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Abstract

The bidomain system of degenerate reaction—diffusion equations is a well-established spatial model of
electrical activity in cardiac tissue, with “reaction” linked to the cellular action potential and “diffusion”
representing current flow between cells. The purpose of this paper is to introduce a “stochastically forced”
version of the bidomain model that accounts for various random effects. We establish the existence of
martingale (probabilistic weak) solutions to the stochastic bidomain model. The result is proved by
means of an auxiliary nondegenerate system and the Faedo—Galerkin method. To prove convergence
of the approximate solutions, we use the stochastic compactness method and Skorokhod-Jakubowski
a.s. representations. Finally, via a pathwise uniqueness result, we conclude that the martingale solutions
are pathwise (i.e., probabilistic strong) solutions.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CCBY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

1.1. Background

Hodgkin and Huxley [29] introduced the first mathematical model for the propagation
of electrical signals along nerve fibers. This model was later tweaked to describe assorted
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phenomena in biology. Similar to nerve cells, conduction of electrical signals in cardiac
tissue rely on the flow of ions through so-called ion channels in the cell membrane. This
similarity has led to a number of cardiac models based on the Hodgkin—Huxley formalism
[11,13,32,42,45,52]. Among these is the bidomain model [54], which is regarded as an apt
spatial model of the electrical properties of cardiac tissue [13,52].

The bidomain equations result from the principle of conservation of current between the
intra- and extracellular domains, followed by a homogenization process of the cellular model
defined on a periodic structure of cardiac tissue (see, e.g., [13]). The bidomain model can be
viewed as a PDE system, consisting of a degenerate parabolic (reaction—diffusion) PDE for the
transmembrane potential and an elliptic PDE for the extracellular potential. These PDEs are
supplemented by a nonlinear ODE system for the conduction dynamics of the ion channels.
There are many membrane models of cardiac cells, differing in their complexity and in the
level of detail with which they represent the biology (see [11] for a review). Herein we will
utilize a simple model for voltage-gated ion channels [37].

The idiom “bidomain” reflects that the intra- and extracellular tissues are viewed as
two superimposed anisotropic continuous media, with different longitudinal and transversal
conductivities. If these conductivities are equal, then we have the so-called monodomain model
(elliptic PDE reduces to an algebraic equation). The degenerate structure of the bidomain
PDE system is due to the anisotropy of cardiac tissue [2,15]. Solutions exhibit discontinuous-
like propagating excitation fronts. This, together with strongly varying time scales, makes the
system difficult to solve by numerical methods.

The bidomain model is a deterministic system. This means that at each moment in time, the
solution can be inferred from the prescribed data. This is at variance with several phenomena
happening at the microscopic (cellular) and macroscopic (heart/torso) scales, where respectively
channel noise and external random perturbations acting in the torso can play important roles.
At the macroscopic level, the ECG signal, a coarse-grained representation of the electrical
activity in the heart, is often contaminated by noise. One source for this noise is the fluctuating
environment of the heart. In [36], the authors argue that such randomness cannot always be
suppressed. Occasionally deterministic equations give qualitatively incorrect results, and it is
important to quantify the nature of the noise and choose an appropriate model incorporating
randomness.

At the cellular level, the membrane potential is due to disparities in ion concentrations
(e.g., sodium, calcium, potassium) across the cell membrane. The ions move through the cell
membrane due to random transitions between open and close states of the ion channels. The
dynamics of the voltage potential reflect the aggregated behavior of the individual ion channels,
whose conformational changes control the conductance of each ionic current. The profound role
of channel noise in excitable cells is summarized and discussed in [26]. Faithful modeling of
channel noise gives rise to continuous-time Markov chains with voltage-dependent transition
probabilities. In the limit of infinitely many ion channels, these models lead to deterministic
Hodgkin—Huxley type equations. To capture channel noise, an alternative (and computationally
much simpler) approach is to add well-placed stochastic terms to equations of the Hodgkin—
Huxley type [26,35]. Indeed, recent studies (see [26] for a synthesis) indicate that this approach
can give an accurate reproduction of channel fluctuations. For work specifically devoted to
cardiac cells, see [19,36,42].

1.2. Deterministic bidomain equations

Fix a final time 7 > 0 and a bounded open subset 2 C R? representing the heart (cf.
Section 2). Roughly speaking, the bidomain equations result from applying Ohm’s electrical



5314 M. Bendahmane and K.H. Karlsen / Stochastic Processes and their Applications 129 (2019) 5312-5363

conduction law and the continuity equation (conservation of electrical charge) to the intracel-
lular and extracellular domains. Let J; and J, denote, respectively, the current densities in the
intracellular and extracellular domains. Moreover, denote by /,, the membrane current per unit
volume and by /;, I, the injected stimulating currents. The continuity equations are

Vedi=—In+1L, V-Jo=I+I. (L.1)

The negative sign in the first equation reflects that the current leaving the intracellular domain
is positive. We assume that the intracellular and extracellular current densities can be written
in terms of potentials u;, u, as follows: J; = —M;Vu;, J, = —M,Vu,, where M;, M, are the
intracellular and extracellular conductivity tensors. The transmembrane potential v is defined
as v := u; — u,. Hence, the continuity equations (1.1) become

-V -M;Vu;))=—-I,+1;, —-V-M,Vu,)=1,+ L. 1.2)
By adding the equations in (1.2), we obtain
- V- (M; +M,)Vu,) —V-(M;Vv)y=1;+1, in 2 x (0,T). (1.3)

The membrane current [, splits into a capacitive current /., since the cell membrane acts as a
capacitor, and an ionic current, due to the flowing of ions through different ion channels (and
also pumps/exchangers):

v
Im = Xm (Ic + Iion) s Ic = CmEv Iion = ion(v’ w)’ (14)

where yx,, is the ratio of membrane surface area to tissue volume and c,, > 0O is the (surface)
capacitance of the membrane per unit area. The (nonlinear) function I,(v, w) represents the
ionic current per unit surface area, which depends on the transmembrane potential v and
a vector w of ionic (recovery, gating, concentrations, etc.) variables. A simplified model,
frequently used for analysis, assumes that the functional form of /., is a cubic polynomial
in v. The ionic variables w are governed by an ODE system,

38—';’ = H(v,w) in 2 x (0,T), (1.5)

where, as alluded to earlier, various membrane models exist for cardiac cells, giving rise to
different choices of H (and [j,,). Inserting (1.4) into (1.2), we arrive at

ad
chma_l; -V. (M,V(v + ue)) + Xmlion(vv w) = Ii in 2 x (0, T) (16)

The system (1.3), (1.5), (1.6) is sometimes referred to as the parabolic—elliptic form of the
bidomain model, as it contains a parabolic PDE (1.6) for the transmembrane potential v and
an elliptic PDE (1.3) for the extracellular potential u,. The bidomain equations are closed by
specifying initial conditions for v, w and boundary conditions for u;, u.. Electrically isolated
heart tissue, for example, leads to zero flux boundary conditions.

Herein we will rely on a slightly different form of the bidomain model, obtained by inserting
(1.4) into both equations in (1.2):

d
xmcma—’; — V- (MiVity) + XmDion(v. w) = I, in 2 x (0, T),

ov
ot

1.7

XmCm +V. (Mevue) + XmIion(U’ w)=—1I, in 2 x (O’ T)
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Consisting of two (degenerate) parabolic PDEs, the system (1.5), (1.7) is occasionally referred
to as the parabolic—parabolic form of the bidomain model. On the subject of well-posedness,
i.e., existence, uniqueness, and stability of properly defined solutions, we remark that standard
theory for parabolic—elliptic systems does not apply naturally. The main reason is that the
anisotropies of the intra- and extracellular domains differ, entailing the degenerate structure of
the system. Moreover, a maximum principle is not available. That being the case, a number of
works [1,2,5,6,13,15,23,34,55] have recently provided well-posedness results for the bidomain
model, applying differing solution concepts and technical frameworks.

1.3. Stochastic model & main results

The purpose of the present paper is to introduce and analyze a bidomain model that accounts
for random effects (noise), by way of a few well-placed stochastic terms. The simplest way
to insert randomness is to add Gaussian white noise to one or more of the ionic ODEs (1.5),
leading to a system of (It0) stochastic differential equations (SDEs):

dw = HWw,w)dt +adW", (1.8)

where W" is a cylindrical Wiener process, with noise amplitude «. Formally, we can think
of adW"™ as ) ,_, ax dW"(t), where {W;"};>; is a sequence of independent 1D Brownian
motions and {a;}i>; is a sequence of noise coefficients. Interpreting w as gating variables
representing the fraction of open channel subunits of varying types, in [26] this type of noise
is referred to as subunit noise. We will allow for subunit noise in our model, assuming
for simplicity that the ionic variable w is a scalar and that the noise amplitude depends
on the transmembrane potential v, « = «(v) (multiplicative noise). We will also introduce
fluctuations into the bidomain system by replacing the PDEs (1.7) with the (It6) stochastic
partial differential equations (SPDEs)

XmCmdv — V - (M;Vu;) dt + xplion(v, w)dt = I; dt + BdW"
XmCmdv +V - (M, Vu,) dt + xpmlion(v, w)dt = —1,dt + BdW?,

where WV is a cylindrical Wiener process (independent of W"), with noise amplitude 8. Adding
a stochastic term to the equation for the membrane potential v is labeled current noise in [26].
Current noise represents the aggregated effect of the random activity of ion channels on the
voltage dynamics. Allowing the noise amplitude in (1.9) to depend on the membrane voltage
v, we arrive at equations with so-called conductance noise [26]. The nonlinear term [jp, (v, w)
accounts for the total conductances of various ionic currents, and conductance noise pertains
to adding “white noise” to the deterministic values of the conductances, i.e., replacing fion by
Lion + ,B(U) W“ , for some function ﬂ Herein we include this case by permitting 8 in (1.9) to
depend on the voltage variable v, 8 = B(v).

Our main contribution is to establish the existence of properly defined solutions to the
SDE-SPDE system (1.8), (1.9). From the PDE perspective, we are searching for weak solutions
in a certain Sobolev space (H'). From the probabilistic point of view, we are considering
martingale solutions, sometimes also referred to as weak solutions. The notions of weak &
strong probabilistic solutions have different meaning from weak & strong solutions in the PDE
literature. If the stochastic elements are fixed in advance, we speak of a strong (or pathwise)
solution. The stochastic elements are collected in a stochastic basis (.Q FAF o> P W),
where W = (W,,, W,) are cylindrical Wiener processes adapted to the filtration {F;},c0 7).
Whenever these elements constitute a part of the unknown solution, the relevant notion is that

(1.9)
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of a martingale solution. The connection between weak and strong solutions to It6 equations is
exposed in the famous Yamada—Watanabe theorem, see, e.g., [41]. We reserve the name weak
martingale solution for solutions that are weak in the PDE sense as well as being probabilistic
weak.

We will prove that there exists a weak martingale solution to the stochastic bidomain system.
Motivated by the approach in [2] (see also [5]) for the deterministic system, we use the
Faedo—Galerkin method to construct approximate solutions, based on an auxiliary nondegener-
ate system obtained by adding edu; and —edu, respectively to the first and second equations
in (1.9) (¢ is a small positive parameter). The stochastic compactness method is put to use to
conclude subsequential convergence of the approximate solutions.

Indeed, we first apply the It6 chain rule to derive some basic a priori estimates. The
combination of multiplicative noise and the specific structure of the system makes these
estimates notably harder to obtain than in the deterministic case. The a priori estimates lead to
strong compactness of the approximations in the #, x variables (in the deterministic context [2]).
In the stochastic setting, there is an additional (probability) variable @ € D in which
strong compactness is not expected. Traditionally, one handles this issue by arguing for weak
compactness of the probability laws of the approximate solutions, via tightness and Prokhorov’s
theorem. The ensuing step is to construct a.s. convergent versions of the approximations
using the Skorokhod representation theorem. This theorem supplies new random variables
on a new probability space, with the same laws as the original variables, converging almost
surely. Equipped with a.s. convergence, we are able to show that the limit variables constitute
a weak martingale solution. Finally, thanks to a uniqueness result and the Gyongy—Krylov
characterization of convergence in probability [27], we pass a la Yamada—Watanabe from
martingale to pathwise (probabilistic strong) solutions.

Martingale solutions and the stochastic compactness method have been harnessed by many
authors for different classes of SPDEs, see e.g. [3,4,16,17,21,22,24,28,30,38,43,46,47] for
problems related to fluid mechanics. An important step in the compactness method is the
construction of almost surely convergent versions of processes that converge weakly. This
construction dates back to the work of Skorokhod, for processes taking values in a Polish
(complete separable metric) space [16]. The classical Skorokhod theorem is befitting for the
transmembrane variable v, but not the intracellular and extracellular variables u;, u,. This fact
is a manifestation of the degenerate structure of the bidomain system, necessitating the use
of a Bochner—Sobolev space equipped with the weak topology. We refer to Jakubowski [31]
for a recent variant of the representation theorem that applies to so-called quasi-Polish spaces,
specifically allowing for separable Banach spaces equipped with the weak topology, as well
as spaces of weakly continuous functions with values in a separable Banach space. We refer
to [7-10,40,51] for works making use of Skorokhod—Jakubowski a.s. representations.

The remaining part of this paper is organized as follows: The stochastic bidomain model
is presented in Section 2. Section 3 outlines the underlying stochastic framework and list
the conditions imposed on the ‘“stochastic” data of the model. Solution concepts and the
accompanying main results are collected in Section 4. The approximate (Faedo—Galerkin)
solutions are constructed in Section 5. In Section 6 we establish several a priori estimates
and prove convergence of the approximate solutions, thereby providing an existence result for
weak martingale solutions. A pathwise uniqueness result is established in Section 7, which is
then used in Section 8 to upgrade martingale solutions to pathwise solutions.
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2. Stochastic bidomain model

The spatial domain of the heart is given by a bounded open set £2 C R? with piecewise
smooth boundary df2. This three-dimensional slice of the cardiac muscle is viewed as two
superimposed (anisotropic) continuous media, representing the intracellular (i) and extracellular
(e) tissues. The tissues are connected at each point via the cell membrane. In our earlier outline
of the (deterministic) bidomain model, we saw that the relevant quantities are the intracellular
and extracellular potentials

u; =u;i(x,t) and u,=u.(x,t), (x,t)e 2y =02 x(0,7),

as well as the transmembrane potential v ‘= u; — u, (defined in 2r).

