued martingales
(v/an M[*)>0 associated with a sequence of PDMPs where a,, € R, n € IN, is a suitable
rescaling sequence such that lim,,_,, o, = oco. Clearly, the rescaling is necessary in
order to be able to obtain a limit different from the trivial limit as (4.5) implies that
(M}*)¢>0 converges to zero in distribution. We note that the sequence «,, can also be
interpreted as characterising the speed of convergence of the martingales (M]*);>o.

In the following let ¢ — G(u(t),p(t)) € L(E*,€) be a Bochner-integrable operator-
valued map such that each G(u(t),p(t)) is a symmetric, positive trace class operator.
Particularly this implies for all & € £* and all ¢ > 0, that it holds that

/0 <<I>,G(u(s),p(5)) ®>5 ds < 00. (5.1)

Here (u(t),p(t))¢>0 is the deterministic limit obtained in Theorem 4.1 and the use of this
notation for the - at this point — arbitrary time-dependent operator G only illustrates that
in applications the time-dependence is due to a dependence on the deterministic limit
system. These operator-valued functions are used to define a unique centred diffusion
process on &, i.e., an £-valued centred Gaussian process with independent increments,
continuous sample paths. Such a process is uniquely defined by its covariance operator
and due to a theorem of It6 stated in [27] every family of trace class operators C*(t) €
L, (&, &) which are increasing and continuous in ¢ define a centred diffusion process. In
the present situation we define C* in the following way. We denote by ¢+ : £ — £* the
canonical identification of a Hilbert space with its dual, hence we can define for z,y € &,

(,C"(1)y), = /O (i), G(u(s), p(s)) L(y)) ; ds

which is continuous and increasing for all € £ and C*(t) is a trace class operator on
&. Moreover, for operators C(t) € L1(£*,£), defined by

(®,C(t) \IJ>5 = /0 <<I>,(G(u(s),p(s))‘ll>g ds, (5.2)

there is obviously a one-to-one relationship between C* and C. Hence, we may say that
also the latter defines a diffusion process on the space £.

We proceed to the statement of the central limit theorem. The proof of the theorem
employs a characterisation of the limit via the local martingale problem. The essential
condition characterising the limit is the convergence of the quadratic variation pro-
cesses (5.6). The second condition (5.7) is a technical condition on the jump heights
which arises due to the method of proof and is usually satisfied in applications. The
remaining conditions are such that (D1) guarantees tightness of the sequence of pro-
cesses and in combination with (D2) that any limit is a continuous stochastic process.
The proof of the following theorem is deferred to Section 6.2.

4Here and everywhere else H2%(D) is the dual space to the Sobolev space H?*(D) where D C R® and
s>d/2.

5Note also that in finite-dimensional spaces all norms, and hence also all norms on subspaces, are equiva-
lent which does not hold in the case of an infinite-dimensional Hilbert space.
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Theorem 5.1. We assume that the following conditions hold:

(D1) For allt > 0 it holds that

t
supa, B [ [AM(©z.61) [ [127(©) — (@) i (U2, 60).d8) ds] <o, (53
ne 0

n

and there exists an orthonormal basis (p)ren of E* such that for all k € IN and all
(u,0™) € H x K,, except on a set of potential zero®

t
anE"[/ (o1, G"(U, 0% )pr)e ds (Ug,@g):(u,en)} < wC(),  (5.4)
0

where the constants v, > 0, independent of n, t and (u,0"), satisfy ), .y < 00,
and the constant C(t) > 0, independent of n, k and (u, ™), satisfies lim;_,o C(t) = 0.

(D2) For all 8 > 0 and every ® € £* it holds that

t
lim En[/ A”(US”,G)Z)/ p((U2.07).d6) ds] = 0. 65.5)
0 Vo [(2,27(§) =2 (O7))e|>8

n— o0
(D3) Further, for all ® € £* and all t > 0 it holds that

t
lim [ E"[(®,G(u(s),p(s)) ), — an(®,G*(U},07F) @), |ds = 0. (5.6)

n— oo 0

Finally, we assume that the jump heights of the rescaled martingales are almost
surely uniformly bounded, i.e., there exists a constant C' < oo such that it holds
almost surely for alln € IN that

sup Vo, [|2M(07) — "0 )|le < C. (5.7)
>0
Then it follows that the process ( /oy, M{"):>0 converges weakly to an £-valued centred
diffusion process characterised by the covariance operator (5.2).

We now state a second version of the martingale central limit theorem wherein the
limiting process is characterised by the convergence of the characteristic functions.

Theorem 5.2. Assume that the laws of the martingales (/o M{");>o form a tight se-
quence, e.g., condition (D1) is satisfied.

(D3) The convergence (5.6) holds and there exists a sequence [3,, > 0 decreasing to
zero such that for all ® € £*
t
lim o, B [/ AU, O / (5.8)
nree 0 Vi [(@,27 (&) =27 (07))e|>Bn

[(@,2"(6) — =" (OM)e|* w (U2, ©7),a8) ds| = 0.

Then it follows that the process (\/a,, M}");>o converges weakly to an £-valued centred
diffusion process characterised by the covariance operator (5.2).

SA set of potential zero is a subset of the state space of the process which the process almost surely never
reaches.
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The central condition of the convergence of the quadratic variation processes (5.6) is
unchanged, however, the second, technical condition (5.7) in (D3) is changed due to the
different method of proof. That is, condition (5.8) arises instead of (5.7) as an assump-
tion on the distribution of the jump heights employing a characterisation of the limit
process using convergence of characteristic functions instead of the local martingale
problem. The significance for applications of condition (5.8) in contrast to (5.7) is that
the former avoids the almost sure uniform bound on the jump heights in the latter. That
is, arbitrarily large jumps are possible for each martingale in the sequence as long as
their probability decreases sufficiently fast. Note that (5.8) is stronger than the similar
condition (D2) in the preceding theorem. We omit the proof of the theorem which is an
adaptation of the estimating procedures in [32, 37] to the infinite-dimensional setting.
For details we refer to the PhD thesis of one of the present authors [42].

Remark 5.1. We remark without proof that the assumptions (D1) and (5.6) imply the
convergence of the trace processes, i.e., forall T > 0

T T
lim @, / EMTr G (U7, O7) ds — / Tr G(u(s), p(s)) ds.

n—00 0 0

5.2 Langevin approximation

Usually, e.g., in models of excitable membranes, one is ultimately interested in the
dynamics of the continuous component. We have discussed in Section 2.2 that the co-
ordinate functions z*, ¢ =1,...,m, carry all the information needed for the dynamics
of the continuous component (U]");>o. Therefore, the knowledge of the coordinate pro-
cess (2"(0})):>0, or a close approximation thereof, is sufficient for many applications.
From this point of view the significance of the law of large numbers and the martingale
central limit theorem is that they provide a justification of an approximation of the pro-
cesses (U]", 2" (0})):>o for large enough n by a deterministic evolution equation, on the
one hand, and, as we argue in this section, by a stochastic partial differential equation
on the other hand.

To this end we first discuss representations of the limiting diffusion in Theorems
5.2 and 5.1 as a stochastic integral. By definition G(u(s),p(s)) o ¢ is a non-negative,
self-adjoint trace class operator acting on &, hence there exists a unique non-negative
square root, i.e., a non-negative operator y/G(u(s),p(s)) o ¢ such that G(u(s),p(s)) o =
VG (u(s),p(s)) o to/G(u(s),p(s)) o . Let (W;)¢>0 be a standard cylindrical Wiener pro-
cess on £ with covariance operator given by the identity (cf. [14, 39]). Then, as

E/O Tr(\/G(u(s),p(s))OL\ﬁ)(\/G(u(s),p(s))omﬁ)*ds:/0 Tr G(u(s), p(s)) ds < oo,

the mapping ¢t — /G (u(s),p(s)) o is a valid integrand process for a stochastic integral
with respect to (W;);>¢. That is, the process (Z;);>o defined for all ¢ > 0 by

Zy ::/0 VG(u(s),p(s)) ot dWs (5.9)

is an £-valued Gaussian process with continuous sample paths and independent incre-
ments which, in addition, is also a square-integrable martingale. Moreover, the process
has the covariance given by the operator f(f G(u(s),p(s))ds. Therefore, due to unique
definition of Gaussian processes via their covariance operators, the process (Z;):>o is a
version of the limiting diffusion identified for the sequence of martingales (/a;,, M;*):>o.

Hence, formally inserting the limits into the decomposition of the PDMP we obtain
that the Langevin approximation (U", ﬁtn)tzo of (U, 2™"(0©F))t>0 is given by the solution
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of the system of stochastic partial differential equations

AUy = (AP Ur + B(PP,U7)) dt
N o _ (5.10)
AP = F(PPUp)dt+ 5=1\/G(Up, Pr) dW;.

The sequence of Langevin approximations (ﬁt", ﬁt”)tzo possesses the same asymptotic
behaviour as the sequence of processes (U, 2"(0,)):>0. It is obvious that for n — oo
and thus «,, — oo the noise term in (5.10) vanishes and the system approximates the
deterministic solution (u(t),p(t))i>o of the system (4.1), just as was proven in the law
of large numbers Theorem 4.1 for the sequence of PDMPs. It poses no difficulties to
make this statement precise in the form of a weak law of large numbers similar to
Theorem 4.1. Thus for large enough «,, one might expect that equation (5.10) produces
a similar behaviour than the PDMP with the major advantage of being analytically (and
numerically) to a great extent less complex.

In order to analyse properties of the Langevin approximation, clearly, well-posedness
of the system (5.10) has to be addressed first. This is suitably done within the varia-
tional approach to stochastic partial differential equations. That is, equation (5.10)
is assumed to hold as an integral equation in X* x £* in contrast to the semigroup
approach which defines the solution via the semigroup generated by the linear part
of (5.10) and the variation of constants formula. (Note that in its generic form (5.10)
does not neceassarily posses a fully linear part.) The variational approach reflects the
approach of using weak solution to abstract evolution equations defining the determin-
istic inter-jump motion of PDMPs taken in this paper. We refer to [33, Sec. 1.3.1] for
a concise introduction to the variational approach to SPDEs containing an existence
and uniqueness theorem as well as further references. We do not pursue the issue of
well-posedness of the Langevin approximation any further at this point, as we are of the
opinion that this question is best addressed when analysing the Langevin approximation
for particular models.

Remark 5.2. The process (5.9) is not necessarily the only stochastic integral process
which is a version of the limiting diffusion. Let U be another separable, real Hilbert
space, where U = £ is possible, and assume there exists an operator @ € L, (U,U) (or Q
cylindrical) and a function” g € L2((0,T), Lo(U, £)) for all T > 0 such that G(u(t), p(t)) o
v = g(u(s),p(s))oQog*(u(s),p(s)) for all ¢ > 0. Then, the process (ZtQ)tZO defined by the
stochastic integral

t
zP2 = / g(u(s),p(s)) dWE, (5.11)
0

where (WtQ)tZO is an £-valued ()-Wiener process, has the same quadratic variation as
(Z:)t>0 hence the processes coincide in distribution. Then starting from the represen-
tation (5.11) the Langevin approximation is given by (5.10) with the obvious changes
in the diffusion term. We note that in finite dimensions the non-uniqueness, see, e.g.,
[3, Chap. 8], of a stochastic integral associated to a given covariance matrix can be ex-
ploited to improve the speed of numerical approximations in Monte-Carlo simulations
of diffusion approximations by choosing an optimal diffusion coefficient structure, see
[34]. In infinite-dimensions the question of a practical implication of choosing a diffu-
sion approximation based on (5.11) over (5.10) needs, to the best of our knowledge, still
to be addressed.