The conductivities of the intracellular and extracellular tissues are encoded in anisotropic
matrices M; = M;(x), M, = M.(x). Herein we do not exploit structural properties of cardiac
tissue, and assume that M;, M, > 0 are general matrices, cf. (2.5) below. For the modeling of
electrical conductivities of cardiac tissue, see for example [12,13,52].

The stochastic bidomain model contains two nonlinearly coupled SPDEs involving the
potentials u;, u., v. These stochastic reaction—diffusion equations are further coupled to a
nonlinear SDE for the gating (recovery) variable w. The dynamics of (u;, u., v, w) is governed
by the equations

XmCmdv — V - (MiVui) dt + xmlion(v, w)dt = I; dt + B(v)dW" in (27,
Xnmdv +V - (MVup) dt + Yo Tion(v, w)dt = —I, dt + Bv)dW® in 027, 2.1)
dw = H@w,w)df +a@)dW" in {27,

where ¢,, > 0 is the surface capacitance of the membrane, y,, is the surface-to-volume ratio,
and [;, I, are stimulation currents. In (2.1), randomness is represented by cylindrical Wiener
processes WU, W¥ with nonlinear noise amplitudes g, o (cf. Section 3 for details).

We impose initial conditions on the transmembrane potential and the gating variable:

v(0, x) = vo(x), w(0, x) = wo(x), x € f2. 2.2)

The intra- and extracellular domains are often assumed to be electrically isolated, giving rise
to zero flux (Neumann type) boundary conditions on the potentials u;, u, [13,52]. From a
mathematical point of view, Dirichlet and mixed Dirichlet-Neumann type boundary conditions
are utilized in [1] and [2], respectively. Herein we partition the boundary 92 into regular parts
Yy and Xp and impose the mixed boundary conditions (j =i, e)

(M;j(x)Vu;)-v=0 on Zyr:=2Xyx(0,T7),
u; = 0 on ED,T = ED X (0, T),

where v denotes the exterior unit normal to the “Neumann part” Yy of the boundary, which
is defined a.e. with respect to the two-dimensional Hausdorff measure > on 9 2.

Observe that the equations in (2.1) are invariant under the change of u; and u, into
u; + k,u, + k, for any k € R. Hence, unless Dirichlet conditions are imposed somewhere
(Xp # ), the bidomain system determines the electrical potentials only up to an additive
constant. To ensure a unique solution in the case Xp = @ (92 = Xy), we may impose the
normalization condition | o Ue(x, 1)dx = 0. To avoid making this paper too long, we assume
that Xp # (. Moreover, we stick to homogeneous boundary conditions, although we could
have replaced the right-hand sides of (2.3) by sufficiently regular functions.

2.3)
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Regarding the “membrane” functions /., and H, we have in mind the fairly uncluttered
FitzHugh—Nagumo model [20,39]. This is a simple choice for the membrane kinetics that is
often used to avoid difficulties arising from a large number of coupling variables. The model
is specified by

lion(v, w)=—vW—a)(1 —v)+w, Hw, w) =¢e(kv — yw),

where the parameter a represents the threshold for excitation, € represents excitability, and
k,y,8 are parameters that influence the overall dynamics of the system. For background
material on cardiac membrane models and their general mathematical structure, we refer to
the books [13,32,52].

In an attempt to simplify the notation, we redefine M;, M, as #M,, 1 Me, and set

XmCm
I = o L Lion, 0 = x_ B. We also assume [;, I, = 0, as these source terms do not add new
difficulties. The resultlng stochastic bidomain system becomes
dv—V. (M,Vu,-)dt + I(v, w)dt = n(v)dW" in 2,
dv+V- (MeVug) dt + I(v, w)dt = n(v)dW" in £, 2.4)

dw = H@w,w)dt +o(@)dW" in (2,

along with the initial and boundary conditions (2.2) and (2.3). The cylindrical Wiener processes
WU, W¥ in (2.4) are defined in Section 3.

With regard to the conductivity matrices in (2.4), we assume the existence of positive
constants m, M such that for j =i, e,

M;eL® mlg?<&"M;(x)E <MIg]*, VEeR forae. x. (2.5)

Motivated by the discussion above on membrane models, we impose the following set of
assumptions on the functions 7, H in (2.4):

e Generalized FitzHugh—-Nagumo model (GFHN):
(v, w) = 1Ii(v) + L(v)w, H(v, w) =h(v) +cuw,
where I;, I,, h € C'(R) and for all v € R,

L) < e (T4 P), L =c l* e v,
L) =cr3+crav, |hW)| <cpo (14 v)),

for some positive constants cy,1, €12, €13, C1.4, CH,1, Ca,2 and ¢; > 0.
There exist @, A > 0 such that

w((v2, w2) — (v, wa)) (V2 — vy) — (H(v2, w2) — H(vy, wy)) (w2 — wy)

. . (2.6)
> = (Jvz — vi* + lwz — wy %), Yuy, va, wy, wy € R.

The “dissipative” condition (2.6), involving an appropriate linear combination of I/ and
H, is linked to stability and uniqueness results. It will be used in Lemma 5.2 (existence of
Faedo—Galerkin solutions), cf. (5.24), and Theorem 7.2 (L? stability and uniqueness). It can
be verified for the FitzHugh—Nagumo model. We refer to [0, pages 478—479] for additional
details and a more general condition.

The (generalized) FitzHugh—-Nagumo model is a simplification of the Hodgkin—Huxley
model of voltage-gated ion channels. It is possible to treat other membrane models by blending
the arguments used herein with those found in [5,6,55].
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We end this section with a remark about the so-called monodomain model.

Remark 2.1. The stochastic bidomain model simplifies if M; = AM, for some constant A > 0.
In this case the first two equations in (2.4) can be combined into a single equation; thereby
arriving at the stochastic monodomain system

dv—V .- (MVv)dt+ I(v,w)dt =nw)dW"' in {2,
2.7)
dw = H(,w)dt +oc(@)dW" in {7,

where M = ﬁMi. The system (2.7) is a significant simplification of the bidomain
model (2.4), and even though the assumption of equal anisotropy ratios is very strong, the
monodomain model is adequate in certain situations [14].

3. Stochastic framework

We refer to the books [16,41] for relevant notation, basic concepts, and results from stochas-
tic analysis, including the theory of cylindrical Wiener processes and stochastic integration.
We consider a complete probability space (D, F, P), along with a complete right-continuous
filtration {F;},¢[o,71- Without loss of generality, we assume that the o-algebra F is countably
generated. Let {W;}72, be a sequence of independent one-dimensional Brownian motions
adapted to the filtration {F;}co r;. We refer to

S = (D, F A Fhieto.rr» P AWIEL) (3.1

as a (Brownian) stochastic basis.
Fix a separable Hilbert space U, equipped with a complete orthonormal basis {v/};~,. We
use cylindrical Wiener processes W evolving over U, namely

Ww. 1) =) W@, DY) (3:2)
k=1
where the right-hand side of (3.2) converges on a larger Hilbert space U, such that the
embedding U C Uy is Hilbert—Schmidt. Via standard martingale arguments, W is almost surely
continuous with values in Uy, that is, W(w, -,-) € C([0, T]; Up) for P-a.e. w € D. We also
have W € L%(D, F, P; C([0, T]; Uy)). Without loss of generality, we assume that the filtration
{Fi}icr0.77 1 generated by W and the initial data. See [16,41] for details.

Let X be a separable Hilbert space with inner product (-, -)x and norm ||-||x. For the
bidomain model (2.4), a natural choice is X = LZ2({2). The vector space of all bounded
linear operators from U to X is denoted L(U, X). We denote by L,(U, X) the collection of
Hilbert—Schmidt operators from U to X, that is, R € L,(U, X) if and only if R € L(U, X) and
”RHZLZ(U,X) = Zkzl ”Rl/fk”§g < 0Q.

Given a cylindrical Wiener process W, we define the Itd stochastic integral [ GdW as
follows [16,41]:

t S t
/ GdW:Z/ Gy dWy, Gy = Gy, (3.3)
0 k=1 0

provided the integrand G is a predictable X-valued process satisfying

G € L* (D, F, P; L*((0, T); Lo(U, X))) .
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The stochastic integral (3.3) is an X-valued square integrable martingale, satisfying the
Burkholder-Davis—Gundy inequality

)4
t P T 2
E|:tes[gpn fo Gdw J < CIE|:</0 1GI7,w.x dt) ] (3.4)

where C is a constant depending on p > 1.
For the bidomain model (2.4), we take X = L2({2). With this choice, we can give meaning
to the stochastic terms

fn (/ ﬂ(v)dW> pdx, (B, W)=, W) or (o, W"),
0

appearing in the weak formulation of (2.4), with ¢ € L?*(f2). Since W = Zkil Wiy is a
cylindrical Brownian motion, we can write

/Q(fotﬂ(v)dW>§0dx=f0<2/0t,3k(v)dw)¢dx

k>1

:Z/(; /;Zﬁk(v)(pdxde,

k>1

(3.5)

knowing that the series converges in L?>(D, F, P; C([0, T]), where Bi(v) := B(v)¥y are
real-valued functions. Sometimes we denote the right-hand side by fot /. o BWedxdW".

We need to impose conditions on the noise amplitudes 8 = 7, o. For each v € L*(12), we
assume that B(v) : U — L?(f2) is defined by

Bk = Be(v(-), k=1,
for some real-valued functions Si(-) : R — R that satisfy

Z 1B < Cp (1+v]?), Yu eR,
k1

D 1B = Bl < Cplor —wl*. Yo €R,

k>1

(3.6)

for a constant Cg > 0. As a result, 8 becomes a mapping from L?(£2) to Lo(U, L?(£2)). More
precisely, we have

IB@IE, 520y = Co (14 10I2g)) . v € L2,

1B = BODIL, 1 1200y < Co vt = 02llfaig) . V1,02 € L)
Let (8, W) = (n, W) or (o, W¥). Given a predictable process

veL*(D,F,P;L*(0, T); L*(12))),

3.7

the stochastic integral fol B)dW" is well-defined, taking values in L>({2). Indeed,

t 2 t
E[/f?(/o ﬂ(v)dW><pdx }SE[ /O Bv)dW }nwn;(m

(3.7

(3.4) r )
S Cgo ]E / ||’3(v)”L2(U,L2(Q)) dt < 00,
0

for any ¢ € L*(£2). Hence, (3.5) makes sense.

2

L2(£2)



M. Bendahmane and K.H. Karlsen / Stochastic Processes and their Applications 129 (2019) 5312-5363 5321

Remark 3.1. The condition (3.6) on the noise amplitude allows for various additive and
multiplicative noises, see e.g. [25, Example 3.2] for a list of representative examples.

It is possible to allow 8 = n, o to be time and space dependent, B = S(¢, x, v). Then B
must satisfy (3.6) for a.e. t € [0, T], with a constant Cyg that is independent of ¢. This does
not entail additional effort in the proofs, but for simplicity of presentation we suppress the #, x
dependency throughout the paper.

We will construct weak martingale solutions by applying the stochastic compactness method
to a sequence of approximate solutions. In one step of the argument, we show tightness of
the probability laws of the approximations. By the Prokhorov theorem, this is equivalent to
exhibiting weak compactness of the laws. Relating to convergence of the approximate solutions,
it is essential that we secure strong compactness (a.s. convergence) in the w variable. To that
end, we need of a Skorokhod a.s. representation theorem, delivering a new probability space
and new random variables, with the same laws as the original ones, converging almost surely.
As alluded to before, our path space is not a Polish space since weak topologies in Hilbert
and Banach spaces are not metrizable. Thus the original Skorokhod theorem is not applicable;
instead we will use the recent Jakubowski version [31] that applies to so-called quasi-Polish
spaces. “Quasi-Polish” refers to spaces S for which there exists a countable family

{fe :S—=[-1, 11}, (3.8)

of continuous functionals that separate points (of S) [31]. Quasi-Polish spaces include separable
Banach spaces equipped with the weak topology, and also spaces of weakly continuous
functions taking values in some separable Banach space. The basic assumption (3.8) gives
rise to a mapping between S and the Polish space [—1, 1],

S3urs fu) = {fow)e, €1, 115, (3.9)

which is one-to-one and continuous, but in general f is not a homeomorphism of S onto a
subspace of S. However, if we restrict to a o-compact subspace of S, then f becomes a measur-
able isomorphism [31]. In this paper we use the following form of the Skorokhod—Jakubowski
theorem [31], taken from [8,40] (see also [9,10]).

Theorem 3.2. [Skorokhod—Jakubowski a.s. Representations for Subsequences] Let S be a
topological space for which there exists a sequence {f;},~, of continuous functionals f; :
S — R that separate points of S. Denote by Y. the a—algeb;a generated by the maps { f¢},~.
Then -

(1) every compact subset of S is metrizable;

(2) every Borel subset of a o-compact set in S belongs to X;

(3) every probability measure supported by a o-compact set in S has a unique Radon
extension to the Borel o-algebra B(S);

(4) if {n}y> is a tight sequence of probablllty measures on (S, X)), then there exist a
subsequence {nk}k>l, a probability space (D, F, P), and Borel measurable S-valued random
variables Xk, X such that p,, is the law of Xk and X — X P-as. (in' S). Moreover, the law
w of X is a Radon measure.

We will need the Gyongy—Krylov characterization of convergence in probability [27]. It will
be used to upgrade weak martingale solutions to strong (pathwise) solutions, via a pathwise
uniqueness result.
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Lemma 3.3 (Gyongy—Krylov Characterization). Let S be a Polish space, and let {X,},>1 be a
sequence of S-valued random variables on a probability space (D, F, P). For each n,m > 1,
denote by . the joint law of (X,, X»), that is,

Unm(A) =P ({w e D : (Xy(w), Xp(w)) € A}), A € B(S xS).

Then {X,},>1 converges in probability (and P-a.s. along a subsequence) <= for any
subsequence {fim, n, }i=1 there exists a further subsequence that converges weakly to some
w € P(S) that is supported on the diagonal: uw ({(X,Y)eSxS: X =Y}) =1

Remark 3.4. As a matter of fact, we need access to the “<=" part of the Gyongy—Krylov
lemma for quasi-Polish spaces S. Suppose for any subsequence {(X,,k, ka)} there exists

k=1
a further subsequence {(X,, 6 X’”k,- )] - that converges in distribution to (X, X) as j — oo,
for some X e S, that is, the joint pr(;l;ability laws (i, . n,. converge weakly to some u €
A ~
P(S x S) that is supported on the diagonal. Recalling the mapping f between S and the Polish
space [—1, 1]%, cf. (3.9), and the continuous mapping theorem, it follows that the sequence

( F X )y F X, ))} | converges in distribution to (f(X), f(X)) as j — oo. In view of
=

the Gyongy—Krylov lemma, this implies that the sequence [ f(x n)} converges in probability
1

n=

and thus, along a subsequence { f (X,,j)} , P-almost surely. Since { f;},-, separate points of
. >

iz
S, it is not difficult to see that this implies that {an }j> , converges P-a.s. as well.