"Here, L2((0,T), L2(U, £)) denotes the space of square-integrable functions on (0, 7T") taking values in the
Hilbert-space of Hilbert-Schmidt operators from U to £.
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6 Proofs of the main results

6.1 Proof of Theorem 4.1 (Law of large numbers)

The central argument of the subsequent proof is an appropriate application of Gron-
wall’s Lemma such that the upper bound satisfies the convergence in probability. Here
the estimating procedure yielding the estimate to which Gronwall’s Lemma is applied
necessitates careful attention due to more intricate regularity aspects of solutions to
abstract evolution equations in contrast to solutions of ODEs in Euclidean space.

The continuous component U;* of each PDMP is in between successive jump times
the weak solution of an abstract evolution equation. Similarly u(t) is the weak solution
of the abstract evolution equation (4.1). Therefore also the difference of the two paths
is in between jump times the weak solution of an abstract evolution equation. It thus
holds due to [19, Sec. 5.9, Thm. 3] for almost all ¢ that

d n
Sy — ()%

2(A("(O0) UP" + B(UF, 2"(87)) — Alp(t)) u(t) — B(u(t), p(t)), Ui —u(t)) -

Integrating this equation we obtain the integral equation

U7, = ult)lFr = U5 — ue, |17 (6.1)

+2 / (AGE(O) U+ BUT, 2"(O7)) — A(p(s)) u(s) — Blu(s),p(s)) . Ur—u(s)) , ds,

0

which is valid for almost all ¢, t; in between two successive jump times. Since both
sides of equation (6.1) are continuous the equality (6.1) holds for all ty,t; between
successive jump times. Moreover, as U]" is continuous also at jump times it follows that
equation (6.1) holds for all ¢ € [0,7], i.e., we have

U — w7 = 1UG — uoll (6.2)
+ 2/0 (A(zMO)) UM+ B(UL, 2"(©7)) = A(p(s)) u(s)— B(u(s), p(s)) , Ul —u(s))  ds.

Next we employ the one-sided Lipschitz condition (4.3) to estimate the integral in the
right hand side of equation (6.2). This yields the inequality

t mo .t
U7 — w3 < |\U6L*Uo|\§r+2L1/0 HUS”*U(S)II?HdS+2L12/O 125 (©%) = ps(s) || % ds.
j=1

(6.3)
The overall aim is to apply Gronwall’s inequality to the growth inequality (6.3). There-
fore, in the next step we derive a control on the terms ||z} (©7) — p;(s)||% in the right
hand side of inequality (6.3). As p is a solution of (4.1) satisfying (4.2) we obtain for
every functional ¢ € E* a decomposition

(¢,27(0F) —=p;(O)) e = (6, 2(O7) —pi(0) (6.4)

t
0

+ / [A™ (6, 27 ()] (U7, ©7) ds - / (6, F;(p(5), u(s))) 5 ds + (6, M7 (1)),
0

where the term (¢, M7 (t)) g has precisely the form (3.3) for all ¢ € [0, 7]. Next we expand
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the decomposition (6.4) to obtain

(¢,27(0F) —pit))e = (¢,2](05) —p;(0))E
+<¢7Mf(t)>E+/0 [A™(6, 27 () ] (UL, 0F) — (¢, F;(2"(07),U")) p ds

+/0 (6, F("(O7), U) — Fj(p(s), u(s)))  ds

We take the supremum over all ¢ € E* with ||¢||g+ < 1 on both sides of this equation,
square both sides and apply to the right hand side the inequality |a; + ... + ax|? <
k(la1|* + ...+ |ax|?) and the Cauchy-Schwarz inequality which yields

[EACHEIAGI

t 2
< 4125 (08)=p; )% + 4 1M Ol + 4( / |F5(="(02), U2 = F (p(s), u(s)| | ds)
¢ 2
([ 1A O] 00 - RGO, U) | as)
We next apply the Lipschitz condition (4.4) on F' and obtain the estimate
EACHEINOIL?

t m t
< 4|z7(6g) —pj(O)\\%+4L2/O IIUQ—U(8)||§JdS+4Lzz/O 127(9%) — pi(s)lIE ds
i=1

t 2
+4(/ IFA™ (2 () 8] (U2, 0F) = F3(="(01),U2) | pds)” + 1M} (D). (6.5)
0

To further estimate this term we employ the convergence (4.5) of the term || M} |z and
the convergence (4.6) of the generator. It follows by the definition of these limits that
for every ¢; > 0 and every § > 0 we can find an NN, s such that for all n > N, 5 it holds
due to (4.5) forall j =1,...,m and all ¢ € [0, 7] that

€
1M} (8| < /=

S\
and due to (4.6) and the Continuous mapping Theorem that

€1

r 2
(/0 (A2 () ] (U2, ) = By (="(00), U | yds)” < =

on a set ; C Q satisfying P™*(Q\Q) < ¢ for all n > N, 5. Thus continuing to estimate
only for paths on the set {2; we obtain from (6.5) the inequality

€
125 (0F) = pi W) < 41125(95) — pi(O)|F +5 al (6.6)

t m t
4 4L, / U = u(s) |3 ds + 4Ly 3 / 122(07) — pi(s)1% ds.
0 —Jo

In order to finally obtain the growth estimate suitable for an application of Gronwall’s
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inequality we add inequality (6.3) and inequalities (6.6) for all j = 1,...,m which yields

U7 = w3+ Y2700 —ps (DI < (U§ —uolFr +4 Y 1127(6F) —p;(0)l[z (6.7
j=1

Jj=1

t mo
50 +C [ 02 = ue)r ds+ CY [ 50D - o)l ds
0 ; 0
J=1
with constant C' = 2L, + 4Lom. An application of Gronwall’s inequality to (6.7) yields

sup (107 = w(®lfy + 1507 ~py(0lp) < Kr e (6.8)
) j=1

te]

where
Ky = U5 = uollf + 4 112(08) = p; (0)[|% + 5er -
i=1

Finally, due to (C3), i.e., the convergence in probability of the initial conditions, it holds
that for every e; > 0 we can find to every § > 0 an N, 5 such that on a set {2y C 2 with
P™(Q\Q2) < ¢ it holds for all n > N,, s that

n 2 €2 n n 2 €2 L
1Ug —UOHHSma ||Zj(@o)—Pj(0)||E§m Vi=1,...,m. (6.9)
Let ¢, 6 > 0 be arbitrary. Then we obtain choosing e; = ee~¢7 and ¢; = m thus

K =€, that forall n > N5 := N, s V N, s it holds that
supie o,y (107 = w3 + 3 127(07) = pi (1)]3) < e
j=1
on the set 2, N Q. Therefore it holds for all n > N, ; that
P |su U —u@®F + ) l27(0F) —p; (D)) > < 20
Pielo, 1) t H 5 (F¢ b E €l > .
j=1

As § and € are arbitrary the statement (4.7) follows.

6.2 Proof of Theorem 5.1 (Central limit theorem)

The proof of Theorem 5.1 is split into three successive steps. In the first step we
prove tightness of the sequence of martingales which guarantees the existence of a
limit. Secondly, we show that any limit is a continuous process. Finally, in the last step
we prove that the limit is the specific diffusion process as stated in the theorem. The
conditions (D1)-(D3) in Theorem 5.1 are such that each, in addition, to the preceding is
needed in the successive steps of the proof.

Tightness

In order to prove tightness of the sequence of £-valued martingales (\/a, M{")¢>o it
suffices to show that the following conditions are satisfied, cf. [36] wherein general con-
ditions for tightness of sequences of Hilbert space valued processes and, in particular,
martingales are considered:

(T1) The sequence of initial conditions (y/a;, M} ),>0 is tight.
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(T2) For all ¢ > 0 it holds that

lim sup P"[Tr </a, M™> > 6] =0, (6.10)

0—00 N

and there exists an orthonormal basis (¢x)ken of E* such that for each e > 0

lim sup P" [Zk> (00, <@ M o) > e] —0. (6.11)

m—r00 nelN

(A) The sequence of the real-valued trace processes (Tr < Vo M" >>t)t20, n > NN,
satisfies the Aldous condition: For every T,¢,§ > 0 there exists a 1 > 0 and an
N > 0 such that for any sequence of stopping times® (0™)n>0 With o™ < T it is
valid that

sup sup IP"“TI‘ Lo, M™">onqs —Tr <K \/an M™">5n | > 5} <e. (6.12)
n>N 0<s<h

We next establish the above conditions. First note that condition (T1) is trivially
satisfied as M = 0 for all n > 0. Hence we proceed to condition (T2). In order to
establish the first condition (6.10) we use Markov’s inequality to obtain the estimate

t
P [Tr </, M">, >8] < % E" [/ TrG (Y, 0") ds] :
0
where the right hand side is finite due to assumption (5.3). Taking the supremum on
both sides the same assumption implies (6.10).

Next, in order to show the second condition (6.11) we employ Markov’s inequality,
the monotone convergence theorem (in order to change the order of expectation and
the countable summation over all k£ > m), the form of the quadratic variation (3.11) and
inequality (5.4) to obtain for the term in the left hand side the estimates

Ap

P [Zk>m<(pk’ <<@ Mn>>t S@k>£ > 6] = 7 E" [Zk>m<(pk7 <<Mn>>t 90]9)‘9}

< %(me %) C(t),

where the upper bound is independent of n € IN. Moreover, the property >, . & < 00
implies that lim,,, s Z,Dm v = 0 and hence (6.11) holds for all £ > 0.

Finally, it remains to show (A). Let 7,6 > 0 and ¢™ < T be an arbitrary sequence of
stopping times, then for all for all ~ > 0 it holds that for s < h

P anTr €M™, 15 = anTr <M™>,, | 2 4]

< %"]E” [/: o Te G (Y, 607) dr |

n

1 -
= SB[ 0B [ oG e ]

kelN

1)
< %Z%-

keEN

Here we have used Markov’s inequality, the strong Markov property of the PDMP and
the assumption (5.4). As the final upper bound is independent of s and n and converges

8Here every o™ is a stopping time on the respective probability space (Q", F", (F&)ezo,P™).
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to zero for h — 0 condition (A) follows.
Any Limit is a continuous process

In the preceding part of the proof we have established that the laws of the sequence
of martingales (/a;,, M;"):>o are tight which is equivalent to there existence of a weakly
convergent subsequence. We now prove that under the additional condition (D2) any
cluster point of the sequence is a measure supported on C(R,£). The method of
proof follows the outline of [25, Lemma 3.2] adapted for the stochastic processes being
PDMPs on Hilbert spaces, the general setup in this study and the particular conditions
(D1) and (D2) in Theorem 5.1 which differ from [25]. Furthermore, we have extended
the result in [25, Lemma 3.2], which only considers convergence on finite time intervals
[0,T], to convergence on D(R., ). In the following we employ the abbreviations Z}* :=
Vo, M* and A Z" = Z] — Z]', i.e., (A¢Z");>0 denotes the process of jump heights.
Note that A, Z" = \/a;, A" (0").

Further, let P* denote an accumulation point of the sequence (P"),,c. Without loss
of generality we use P, n > 1, to also denote the subsequence converging weakly to IP*.
Furthermore, here P" is understood as a law on the Skorokhod space D(R,, &) given
by the pushforward measure of the process (\/a, M;'):>0. Then due to the Skorokhod
Representation Theorem, e.g., [18, Chap. 3,Thm. 1.8], there exists a probability space
(Q2°, F°,P°) supporting D(R,, £)-valued random variables (", n > 1, and ¢* with distri-
butions IP" and P*, respectively, such that (" converges to (* almost surely with respect
to P°. Further, it clearly holds that E" f(Z™) = E° f(¢") for suitable functionals f.

We begin the proof with preliminary estimates on functions evaluated along the
path of the PDMPs. These ultimately allow to infer that the process of jumps vanishes
in the limit. Let g be a measurable, bounded, non-negative function g : R — R, that
vanishes in a neighbourhood of 0 and of oo, that is, there exists a finite constant C;, :=
sup,er 9(7)/x? < oo. For such a function g and any ® € £* we define the process

G?(<‘I’,Z”>5) = Z g(<q>7AsZn>€)

s€(0,t]

*/ A"(US,@?)/K 9(Von(®,2"(§) = 2"(07))e) p" (U, ©7)) ds

n

= /0 /K g(\/@«ﬁ’z”(&) — ZTL(@;L»E) Mn(df,ds)7

where M"™ is the martingale measure associated with the PDMP, and we infer that
G?((®,Z™)¢) is a martingale. Note that the above summation over all s € (0, ¢] is well-
defined as the PDMPs are regular and thus g((®, A,Z")¢) is non-zero for only finitely
many s < t.

The proof now proceeds as follows. We first show (a) that for all £ > 0 the random
variables G7((®,(")¢), n € IN, are uniformly integrable for all ¢ and (b) that they con-
verge to ) (0.4 g(((b, AgC™) g) in probability. This allows to infer that the convergence
result also holds as convergence in mean. In part (c) we then use these results to show
that the jump heights of the canonical process of the law IP* are constantly zero al-
most surely. This implies that P*(C([0,],£)) = 1 for every ¢t > 0 where C([0,1],€) is
understood as the subset of D(R4, &) consisting of those cadlag functions which are
continuous up to and including time ¢. The proof is completed by (d) extending this
result to P*(C(R4,€)) = 1.

(@) To show that the sequence of random variables G ({(®,(")s), n € N, is uniformly
integrable in the space (2°, F°,P°) it is sufficient that the second moments are uni-
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formly bounded, cf. [18, Appendix, Prop. 2.2]. The It6-isometry for real-valued stochas-
tic integrals with respect to the associated martingale measures, which is implied by
taking the expectation of the processes in [24, Prop. 4.5.3], yields

sup E°|G} ((9,¢")e)[? = sup E"|GY((®, Z")e)?
nelN nelN

= s [ [z en [ olvante (@ - 0n)e) (U200, 06) ]

nelN

Therefore, employing the special structure of the map g we obtain the estimate

sup E°|G7 ((®,(")e)[?
nelN

< Cy4 sup o, E" / A (UL, @”/ |<<I>,z"(£)—z"(@?)>g}2p"((U§,@Z),d§)ds},

nelN

where the right hand side is finite for every ¢ > 0 due to condition (5.3) in (D1).

(b) In this part of the proof we establish convergence in probability of the random
variables G} ((®, A(™)¢). Let 8 > 0 be such that g(z) = 0 for |z| < §, i.e., the interval
(=8, B) is contained in the neighbourhood of 0 whereon g vanishes. Then we obtain
using Markov’s inequality and due to the boundedness of g the estimates

P30 908 ACNE) = GR(@,CMe) > 4]
= e[ anzen [ oy @2 - = ©)e) i (U7, 00).d6) ds > o]

n

< —E” / AmUn, @"/ g(m«b,z”(é)—z"(®?)>E)u"((U?79?))d8}

< %METL{/ An(Ug,@g)/ pr (U7, 01), d€) ds|.
4 0 Vam [(®,27(§) =2 (07)) s[>

Thus due to condition (5.5) in (D2) it holds that

n— oo

lim PO[Y° g((®,8.C"e) = GR(@.Ce) > 0] =0
Moreover, it holds on (Q2°, 7°,P°) almost surely that

lim > g((,A(Me) = > g((@,A(%)e).

n— oo
s€(0,t] s€(0,t]

Therefore, combining these two convergence results we obtain that

GP((®,Ce) — Y g((®, A7) (6.13)

s€(0,t]

holds as convergence in probability.

(c) From parts (a) and (b) we infer that (6.13) also holds as convergence in mean.
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Together with Jensen’s inequality this implies

lim [B°(GP(®,A,0e) — 37 g((@,8,00) )|

n—oo

s€(0,7]
< lim EY|GY((,A.0")e) = Y 9((2.A7)e)| = 0,
s€(0,t]
and hence we infer that
E? Y g((®,AlM)e) = lim E°GY((2,¢")e). (6.14)

s€(0,t]

Furthermore, G} ({(®,Z")¢) is a martingale which satisfies G ((®, Z™)¢) = 0. This, in
turn, implies that E"G}((®,Z")s) = 0 for every n € IN. Therefore we obtain due to
(6.14)

E* Y g((9,A:2)e) = E° Y g((®,A,%)e) (6.15)
s€(0,t] s€(0,t]
= lim E°GI((®,¢")e) = lim E"GY((®,2")¢) = 0.

In a next step, let g,, be a sequence of functions satisfying the properties for functions
g proposed above. Further we assume that the functions g,,(x) increase pointwise to
22 for m — oo (for an example of such functions we refer to [25]). Then due to the
monotone convergence theorem it holds that

. * _ * 2
dim BT Y gn((9,4.2)e) = BT Y [(@,A.2)¢ .

s€(0,t] s€(0,t]

Furthermore, the limiting expectation in the right hand side is zero as each element of
the sequence of expectations in the left hand side is zero due to (6.15). Next we choose
® to be an element of an orthonormal basis (¢x)ren of £ and sum the expectations over
all elements of the basis yielding

SEY e Al

kelN

Due to the dominated convergence theorem we can interchange the countable summa-
tion and the expectation and, as the PDMP is regular, we afterwards interchange the
resulting two summation inside the expectation. Then Parseval’s identity yields

E* Y 1aZ)E = o.

s€(0,t]

As the non-negative random variable inside the expectation is zero only for continu-
ous paths of the process (Zs)se[O,t] we infer that almost all paths are continuous, i.e.,
P*(C([0,t],€)) = 1.

(d) To conclude the prooflet tx, k € IN, be a sequence of times increasing to infinity
then

C(Ry,&) = () C([0, ], ),

kelN

and the events in the right hand side satisfy C([0,tx41], &) € C([0, tx], £). The properties
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of a probability measure thus yield
P*(C(R4,€)) = Jim P*(C([0,t],€)) =1,
— 00

that is a process with distribution given by the limit IP* possesses almost surely contin-
uous paths.

Limit is a diffusion process

In the final part of the proof we uniquely characterise the limit of the sequence of
martingales (,/a,, M;*);>o under the additional assumptions (D3). The method of proof
is via the local martingale problem motivated by a proof presented in [36], i.e., the
limiting probability measure is the unique solution to a particular martingale problem.
The author in [36] considers Hilbert space valued stochastic integral equations driven
by Hilbert space valued martingales with state dependent quadratic variation. A central
limit theorem for the martingales is presented. The arguments of the subsequent proof
are closely related to [36]. This is as the general result on martingales associated with
PDMPs, which we have proven in Section 3, result in the problem in this part of the
proof to be of the same underlying structure as in [36]. One difference, however, is
that the present conditions (D1)-(D3) are more general than the conditions in [36] and
adapted to the PDMP setup, hence some estimates differ.

As in the preceding part of the proof we interpret the sequence of martingales
(v/an M[*)¢>0 defined on the probability spaces (2", F", (F;*)i>0,P") as random vari-
ables on the space D(R, &) equipped with its natural o-field D. Further, laws on the
canonical space are given by the pushforward measure. In order to simplify the notation
we denote the laws on the canonical space also by IP". Due to results in the preceding
two parts of the proof we know the sequence PP, n € IN, admits a limit IP* supported on
C(R4,E&). We use (¢;)¢>0 to denote the canonical process on D(R, £) which is a version
of the martingale (/a,, M;*);>o under the push-forward maesure P" for all n» € IN or of
the weak limit under the measure P*.

In the following we prove that the limit P* is a solution to a local martingale problem
the unique solution of which is an £-valued centered diffusion process with covariance
operator C(t) € L1(£*,£) as given in (5.2). For any twice continuously differentiable
function f : £ — R the extended generator Af of such a diffusion is given by

Af(z,t) = %Tr (D2 f(z) 0 G(t)).

Then, in order to uniquely characterise the solution to the local martingale problem
connected with this generator and supported on the space C(R, £) it suffices to consider
mappings f of the form (®, )¢ and (®, )% for all ® € £*, cf. [36]. That is, we have to
show that the canonical process (; is such that for all ® € £* the processes (P, (;)s and

t
<(p7<t>§ _/ <(I)aG(usvps)(I>>£ ds (6.16)
0

are P*-local martingales. We start introducing some notation and then show in parts (a)
and (b) the local martingale properties of the two indicated processes on the canonical
space D(R4,&).

As before we use 7' := \/a,, M{* and A, Z" := Z — Z]* . Further, as indicated above
the notation is such that we use P"” and IE™ to denote probabilities and expectations
on the original given measurable spaces (2", F") as well as on the canonical space
(D(R4,€&),D). That is, e.g., E"f(Z}") = E™f({) for any bounded function f, where the
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former is the expectation taken on the original space (Q", 7™, P") and the latter the
expectation on the canonical space of cadlag processes with respect to the pushfor-
ward measure. Furthermore, we employ the It6-formula [35, Thm. 25.7] for smooth
functions f € C*(R) applied to semi-martingales. For the particular choice of the
semi-martingales being the real martingales (®, Z*)¢ the It6-formula reads

F(@20) = 5 [ 1(@.22)6) (@0ndr D)) s
+ D[ F(@.20e) — (@, 2 )e) = (@,8,27)¢ f(0. 2 )e)|
S [@ Az @,z 0l (6.17)

where (M;™),>0 is some martingale on (Q", F*, (FI");>0, P") depending on Z" and f.