4. Notion of solution and main results

Depending on the (probabilistic) notion of solution, the initial data (2.2) are imposed
differently. For pathwise (probabilistic strong) solutions, we prescribe the initial data as random
variables vy, wyg € L?(D, F, P; L*>(§2)). For martingale (or probabilistic weak) solutions, of
which the stochastic basis is an unknown component, we prescribe the initial data in terms
of probability measures [iy,, (L, ON L?(2). The measures My, and py,, should be viewed as
“initial laws” in the sense that the laws of v(0), w(0) are required to coincide with pty, fwyg,
respectively.

Sometimes we need to assume the existence of a number g > % such that

fL s TPy it @) <00 | 0l ) dpy () < 00, @.1
As a matter of fact, we mostly need (4.1) with gy > 2. One exception occurs in Section 6.5,
where we use gy > % to conclude that the transmembrane potential v is a.s. weakly time
continuous, cf. part (5) in the definition below (for w this holds with just gg > 2).

Let us define precisely what is meant by a solution to the stochastic bidomain model. For
this, we use the space

Hll)(.Q) := closure of the set {v e C*(R?), v|2D = 0} in the H'(£2) norm.

We denote by (H}(£2))* the dual of H}(2), which is equipped with the norm

— s (4.2)

*
fu, ¢>(HL‘)<0)>*,H},(9> :
PeHp(2)

| (HL ()

ol 1, o<1
HL ()
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Definition 4.1 (Weak Martingale Solution). Let 1, and 1., be probability measures on L2(0).
A weak martingale solution of the stochastic bidomain system (2.4), with initial-boundary data
(2.2)=(2.3), is a collection (S, u;, u., v, w) satisfying
oo oo
k

(1) S = (D, F AF}iepo.ry» P {W,:’}k:l {w}._)) is a stochastic basis;

() WY =} 1o Wlep and WY := ), Wi’e; are two independent cylindrical Brownian
motions, adapted to the filtration {F},¢j0.75

(3) For P-ae. w € D, u;j(w), u.(w) € L*((0, T); H)(2));

(4) For P-ae. w € D, v(w) € L*(0, T); H$(.Q)) N L*(£2r). Moreover, v = u; — u,;

B) v,w: D x[0,T] = L*2) are {F}1c0.71-adapted processes, {F;},c[o,r-predictable in
(H}(£2))*, such that for P-a.e. w € D,

v(w), ww) € L0, T); L*(2)) N C([0, TT; (HpH(2))");

(6) The laws of vy := v(0) and wy := w(0) are respectively wy, and fLy,.
(7) The following identities hold P-almost surely, for any ¢ € [0, T']:

t
/ v(t)p; dx—i—/ /(MiVu,nga,-—i—I(v, w)qo,-) dxds
10 0o Jo
t
=f Vo @i dX+/ / n(w)e; dx dW*(s),
1) 0 Jo

t
/ v(t)p. dx + / / M. Vu, -V, + (v, w)goe) dxds
10 0o Ja

t
= [ woax+ [ [ wwwaxawe,
Q 0 Jo
t
/w(zkodx:/ wmpdx—}—/ / HWw, w)pdxds
Q Q 0 Jo

t
+/ / o()pdx dW¥(s),
0o Jo
for all ¢;, 9. € H)(2) and ¢ € L*(£).

(4.3)

Remark 4.2. In view of the regularity conditions imposed in Definition 4.1, it is easily
verified that the deterministic integrals in (4.3) are well-defined. The stochastic integrals are
well-defined as well; they have been given special attention in Section 3, see (3.5).

Remark 4.3. We denote by C ([0, T']; L?(£2) — weak) the space of weakly continuous L?({2)
functions. According to [53, Lemma 1.4], part (5) of Definition 4.1 implies that
v(®, -, ), w, -, ) € C ([0, T]; L*(2) — weak), for P-ae. w € D.
Our main existence result is contained in

Theorem 4.4 (Existence of Weak Martingale Solution). Suppose conditions (GFHN), (2.5) and
(3.6) hold. Let 1y, jtw, be probability measures satisfying the moment estimates (4.1) (with
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Vo ™ [yy Wo ™~ Uuy)- Then the stochastic bidomain model (2.4), (2.2), (2.3) possesses a weak
martingale solution in the sense of Definition 4.1.

The proof of Theorem 4.4 is divided into a series of steps. We construct approximate
solutions in Section 5, which are shown to converge in Section 6. The convergence proof relies
on several uniform a priori estimates that are established in Sections 6.1 and 6.2. We use these
estimates in Section 6.3 to conclude that the laws of the approximate solutions are tight and
that the approximations (along a subsequence) converge to a limit. The limit is shown to be a
weak martingale solution in Sections 6.4 and 6.5.

If the stochastic basis S in Definition 4.1 is fixed in advance (not part of the solution), we
speak of a weak solution or weak pathwise solution. A weak solution is thus weak in the PDE
sense and strong in the probabilistic sense. In this case, we prescribe the initial data vy, wg as
random variables relative to S.

Definition 4.5 (Weak Solution). Fix a stochastic basis & and assume that the initial data
Vo, Wy are Fp-measurable and belong to L*(D, F, P; L*(2)). A weak solution of the stochastic
bidomain system (2.4), with initial-boundary data (2.2)—(2.3), is a collection U = (u;, u,, v, w)
satisfying conditions (3), (4), (5), (7) in Definition 4.1 (relative to S).

Weak solutions are said to be unique if, given any pair of such solutions U, U for which U
and U coincide a.s. at t = 0,

P({U(t) = U@Vt € [0, T]}) =1 (4.4)

We establish pathwise uniqueness by demonstrating that v(¢), w(t) depend continuously on
the initial data vy, wo in L*(D, F, P; L?*(£2)). Moreover, using the Poincaré inequality, we
conclude as well the pathwise uniqueness of u;, u,.

As alluded to earlier, we use this to “upgrade” martingale solutions to weak (pathwise)
solutions, thereby delivering

Theorem 4.6 (Existence and Uniqueness of Weak Solution). Suppose conditions (GFHN),
(2.5), and (3.6) hold. Then the stochastic bidomain model (2.4), (2.2), (2.3) possesses a
unique weak solution in the sense of Definition 4.5, provided the initial data satisfy vy, wy €
L9(D, F, P; L*(12)), qo > 9/2.

Regarding the proof of Theorem 4.6, we divide it into two steps. A pathwise uniqueness
result is established in Section 7 by exhibiting an L? stability estimate for the difference
between two solutions. We use this result in Section 8 to upgrade martingale solutions to
pathwise solutions.

5. Construction of approximate solutions

In this section we define the Faedo—Galerkin approximations. They are based on a non-
degenerate system introduced below. In upcoming sections we use these approximations to
construct weak martingale solutions to the stochastic bidomain model.

We begin by fixing a stochastic basis

S = (D, FAFheor» AW o AWE ) (.1
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and Fy-measurable initial data vy, wo € L*(D; L*(12)) with respective 1aws fiy,, ty, ON L?(0).
For each fixed ¢ > 0, the nondegenerate system reads

dv+edu; — V- (M;Vu;)dt + 1(v, w)dt = n(v)dW" in Qr,
dv—edu, +V - (M. Vu,)dt + 1(v, w)dt = n(v)dW" in £r, (5.2)
dw = H(@,w)dt +oc()dW" in {2,

with boundary conditions (2.3). Regarding (5.2), we must provide initial data for u;, u, (not
v = u; —u, as in the original problem). For that reason, we decompose (arbitrarily) the initial
condition vy in (2.2) as vy = u; ¢ — U0, for some Fyp-measurable random variables u; o and

Ue,0,

uio. ey € L* (D, F, P; L*(12)) (5.3)
such that the law of u; ¢ — u. o coincides with u,,. We replace (2.2) by

uj(0,x) =u;ox) (j=ive), w(0, x) = wo(x), x € {2 54
In some situations, we make use of the strengthened assumption

Ui g, e, wo € L% (D, F, P; L*(2)), with gy defined in (4.1). (5.5)

Remark 5.1. Modulo some obvious changes, the definitions of weak martingale and weak
(pathwise) solutions to the nondegenerate system (5.2)—(5.4)—(2.3) are basically the same as
those for the original system.

To construct and justify the validity of the Faedo—Galerkin approximations, we employ a
classical Hilbert basis, which is orthonormal in L? and orthogonal in H,. We refer for example
to [48, Thm. 7.7, p. 87] (see also [44]) for the standard construction of such bases. We operate
with the same basis {e;};_; for all the unknowns u;, u., v, w.

We look for a solution to the problem arising as the projection of (5.2), (2.2), (2.3) onto the
finite dimensional subspace X,, := Span{e,;};_,. The (finite dimensional) approximate solutions
take the form

W0, T > X, i)=Y e (=ie),
=1

V0, T Xy V()= Y e, ) = cy(D) — (), (5.6)
=1

w": [0, T] > X,, w'@®)= Za,”(t)e;.
I=1

We pick the coefficients

¢ = {C;,l};l:l (J=ie, da= {aln}7=1’ 6.7
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which are finite dimensional stochastic processes relative to (5.1), such that (¢ =1, ...,n)
(dv", EE)LZ(m + en (duj, el)LZ(Q)
+ (M,Vu?, Veg)Lz(Q) dt + (I(v”, w"), eg)Lz(Q) dt
n
= (", e0) o) AW D),
k=1

(dv", ec) 2y = &n (dii7s €0) 12

(5.8)
(M Vul Ve@)LZ(Q) dr + (I(v”, w"), E[)LZ(Q) dt
Z L"), e) () AWE @),
(dwnv ef)L2(_Q) = (H(Uns wn)s eZ)Lz(.Q) dt + Z (o.]:l(vﬂ)’ el)Lz(Q) dW];U(t)v
k=1
where ¢ in (5.2) is taken as
1
e=g, = —, n>1. 5.9)
n

We need to comment on the finite dimensional approximations of the stochastic terms
utilized in (5.8). With (8, W) denoting (n, W) or (o, W¥), recall that § maps from L? ((0, T);
L2(12)) to L2 ((0, T); Ly (U, L2(£2))), where U is equipped with the orthonormal basis {1/}~
(cf. Section 3). Employing the decomposition S (v) = B(v)Yy, Br(v) = lel (Br(v), e 120 €
we can write

BRYAW =) B)dWi = Y BriWerdWi,  Briw) = (Be(v), e) 2 -
k>1 k=1

In (5.8), we utilize the finite dimensional approximation

B W) dW" =" Bri(v)ey dWi = Y Bi(v)dWi, (5.10)
k=1

k=1
with 8" and W" then defined by

Biw) = B" Wk, Br) = Briwe, W'=> Wiy,
=1 k=1

where (8", W") denotes (", W"") or (¢, W»"); W" converges in C([0, T]; Uy) for P-
a.e. w € D and (by a martingale inequality) in L?>(D, F, P; C([0, T]; Up)).
The initial conditions are

u;f(O) = "‘,’},0 = Zcq';ql(O)el, c;{,(O) = (“?,0’ eI)LZ((z)’ j=i,e,
I=1
v"(0) = vy = uiy —uy g, (5.11)

w"(0) = wy = Za,"(O)e;, a; (0) == (wo, €2 -
=1
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In (5.11), consider for example u;f’o. Since uj € L? (D, F, P; LZ(Q)), we have (by standard
properties of finite-dimensional projections, cf. (5.14), (5.16) below) u;f.o — ujo in L2(0),

2
" 2 . .
' ) C ||uj,o || L2 On this account, the dominated

P-as., as n — o0, and ‘

convergence theorem implies
“?,0 — ujp in L? (D, F, P; LZ(Q)), as n — oo. (5.12)

Similarly, wj — wo, vy — vo in L?(f2), P-a.s., and thus in LZ,(L)%).
For the basis {¢;};2,, we introduce the projection operators (see e.g. [8, page 1636])

n

IT, : (Hp(2))" — Span{e/}2, . Iu* =) (u*, 1)) oy b ) €1 (5.13)
=1

The restriction of II, to L*({2) is also denoted by II,:

II, : L*(2) — Span{e,}(j’-i1 , ILu = Z (u, e 20 e
I=1

i.e., II, is the orthogonal projection from L2({2) to Span{el}_‘/’-il. We have

||Hnu||L2(Q) = ||M||L2(Q) ) ue LZ(Q)~ (5.14)
Note that we have the following equality for any u* € (H Ll)(!Z))* and u € H lg(m:
(T, 1) ) = (u” H"“)(HI])(Q))*,H})(Q) : (5.15)

Furthermore, as n — oo,
1T = ully) @) — 0. u € Hp(£2). (5.16)

Using the projection operator (5.13), we may write (5.8) in integrated form equivalently as
equalities between (H é(()))* valued random variables:

t
V(1) + equf (t) = vy + equj o + / I, [V . (MiVuf) —I1(v", w")] ds
0
t
+ / n"()dW"(s) in (Hp(2))*,
0

V(1) — Ul (t) = v] —snuz’0+/ 1L, [-V - (M, Vul) — 1", w")] ds
o (5.17)
+ / "W dW(s) in (HpH(12))*,
0

wn(t) = wg +/ Hn (H(vn’ w")) ds
0

t
+ f o" (") dW™"(s) in (Hp(2))",
0
where vj = ”?,0 — ”Z,o and “?,0 = I,u; 0, “Z,o = ILu.0, wy = I, wo.

In coming sections we investigate the convergence properties of the sequences {u’l’}
n>1

(j =1i,e), {v'},5;, {w"},> defined by (5.17). Meanwhile, we must verify the existence of a
(pathwise) solution to the finite dimensional system (5.8).
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Lemma 5.2. For each fixed n > 1, the Faedo-Galerkin equations (5.6), (5.8), and
(5.11) possess a unique global adapted solution (u(t), u(t), v"(t), w(t)) on [0, T]. Besides,
ul, ul, v", w" belong to C([0, T]; X)), and v" = u} — ul.