Next, we introduce on the canonical space for all positive p the stopping times
7, :=inf{t € Ry | ||¢¢|]l¢ > p} and note that due to the bound (5.7) in (D3) on the jump
heights we have that for any law P", n > 1, it holds almost surely

¢ lle < p+C. (6.18)

Analogously we define the stopping times 7;' := inf{t € Ry ||| Z}'|l¢ > p} on the spaces
(Qna}—na (ff)tzov]P")'

Finally, as already mentioned (D;);>o denotes the natural filtration on the canonical
space. Then for A € D; we define A" := (Z")~1F € F" its preimage with respect to the
random variable Z™. We now proceed to show that the two processes (®, (;)¢ and (6.16)
are indeed local martingales with respect to the limit measure P*.

(a) Let ® € £ be fixed and we choose for every p a smooth function f, € C*(R)
which satisfies f,(z) = z if |z| < ||®[|¢«(p + C) and thus f'(z) = 1 and f”(z) = 0 for
|z| < [|®[|e« (p+C). Therefore it holds for ¢ < 7', which implies the estimate [(®, Z;* )¢| <
[®][e=(p+ C), that

fo(@, 2] )e) =0
and
fol(@,Z)e) = fo((2, 27 )e) — (@, A Z7)e £, ({2, 2] )e) = 0.
It follows that applying the It6-formula (6.17) to the function f, and the martingale Zt"M;b

all terms besides the martingale M ™/~ vanish in the the right hand side. Therefore we
obtain for t5 > t; and all A € Dy, that

E" L (@, Grane,)e = (@, Gunr)e )| = B [La (£ (@, Cunne) = o (@, Cune,)e) )|
= E” |:]IA"' (fp(<®a ZZ;/\T;L>5> - fp(<(b7 Zgi/\‘rg>5))i|
= 0. (6.19)
The proof of the first martingale property is concluded as in [36]: The mapping ( —

fo({®, (tonr,)e) is almost surely (with respect to the probability IP*) continuous and as
P™ converges weakly to IP* it holds due to (6.19) that

B [La ((®,Gan,de = (@,Cinmye )| =0

Here we have employed a weaker version of the continuous mapping theorem, see, e.g.,
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[6, Thm. 2.7].

We infer from the definition of the conditional expectation that the stopped pro-
cesses are martingales. Furthermore, as (; possesses continuous paths almost surely
under the measure P* it holds that 7, diverges to co almost surely for p — oo. Hence,
we can find a sequence of stopping times 7,,, k£ € IN, such that 7,, — oo almost surely
for k — oo. Thus, the process (®, ;) is a local martingale with respect to P*.

(b) For the second class of processes we consider smooth functions g, € C>°(R)
such that g,(z) = 2? for all |z| < ||®||e-(p + C). Starting from the definition of the
conditional expectation as in (6.19) we obtain

E" L4 (@, Cianr, )2 — / Gl (5B s — (8, )2

o[ 60 ey 0

taAT)
= B L (@G )t~ (@.Gunn B~ [ (@,6(u(s),p(s) @) d)]
t1NT,
taATp
= E"|Lan (@, 200, )3 = (@, 200, )% / an (@, G"(Y]",01)@) ¢ ds )|
t1NT,

ta ATy

LB [ /MT 0 (8, G (V] 0) ) — (.G (u(s), p(s)@)e ds) |

Here the first expectation in the final right hand side vanishes due to the It6-formula
(6.17): We apply the Ité-formula for the function g, and the martingales Z[‘AT;L to the
terms (P, Zg‘zmp)% and (P, Zﬁm,)%- Then we find - similarly to part (a) - that the sum-
mands in the right hand side of the It6-formula vanish. Therefore we are left with only
the martingale M"™9 and the integral term, wherein g, ((¢, Z;" )e) = 2 for all t < 7.
The martingale term vanishes due to the martingale property and the remaining inte-
gral is cancelled by the integral in the above expectation. Overall this shows that the
first expectation vanishes.

Next we take the absolute value on both sides of the above equality and obtain,
estimating the second expectation and extending the integration interval to [0, 7], the
inequality

[0 (0.2~ [ (.G, 60800 s (8,60,

" /0%@7G<u<s>,p<s>>¢>sd8)}’

T
< [ B (0,67 (077,00 — (8,6 lu(s),p(s)) e | ds.

0
The convergence of the upper bound to zero for n — oo follows by assumption (5.6).
Hence we have proven an analogous result to (6.19) in part (a). The same line of argu-
ment that concluded part (a) also concludes part (b). The proof is completed.

7 Application to models of excitable membranes

The primary motivation for the present work stems from the study of stochastic
version of the Hodgkin-Huxley model [23] describing action potential generation and
propagation in spatially extended neurons in a PDMP formulation. This model is analo-
gous in structure to hybrid models that are used for the modelling of Calcium dynamics,
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cf. [20, 26, 44], or models of cardiac tissue, cf. [21]. Therefore, we consider as an ex-
ample of the application of the presented limit theorems a general compartmental-type
hybrid stochastic model for spatially extended excitable membranes introduced in [42,
Sec. 3.2] which subsumises the above mentioned applications. (Another example for
the application of Theorem 4.1 is the law of large numbers that is presented in [5] for a
particular one-dimensional hybrid model.) We refrain from discussing the physiological
derivations of this type of model and the implications and interpretations of the limit
theorems in this setting. These aspects will be subject to a forthcoming publication.
We now fix some notation for the remainder of the section. The set D C R? denotes
bounded spatial domain with the physically reasonable dimensions d < 3. That is, the
set D is a bounded interval when d = 1 and when d € {2, 3} we assume it possesses a
C3-boundary. Further, for a given dimension d, let s denote the smallest integer such
that s > d/2. Finally, let m € IN be the fixed number of states ion channels can be in.

7.1 Deterministic limit system

The deterministic limit is the solution to the membrane equation

d m
U= Z @i (), z; + Zgl(x) pi (B —u) (7.1)
i,j=1 i=1
with p;, 7 = 1...,m given by solutions of the coupled equations

pj = Fi(p,u) = ZQij(u)pi = qij(u)p; - (7.2)
i#]

We choose Dirichlet boundary conditions for the component u, i.e., u(t,z) = 0 for all
x € 9D and all t € [0,T], which, however, is of no particular importance for the con-
siderations that follow and can be readily changed. Here the coefficient functions a;
and g; are smooth on D, with ¢g; non-negative, and the differential operator is strongly
elliptic. Further, the rate functions ¢;; are sufficiently smooth.? Finally, the initial con-
ditions satisfy ug € Hj(D) N H*(D) and p;(0) € H*(D) and, in addition, the pointwise
bounds u(0,z) € [u_,uy] and p;(0,z) € [0,1], i = 1,...,m, such that Y ;" p;(0,z) = 1,
hold for all z € D. Then, the deterministic system (7.1), (7.2) is well-posed, that is,
there exists a unique global solution depending continuously on the initial condition,
which also satisfies (4.2) [42, Sec. 3.3.1]. In particular, the solution (u(t), p(t)):eo, 1]
is in C([0,T], H?(D)) componentwise for every 7' > 0 and pointwise bounded, i.e.,
u(t,z) € [u_,u,] and p;(t,x) € [0,1] for all (t,2) € [0,7] x D and alli = 1,...,m.

7.2 Compartmental-type membrane models

We briefly summarise the essential features of PDMPs (U", ©7):>0, n € N, constitut-
ing compartmental-type membrane models.

Firstly, an integral component of the sequence of models is a sequence of compart-
mentalisation of the spatial domain D. Thus, for each n € N let P,, be a convex partition
of the domain D, i.e., P, is a finite collection of mutually disjoint convex!® subsets of D,
called compartments, such that their union equals D.

The second fundamental aspect is the channel distribution across the compartments

91In detail the conditions are [42, Sec. 3.3.1]: The functions gi; are bounded and bounded away from zero
on the interval [u—,u4|. Further, on this interval they satisfy a Lipschitz and polynomial growth condition
and are twice continuously differentiable with bounded derivatives.
10The convexity of the compartments is a technical assumption which allows to employ Poincaré’s inequality
in the proof of the limit theorems with a known optimal Poincaré constant [1, 38].
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yielding the stochastic jump dynamics and the coordinate functions z". We assume that
each compartment either does not contain channels or a fixed deterministic number.
Let p(n) denote the number of non-empty compartments of the nth model denoted by
D1, ..., Dpnyn and I(k,n) be for k& < p(n) the total number of channels in the £th non-
empty compartment of the nth model. Then the piecewise constant components of the
PDMPs are given by mp(n)-dimensional vectors O} = (@f’”(t))izl,_”’m,kzl,”_yp(n) with
finite state spaces K,. Each component @f’"(t) counts the number of channels located
in the domain Dy, which are in state ¢ at time ¢. and it holds that

m

> O5"Mt) =1(k,n).

=1

as channels can neither be destroyed nor created. We proceed to define the stochastic
jump dynamics. As two channel switching do not occur simultaneously, the only jumps
in the configuration 6" € K, with non-zero probability are transitions concerning one
single channel. That is, events for which in one particular compartment one particular
channel changes its state. Let ¢;; : R — R denote the u-dependent instantaneous rate
of one channel switching from state 7 to j. Then given a specific configuration 0™ € K,
the rate that one channel in compartment Dy, ,, switches from state ¢ to j is given by

05" QU™ (u) € Ry (7.3)
where Q?j(u) is a functional of the membrane variable u € L?(D) defined as

1

|Dinl Jy

ijn(u) = %’j( u(z) dx) )

That is, Qf}”(u) is the instantaneous rate ¢;; evaluated at the average value of the
membrane variable over the compartment Dy, ,,. Hence the rate (7.3) is the number of
channels in state 7 in domain Dy, ,, times the rate of one channel switching from ¢ to j.
This definition yields by summing over all events the total instantaneous rate

m  p(n)

A, 0m) = Y Y 0" QE M (u). (7.4)

i,j=1k=1

Note that for each n the total instantaneous rate is bounded and as expected propor-
tional to the total number of channels which implies that the PDMPs are regular. Finally,

we define on the set K,, for< =1,...,m the coordinate functions
p(n) ok,n
2(0") = l(/; 2 Ip,, € L*D). (7.5)
k=1 ’

The coordinate process 2" (0}) is cadlag with each component taking values in L?(D).
Clearly, the coordinate process is zero on those compartments which do not contain
channels. Moreover, each z/'(0}) is for every ¢t > 0 a piecewise constant function on the
spatial domain D which takes values in [0, 1].

Thirdly, the family of abstract evolution equations (2.1) defining the dynamics of the
PDMP’s continuous component U"” are given by the parabolic, linear, inhomogeneous
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second order partial differential equations

d m
W= aij(@) g, + Y gi(x) 2 (0") (Bi — u). (7.6)
i,j=1 i=1

Consistently with the deterministic limit system we equip equation (7.6) with Dirichlet
boundary conditions. Finally, we define the operators A, B depending on 6" only via
suitable coordinate functions, cf. (2.5), by

d

A O ui= Y ay@a, . BEO)0) =Y gil@) ) (Ei—w). (77)

ij=1

To conclude, it is easy to see that the characteristics defined via the individual rates
(7.3), the total jump rate (7.4) and the evolution equation (7.7) define a sequence of
L?*(D) x K,-valued infinite-dimensional PDMPs (U;", ©}');>0. Moreover, the membrane
component (U;");>¢ is almost everywhere pointwise bounded, i.e., Uj*(z) € [u_,u4] for
almost all x € D and all £ > 0, where u_ := min; F; < 0 and uy := max; F; > 0, for initial
conditions Uj satisfying these bounds, cf. [42, Sec. 3.2], which we always assume.

7.3 Limit theorems for compartmental-type models

Applying the limit theorems derived in Sections 4 and 5 to compartmental models we
find that the conditions therein translate into assumptions on the behaviour of the se-
quence of partitions P,, and the number of ion channels in the membrane, see Appendix
B. Thus, we denote by §(n) the maximal diameter of the non-empty compartments in
the nth model, i.e.,

0+(n) == max diam(Dy,),
k=1,...,p(n)

and by ¢, (n) and ¢_ the maximal and minimal number of channels in non-empty com-
partments, i.e.,

ly(n) = k:g?,);(n) l(k,n), L_(n):= k:ffl.l.f}(m I(k,n).

Then the law of large numbers takes the following form.

Theorem 7.1. Assume that the sequence of partitions satisfies that

lim 44 (n) =0, lim ¢_(n) = oo, (7.8)

n—oo n— oo

and that the initial conditions (U}, 2"(0})) converge in probability to (ug,po) in the
space L?(D)™*!. Then the compartmental-type models converge in probability to the
deterministic solution of the excitable media system (7.1), (7.2) in the sense that it
holds for all e > 0 that

lim P [supye o ry U7 = ()2 + 2 supiegor 12(OF) ~ p(B)ls2 > | =0. @9
Moreover, the convergence also holds in the mean in the space L*((0,T), L?(D)), i.e.,
Tim E” [||Ut" —u(t)ll 2oy + 3 N122(OF) —p(t)||L2((07T)7L2)} ~ 0. (7.10)
i=1

Next we present the appropriate quadratic variation process for the martingale cen-
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tral limit theorem. For the definition of the limiting diffusion we consider for u,p; €

C(D) the bilinear form

(0,8) > (Glu,p) ,0),, = S % /D pi() 4i; (u(2)) 5 () 65 () da

J=1 i#j
+303 [ m@) uta) vy(a) (o) ds
j=1 i#j " P (7.11)

-2 > /D p;() gji(u(2)) i (x) ¢j(x) dx

J=1 i
m

N Z Z/Dpz(x) qij(u(w)) ¥i(z) ¢j(w) d.

J=1 it

Note that the right hand side is finite for all ¢;,; € L?(D) as p; and g¢;;(u) are bounded
functions. Hence, for every given ¥ € L?(D)™ the mapping ® — (G(u,p)¥,®) is a
linear, bounded functional on L?(D)™ and, conversely, for every given ® € L?*(D)™ the
mapping ¥ — (G(u,p)¥, ®) is a linear, bounded functional on L?(D)™.

Proposition 7.1. The operator G(u,p) defined via (7.11) is for s > d/2 a trace class
operator mapping H*(D) into its dual H~*(D). Moreover, the operator-valued map
t — G(u(t),p(t)) defines a unique centred diffusion process on H*(D).

Proof. As stated in [27] it is sufficient for the statement of the proposition that the
operator G(u(t),p(t)) is self-adjoint, positive and of trace class. These properties are
easily verified and for a detailed proof we refer to [42]. O

In order to state the conditions on the partitions in the central limit theorem we
define v, (n) and v_(n) to be the maximum and minimum Lebesgue measure of non-
empty compartments, i.e.,

v = max Del. vo(n)=min [Dil.

Finally, note that in the following the coordinate functions 2" are considered as maps
from K, into the space H2%(D).

Theorem 7.2. Let s be the smallest integer such that s > d/2. If in addition to (7.8)
and the convergence of the initial conditions the sequence of partitions satisfies

lim =M=

) (7.12)
n—oo Ly (n)vy(n)

then the sequence of H~2*(D)-valued martingales ( £-(n) Mt”) converges weakly

vi(n) t>0
to the (H(D)~2%)™-valued diffusion defined by (7.11).

Remark 7.1. We note that for all reasonable physical domains D and all initial condi-
tions (uo, po) sequences of partitions P,, and initial conditions (U}, ©f) for the PDMPs
can be found satisfying the conditions of Theorems 7.1 and 7.2. For example, a suit-
able sequence of partitions is obtained by grids of uniform cubes with decreasing edge
length covering the domain D and putting channels only into these cubes which are
fully contained in D. For a more detailed discussion of these aspects we refer to the
PhD thesis of one of the present authors [42].
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8 Conclusions

As a general theoretical results for PDMPs we have derived a law of large numbers
and martingale central limit theorem in Sections 4 and 5 of this study. The former es-
tablishes a connection of stochastic hybrid models to deterministic models given, e.g.,
by systems of partial differential equations. Whereas the latter connects the stochastic
fluctuations in the hybrid models to diffusion processes. As a prerequisite to these limit
theorems we carried out a thorough discussion of Hilbert space valued martingales
associated to the PDMPs. Furthermore, these limit theorems provide the basis for a
general Langevin approximation to PDMPs, i.e., certain stochastic partial differential
equations that are expected to be similar in their dynamics to PDMPs. We have applied
these results to compartmental-type models of spatially extended excitable membranes.
Ultimately this yields a system of SPDEs which models the internal noise of a biologi-
cal excitable membrane based on a theoretical derivation from exact stochastic hybrid
models.

Topics for further research are motivated by corresponding results in finite-dimensions
[32, 37] and for spatially inhomogeneous chemical reaction systems converging to re-
action diffusion equations, cf. [27]. In these studies limit theorems are derived for the
fluctuations around the deterministic limit identified by the law of large numbers. Us-
ing the notation of Section 5 we conjecture that the sequence of processes, (\/@ upr —
u(t),z"(0F) — p(t)) >0 ™ € N, converges in distribution to a suitable diffusion process.
Moreover, we further conjecture that this limit is closely related to the asymptotic lin-
earisation of the Langevin approximation around the solution of the deterministic limit,
cf. [37] wherein this result is proven for finite-dimensional PDMPs.

Further, on the applications side we believe that the Langevin approximation to
spatio-temporal PDMP models of excitable membranes poses an important object for
further investigation. Its derivation was the initial motivation of the study of the limit
theorems in the present study and it is their main application herein which enables to
write down the system of SPDEs that constitute a Langevin approximation. This system
now demands for further analysis, particularly, first of all the question of existence
and uniqueness of the Langevin approximation has to be addressed. Subsequently, as
SPDEs are analytically more accessible than PDMPs a theoretical analysis of qualitative
and quantitative properties of the models may be possible.

Finally, we want to mention that the limit theorems presented also find applications
beyond excitable membrane models. In current work in progress by one of the present
authors the limit theorems derived in Sections 4 and 5 are applied to stochastic neural
field equations, based on a model presented in [12], cf. a preliminary account in [41].
We also plan to investigate the connection to similar limits derived for reaction-diffusion
models, cf. the series of results on variations of the model in [27, 28, 29, 30] and [7, 8,
9, 10, 11]. An answer to this question would contribute to a more complete picture of
limit-theorems for spatio-temporal stochastic models.
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A Proof of Theorem 3.1 (Ito-isometry)

In this proof we show that under condition (3.4) the processes M?, j = 1,...,m,
n € IN, defined in (3.1) are square-integrable, cadlag martingales which satisfy the It6-
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isometry (3.5). Throughout the proof we fixa j = 1,...,m and n € IN and the results
holds for any such j and n. Therefore, speaking of a PDMP in the following always
refers to the PDMP (U;*, ©}):>¢ corresponding to the fixed n. Further, for notational
simplicity we omit the indices n and j discriminating processes and characteristics of
PDMPs, i.e., M}' and z}}(©") are denoted simply by M and z(©). Finally, recall that 7,
k=1,2,..., denotes the sequence of increasing random jump times of the PDMP which
are stopping times satisfying limg_. ., 7x = 0o almost surely.

First of all, note that the process M is cadlag by definition. The proof of the remain-
ing open results is split into three parts. In the first, part (a), we prove the martingale
property for the real process ({(¢, M(t))g)i>o0 for every ¢ € E*. Then, the first main
statement of Theorem 3.1, the square-integrability of the process M(t), is proved in
part (b). Moreover, as square-integrability implies integrability, the Hilbert space mar-
tingale property follows. Finally, the second main statement, the It6-Isometry (3.5), is
established in part (c). The proof we present in part (b) is motivated by the proof of
[24, Prop. 4.5.3] which states the corresponding results for real-valued martingales as-
sociated with PDMPs. In extending to the present setup the method of proof employed
therein one has to ensure, on the one hand, that the employed results and estima-
tion procedures all have corresponding analoga in the infinite-dimensional setting. On
the other hand, one has to carefully make sure that only the weaker regularity results
available in infinite-dimensions are used. Finally, the introduction of random initial
conditions, not considered in [24], also necessitates some adaptations.

(a) First note that for all ¢ € E* the real-valued processes (¢, M (t)) g satisfy

6 M) = (62005 — (6 2(O0) 5 A1)
- / AU, ©,.) / 6. 2()) 5 — (6. 200 ) (Vs ©,), d€) d.
0 K

Equation (A.1) is obtained from (3.3) due to the regularity of the PDMP as the set of
jump times in [0,¢] is almost surely finite for all ¢ > 0. Therefore the integrands in
the right hand sides of (3.3) and (A.1) differ only on a set of Lebesgue measure zero
almost surely. Moreover, the integrand in the right hand side of (A.1) has the form of
the extended generator, cf. Theorem 2.1, applied to the map

which is independent of w. It follows that the process (¢, M (t)) g is a local martingale if
the map (A.2) is in the domain of the extended generator, cf. Theorem 2.1. Obviously,
path-differentiability almost everywhere is trivially satisfied as the map ¢ — (¢, 2(0:)) g
is piecewise constant. Hence, it remains to consider the integrability condition for
which it is a sufficient that

E/ A(Us—a@s—)/ |<¢’Z(€) - Z(®5—)>E| M((Us—; @5_),d§) ds <oco Vt=> 07 (A.3)
0 K

cf. [13, 17, 24]. Using Young’s inequality we obtain an upper bound to (A.3) by

3B MU0 ) s+ 5E[ A.-.0.0) [ 16,26 ~ 20, ) (U0, 6) ds.

Here the first expectation is finite due to the PDMP being regular and the second is
finite by an immediate consequence of assumption (3.4).
Next, we show that the process is not only a local martingale but even a martingale.
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As mentioned above the process (¢, M (t)) g satisfies

(6. M(t) s = / /K (6,2(6) — 2(©,_))p M (ds, de)

where M := N — N is the random martingale measure associated with the PDMP with
counting measure N and compensator ﬁ(dg,ds) = AUs—,0,) n((Us—, 0,-),dE) ds.
The validity of this formula follows as (A.2) is in the extended generator. Thus the
process (¢, M (t)) g has the form of a stochastic integral with respect to the martingale
measure associated with the PDMP. Furthermore, due to [24, Thm. 4.6.1] it holds that
the process is a martingale if (A.3) is finite for all ¢ > 0. But we have already shown that
this holds due to the regularity of the PDMP and assumption (3.4).