Proof. Using the orthonormality of the basis, (5.8) becomes the SDE system (¢{ =1, ...,n)
d (C? + S”C?,Z) = Al‘,g dr + I de,n’
d(c} —encly) = Acxdt + [ dW™", (5.18)

da}’ =Apny dt+ & aww",
for the coefficients c;‘ = c;?(t) (j =1i,e) and a" = a"(t), cf. (5.7), where

Aig = —f MiVul'-‘~Vegdx—/ I(v", w")e, dx,
7] 2
Ae,e :f MKVMZ'VEEdX_/ I(vn’ wn)EKd)C,
e 2

Apg g =/ H©", w")e; dx,
2
Iy ={Tul, rz,sz Mm@ e dx, TpdW'" = Zngde,

le = {Q,k}zzl , ok = / oy (W egdx, L dW'" = ZQ,/{ awy.
@ k=1

Adding the first and second equations in (5.18) yields (¢ =1, ...,n)
1

dc = —— | A; Ac el dt TodWP" = Fipodt +2GodWP", 5.19
Cy 2+8n[ ot ,z] +2+8n ¢ wdt +2Gy (5.19)
and plugging (5.19) into (5.18) we arrive at (¢ =1, ..., n)
1+e¢, 1
d L) = Ay — A dt
(Vencio) [¢5@+%>“ ¢a@+%)”}
+2{ Iydw?" = E’gdt+@ngWu'n,
1 I+e¢, (5.20)
d (Jench ;) = Ay — Acy | dt
(Vereeo) [¢aa+a»" ¢aa+%)’4
f I dWV" =: Fe'gdl—\/angWv’n,

24 &n
daZ =Any dt+ & dw™n,
Recalling (2.6), we let

C" = C"(1) = {c" (1), Veuc] (1), VEnc, (1), a" (1) 1}

be the vector containing all the unknowns in (5.19) and (5.20). For technical reasons, related
to (5.22) and (5.23), we write the left-hand sides of the first two equations in (5.20) in terms
of the ¢, scaled quantities ,/¢,c}, \/e,cl. Moreover, we view the right-hand sides of all the
equations as functions of C” (involving the ¢, scaled quantities), which can always be done
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since ¢, > 0 is a fixed number. As a result, the constants below may depend on 1/¢,. Let

FC" = {{Fie @)1, A Fe @) A Fee @Y A Ane€/u)i_ )

be the vector containing all the drift terms, and

G(C") = {2Gi_, . AVEnGe),_, A —VenGel,_,  A/utioy )

be the collection of noise coefficients. The vector {W"", W¥" W¥" W™""} is denoted by W”".
Then (5.19) and (5.20) take the compact form

dC"(t) = F(C"(t))dt + G(C"(t))dW"(r), C"(0)=Cg, (5.21)

where Cj = {c”(O), €, (0), /€ (0), a”(O)/u}, cf. (5.11).

If F,G are globally Lipschitz continuous, classical SDE theory [41,50] provides the
existence and uniqueness of a pathwise solution. However, due to the nonlinear nature of the
ionic models, cf. (GFHN), the global Lipschitz condition does not hold for the SDE system
(5.21). As a replacement, we consider the following two conditions:

e (local weak monotonicity) YC;, C, € R*, |Cy|, |C;| < r, for any r > 0,
2(F(Cy) — F(Cy)) - (Ci — C2) + |G(C)) — G(C)I* < K, |Cy — Cof?, (5.22)

for some r-dependent positive constant K.
e (weak coercivity) VC € R*, there exists a constant K > 0 such that

2F(C)-C+I|GOPP <K (1+]CP). (5.23)

Below we verify that the coefficients F and G in (5.21) satisfy both these conditions globally
(i-e., (5.22) holds independent of r). Then, in view of Theorem 3.1.1 in [41], there exists a
unique global adapted solution to (5.21).

Let us verify the weak monotonicity condition. To this end, set

ui=uly —ul, (J=ie), v=ul —uy (k=1,2),
V= =0, w' = wl —w),
where (u,, u?,, w}) and (u,,u?,, wh) are arbitrary functions of the form of (5.6), with
corresponding time coefficients (cl"l, cZ 1,a”) and (cffz, CZ,2’ ag), respectively. Moreover, set
=cfy == - Cp = {c}, EuC] o EnCh g a} [} for k =1,2.
We wish to show that

Ir = (F(C}) — F(CY) - (C} — C3) < Kp |C} -

el’

nl2
2

El

i.e., that F is globally one-sided Lipschitz. This requires comparing the “d¢-terms” in (5.19)
and (5.20) corresponding to the vectors Cy and Cj, resulting in three different types of terms,
linked to the M; (diffusion) part, the / (ionic) part, and the H (gating) part of the equations,
that is, Zr = ZM + Z1. + Z¥. First,

. Z/ 1), w)) — Ty, wh)) e dx (¢}, — ch))

—(1+¢,)+1 o
NN ETSY VEn(2 + &) Zf I(v}, w}) — 1(v3, w})) e dx

Ip =

X( EnCiyy — Encfl,z,l)
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(\/ace,l,l(f) — VEnCe (1))
= — /ﬂ (Ivf, wi) — 15, wh)) v" dx.
Similarly,

n

I} = Z/;z (H}, wi) — Hy, wy)) e;dx (ar/pm — azi/ 1)
—1
1

= —/ (HQ{, w}) — H(;, wh)) w" dx,
wJa

and therefore Z. + Z} becomes

1
—/ ((H(v;’, wi) — HWS, wh)) w" — w (1], wh) — 1(v5, wh)) v”) dx
)

(5.24)
(2.6) ~ 2 2 n|2
< Ku (”vl v;HLZ(_Q) + ”wIL - wg”Lz(Q)) < Ku.i ’C? - ’
for some constants K i.1» Ky ;. Finally,
M 1 n n n
v = oy Q(—MiVUl. + M. VU}) - VV"dx
-1 +e,)M;VU' — M, VU")-VU!d
2+8n _O( ( te ) i e e) i X
-M;VU" — (1 DM VU?Y) - VU dx.
by [ (MY = 0 )MV - U ds
Adding the integrands gives
(=M;VU! + M,VU) - VV" + (=(1 + &,)M; VU] — M,VU}) - VU]
+ (—M,»VUZ-” —(1+ 8,,)MEVU:) -VU;
—Q2+e&)M;VU! - VU — 2+ ¢,) M, VU] - VU,
and thus, cf. (2.5), IV = —Z imie M;VU] - VUJ” < 0. Hence, F is globally one-sided

Lipschitz. In view of (3 6), it follows easily that G is globally Lipschitz:
|G(C]) = G(CH)] < K |C] = G5,

for some constant K (depending on n). Summarizing, condition (5.22) holds.

In much the same way, again using assumptions (GFHN) and (3.6), we deduce that

n n n 2 n 2 n 2
Fep-cp=kr(1+]cif). [Genf = ke (1+]cif).
for some constants K, K; that is to say, condition (5.23) holds. [

6. Convergence of approximate solutions

6.1. Basic apriori estimates

To establish convergence of the Faedo—Galerkin approximations, we must supply a series
of apriori estimates that are independent of the parameter n (cf. Lemma 6.1). At an informal
level, assuming that the relevant functions are sufficiently regular, these estimates are obtained
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by considering

d+eu) = [V (M;Vu;) — I(v, w)] dt +n(v)dW®

d@—eguu,)=[-V- (MVu,) — I(v,w)] dt + n(v)dW",
where ¢, is defined in (5.9), multiplying the first equation by u;, the second equation by —u,,
and summing the resulting equations. For the moment, let us assume that the noise W is

one-dimensional and 5(v) is a scalar function. To proceed we use the stochastic (Itd) product
rule. Hence, we need access to the equation for du;, which turns out to be

du: = H—S”V (M.VMA)_F—V (MVu)— ! I(v,w)| dt
" Len+en) Y 24 &) T 24,
daw’.
+2+8nn(v)

Note that this equation “blows up” as &, — 0 (the same is true for the du, equation below).
The stochastic product rule gives

1
d (u; (vt equ)) = i d (v -+ eaur) + dug (v + q) + 5———n(v)"dt
&n
1
= nW)dt + [u; V- (M;Vu;) — u; I(v, w)] dt (6.1)
2+ ¢,
+u; n(v)dW"® + [] dr + (v + guui) n(v) dW?,
; 2+¢,
where
1+¢,
el dt = | ———— i) Ve (M;Vu;
[ Ja= [y ey wie)
+ m (U + 8,,14,‘) \ (MeVue) — 2+ . (U + 8,,14[) I(U, UJ)i| dt.
Similar computations, this time involving the equation
1 1+e¢, 1
du, = | ——V - (M;Vu;) + ——2—-V . (M,Vu, (v, w)| dt
‘ [sn<2+sn> (V) + Gy ey (MeVue) + 53 1 w)}
— aw?,
St n(v)
yield
d (—ue (v — &gte)) = —te d (v — £quu) — dite (v — £qtt) + n(v)* di
2+ ¢y
1
=3 77(v)2 dt + [ue V. (MeVue) + u.l(v, w)] dt 6.2)
+ &,
— U, n(v)dW”+|:~~~i| dt + (v — gpue) n(V)dW?Y,
. 24 &,
where
dt : ( )V - (M;Vu;)
= |5 W —¢&l) V- iV
. w2t *
1+ &,
_ ﬁ (v —e,u,) V- (MeVue) — m (v —equ.) I(v, w)i| dt.
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After some computations we find that

[} dr + [} dt = [2u,-v- (M;Vu;) +2u, V- (M,Vu,) —2v I(U,w):| dt

and

1
uin()dW" + 5 (v + gqui) (V) dW”

En

—u.n(v)dw"® +

e (v — gue) n(0)dW? = 2vn(v) dW".

Whence, adding (6.1) and (6.2),

d (v + euuf + equl) = d (u; (v + guu;)) +d (—u, (v — e,1,))

2 2
= [2+8n n()* +2u; V- (M;Vu;)

+2u, V- (M, Vu,) —2v (v, w)] dt +2vn(v)dW".

Adding to this the equation for dw?, resulting from (5.2) and It6’s formula, the estimates in
Lemma 6.1 appear once we integrate in x and ¢, make use of spatial integration by parts,
the boundary conditions (2.3), and properties of the nonlinear functions /, H implying (6.13).
Arguing at the level of finite dimensional approximations, we now convert the computations

outlined above into a rigorous proof.
Lemma 6.1. Suppose conditions (GFHN), (2.5), (3.6), and (5.3) hold. Let

ul! (@), ul (@), v" (@), w"@), te[0,T],

satisfy (5.8), (5.9), (5.10), (5.11). There is a constant C > 0, independent of n, such that

E[[v" 02| + E[ 0" O 20
+> E[H Enuj?(t)lliz(m] <C, Ytel0, Tl

j=i,e

T T
ZE[/ / ’Vu’}’zdxdt}—i—E[/ / ’v”|4dxdt:|§C;
Jj=i.e 0 2 0 2

T
ZE[/ / |u?|2dxdti|§C;
e 0o Jo

n 2 n 2

| s 0|+ s 0

E | .
+ Z |:[€s[1;F)TI || € uj(t)”Lz(Q)] <C

j=ie

(6.3)

6.4)

(6.5)

(6.6)



M. Bendahmane and K.H. Karlsen / Stochastic Processes and their Applications 129 (2019) 5312-5363 5333

Proof. We wish to compute dJ (1), J(t) = [, (v")* + &, (uf)2 + &, (u?)” dx

dJ(t):d/u (V" + euu )dx—i—d/ P (v — eul) dx
@ @ 6.7)
—Zd o (cf +encty)) +Zd = &nCly))
where we have used (5.6) and the orthonormality of the basis
i i =1,...,n)

First, in view of (5.18) and (5.20), the stochastic product rule implies (¢ = 1

d (cfo(ef + enci)) = (cfed (cf + enciy)) + (defy (] + encly))
n

: Z(/ nZ(v")eldx) dt
—1 W2

+
24 ¢, .

n

1 2
Z(/ n(™)e dx) dt
Q
(6.8)

) + &, P
+/ (M;Vu! Ve, — 10", w")e;) dx ¢, dt
0

n
+ Z/ mheedx ¢, dW™" + [ . } dt
k= i

Z[ mi(ecdx (¢} + eacl,) dW™",

2+8n

where

1 +e¢,
|:. . i| = [L/ M;Vu? - Ve, dx (CZ + 8,10{‘0
; en(2 +€n) ’

1
mf MeVuZ . Veg dx (CZ + 8,,6&)

1
Y / 1", wepdx (¢} + sncﬁz)i| dt.

Similar computations give (£ =1, ..., n)

d( ge, (c} + &nc) 5)) ( cg’ed (cz‘ - ench)) - (dc'g’l (CZ — 8,162’4))

! Z( / nZ(v”)eldx) dt
7

+
2+e¢, pa

R 2
Z(/ n;‘(v")ezdx> dt
—1 W
(6.9)

T 246, .
(M, NVuy - Ve, + I(v", w")ep)dx c; , dt
Q

- Z/ e dx c,p dW"" + |: . ] dt
k= e

e dx — gt ,) dWUT,
2+8,, ;/ (W' ee )
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where

1
|:- i| dt = |:——/ M;Vu! - Veydx (¢} — eqcl,)
e en2+en) Jo '

1+,
- L/ M.,Vul - Ve (¢} — encl,) dx
en(2+en) Jo ’
~ e /Q 1", w"egdx (] — sncg'.,z)] dt.

Combining (6.7), (6.8), (6.9) we arrive eventually at

d/ 0P+ e [ + e Ju" [ dx
2

:[ —2/ M;Vu? - Vu!dx — 2/ M, Vul - Vul dx — 2/ V' IV, w")dx (6.10)
Q Q Q :

n

2
> (/ n,’:(u")e,dx) dr] dt+2f VIt (V") dx dWP.
2 2

k=1

+ 24+ ¢,
Similarly, in view of (5.6) and (5.20), It&’s lemma gives

n 2
d/ |w”|2 dx = |:2/ w"HQ", w")dx + Z </ (T]:'(v”)eldx> i| dt
2 2 2

ki=1 (6.11)

+2/ w'o" (V") dW".
Q
After integration in time, adding (6.10) and (6.11) delivers

1 1 1
5 ” Un(t)”iZ(Q) + Z B “ 8"”;0)”22(9) + B “ w"(t)”iz(m.

j=i,e

t
+Z/O /QMjVM?’--Vul}dde

j=i,e

1 1 1
= 2 “ vn(o)”iz(()) + Z 2 ” 8,,143(0)“120% + 2 “wn(O)HiZ(Q)

j=i,e

t
+/ /(w”H(v",w”)—v”](v”,w"))dxds
0 J2

2 [ () aseg s [ 2
ntwhe dx ) ds+ = / / ol(ve dx | ds
2+e¢, k,12=:1 o \Jo ™ : 2 Z o o * :

k=1
t t
+/ / v"n”(v")dxdW”’”(s)+/ / w"o" (W) dx AW (s),
0 Jo 0 Jo

for any ¢ € [0, T']. By (GFHN) and repeated applications of Cauchy’s inequality,
wH(v, w) = vI(v, w) < =Ci [v* + C2 (Jvf* + [w]?) + C5, (6.13)

+

(6.12)
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for some constants C; > 0 and C,, C3 > 0. Recalling that {¢;},~ is a basis for L2(0),

n ‘ 2 n ‘ 2
Z/o (/;ZUZ(U")ezdx) ds—i—Z/(; (/;)Jf(vn)eldx> ds

k=1 k=1

5/ / 3 dxds+/ / 3 o] da ds (6.14)
0 72 = 0o Jo i

(3.6) ! 2
< C4 //|U"| dxds+1|2|),
0 JR

for some constant C4 > 0. Using (6.13), (6.14), and (2.5) in (6.12), we obtain

1 n 1 n 1 n
S 1O+ 22 5 Va2, + 5 10O 2, -

Jj=i,e
t t
N V”.zdd+c// *dxd
m];/()/(z| uj| xds 10 Q|U| xas
1 n 2 1 n 2 1 n 2
=3 v (O)”L2<Q)+j;e§ [ 8n14j(0)HL2(Q)+§ |w (O)HLZ(Q) (6.15)

+(C3+ Cy)r |12

t t
+(C2+C4)f 1" )] 3200, ds+C2/ | )]0, ds
0 0

t t
+/ / v"n"(v”)dxdW”’"(s)—i—/ / w'e" (W) dx AWV (s).
0 Jo 0 Jo

Since ]EPOT TOE dt] < oo for f = [,u"y"(v")dx and f = [,w"o"(v")dx, the
martingale property of stochastic integrals ensures that the expected value of each of the last
two terms in (6.15) is zero. Hence, taking the expectation in (6.15), keeping in mind (5.3) and
using Gronwall’s inequality, we conclude that (6.3) and (6.4) hold.

The refinement of (6.3) into (6.6) comes from a martingale inequality. Indeed, taking the
sup over [0, T] and subsequently applying E[-] in (6.15), it follows that

E n 2 E n 2
AL = i, W0

(6.16)

+E |: sup Hwn(t)|‘i2(mi| <Cs(1+1,+1,),
t€[0,T]

where Cs is a constant independent of n and

t
T, ;:E|: sup / / V't (") dx AWV (s) :|,
tef0,711Jo Jo
t
Iy ::E|: sup / / w"e" (V") dx AW (s) :|
tef0,711Jo Jo

To arrive at (6.16) we have used (5.3), (6.3).
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We use the Burkholder-Davis—Gundy inequality to handle the last two terms. To be more
precise, using (3.4), the Cauchy—Schwarz inequality, the assumption (3.6) on 7, Cauchy’s
inequality “with §”, and (6.3), we obtain

r 1
T n
I, < GE (/ >
0 k=

2 2
/v”n,'f(v")dx dt)
1 2
T n %
< GE (fo (/Q |v"|? dx) (;/ﬂ Iz dx) d;) (6.17)

SE no)|? C,

for any § > 0. Similarly, using (3.6) and (6.3),

I, <SE| sup | w"(t)”sz(Q)] +Gs. (6.18)
_ze[O,T]

Combining (6.16), (6.17) and (6.18), with § > 0 small, the desired estimate (6.6) follows.
Finally, let us prove (6.5). By the Poincaré inequality, there is a constant Cy > 0, depending
on {2 but not n, w and ¢, such that for each fixed (w,t) € D x [0, T,

| (@. 1,320y < Co [ Vul(@. 1. }20, -

Hence, by (6.4),

T
n 2
E U [ul(w, ¢, ')||Lz<9> dt:| < Cyo. (6.19)
0
Since v" (= u} — u}}) complies with (6.3), it follows that also u satisfies (6.19). [

In view of the n-independent estimates in Lemma 6.1, passing if necessary to a proper
subsequence, we can assume that the following (weak) convergences hold as n — oo:

W —u; in L*(D,F,P;L*(0.T); Hy(2), j=i.e,
gt —> 0 in L*(D,F,P;L*((0.T); L*(2))), j =i.e,
V' = in L}(D,F, P; L0, T); Hy(92))),
) (6.20)
V' =~ in L*(D,F, P; L®((0, T); L*(2)))
v" = v in L*(D,F, P;L*(2y)),

w' > w in L}(D,F, P; L®((0, T); L*(12))).

The next result, a consequence of Lemma 6.1 and a martingale inequality, supplies
high-order moment estimates, useful when converting a.s. convergence into L?
convergence.
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Corollary 6.2. In addition to the assumptions in Lemma 6.1, suppose (5.5) holds with g
defined in (4.1). There exists a constant C > 0, independent of n, such that

B[ s 1O |+ D E] s Va0, |
J=he 6.21)
+]E[ sup | wﬂ(t)”Lz(Q)} -c.

Moreover,
2
Z E [ |V”/ |7 L2((0, T)XQ)] +E [” v ”LZO((O,T)XQ)] =¢
j=i,e

Proof. In view of (6.15), we have the following estimate for any (w,t) € D x [0, T]:

sup ") 2, + Z sup Ve 2
0<t<t j=i O<1:<[

+ sup | w”(r) ” L2(02)

<‘[<

= ||Un(0)||L2(Q) + Z “\/E“?(O)”iz(g) +| w”(O)”iZ(Q)

j=i,e

t t
+C1(1~|—t)+C1/ ||v”(s)||iz(9) ds+C1/ ||w"(s)”iz(m ds
0 0

/t/ V" (W) dx AWV (s)
0o Jn

/ /w"a"(v”)dxdW“""(s),
0o Jo

for some constant C; independent of n.
We raise both sides of this inequality to the power go/2, take the expectation, and apply
several elementary inequalities, eventually arriving at

E[ Sup ” vn(r)”Lz(Q)] Z E [Osup ” Enll; (7:)| LZ(.Q)]

j=i,e

+ C; sup

O<t<t

+ C; sup

0<t<t

+]E|: sup ||w (r)|L2(Q)i|

0<t=<t

< GE [” U”(O)”LZ(Q)] +C Z [’\/Eu O] LZ(Q)] (6.22)

—IE

490
+ GE[ w50 | + C2 (1 4+0%

0 [ O, ds+Ca [ 10O, ds+ T+ I

0
2
)

where

T
I, ::E|: sup / / V' (W) dx AWV (s)
0o Jo

0<t<t
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)
T 7
//w”a"(v”)dxdW"”"(s) .

0 Jo

Arguing as in (6.17), using a martingale inequality and (3.6),

B t n 2 ‘{TO
I, < CsE (/Z ds)
| \70 k=1

r 40
< C3E (A <\/;Z |vn|2 dx) (kXZI:/;Z |nZ(vn)|2 dx) ds) (623)

< 31{5[ sup [v" (‘L’)|L2(Q):| + C4E U [v" (s)|L2(Q) si| + Cs,

7€[0,

O<t<t

I, =E |: sup

v (") dx

for any § > 0. Similarly, relying again on (3.6),
I, <éE |;51[10p] [w" ()| L2 dx:| + ClE [/ [v" |Lz(9) } + C7. (6.24)
With § chosen small, combining (6.23) and (6.24) in (6.22) gives
E|: sup ||v (T)||L2(.(Z):| + Z E[OSUP ” Enl; (T)||L2(Q)]

j=i,e

+u<:[ sup [[w" (z)uwm}

O<t<t

< GE[ | O3 | + 6 3 E[[VEu 012, |

j=i,e

+CE w00 + G+ € [ B[, 45].

for some constant Cg > 0 independent of n. Set
e = E|: sup Hv (‘L’)HLQ(Q):| + Z E [Osup ” Enld; (‘L’)”LZ(Q)]
j=i,e

+E [ sup || w"(r)”Lz(m]

<1:<[

(6.25)

and note that (6.25) reads I'(t) < CgI'(0) + Cg + Cg fot I'(s)ds for t € [0,T]. Now an
application of Gronwall’s inequality yields the desired result (6.21).
Finally, we can use (6.15), (6.23), (6.24), and (6.21) to conclude that

ZIEI|: ]+E|:‘//|v”| dx ds }<c9,

j=i,e

and (6.21) follows. [

|Vu | dxds
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6.2. Temporal translation estimates

To secure strong Lix compactness of the Faedo—Galerkin solutions, via a standard Aubin—
Lions—Simon compactness lemma, we need to come up with n-independent temporal translation
estimates.

Lemma 6.3. Suppose conditions (GFHN), (2.5), (3.6), and (5.3) hold. Let
ui (), ug (1), v" (1), w" ), tel0,T],

satisfy (5.8), (5.9), (5.10), (5.11). With u™ = v" or w", there is a constant C > 0, independent
of n, such that for any sufficiently small 6 > 0,

T—1
E[ sup / f |t + 7, x) — "t x)|” dx dt} < 81, (6.26)
0 2

0<t<$§

Proof. We assume that v, u?, u?, w" and ", 0" have been extended by zero outside the time
interval [0, T']. Recalling (5.6) (i.e., v" = u} — u}), it follows that

Li.(t) == / |v”(t +1,x)— v"(t,x)|2 dx + ¢, Z / |u;f(t +1,x)— u?(;,x)|2 dx
Q 1)

j=i,e

t+1
= / (u;’(t + 1, x) —ul(t, x)) (/ d (v”(S, x) + gu;(s, x))) dx
0] t

t+1
— / (uZ(t + T, x) —ul(t, x)) (/ d (v"(s, X) — (s, x))) dx.
2 t

In view of (5.18), see also (5.17),

t+t
(1) = — Z /Q (/ Mj(x)Vu;f(s, x)ds) -V (u;'»(t +17,x)— u;'»(t, x)) dx
'

j=i,e
1+t
—/ (/ 1 (v"(s, x), w"(s, x)) ds) (v*(r + 1, x) = V"'(t, X)) dx
o \Ji

t+t1
—i—/ (/ n" (" (s, x))dW”'”(s)) (v”(t +1,x)—v'(t, x)) dx.
2 t

Similarly, using the equation for w”, cf. (5.18) and also (5.2),
() = / |w”(t +17,x)— w'(, x)|2 dx
Q
1+t
= / </ H (v"(s, x), w(s, x)) ds) (w”(t + 7, x) — w'(t, x)) dx
o \Jt

t+t
+f (/ o"(V" (s, x))dW“'"(s)) (w"(t + 7, x) — w'(t, x)) dx.
2 t

Integrating over ¢t € (0, T — t) and summing the resulting equations gives

T—t T—t
/ Fie(t)dt—i—/ r'yydt=n+0L+ 15+ 14+ I5, (6.27)
0 0
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where

T—1 t+t
Iy =— Z /0 /;2 </t. M_,r(x)Vu';(s,x) ds)

j=i,e
-V (u;'»(t +1,x)— u;'-(t, x)) dxdt

T—1 t+t
= —/ / (/ 1 (v"(s,x), w”(s,x)) ds>
0 2 t

X (v”(t +7,x) —v'(t, x)) dx dt

T—1 t+t
T :=/ / (/ H (v"(s, x), w"(s, x)) ds)
0 2 t

x (w"(r +1,x) — w'(t,x)) dxdt

T—1 1+t
I :=/ / (/ n”(v"(s,x))de’”(s))
0 2 t

x (v'(t 4+ 7, x) —v"(t,x)) dx dt
T—1 t+t
I :=f f (/ U”(U”(s,x))dW”'"(s))
0 2 t
X (w”(t +1,x)— w'(, x)) dx dt.

We examine these six terms separately. For the I’} term, noting that

2 t+t 2
< Mr/ ’Vu;f(s,x)| ds,
t

t+t
/ M;(x)Vu'i(s, x)ds
t

thanks to (2.5), we obtain

1
T—1 1+t 2
I < vMzt E <f / /|Vu_’;(s,x)’2 dxdsdt)
0 t Q

Jj=i,e

2

T—1
X (/ |V (it + 7, x) — u';(t,x))|2 dx d:) ,
0 (7

using Cauchy—Schwarz’s inequality. Hence, by Young’s inequality and (6.4),

E [ sup |F1|] < V3,

0<t<$é

for some constant C; > 0 independent of n.
Next, take notice of the bound

t+t 3 | t+t 4
/ 1 (v”(s,x), w"(s,x)) ds| < ﬂ/ |I (v”(s, x), w”(s,)c))|3 ds
t t

1+t
sCrt [ (1 Gl + s 0P) d.
t
where we have used the inequality

4
(v, w)|3 < Cy (1+v]* +wl?),

(6.28)

(6.29)

(6.30)
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resulting from (GFHN) and Young’s inequality. Due to (6.29), (6.3) and (6.4),

, T—1 1+t %
|I5] < Catd (/ / / (1 + Ju(s, )| + Iw(s,x)lz) dxds dt)
0 t Q
T—1 4 %
x (/ / [v"(t + 7, x) = v"(1, x)] dxdt) ,
0 7]

and for this reason, in view of Young’s inequality and (6.4),

L0<T<é

Similarly, since |H (v, w)|* < Cs (1 + [v[* + |w|?), cf. (GFHN), we obtain

L0<t<é

Finally, we treat the stochastic terms. By the Cauchy—Schwarz inequality,

E | sup |I3]

E| sup |3

< C4(S£.

< Cﬁ(S%.

|F4|<(/ f sup
2 0<t<§

(L

Applying E[-] along with the Cauchy—Schwarz inequality, we gather the estimate

[l L
(el

E[ sup |F4

0<t<$

/ " (" (s, x) dW""(s)

sup
0<7<$

1
f |v"(t + 7, %) — v"(2, 0 dxdt)

/ 0" (s, x)) dW""(s)

T-t %
/ [|v (t + 1, x) — v, x)| dxdt])
1
T pr4s 1 2
Cy (]E[/ / / Iz (s, x)|° dxdsdt:|)
0 t
T t+6 3
< Gy (E[/ f / (14 [, 0) dxdsdti|)2 < Cod2,
0 Jr 0

5341

6.31)

(6.32)

(6.33)

where we have also used the Burkholder—Davis—Gundy inequality (3.4) and (3.6), (6.6).