(b) We now prove the square-integrability of the process M. In a first step we
prove in (b.1) that M stopped at the first jump 7; is square-integrable. Subsequently in
part (b.2) this result is extended to M stopped at any jump time 7%, k € IN. Then we
are able to infer square-integrability of the process M. As square-integrability implies
integrability it follows from part (a) that M is a Hilbert space valued martingale.

(b.1) Note that prior to 7; the jump component © of the PDMP remains constant.
We introduce the notation

N(s) = / "AU. 00) /K 2(6) — 2(00) p((Uy. ©0), d€)

which implies that s — || N (s) |% is almost surely absolutely continuous with derivative

dt

SIRGIE = 24R6),NE),

2A(US,®0)/K(Z(§)—z(@o),ﬁ(s))Eu((Us,@S),dg). (A.4)

Due to the structure of a PDMP we obtain for the conditional expectation with respect
to the initial condition

E[1M(r A0l R] = [N esp(~ [ AU 0)ar)

* /ﬂ Ll\z<ﬂ>—z<@o>—ﬁ<s>112u<<Us,eo>,cw>>} A(Us, ©0) exp(~ /0 A(U,.60)dr) d.

That is, the first term in the right hand side is the position of the stopped process
|M(m1 At)||% at time ¢ if ¢ < 71 times the conditional probability that the first jump does
not occur before ¢t. The second term is its position after the jump integrated over the
conditional density that a jump occurs in [0, t]. We apply integration by parts to the first
term (note that N(0) = 0) and find that

IN @)% exp(— /OtA(US,@O)ds) - /Ot {2(%1\[(5),]\[(5))1; exp(—/os A(UT,G)O)dr)

—IN(s)||% A(Us, ©) exp(— /0 A(UT,GO)dr)} ds.
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Therefore we obtain

E[|M(r A% | Fo] = /t[g(;tﬁ(s) N(s))s exp / A Um@o)drﬂd

# 1] 1200 =00 - KO ~ I8 (. 00, 0))

A(Us, B9) exp(— /OS A(U,, O9) dr)} ds.

Note that [|2(9) — 2(80) — N(s)[3 = | 2(9) — 2(80) |13 + | N (s)II% — 2(=(9) — 2(60), N(s))&
and thus

B[IM(r At)lIE | Fo] =

/Ot [2(%N<8)J\7<s>)zs exp(— /OSA(UT, o) dr)} ds
_2/ [(/ (2(9)— (GO)JV(S))Eu((Us,6)0),d19)))A(US7oo)exp(_/sA(Umgo)dr)}ds

0

/ / 12(9) — =( @0)||EM((Usa@0)7d19))) A(Us,09) exp(_/osA(Ur,@o)drﬂds.

Due to form of the derivative (A.4) the first two terms cancel and we are left with the
equality

E[||M(m1 At)||3 | Fo] (A.5)

= [ AW.00) [ 120) - =(@0) (U 00).0) exp(~ [ AW 00)ar)as

Next we calculate the expectation of the real-valued process
Na(s) .:/ U, 00) / 129) — 2(O0)I% 1((Uy ©), o) dr

stopped at ;. The process Ng is connected to the process N defined at the beginning
of part (b.1) inasmuch as the integrand of the former is the squared norm of the latter.
Furthermore note that N, is the term inside the expectation in the right hand side of
the It6-isometry (3.5). Thus the aim is now to show that the conditional expectation of
Na(t A7) equals the conditional expectation of || M (tATy) |%. Again due to the particular
structure of the PDMP we obtain for the conditional expectation

E[Ng(Tl /\t) |}—0}

t t s
— Na(s) exp(—/ A(U,, Oo) dr) +/ [Ng(s) A(U,, 8q) eXp(—/ A(UT,@O)dr)} ds.
0 0 0
Integration by parts applied to the integral term yields
to s . t
/ |:N2(S) A(Us, ©9) exp(—/ AU, ©0) dr)} ds = —Ns(t) exp(—/ AU, ©y) dr)
0 0 0
t s
+ [ [Aw.00) [ 1:0) - (@0} (U, 00).d0) exp(~ [ A, 00)dr) ] ds,
0 K 0
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Therefore we obtain that

E[Na(m1 At)| Fo) (A.6)

S

_ /OtA(Us,@O)/Kuw)—z<@0)||§3u((U5,@0),d19) exp(—/( AU, ©9)dr) ds

0
A comparison of the right hand sides in equalities (A.5) and (A.6) shows that they are
equal and thus we obtain after taking the expectation of both conditional expectations
that B

E||M(my At)||% = ENao(my At). (A7)

As N, is increasing and thus 1\72(71 At) < Ng(t) almost surely, we obtain that the right
hand side in this equation is finite due to condition (3.4). Note that (A.7) is the It6-
isometry (3.5) for the stopped process M (t A 71).

(b.2) In this part of the proof we show the square-integrability for the process M
stopped at an arbitrary jump time 7, k£ € IN, and finally for the non-stopped process M.
To this end we first note that Analogously to part (b.1) we find that

9 ~ -
]E[HM(T,c+1 Ay = M(m AD)|[2 | ka} - E[NQ(Tk+1 At) — Na(re A1) |f7k] .
Thus taking expectations on both sides of this equality yields
9 ~ ~
E | M(7h1 At) — M(ri At)||,, = ENa(rrp1 At) —ENa(ri At) < oo, (A.8)

where the right hand side is finite as due to(3.4) both expectations are finite.

By induction we next show that each M (7 A t) is square-integrable. Assume that
E| M (i A t)||% < oo, where the induction basis for k¥ = 1 holds due to part (b.1). Then
the reverse triangle inequality yields that

E||M (g1 AT + BIM (1 At) |3 — 2BE(||M (T2 A )| | M (76 A )| 2)
< E||M(Tk+1 At) — M(Tk /\t)HQE

Here the right hand side is finite due to (A.8) and an application of Young’s inequality
to the product in the left hand side yields that for all e > 0

(1= 26) B M (741 A)|[5+H(1 = 5) BIIM(me At)[F < o0

Assume that E|| M (7541 A t)||% = co. Then choosing ¢ < 1/2 we obtain a contradiction
due to the induction hypotheses.

In a final step of this part of the proof we show square-integrability for the non-
stopped process. Using Fatou’s Lemma and monotone convergence for interchanging
limits and expectation we obtain the following upper estimate

E[M@)|p = Bliminf|M(m A1)
< liminfE|[M(mx At)|% = lim ENy(m, At) = ENy(t), (A.9)
k—o0 k— o0

where the final term is finite due to condition (3.4). Moreover, as square-integrability
implies integrability, the martingale property for the Hilbert space valued process M
now follows due to part (a).

(c) Finally, in the last part of the proof we establish the It6-isometry. To this end we
first show that equality (A.7) holds for all 7, A t, k € IN. Again we proceed by induction
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with the induction basis given by (A.7). We observe that
IM(Tepr At) = M(m A = M (esr AT — 1M (7 A )|
—2(M (7 At), M (71 At) — M(7i, At)) . (A.10)

Taking the conditional expectation with respect to the stopped o-field F;, A+ we find that
the second term in the right hand side of (A.10) vanishes as it holds

E[(M(ri At), M(Tjs1 At) = M(mi At)) o | Frone] =

= (M(mx At),B[M (tjq1 At) = M(1i A)) | Frone])p = 0
due to the following properties of the conditional expectation: Firstly, for EF-valued
random variables X,Y such that E|| X||g||Y]|g < oo it holds for G-measurable X that
E[(X,Y)s|G] = (X,E[Y|G]), [43, Lemma 2.1.2]. Secondly, the Optional Sampling The-
orem, i.e., E[M (k41 A t)| Froae] = M(7x A t)) in the above application, also holds for
Hilbert space-valued martingales!!. Thus we obtain

E[[|M (thy1 A )5 Fron] — B[IM (1 A )1 5| Frond]
= BE[Na(7h1 A )| Frone] — E[No(1 At)|Frone] -

Taking the expectation on both sides of this equality and using the induction hypotheses,
i.e., the second expectations on both sides of the above equality equate, yields

E||M (i1 At)||% = ENy(Tpp1 At). (A.11)

We conclude the proof extending the It6-isometry (A.11) from the stopped processes to
the non-stopped process. We have already obtained the upper estimate E||M(t)[|% <
]EJ\~72 (t), cf. (A.9). Hence it remains to prove that a lower bound is given by the same
term. As ||M(t)||% is a real-valued submartingale it holds for all k¥ > 1 due to the stan-
dard Optional Sampling Theorem for cadlag submartingales, see, e.g., [24, App. B],
that N

E|M (@)% > E[M(m, At = ENy(re At).

Hence, for k — oo we obtain by monotone convergence E|M(t)||% > EN,(t) which,
combined with the upper bound (A.9), yields the It6-isometry (3.5). The proof is com-
pleted.

B Proofs for the excitable membrane models

B.1 Proof of Theorem 7.1 (Conditions for the LLN)

We apply Theorem 4.1 for the choice of spaces X = H}(D), H = L*(D) and E =
L?(D). Hence, we have to prove in the following that the assumptions therein are satis-
fied, i.e., (i) the one-sided Lipschitz condition (4.3) on the operators A and B defined by
(7.7), (ii) the Lipschitz condition on the right hand side of the gating system (7.2), (iii)
the uniform convergence of the generator and (iv) the martingale convergence. Finally,
in (v) we extend the convergence in probability due to Theorem 4.1 to convergence
in the mean (7.10). In the following we use - to denote the pointwise product of real
functions on D.

11The Optional Sampling Theorem can be proved similarly to the methods employed for [43, Lemma 2.1.2]
relying on the linearity properties of the Bochner integral and the monotone convergence theorem.
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(i) For the non-linear operator B we find that the left hand side in the Lipschitz
condition is for almost all ¢ given by a finite sum of terms

(pi- (Ei—u)—p;i-(EB;—v),u—v)gr, i=1,...,m, (B.1)

with u, v € H}(D) and p;, p; € L*(D). Hence, the duality pairing corresponds to the
inner product in L?(D). We estimate each of the summand of the type (B.1) separately.
Using the triangle inequality we obtain

|(pi - (B —w) — -Pi - (Bi —v),u— ) | < |Ei||(pi — Pisu—v) 2| + | (pi-u—Pi - v,u—v) e

Here, the first term in this right hand side is further estimated using Cauchy-Schwarz
and Young’s inequality, which yields

|(Pi —@7U—U)L2| < %sz —@'Hiz + %HU_UHiQ'

For the second term we obtain, making use of the triangle inequality, Cauchy-Schwarz
and Young’s inequality and the pointwise bounds on p; and v, the sequence of estimates

|(pi-u—Di-v,u—v)rz| < (i (uw—v),u—v)z2| + |(pi — Pisv - (u—v))re]
< i w0 allu = oll 2 + [lpi =il o [Jo - (w = V)] 2
< ol + % llu = vllze + lle: = Bill

A summation over all these estimates for: = 1,...m yields

m

- o 1+7 _
(B(p,u) — B(p,v),u —v)g1 < m(l + %1‘2) |lu — UH2L2 + 5 4 Z sz *Zh‘”iz .
i=1

Adding the estimate
(Al —v),u— ) < —millu—ol3n +yllu—vll3a < yallu —oll3s

for some 71,2 > 0, which holds as the linear operator A is coercive and independent of
p, we obtain

(A= v),u =) + (Blp,u) = B@v)u—v)m < C (Jlu—vl3e + 3 o~ 532

i=1

for a suitable constant C. Finally, integrating over (0,7') we find the one-sided Lipschitz
condition (4.3) is satisfied.