Similarly,

E[ sup |[15]

0<t=<$

:| < C103%~

(6.34)

Collecting the previous estimates (6.28), (6.31), (6.32), (6.33), and (6.34) we readily

conclude from (6.27) that the time translation estimate (6.26) holds.
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6.3. Tightness and a.s. representations

To justify passing to the limit in the nonlinear terms in (5.2), we must show that {v"},-,
converges strongly, thereby upgrading the weak L? convergence in (6.20). Strong (z,x)
convergence is a result of the spatial H l') bound (6.4) and the time translation estimate (6.26).

On the other hand, to secure strong (a.s.) convergence in the probability variable w € D we
must invoke some nontrivial results of Skorokhod, linked to tightness of probability measures
and a.s. representations of random variables. Actually, there is a complicating factor at play
here, namely that the sequences {”:‘l}n>1’ {MZ}n>1 only converge weakly in (¢, x) because of
the degenerate structure of the bidomain model. As a result, we must turn to the Skorokhod—
Jakubowski representation theorem [31], which applies to separable Banach spaces equipped
with the weak topology and other so-called quasi-Polish spaces. At variance with the original
Skorokhod representations on Polish spaces, the flexibility of the Jakubowski version comes at
the expense of having to pass to a subsequence (which may be satisfactory in many situations).
We refer to [7-10,40,51] for works making use of Skorokhod—Jakubowski a.s. representations.

Following [3,38] (for example), the aim is to establish tightness of the probability measures
(laws) generated by the Faedo-Galerkin solutions {(U", W", U})} _,, where

n=1°
U" =uji,uy,v", w", W'=W"", W Uj =uj, u,, v, w. (6.35)
Accordingly, we choose the following path space for these measures:
X = [(L2«o, T); Hp(Qr)-weak)® x L(2r) x L*(0, T); (H5<QT>>*>]
x [(C([O, Tl Uo))z] x [(LZ(Q))4] = Xy x Xy x Xy,

where the tag “—weak” signifies that the space is equipped with the weak topology. The
o -algebra of Borel subsets of X" is denoted by B(X’). We introduce the (X, B(X'))-valued mea-
surable mapping &, defined on (D, F, P) by &,(w) = (U”(a)), wn, Ug'(a))). On (X, B(X)),
we define the probability measure (law of &,)

L,(A) =P (d,'(A), AeBX). (6.36)

We denote by L, L, the respective laws of u],u] on L%((0, T); H)(£2r))-weak, with
similar notations for the laws of v* on L2(£2y), w" on L2((0, T); (H}D(.Q))*), wvrwWwm on
C([0, T1; Up), and ”?,o’ ugo, vy, Wy On L*(12). Hence,

En = ﬁuln X ,Cug X ,Cvn X ,Cwn X ‘C”?o X ,Cugo X ,Cv(r)t X ,ng.

Inspired by [3], for any two sequences of positive numbers r,, v, tending to zero as
m — 0o, we introduce the set

'm>Vm

2z = {u e L™ ((0, T); L*(£2)) N L*((0, T); Hp(£2)) :

1
sup— sup |lu(- + 1) — ull 200, 7-r).12002)) < oo}.
m=1 Ym 0<t<ry

Then Z? is a Banach space under the natural norm

TmsVm

”””Z}f,,,.u,n = ”u||L°°((O,T);L2(Q)) + ”u”LZ((O,T);Hll)((Z))

1
+ Sllp — Sup ||M(' + 'L') - u”LZ((O,T_r);LZ(Q)) .
m>1 Ym 0<t<rp
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Moreover, Z |, is compactly embedded in L?(f27), which is a consequence of an Aubin—
Lions—Simon lemma. Suppose X; C X, are two Banach spaces, where X; is compactly
embedded in Xy. Let Z C LP((0, T); Xo), where 1 < p < oco. Simon [49] provides several
results ensuring the compactness of Z in L?((0, T'); Xo) (and in C([0, T']; Xy) if p = 00). For
example, by assuming that Z is bounded in Lloc((O, T); X1) and [lu(- +7) — ullLr0,7—1):x0) =
0 as T — 0, uniformly for u € Z [49, Theorem 3].

The space Z , is relevant for v", while for w" we utilize

m>Vm

Z¥ = {u e L™ ((0,T); L*(12)) :

1
sup — sup flu(-+7)— ulle((OVT_,);(Hl 2y < oo},
m=>1 Ym 0<t<rp, b

with a corresponding natural norm | u|| zp - Besides, Z; ., is compactly embedded in
L*((0, T); (HH(I))").

Lemma 6.4 (Tightness of Laws (6.36) for Faedo—Galerkin approximations). Equipped with the
estimates in Lemmas 6.1 and 6.3, the sequence of laws {L,}-, is tight on (X, B(X)).

Proof. Given any § > 0, we need to produce compact sets
Kos C L*((0, T); Hp($2))-weak,
Kis CLA(2r).  Kas C L2((0, T); (Hp(2))),
Kss € €0, T Uo),  Kas C LA,

such that, with ICs = (IC0,5)2 X Kps x Ka5 X (IC3,,3)2 X (IC4,5)4,
L,(Ks)=P{we D: &,(w) € Ks}) >1—86.

This inequality follows if we can show that

L (Kis) =P ({we D:u"w) ¢ Kos)) < %, u" =ul, u, (6.37)
Ly (KS5) =P (fweD:v"(@) ¢ Kis)) < 18—0, (6.38)

wn (K55) =P ({oeD:w' (@) ¢ Kys)) < 15—0, (6.39)
Lyn (K55) =P ({o € D: W) ¢ Ks,}) < 18—0, W= Wy W (6.40)
Ly (K5s) =P (foeD:Uj) ¢ Kys)) < 15—0, UL = ul' o, 1l o, v wh- (6.41)

By weak compactness of bounded sets in L%((0, T); Hll)(Q)), the set

0,8 .__
K = { leell 20,7y 111 2 = RO“}

is a compact subset of L*((0,T); H D(Q))—weak, where Rps > 0 is to be determined later.
Recalling the Chebyshev inequality for a nonnegative random variable &,

oD, E[¢]
(lweD:k@=R)<—p=.  REk>0, (6.42)
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it follows that

P({oeD:u"(w)¢ ICO"S}) =P ({a) eD: ||u”(w)||L2((0’T):H[.)(m) > RM})

1 C
< mE I:Hun(w)” Lz((OYT);Hb(Q))] < m.

To derive the last inequality we used the Cauchy—Schwarz inequality and then (6.4). Clearly,
we can choose Ry s > 0 such that (6.37) holds.
We fix two sequences {ry}o_, {Vm},—, of positive numbers tending to zero as m — oo

m=1>

(independently of n), such that

X1
> 1 /vm < o0, (6.43)

m=1

and define 1% = {u : ||u||ZrL;n o = RL,;}, for a number R; s > 0 to be determined later.

Evidently, in view of an Aubin—Lions—Simon lemma, % is a compact subset of L>(§27). We
have

P ({o e D:v"(w) ¢ K'})
< P ({Cl) eD: ||Un(w)“L"O((O,T);Lz(Q)) > RI,S})

+P ({“’ €eD:| vn(w)”Lz(((),T);H})(Q)) = RW})

o ({w eD: sup [v"CH+1) =" 2o rrnragy > Ris vm})
0<t<rp ' '
=P+ P2+ P (for any m > 1).

Again by the Chebyshev inequality (6.42), we infer that

1 \ ¢
Py = EE [”U (w)”LOO((O,T):LZ(Q))] = Ris

C
Pis =<

1
EE [” vn(w)”Lz((O,T);HLl)(Q))] = Ris
oo

1
Pis< Z o E |: sup v+ 1) — 0" ”Lz((O,Tr);LZ(Q))]

0<t<r
m=1 —=r=m

ool

o0
C 7
S —_

Ris ~— vy,
m=1

9

where we have used (6.4), (6.6), and (6.26). On the grounds of this and (6.43), we can choose
R; such that (6.38) holds.

Similarly, with sequences {r,}5_,, {Vm}5., as above, define
K> = Hu ullzp, = Rz,a},
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for a number R, > 0 to be determined later. By an Aubin-Lions—Simon lemma, K29 is a
compact subset of L2((0, T); (HLI)(Q))*). We have

P ({a) eD:w'(w)¢ ICM})

<P ({a) eD:| w”(a))||Loo((0qT);L2(Q)) > Rz,a])

i ({w eD: sup [w'C+1) =" 2o 1yt > R v,,.})

0<t=<rm
= P+ P,y (forany m > 1),
where, using (6.42) and (6.6) as before,

1 C
Py < R_SE [||w ()] Lo°((0,7); L%Q))] R_

and, via (6.26) and (6.43),

o0
C
PZ 2 = Z R2 5 U |: sup ”wn( + 7:) —w" ||L2((O,TT);(HZI)(Q))*)j| < a

—1 0<t<rp

Consequently, we can choose R; s such that (6.39) holds.

Recall that the finite dimensional approximations W" = Wv" W*" cf. (5.10), are P-
a.s. convergent in C([0,T]; Uy) as n — oo, and hence the laws Ly» converge weakly.
This entails the tightness of {Lwn},>, ie., for any § > 0, there exists a compact set K3 s
in C([0, T]; Ug) such that (6.40) holds. Similarly, as the finite dimensional approximations
ujg, Uy o, Vo, W, cf. (5.11), are P-a.s. convergent in L?(£2), the laws ,CUS converge weakly
(E,,g = fyp Ew(r)t — ly,)- Hence, (6.41) follows. [

Lemma 6.5. [Skorokhod—Jakubowski a.s. Representations]| By passing to a subsequence (that
we do not relabel), there exist a new probability space (D, F, P) and new random variables

(0m W, 0g), (0. W, To), where

n ~n ~pn ~noo~wn Trn v.n Ypw,n ‘rn __ ~n ~n ~n  ~n
U' =uj,u,,v",w", W'=W>»" W% Uo—”i,()v”e,OvUo»wo’

(6.44)
U= ﬁh ﬁes ﬁv II), W= Wv7 Wwa UO = ﬁi,07 ﬁe,()v 507 II)Os

with respective (joint) laws L, and L, such that the following strong convergences hold
P-almost surely as n — 00:

0" =0 in LX((0,T); L*(2), " — w in L*((0, T); (Hp(2))"),
Wh — W, W' — W™ in C([0, T1; Up), (6.45)
12;1,0 i 17!,‘,0, ﬁZ,O i ﬁe,o, 173 e 170, II)S e IZJO in LZ(Q).

Moreover, the following weak convergences hold P-almost surely as n — 0o:

@ =i, @t — i, in L*((0, T); H)(2)). (6.46)
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Proof. Thanks to the Skorgkh9d—~J akubowski representation theorem (Theorem 3.2), there exist
a new probability space (D, F, P) and new X-valued random variables

~n ~n ~n ~n YI/V,n Yw,n ~n ~n ~n ~n
P, = (ui,ue,v ,wh, WO W ,ui,o,ue,o,vo,wo),

~ o (6.47)
B = (@, es 5,10, W, W 0, i, o, )

on (D, F, P), such that the law of &, is L, and as n — 00,
&, > ¢ P-almost surely (in X). (6.48)

To be more accurate, the Skorokhod-Jakubowski theorem implies (6.47), (6.48) along a
subsequence, but (as usual) we do not relabel the involved variables. Inasmuch as (6.48) is
a repackaging of (6.45), (6.46), this concludes the proof. [

Remark 6.6. As mentioned before, since our path space X is not a Polish space, we
use Skorokhod—Jakubowski a.s. representations [31] instead of the classical Skorokhod theo-
rem [16]. For a proof that L2((0, T); H },(QT))—weak (and thus &) is covered by the Skorokhod-
Jakubowski theorem, see for example [8, page 1645].

Lemma 6.7 (A Priori Estimates). The a priori estimates in Lemma 6.1 continue to hold for
the new random variables i, i}, v", W" on (D, F, P), that is,

] ”Lz(f),f-',ﬁ;Lz((O,T);Hll)(Q))) =C j=ie

A

”ﬁn”LZ(ﬁﬁﬁ-LZ ‘H!
F L. H(92)

| Vit ”Lz([), P PLL((0.T):LA(92))) =C J=ie
Cv
c (6.49)

IA

” v ” L2 (ﬁ,]?,ﬁ;Lw((o,T);ﬂ(Q)))

H v ” L4(D,f',ﬁ;L4(Qr)) =C,

SC7

H w" ” L2 (b,ﬁ,ﬁ;Lw((o,T);Lz(m))

for some n-independent constant C > 0. The same applies to the estimates in Corollary 6.2,
provided (5.5) holds. Namely,
||( eally, /Enlll, V",

'J)”) ” L90 (D,]:-,[);LOC((O,T);LZ(.Q))) <C, (650)

” (Vﬁ?* Vﬁg) ”qu (b,f-',ﬁ;Lz((O,T)xQ)) ’ ) =C (6.51)

~n
v ||L240(é,ﬁ,13;L4((o,T)xQ)
Proof. Since the laws of v" and " coincide and |-|* = ”'”iOO((o Ty L22) is bounded

continuous on B := L*®((0, T); L%(£2)) (so |-|* is measurable and B is a Borel set in X),
[ vI* dLin(v) = [, [v]* dLyn(v) and thus

=T~ 2 2 (6.6)
E [” ”n(t)||L°°((o,T);L2(Q))] =E [” Un(t)”LOO((O,T);LZ(Q))] =G
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where ]E[-] is the expectation operator with respect to (15, D); hence the fourth estimate in
(6.49) holds. As a matter of fact, by equality of the laws, all the estimates in Lemma 6.1 and
Corollary 6.2 hold for the corresponding “tilde” functions defined on (D, F, P). [

Let us introduce the following stochastic basis linked to 55,1, cf. (6.47):

So= (B.F 7 Ly P
te[0,T]

Fr=o(o(dl,,)UINeF: Pan=0}), re0T]

(6.52)

thus []:",”} 1 is the smallest filtration making all the relevant processes (6.47) adapted. By

equality of the laws and [16], Wy and W@ are cylindrical Brownian motions, i.e., there exist
sequences W,f " and W,ﬁ” " of mutually independent real-valued Brownian motions

k>1 k>1

adapted to {]3”} such that W"" = D ist Wy and W = D kst W™y, where

t
{¥i}r=1 1s the ba51s of U and each series converges in Uy D U (cf. Section 3). Below we need
the n-truncated sums

W — Z W2, W — Z Wy, (6.53)

k=1 k=1

which converge respectively to W“, WY in C([0, TT; Up), I5—a.s., cf. (6.45).

We must show that the Faedo—Galerkin equations hold on the new probability space
(13, F , }3). To do that, we use an argument of Bensoussan [3], developed originally for the
stochastic Navier—Stokes equations. For other possible methods leading to the construction of
martingale solutions, see for example [16, Chap. 8] and [40].

Lemma 6.8 (Faedo—Galerkm Equations). Relative to the stochastic basis S,, in (6.52), the
functions U", W™, U " defined in (6.44) satisfy the following equations P-a.s.:

t
V(1) + eqit (1) = U +ena;ﬁo+/ 1L, [V - (M;Va}) — 1@", w")] ds
0
t
+ [ aw ) i @y,
0
t
0"(t) — euitl (t) = 0} —8,112’:,0—1—/‘ I, [-V - (M. Vi) — 1@", w")] ds (6.54)
0
t
+ [ aw ) i @y,
0
t t -
W'(t) = Wy + / H(IL,3", I %" ds + / o"(@")dW™ "M (s) in (HpH(2))*,
0 0

for each t € [0, T], where ¢, is specified in (5.9) and wom W gre defined in (6.53).
Moreover,

" ="' — ", dP xdt xdx ae inDx(0,T)x 12, (6.55)
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and (by construction) U", W" are continuous, adapted (and thus predictable) processes.
Finally, the laws of v and Wy coincide with the laws of II,vy and II,wo, respectively, where
Vo ™ Moy, Wo ™~ Uy, (See Definition 4.1).

Proof. We establish the first equation in (6.54), with the remaining ones following along

the same lines. In accordance with Lemma 5.2 and (6.35), recall that (U", W", U() is the

continuous adapted solution to the Faecdo—Galerkin equations (5.17) relative to S, cf. (5.1).
Let us introduce the (H 11)((2))* valued stochastic processes

Lo(w, 1) = (v"(1) = vg) + & (u} (1) — u}y)

f W[V @ﬂvﬂ)—ﬂwﬂwﬂds—[:W@UdWMGL
Tu(w, 1) = (3"(t) — Tf) + & (1) — ii}y) »

/ 1L, [V - (M;Vi?) — 13", ")) ds—/oln”(ﬁ”)dW“’(”)(s),

.1yl 04 (@) =

and the real-valued random variables, cf. (4.2), I(®) = |Z,|
an ’ . Note that [, =0 P-a.s. and so E[/,] = 0.
L2, T); (H (2)%)

If we could write 1, = L,(®,) for a (deterministic) bounded continuous functional L,(-) on
X, cf. (6.47), then by equality of the laws, also E[7,] = 0 and the result would follow. However,
this is not immediately achievable since the stochastic integral is not a deterministic function
of W"". Hence, certain modifications are needed to produce a workable proof [3]. First of all,
we do not consider [,, but rather the bounded map 1, /(1 + I,,). Noting that E[],,] = O implies

[ Il‘l
E }:0, (6:56)
([ 1+1,
the goal is to show that
T I,
E — | =0, (6.57)
|1+ 1,

from which the first equation in (6.54) follows.
Recall that, cf. (5.10), f; n"(W")dW'"(s) = > _, fo nf(v")dW(s). Let 0,() be a standard
mollifier and define (for k =1, ...,n)
= (n; (v") v v > 0.
By properties of mollifiers,
" | L2(D.F. PiL2(0.T): L2(2)) = ” nz(vn)“L2(D,.F,P;Lz((O,T):LZ(Q)))
and
= mpin L7 (D, F, P; L*(0, T); L3(Q))) as v — 0. (6.58)

We define 77;"" similarly (with v" replaced by 0").
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An “integration by parts” reveals that

! d
/OnZ’”dW;l’(S) (") (D)W@) — /Wk(S)a(nZ’”) ds,

i.e., thanks to the regularization of n;/(v") in the ¢ variable, fo " dW}(s) can be viewed as a
(deterministic) functlonal of Wy.
Denote by I, I, the random variables corresponding to In, with ; (v"), n; (V") replaced

by 0", 7", respectively, and note li”U,u = Lno(Pn), 1” = L, ,(®,), for some bounded
continuous functional L, ,(-) on X. By equality of the laws,
[ & : I
E| —— =/ L, ,(9)dL,(D) =/ L, ,(9)dL,(D) =E[ i| (6.59)
|1+ 1 X X L+ 10y
One can check that
! I’
Ellror — 17| | SElL -4
L[ 1+1, 1+

1 (6.60)

C(E[/ Z”r]k(v") A t:|) E0 asv—0,
0

and similarly
1

2
fa[ }SC<EUO lenk(vn) gy d D W0 66D

Combining (6.59), (6.60), (6.61), (6.56) we arrive at (6.57).
Finally, let us prove (6.55). By construction, v" = u} — u} and so

I, I
14+1, 141

n n n —_
Hv — (uj — ”e)HLZ(D,}‘,P-L2((0 THLAD2) — 0.
llo—(u; —ue)lI?
For & € X, define L($) = T—— )ﬁz((o D22 Since L(-) is a bounded continuous

L2(0.T):L2(£2))
functional on X and the laws £,, £, are equal,

E [L(&)n)] =E[L()] = v" — (] — “Z)”ZLZ(D,f,P;Lz«o,T);Lz(m)) =0,
ie., L($,) =0 P-a.s. and thus, via (6.49),
H 0" — () — ﬁz)HL2(D,J":',};;Lz((O,T);LZ(Q))) =0.

This concludes the proof of the lemma. [J

6.4. Passing to the limit

We begin by turning the probability space (D, F, P), cf. (6.47) and (6.48), into a stochastic
basis,

S=— (b, z, {]—',} BLW, W) , (6.62)
t€[0,T]
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by supplying the natural filtration {J:"t] 017 i.e., the smallest filtration with respect to which
tel0,T
all the relevant processes are adapted, viz.
Fi=0(o(d],,)UNeF:Pay=0}), refo.7]. (6.63)

Lemma 6.8 shows that U " W”, Ug satisfy the Faedo—Galerkin equations (5.17); hence, they
are worthy of being referred to as “approximations”. The next two lemmas summarize the
relevant convergence properties satisfied by these approximations.

Lemma 6.9 (Weak Convergence). There exist functions u;, ., U, W, with
i fie, € L (D, F, B LA(O, T HYQD) 0= i — it
5, e L2 (D, F, P L=(0,T): LA@))  § € L* (D, F, P: L*(2p)
such that as n — oo, passing to a subsequence if necessary,
@ iy, 7" = i, in L? (13, F. B; L0, T); H},(m)),
ail] = 0, eniit — 0 in L (D, F, P L0, T): LX),
0"~ in 17 (B, F. By L. T Hy(2)),
(6.64)

"5 i L2 (D, F, B 1O, T 129)),
i~ inL*(D. . P LAp)),

*

WS @ in L (b, F. B L™((0, T): Lz((Z))).

Proof. The claims in (6.64) follow from the estimates in (6.20) and the sequential Banach—
Alaoglu theorem. The relation v; = u; — é,, dP X dt x dx ae.in D x (0,T) x {2, is a

consequence of (6.55) and the weak convergences in L2 , . of 9", a, i?. The limit functions

u;, ., v, w are easily identified with the a.s. representations in Lemma 6.5. [

As a result of (6.50), we can upgrade a.s. to L? convergence.

Lemma 6.10 (Strong Convergence). As n — 00, passing to a subsequence if necessary, the
following strong convergences hold:

>0 in 12 (D, F, Py L0, Ty L)),

W' — W in L? (ﬁ, F, P; L*((0, T): (Hé(!)))*)),

) o ] o (6.65)
W W W W in 12 (D, F Py C(0, T Uy)).

iy = dio, il — fieo, U — Vo, Wy — W in L (5, F.P; L2(-Q)>-

Proof. The proof merges the a.s. convergences in (6.45), the high-order moment estimates in
(6.50), and Vitali’s convergence theorem. To justify the first claim in (6.65), for example, we
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consider the estimate E [Ilﬁ”(t)ll < C with gp > 2, see (6.50). From this we

L°((0,T); L2(JZ))]
infer the equi-integrability (w.r.t. P) of {||v”(t)||i2((0 L2 Q))} . Accordingly, the first claim
o n>1

in (6.65) follows from the P-as. convergence in (6.45) and Vitali’s convergence theorem, with
the remaining claims following along similar lines. Regarding the third claim, note also that
for W" = W¥" or W¥-",

& [ [;

which follows from equality of the laws and a martingale inequality. [

<Cr, Vq € [1, 00), (6.66)

! orsoo) = E[17 o]

For each n > 1, W and W""" are (independent) cylindrical Wiener processes with respect
to the stochastic basis S, see (6.52). Since WV — W?, W** — W™ in the sense of (6.45) or
(6.65), it is more or less obvious that also the limit processes W“, WY are cylindrical Wiener
processes. Indeed, we have

Lemma 6.11. The a.s. representations W = W', WY from Lemma 6.5 are (independent)

cylindrical Wiener processes with respect to sequences [W,f }k>1’ W,;"} of mutually inde-

k>1
pendent real-valued Wiener processes adapted to the natural filtration {_;Z- } ; cf. (6.62)
and (6.63), such that W* =Y, W, W =Y, W

Proof. The proof is standard, see e.g. [40, Lemma 9.9] or [18, Proposition 4.8]. To
be more precise, by the martingale characterization theorem [16, Theorem 4.6], we must
show that W', W™ are {F;}-martingales. With & defined in (6.47), it is sufficient to show
that

i [LS((ZS) (W(z) - W(s))] —0, W=Ww, W

for all bounded continuous functionals L;(9) on X depending only on the values of & restricted
o [0, s]. Since the laws of &, and @, coincide, cf. (6.47),

B[ L8 (W) = W) ]| = E[L(2) (W) = W(s))] =0, (6.67)

where the last equality is a result of the {F}'}-martingale property of W" = W¥", W*". By
(6.45), (6.66), and Vitali’s convergence theorem, we can pass to the limit in (6.67) as n — oo.
This concludes the proof of the lemma. [J

Given the above convergences, the final step is to pass to the limit in the Faedo—Galerkin
equations. The next lemma shows that the Skorokhod—Jakubowski representations satisfy the
weak form (4.3) of the stochastic bidomain system.

Lemma 6.12 (Limit ~Equations). Let U , W, Vg, Wy be the a.s. representations constructed
in Lemma 6.5, and S the accompanying stochastic basis defined in (6.62), (6.63), so that
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b, W, WY, W become {F,}-adapted processes. Then the following equations hold P-a.s., for
ae. t €[0,T]:

/ 5(1)gi dx + / / (MinZi~Vg0,~+I(ﬁ, 11})(0,) dx ds
2 0 (7
= [(wwax+ [ [ wwaxaive,
2 0 J
/ 5(1)g, dx + / / (—Mevae.weJrl(a,a))(pe) dx ds
2 0 JN
= f Toge dx + / f N(D)pe dx dW"(s),
2 0 2
/w(l)godx—/ wogodx—i—/ / H(v, w)pdxds
2
/fa(v)wdxdWw(s)

Sor all ¢;, . € Hé(!?) and ¢ € L*(2). The laws of 7(0) = ¥y and W(0) = Wy are My, and
My, Tespectively.

(6.68)

Proof. We establish the first equation in (6.68). The remaining equations are treated in the
same way. Let Z C D x [0, T] be a measurable set, and denote by

(0, 1) € L (D % [0, T]: dP x dt) (6.69)

the characteristic function of Z. Our aim is to show

T
E |:/ 17(w, 1) (/ v(t)g; dx) a’ti|
0 Q
T t
+E|:/ 12(0),[)(/ / M,'Vﬁ,"V(ﬂ,’d.XdS) dl‘i|
0 )
T t
+E |:/ 17(w, 1) </ / I(D, W)g; dx ds) dti| (6.70)
0 )
T
=E |:/ 17(w, 1) </ Vo@; dx) dt]
0 10,
T t ~
+E [/ 17(w, 1) (/ / n(v)g; dx dW”(s)) dt:| .
0 0o Jo

Then, since Z is an arbitrary measurable set and the simple functions are dense in L2, we

conclude that the first equation in (6.68) holds for d P x dt almost every (w,t) € D x [0, T]
and any ¢; € HLI)(Q).
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Fix ¢; € Hll)(.Q), and note that (6.54) implies

/ P (Opr dx + / 0l (1) dx
t
f/MV Vﬂnwidxds—l-/ / I@", W")Il,@; dx ds (6.71)

:/ v0<p,dx+/ el ,0<p,dx+/ / 0" (@")g; dx dWP(s),

using (5.15). We multiply (6.71) by 1z(w, t), cf. (6.69), integrate over (w, t), and then attempt
to pass to the limit » — oo in each term separately.

We will make repeated use of the following simple fact: If X, — X in L? (D x (0, T)), for
p €[1,00), then [j X, ds — [; Xds in LP(D x (0, T)) as well.