(ii) Due to the triangle inequality it suffices to consider differences of the form
|lpi - q(w) — s - q(v)|| L2, where ¢ substitutes for an arbitrary rate function g;;. Using the
triangle inequality, the pointwise boundedness of p; and ¢ by 1 and g, respectively, and
the Lipschitz condition on the rate functions ¢ (with common Lipschitz constant L) we
obtain

IN

|pi - q(u) = pi - q(v)| 12 lpi - q(u) = pi - q(w)|| L2 + [IPi - q(uw) — Pi - q(v)||L2

A

< Gllpi = pille2 + L{ju—v| 2.

A summation over all such separate estimates, integrating and squaring both resulting
sides yield the Lipschitz condition (4.4).
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(iii) In order to prove the convergence of the generators (4.6) we employ in the
following two technical results which we collect in a separate proposition. Firstly, the
purpose of the formula (B.2) is to transform the generator of the PDMP into a form that
allows comparison with the deterministic limit system (7.2). Secondly, the inequality
(B.3), which bounds the norm |[U"| z2((0,1),#1) by a deterministic constant uniformly
over n € NN, is used repeatedly in the subsequent estimation procedures.

Proposition B.1. (a) The generator of the PDMP satisfies

A0 [ (2206 = 00m) u (.07).48) = 30(07) - gpl) = =207) - a0

n i
(B.2)
where
p(n)
ah(w) =>_ Q" (w)lp, , € L*(D).
k=1
(b) Foralln € N and all T > 0 it holds that
T
/ U3 dt < C1(1 4 T)e?“=T, (B.3)
0

where the constants C'y, Cy are deterministic and independent of n € IN.

Proof. (a) We denoteby 0y, , forallk=1,...,p(n)andalli# j,i,j =1,...m the con-
figuration in K, that arises from the configuration 6™ through the event that a channel
in state 7 located in the compartment D, ,, switches to state j. Then simple reorganisa-
tion of finite sums yields

A 0) [ (00 = 2 m) i (07, d¢)

n

p(n) p(n)
= 2D () — M) 65 Q) + Y0 D (2 (BRang) — 2(07) 657 Q" (w)
k=1 j#i k=1 j#i
p(n) p(n) 1
S (g o) @+ S (< e ) 0 0l
k=1 j#i k=1 j#i ’
p(n) p(n)
= S (L adrwia,) - a0 (L arwn.).
J#i JFi k=1

Thus we obtain that the generator satisfies (B.2).
(b) By definition of a PDMP it holds that the component (U;*);>o is the weak solution
of the evolution equation

Uy = AUP + ) g:22(07) (B = U')

i=1

with initial condition Uj. We consider the reaction term in this equation as a given in-
homogeneity. Then standard estimation procedures from the theory of linear parabolic
partial differential equations, cf. [19, Sec. 7], yield, after appropriately estimating the
inhomogeneous term,

T

T
1t < 50T (U + 22 Nl [ (7 ).
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where the constants K, Ky are deterministic and depend only on the domain D and
the coefficients of A. Further, it holds that ||z?*(©7)]|z, < |D| and the sequence of initial
conditions is bounded by assumption as U (z) € [u_,uy] for all x € D almost surely.
The inequality (B.3) follows. O

We now proceed to the actual proof of the convergence (4.6). To this end we need
to consider for almost every t and all i = 1,...,m, the convergence in L?(D) of (B.2) to
F;(2™(©7),U") where F; is as defined in (7.2). That is, we have to estimate

1> (@) ai ) = 2200 - s (U) = (107 - 45a(U) = 2(07) - iU )|

J#i j#i

L2’

(B.4)
We find that the single summands in the two summations match up and thus it suffices
to consider each of them separately. Employing the boundedness of the coordinate
functions, i.e., |2} (©7)[|L~ < 1 we obtain the estimates

207 - g (U) = 22(O0) - g UM = 11O s U) = a5 (UP)| 2
p(n) 9
< HZ(EDM Q" ( Un)>_Qij(Utn)’L2

p(n)

k=1"Dk.n

For the last equality we have used that the summands are mutually orthogonal in L?(D).
Next we estimate each of the remaining integrals in (B.5) using the Lipschitz continuity
of ¢;; and Poincaré’s inequality in L*(Dy ), i.e.,

/ka,

2
’dx

1
q”<‘Dk,n| Dy pn ! (y) y> q”( t(x))
1 2
<[ |p [ v
Dk,n ‘Dk7n| Dk,n

< L*r—*diam(Dy,n)? VU (|72(p, ) »

where |VU!|.2p, . is the norm in L?(Dy, ) of the Euclidean norm of the gradient
vector VU;'. Here we have employed that for convex domains the optimal Poincaré
constant is given by 7~ 'diam(Dy ) [38]. Hence, a summation over all k = 1,...,p(n)
and employing the estimate ||[VU"||2, < ||U||3,, yields

25 (U) = s (UP)|) 72 < 04 (n)? L2 2| U7 130 -

Integrating over (0,7) we therefore obtain for (B.4) the estimate

2
dt
L2

T
| ezl wren - menen.vr

T
< 5+(n)2L27r_22(m—1)/ U120 dt.
0

Finally, the norm ||U}"(| z2((o,7),r1) is bounded independently of n € IN by a deterministic
constant due to Proposition B.1(b). This upper bound holds for almost all paths of the
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PDMPs (U, 07):>0 and thus there exists a constant C' > 0 independent of n such that

T
| e oeleren-peen.on], o< samre @

almost surely. Due to the assmuption (7.8) the estimate in the right hand side converges
to zero for n — oo and the convergence (4.6) follows.

(iv) Next we consider convergence in probability of the martingale part. To this
end we employ Lemma 3.1. As before we denote by 0271- _,; the channel configuration
that arises from the configuration ¢" if a channel in compartment Dy, ,, switches from

state 7 to state j. Then it holds that

AU, ) / 120(€) — 21 (@) 22w (U™, O7), de)

n

p(n)
= DY (17 () — 2O Q" (U O7(s)
k=1 j#i
1207 ji(5)) = 2 (O QF (U2) ©](5))
p(n) |Dk;n‘
< g N (O (s) + 00(s)
k=1 l(k,n) i

This implies that

E" /Ot {A”(Us", G)?)/ [27(€) — 2M(OM)[|F2 w™ (UL, 92),d§)} ds = O((_(n)~1).

K’VL

Hence, under condition (7.8) the assumption of Lemma 3.1 is satisfied.

(v) Finally, we extend the convergence in probability to convergence in the mean
for the individual components being in the space L?((0,7), L?), see the remark following
Theorem 4.1. First of all note that the components are bounded, i.e.,

U —u@)|lr: <2u|D|,  |[2](0F) —pi(t)|z2 < 2|D].
Therefore it holds that
1" = X|| = 1U™ = ullz2o,m),22) + Y 127(0") = pill 2o,y L2y < C
i=1

for a suitable deterministic bound C' < co independent of n € IN. Then for all ¢ > 0 it
holds that

E"|X, - X[| = E"[|Xn — X[ Iyx,—x)<co)] +E"[1Xn = X[ Ijx, - x| >c0]]
< e+ MP[||X, — X| > €]

Next choose ¢, < ¢/2 and note that due to the convergence in probability there exists
an N, such that M P"[||X,, — X|| > €] < €/2 for all n > N.. Hence, for every ¢ > 0
there exists an N, such that E"|| X, — X|| < € for all n > N.. Convergence in the mean
is proven.
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B.2 Proof of Theorem 7.2 (Conditions for the CLT)

In order to prove Theorem 7.2 we employ Theorem 5.1 for the space E = H~2%(D)
where s is the smallest integer such that s > d/2. We usually employ the simpler no-
tation £ and £ = E™ throughout the proof, however occasionally switch to H~2%(D)
if we want to emphasise the specific choice of the Hilbert space. The reason choosing
this particular integer s is that it is the smallest integer such that the embedding of
H?3(D) into H*(D) is of Hilbert-Schmidt type'? due to Maurin’s Theorem [2, Thm. 6.611]
and H*(D) is embedded in C(D) due to the Sobolev Embedding Theorem. These two
properties are essential in order to prove the conditions (5.3) - (5.7) of Theorem 5.1.
All conditions except (5.6), which establishes the convergence of the quadratic varia-
tion, are straightforward consequences of the assumptions of the theorem. These are
shown in part (i) of the subsequent proof. For condition (5.6) more involved estimation
procedures are necessary which are presented in part (ii).

(i) We first show condition (5.3). As in the preceding section 6}, ,. denotes the
element of K, that differs from 6™ by one channel in the kth compartment being in

state 7 instead of state j. Then, the Sobolev Embedding Theorem yields the estimate

n n/Qn - ¢ n
127" (0f ;1) — 2" (OP)le = sup  |U(k,n) ¢, Iprn)g2e| < 77— [D*],  (B.7)
1]l sr2e =1 I(k,n)

where C is a constant resulting from the continuous embedding of H?*(D) into C(D).
Using this estimate for the jump heights in the space H~2*(D) we find similarly to part
(iv) of the proof of Theorem 7.1 that it holds

a, E? /OT [A"(Ut", o) /K 127(€) — 2" (OP)[|2 u" (U, ©F), df) dt} — o).

Hence, condition (5.3) is satisfied. Moreover, we infer from (B.7) that the rescaled jump
sizes are bounded almost surely uniformly, i.e., condition (5.7) is satisfied. Particularly,
it holds that \/av, |2 (0}, ;) — 2" (6™)||z = O((_(n)~'/?). This implies that for arbitrary
B> 0and any ® € (H?%(D))™ there exists N such that for all n > Ng

/ 1" ((u,67),d€) = 0
Van [(@,27 (&) 2] (0™)) e[ >

holds for all values (u, ™) the PDMP attains. Therefore, by dominated convergence we
infer that also condition (5.5) is satisfied. It remains to consider condition (5.4). To this
end let (px)ken be an orthonormal basis in (H?$(D))™, where o5, = (¢4,..., ") and
hence (¢} )ken is an orthonormal basis in H?*(D) for all ¢ = 1,...,m. Then we obtain
the estimate

(o, G"(U{", 01 )pr)e

- aren | (S k00 — 2O ) (U7, 7). 4¢)

Kn =1

m

3 ekl (407 00) ) = =@ - i (w7 7). d¢)).

n

IN

Here we have employed for the the individual summands in the right hand side that
for 2I(¢) — 21(©F) € L?(D) the duality pairing in H**(D) equals the duality pairing in

12The embedding of a Hilbert space X into another Hilbert space H is of Hilbert-Schmidt type if
> ken Ikl < oo for every orthonormal basis (¢ )kew of X.
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H?(D). Further, note that ||2"(£) — 2I"(0})]| g-+ satisfies an estimate analogous to (B.7)
due to the continuous embedding of H*(D) in C(D). Therefore we overall obtain that

an (0, G (U}, 0 or)e < C Y llokllre
=1

for a suitable non-random constant C' independent of n. Finally, set 4 := Y., ||¢L]%-
then it holds that ), v < oo as the embedding H?*$(D) — H*(D) is of Hilbert-
Schmidt type. We infer that condition (5.4) is satisfied.

(ii) In the second part of the proof we establish the central condition (5.6) of the
convergence of the quadratic variation. For simplicity of notation we omit the time
argument of the PDMP paths and the deterministic solution as the following estimates
hold for almost all ¢. First of all we expand the quadratic variation of the martingales
into the finite sum

AT, O") /K (@, 27(€) — 2" (O")2 u (U™, O7), de)

m m p(n) k m m

ZZZ; 5 Q5 U™, b, ) +3

]111k1

p(n) @k n k
Z l 7L(Un)<¢j’HDk,n>}2_'~7
k=1

z 1
m  p(n) k,n k,n
@ k‘n n ej knrrn
= 30 D (it G U + g O U) 90,T ) 6465, T )
;];ﬁjl k=1

We find that the terms in this summation match with the integral terms in the definition
of the operator G(u,p) in (7.11). Thus, due to the triangle inequality it suffices to
consider the convergence of the single summands separately, i.e., we have to consider,

on the one hand, for all j = 1,...,m and i # j the differences
p(n) k,n
| [ pi@ astut@) ) ds - a, Z T GO E e
D

and, on the other hand, forall i, j = 1,...,m such that i # j the differences

p(n) k.n
e.” norm
’/Dpv:(ili)qw(u)@(if)%(x)dx*OénE l(klmg QiU )(%lTDk,n>E<¢j7]IDk,n>E‘- (B.9)
k=1 ’

We next estimate these terms separately in parts (ii.1) and (ii.2). Finally, in part (ii.3)
the estimates are combined to prove the convergence of the quadratic variation.

(ii.1) A further application of the triangle inequality yields

®8) = | [ n@ @)@ - [ 207w 00" @) )

p(n) @k n p(n)  gk.n

ok
+| > Tiw Jy,, U ED S - a3 Q" (U™ (65, Ly, VB
Dy,n k=1 ’

n)?
(B.10)

We estimate the two resulting differences separately and obtain for the first term in the
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right hand side of (B.10) the estimate
’/Pa ) gji(u(x)) ¢3 (x) dw — /DZ?(@n)(x)qji(U"(w))¢2(x)dm’
‘/ pj(x) gji(u )¢2( )dx—/DZ?(@n)(x) qﬂ(u(x))qs2(x) dx‘
+] [ 53O0 ) @t [ 507 a0 w) 6 al

< Gllgsle lpj — 27 (©)ler + Lldjltee lu— U™ ps (B.11)

For the second term in the right hand side of (B.10) we obtain by employing @f’” JU(k,n)
< 1 the estimate

p(n) an 1

Z /D U @) @) — (5 DmU”(w)dx)(

oj(x) ch‘)Q‘

(B.12)
and we continue estimating each summand therein separately. We begin employing the
Mean Value Theorem to expand the rate function ¢;; in the integral in the left hand side
such that

Dy n

1
|Dk,n| Dy,

1
‘Dk,n| Di.n

45U (@) = i U™ (y) dy) + (0" (@) (U () - U (y)dy),

(B.13)
where ¥*"(z) denotes an appropriate mean value. For now we omit the remainder
term, i.e., the second term in the right hand side of (B.13), a consideration of which
is deferred. Hence, we obtain for the absolute value in each summand in (B.12) the
estimate

qji<|Di,n| - U"(y) dy) ’/Dm o3 (x)

We note that ¢;; is bounded by g and continue estimating which yields

x)dx)2‘.

Ozn‘Dk n|2 1 2
< Dy 2(z)dz — ’ ( (x dx) ‘
Q‘ k, | ‘Dkn| Din ¢j( ) l(k,n)|Dk,n| |Dk:,n| Din (bj( )
1 2
<af (a5 6;(y)dy) " d (B.14)
Dp.n | ]C,’I’L| Dk,n
_ an‘Dk n|2 1 2
Dl |(1- ) ( (@) de) | B.15
+|Dral 1(k,n)|D.nl/ \|Dinl Jp, ., ¢3(@) dx (B-15)
The term (B.14) is estimated using Poincaré’s inequality which yields an upper bound by
gn~2diam?(Dy,.,,) IVél1Z2(p, - For the terms (B.15) a summation overallk = 1,..., p(n)
yields
qu)iD 1= 2elDrnl (L aar)” < gt -
b k n)|Dk n| |Dk,n Dyn / B £+(’I’L) V+(7’L) gLz
(B.16)
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where ¢} is a piecewise constant approximation to ¢; defined by

p(n) 1

¢j = kz—l<|Dk’n|

As ¢} converges to ¢; in L?(D) it holds that the sequence of norms converge, hence
|¢% |2 is @ bounded sequence. Therefore the right hand side in (B.16) is a componen-
twise product of convergent sequences. The sequence |1 — ({_(n)v_(n)/({+(n)vy(n))]
converges to zero, cf. condition (7.12), thus the right hand side in (B.16) converges to
zero for n — oo.

6j(2) dz) Ip, ,

D\

Finally, it remains to consider the term arising from the remainder in the expansion
of g;;, see (B.13), inserted into (B.12). By assumption q is bounded (by a constant g).
Therefore we obtain an upper bound on the respective term by

p(n)
n n - 6 n
q||¢J||LmZ/ 0= o [ Uranfas < @l Y e, )
" k=1
— 2 6+ n
< allo; I3 2 v

Here we have employed the Poincaré inequality in L' with optimal Poincaré constant
given by diam(Dy, ,,)/2 [1]

A combination of these estimates yields an upper bound to (B.8) by

(B.8) < Co (lIps = 2Oz + u=Urllgs + 84 ()2 VU™ 12 + 6% (n) + 64, (n) + R(n) )
(B.17)
where the term R(n) is given by the right hand side of (B.16) and converges to zero for
n — oco. The constant Cy < oo is a suitable deterministic constant independent of n € IN
which depends on ® € (H?*(D))™ via the norm in H*(D) of the components of ®.

(ii.2) Next we consider the mixed terms (B.9). Analogously to part (ii.1) we apply
the triangle inequality and obtain

®9) < | [ pi@auula)) o) ) de — [

D

2(0")() ;i (U (2)) 65 (w) () d|

p(n) @k n
* ‘ Z I(k /k i q;:(U" (x)) ¢j(x) ¢i(x) dw

p(n) k,n
] k,n n
- Qp kz::l l(kj,jn)Q jS (U )<¢j7]IDk,n>E<¢i7]IDk,n>E‘

As in (ii.1) we obtain for the first term in this right hand side an upper bound by

Gl il sl o< llps — 25 (©™)[[r + L | ill Lol bj | oo [l — U™ || o -

Also the second term is treated as in (ii.1), i.e., applying the Mean Value Theorem
and estimating the resulting terms accordingly. In particular the remainder term is
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estimated completely analogously. Therefore, the only term we are left to estimate is

100l gy [ @@= (i [ o) (o [ ewar)
(B.18)
2
71Dl (1_1(01[:111))%lm|)<|pim| . ”’i(x)dm)(miﬂ . 6)(2) da).

(B.19)

First of all, using Young’s inequality we obtain for the second term the estimate

a (v (n)
(B.19) < 5‘1—47

n| 2 n|2
o] (19813 +1971). (8.20)

which converges to zero for n — oo.

We next estimate the term (B.18). Firstly, we note that as in part (a) we find using
Poincaré’s inequality an upper bound to the term

1 2 1 2
Den /D (¢i(2) — ¢;(x))" dz — ( e b () — ¢;(x) dx) ‘ (B.21)

|Dk,n‘

and the upper bound is proportional to §, (n)?. Next, expanding the two squared terms
in (B.21) we find using the reverse triangle inequality that the term (B.21) is an upper
bound to

Dol || [ swrdes e [ oan
_ (Di,n . ¢i(z) da;)z _ (D;n o ¢j(x) dx)2’
o I1ow | awiwar- (5 [ o 1) (5 | )| ‘

Thus also this term possesses an upper bound which is proportional to J,(n)%. For
n — oo the upper bound converges to zero. As for 6, (n) — 0 also the term spanning the
first and second line converges to zero which was established in (ii.1), necessarily also
the term in the third line converges to zero. Therefore we infer that the term (B.18)
converges to zero proportional to d, (n)?.

Now, a combination of these estimates yields analogously to (B.17) in (ii.1) that

(B.9) < Co (|lpg— 2 (0"l + lu=U" 12 +3(m)? | VU" || 11 +6%(n)+8(n) + R(n) ) . (B.22)

Here R(n) is a term converging to zero for n — oo arising from (B.20) and it is of the
same type as the term R(n) in (ii.1). The deterministic constant Cy is independent of
n € IN and depends on ® via the norm in H*(D) of the components of ®.

(ii.3) A combination of the final results (B.17) and (B.22) in (ii.1) and (ii.2) yields
that there exists a constant C's < oo such that for almost all ¢ it holds that

(@, Glu(t), p(1) ), — an(®,G"(U7 O7) @),

< Co ( Z lps (8) =27 (OF) | 2+ [|u(t) U™ (t)l| 2 +6(n)* [ VU™ || 2 +52(n)+5(n)+3(n))
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Here we have also employed the continuous embedding of L?(D) « L'(D). We next
square both sides of this inequality and integrate over (0,7). Afterwards we take the
square root of the integral terms and further take the expectation of the resulting in-
equality. Finally, appropriate applications of Jensen’s inequality yields that

T
fe
0

< Cor (52(71)4-5(”)4'3(")4'1[3” {Hu_UnHL?((O,T),LQ)J"Z ”pi_Zin(gn)HLQ((O,T),LQ)})

=1

(@, G(u(t), p(t) @), — an (@, G (U}, O}) ¢>>5] dt (B.23)

for an appropriate constant Cr ¢ < co. Note that in order to arrive at the estimate (B.23)
we have further employed that the random term |[VU"||2((o,1),.2) can be estimated by
a deterministic bound independent of n € IN due to Proposition B.1 (b). Finally, due to
the law of large numbers, i.e., Theorem 7.1, the sequence of PDMPs converges to the
deterministic limit in the mean. Hence the expectation in the right hand side in (B.23)
converges to zero for n — oo. Furthermore, §.(n) converges to zero by assumption
(7.8), as does the term R(n). Thus, overall the right hand side in (B.23) converges to
zero. The convergence of the quadratic variation is proved which completes the proof
of Theorem 7.1.
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