First, since

(0, Ngi(x) € L? ([), F. P L2(0, T): LZ(Q))> , (6.72)

the weak convergence in Limx of v", cf. (6.64), implies

T T
EU lz(w,t)(/ ") dx) dz} — E[/ 1Z(a),t)</ () dx) dt:|,
0 2 0 2

as n — oo. Similarly,

T
E [/ 1;(w, 1) (/ EqUl @; dx) dt:| — 0, asn— oo.
0 Q

The initial data terms on the right-hand side of (6.71) can be treated in the same way, using
(6.65). Recall also that the laws of v, wy coincide with the laws of II, vy, II,wq, respectively,
and that vg ~ Ly, Wo ~ Mu,. Since ILvg — vo, I,wg — wp in Lw,x as n — oo, cf. (5.12)
or (5.16), we conclude that ¥(0) = Uy ~ Ly, W(0) = Wy ~ [y,

Next note that VII,¢; — Ve, in L?>(f2) as n — oo, cf. (5.16). By weak convergence in

L.y of Vu cf. (6.64), and (6.72), it follows that

T t
E [/ 17(w, 1) (/ M,VIZ:’ . Vﬂn(p, dx dS) dl]
0 0 J
B T t
—>IE|:/ lz(a),t)</ /M,-Vﬁ,-~Vgo,-dxds> dti|—>0 as n — oo.
0 0 Jn

To demonstrate convergence of the stochastic integral

/ / 0 )gr dx dWH(s) = / ( f 0 <v”>dW”<">(s>> o dx,
0 9] 2 0

we will use [17, Lemma 2.1] to infer that
t t
/ W) WO (5) - f D@ dW'(s) in L0, T); LX), 673)
0 0

in probability, as n — oo. Since WeM s W in C([0, T]; Uy), P-as. (and thus in probability),
cf. (6.45), it remains to prove that

n"(@") — n(@) in L2 ((0, T); Lo(U; L*(£2))), P-almost surely. (6.74)
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Before we continue, recall that fot (5" dW>™ equals 3 _, fot ni (") dW", where n} (3") =
@MY € L2(0), {¥k}r=1 is an orthonormal basis of U, n}(v") equals Yo ki (3M)e; with
M (V") = (qk(V"), e1) 12y and {e;}2, is an orthonormal basis of L*(£2). We have a similar
decomposition of 7(v). Note that

t
/0 In@) - ’7"(5")||2LZ<U;L2<9>) ds

. 12 T 2 (6.75)
< [ 1@ =00 iy 4+ [ 1960 =7 DN
= Ji+ |
Exploiting (3.7) and (6.45), we conclude easily that
Ji — 0, P-almost surely, (6.76)

as n — 00. We handle the J,-term as follows:

B [ I = @ g, ds

k=1
t n 2

=/ Z Z’?k,l(f))el—an,l(ﬁ)el ds
O k=1 =1 =1 L2(0)

= [ 3 1m@ 1 uoD g s

0 k>1

Observe that the integrand can be dominated by an L'(0, T) function, P-as.:

D @) = I e @BON 172,
k>1

(5.14) _ ) . ) 3.7) s
= 4 MG 2y = 4 IGO0y = € (1+150120))
k>1

where we recall that o € L2 (L (L%)) and thus o € L? (L?) P-as. (cf. Lemma 6.9). Clearly,
by (5.16), II, (n;(D)) converges as n — oo to nx(?) in L*(£2), for a.e. t, P-almost surely.
Therefore, after an application of Lebesgue’s dominated convergence theorem,

Jo g 0, P-almost surely. (6.77)

Combining (6.76), (6.75), (6.77) we arrive at (6.74) (= (6.73) via [17, Lemma 2.1]).
Passing to a subsequence (not relabeled), we can replace “in probability” by *“P-almost
surely” in (6.73). Next, fixing any g > 2, we verify that

t q
fE H/ nn(ﬁn)de,(n)
0 L2((0.T); L2(£2))

T n
=< CT E (/(; Z || nk(ﬁl’l)“iz(g) dt) = CﬂvT!
k=1

[N



M. Bendahmane and K.H. Karlsen / Stochastic Processes and their Applications 129 (2019) 5312-5363 5355

using the Burkholder-Davis—Gundy inequality (3.4) and (3.6), (6.49). Accordingly, in light of
Vitali’s theorem, (6.73) implies

/n"(a”)dvi/“’"(s)”ii"/ n(@)dW'(s) in L? (D,ﬁ,ﬁ;ﬁ(((}, T): LZ(Q))>,
0 0
and hence

T t
E [/ 1,(w, 1) (/ / n"(@")g; dx dW”’”(s)) dt]
0 o Jo
T !
=K [/ f (/ n"(f)")dW”’"(S)> (1z(w, I, pi(x)) dx dt}
o Je \Jo
T !
N ) |:/ 17(w, 1) (/ / n(v)e; dx dW”(s)) dt] as n — oo.
0 0o Jo

With reference to the nonlinear term in (6.71), according to condition (GFHN), we have
I(v,w) = L;(v) + L)w with [I;(v)| < ¢z (14 [v) and L(v) = ¢;3 + ¢;4v. By the first
part of (6.65), passing to a subsequence if necessary, we may assume that as n — oo,

" > ¥ for dP x dt x dx almost every (w,t, x) € D x[0,T] x £2.

As a result of this, the boundedness of v” in Li’t,x, cf. (6.49), and Vitali’s convergence theorem,
we conclude that as n — oo,

" > ¥ in LY(dP x dt x dx), forany q € [1,4),
(6.78)

L") — I(D) in LY(dP x dt x dx), for any q € [1,4/3).

Fix two numbers ¢, ¢’ such that % <qg<22<gq <3, é + L =1, for example g = 3/2

q9 =
and ¢’ = 3. Then, by Holder’s inequality,

T
E [ / / | L") i — L@ | dx dt}
0 2

T
IE[/ [ |12(1~)n)|2|ﬂn§0i_(,0[|2 dxdt]
0o Jo

T
+fE[ f / LG — LE)| i dxdt]
0 2
ntoo

<[ R@j Mg =0l + 26D = L®|2 e, =0,
R w,t,x R

IA

w,t,x

since I,(v") is bounded and converges strongly in Li‘f,,x (with 2g < 4), consult (6.78).
Consequently, L(v")I,¢; — L(V)g; in L*(dP x dt x dx). Besides, (6.64) implies @w" — W
in L>(dP x dt x dx). Hence,

LY@ Mg X L) g in LNAP x di x dx). (6.79)

Regqrding the I; term, fix two numbers ¢, ¢’ such that g <gq< 4 3< q <6, é+% =1.
Then, similar to the treatment of the /; term,

T
E [/ / |11(5n)17n</)i - 11(17)<pi| dx dt]
0o Jao

< 0@, M=l + 1) = 0@, eily "0,
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where we have used that I>(¢") is bounded and converges strongly in L, . (¢ < 4/3), see
(6.78), and the Sobolev embedding theorem to control the L9 norm of i, IL,p; — ¢; in terms
of the H}, norm (¢’ < 6). In other words,

L I,g; — Li(D)g; in L (dl6 x dt x dx) as n — 00.

Combining this and (6.79), recalling I(v", w") = I;(v") + L,(v")w", we arrive finally at

T t
E |:/ 17(w, 1) (/ / I(ﬁn, ﬁ)")]]n(pi ds) dl‘i|
0 0 Jo
B T t
—>]E|:/ lz(w,t)</ / I1(v, ﬁ))(pids> dt:| as n — oo.
0 0 Jo

This concludes the proof of (6.70) and thus the lemma. [

6.5. Concluding the proof of Theorem 4.4

As stated in Lemma 6.12, the Skorokhod-Jakubowski representations U, W, i, 0o
satisfy the weak form (6.68) for a.e. + € [0, T]. Regarding the stochastic integrals in
(6.68), the (H})(Q))* valued processes v(t), w(f) are (by construction) F,-measurable
for each r. To upgrade (6.68) to hold for “every ¢”, we will now prove that (cf. also
Remark 4.3)

i(w), W(w) € C([0, T1; (HH(2))*), for P-ae. w € D. (6.80)

This weak continuity property also ensures that ¥, W are predictable in (H},(£2))*. Hence,
conditions (5) and (7) in Definition 4.1 hold. Conditions (1) and (2) are covered by Lemma 6.11,
while Lemma 6.9 validates conditions (3) and (4). Lemma 6.12 implies (6).

To conclude the proof of Theorem 4.4, it remains to verify (6.80), which we do for v (the
case of w is easier). Fix ¢ € H ll)(!Z) C L%(2), and consider the stochastic process

W,:Dx[0,T] >R, ¥, (w,1) :=/ i(w, g dx,
Q
relative to S, cf. (6.62) and (6.63). To arrive at (6.80) it will be sufficient to prove that
¥, € C(0,T]) P-as., for any ¢ in a countable dense subset {¢.}72; C Hll)(Q). In what
follows, let ¢ denote an arbitrary function from {¢;};2,.

We are going to use the L estimates in Corollary 6.2, with go > 3. Fix t € [0, T], & > 0
(the case ¥ < O is treated similarly), and g € (3, %qo]. Then, using e.g. the first equation in

(6.68),
q _ q
[+ |

E[| 2, + ) = 2,0)|']
t+0 5
/ / n()p dx W (s)
t 2

t+0
/ / 1(v, w)pdxds
t 2

q
:|=:F1+F2+F3.

Ty g
<E f / M,Vﬁ,Vgodxds
t 2
+I~E|:
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The I} term is estimated using the Cauchy—Schwarz inequality, the fact that Vi; € LZ,"(L,Z, s
cf. (6.51), and g < qo:

5 149 $ /et b
<k (f f |Vii;|? dx ds> (/ V| dxds)
t 2

=< Cl |l?|2 ”V(p”LZ(Q)

Thanks to Holder’s inequality,

~ 49 4 3Tq t+19 %
E (/ / [1(D, W)|3 dxds) (/ lp]? dxds>
t 2 t 2

<

5 . - 1+ % q
<Gt E (/ [ (it +1ar) dxds) ol g,
< i gl

L3(R)°

using (6.30), ¥ € Lz,qo(Lix), cf. (6.51), W € LE(L>(L?)), cf. (6.21), and that the relevant

exponents satisfy 3¢ < 2qo, 3¢/2 < qo.
Finally, we have

q

t+1 5
sup / n(@)dw?

I3 < E
€[0,9] J1

q
L2(1)

h o
< GE ( / @7, 0,120 @ ) o120,
t

3.7) A q
= G (LB 151 w0 r2a ] ) 1912y = C191F 0L

since ¥ € LI (L®(L?)) and q < qo.
Summarizing, with ¢, + 9 € [0, T] and || < 1, there exists a constant C > O such that

Bl w0 +0)— w0 < Clot el , =Cp oI+,

HE(D)

q
where C, :=C ||go||H 12y

the existence of a y-Holder continuous modlﬁcatlon of @,.

Noting that y := 3z — - > 0, Kolmogorov’s continuity result ensures

7. Uniqueness of weak (pathwise) solutions

In this section we prove an L’ stability estimate and consequently a pathwise uniqueness
result. This result is used in the next section to conclude the existence of a unique weak solution
to the stochastic bidomain model.

Let (S LU Ug, U, w) be a weak solution according to Definition 4.1. We need a special case
of the infinite dimensional version of It6’s formula [16,33,41]:

d O3 g, = 2@V, Vgt oy +2 ) I@72 g dt
k>1
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To compute the first term on the right-hand side, multiply the first equation in (2.4) by u;, the
second equation by —u,, and sum the resulting equations. The outcome is

vdv— Y V- (M;Vu;)u;dt + v, w)dt = vnw)dW".

j=i,e
Hence,
@V, V) oy b = — Y MV, V) g dt = 0, 10, w)) 2, di
j=i,e
+ )W) 2 AW

k>1

Therefore, weak solutions of the stochastic bidomain model satisfy the following It6 formula
for the squared L? norm:

t
WOz 0y = 10Oy =2 3 [ [ M50, 9u;avas

j=i,e
‘ : (7.1)
—2/ / vl(v,w)dxds—i—ZZ/ / Ok dxds—i—ZZ/ v () dx dW).
0 J k>1 0 JR k>1 2

Additionally, from the (simpler) w-equation in (2.4) we obtain
t
1), = WO, +2 /0 /Q wH(v, w)dx ds

t
+ZZ/0 /Q|C7k(v)|2 dxds—i—ZZ/QwUk(v)dxdW];v.

k>1 k>1

(7.2)

Remark 7.1.  Definition 4.1 asks that the paths of v(z) are weakly time continuous but
not that they belong to C([0, T]; L?(2)). Define X,Y by X(t) = v(t) — fot n(w)dW?" and
Y() = w() — fot o(w)dW", and note that P-as., X,Y € L*((0, T); H})(.Q)) and 0, X, 0,Y €
L*((0, T); (H&(Q))*). Consequently, X,Y belong to C([0, T]; L?(£2)) [53]. According to
standard arguments [16], ¢ +— fot BW)dW e C([0, T1; L*(£2)), P-almost surely, for (8, W) =
(n, WY), (o, W¥). We conclude that P-a.s. v, w € C([0, T1; L*(12)).

We are now in a position to prove the stability result.

Theorem 7.2. Suppose conditions (GFHN), (2.5), and (3.6) hold. Let U= (S, Ui, Ue, U, 11))
and U = (S, U, e, D, zb) be two weak solutions (according to Definition 4.1), relative to the
same stochastic basis S, cf. (3.1), with initial data v(0) = vy, 0(0) = vy, w(0) = wy, and
w(0) = W(0), where g, Dy, Wo, Wy € L? (D, F, P; Lz(ﬂ)). There exists a positive constant
C > 1 such that

- A 2 T i 2
¢ |:tes[l(},pT] ”U(t) - U(t)||L2(Q)i| ! j;eE |:”uj i ||L2(QT)]
_ A 7.3
+E |: sup | w(r) — w(t)”i2(m:| h
t€l0,T]

=C (E [” U0 — U Hi%m] +E [H o — o ”2LZ<9>]) ’

With vy = 0y, wo = Wy, it follows that weak (pathwise) solutions are unique, cf. (4.4).
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Proof of Theorem 7.2. Set v := v — 0, u; = u; — i, U, ‘= il, — il, and w := w — w. Note
that v = u; — u,. We have P-a.s.,
- A - A - A 2 . 1
Ui, i, i, Ue, U, Ue, v, 0, 0 € L7((0, T); Hp(£2)),
v, U, 0, w, W, W € L0, T); L*(£2)) N C([0, T1; (H.(£2))").

Actually, we can replace C([0, T1; (H},(£2))*) by C([O T1; L*(£2)), see Remark 7.1.
Subtractmg the (H D((Z))* valued equations for U, U cf. (2.4), we obtain

dv—V - (M;Vu;)dt + (I(v, w) — 13, D)) dt = (n(2) — n(D)) dW?,
dv+ V- (M Vu,)dt + (I(, w) — I(, ®)) dt = (n(®) — n(d)) dW", (7.4)
dw = (H(@, w) — H®, ®)) di + (6(0) — o(D)) dW".

We apply the It6 formula to the w-equation, cf. (7.2), and multiply by 1/u, cf. (2.6). We then

apply the Itd formula to the v-equations, cf. (7.1). Adding the results and using (2.5), we obtain
in the end the following inequality:

S VO g, + ||w<t>||L2(Q)+mZ / / (Vu, [ dx ds

j=i,e
1
=3 10O172 g, + IIw(O)Ile(m
l/ /Q(u} (H@,w) — H®, W) — pv (10, w) — 1D, ﬁ;))) dxds (71.5)
+Z/ / I (®) = @) dxds + ~ Z/ / l0x(®) — o (@) dx ds
k>1 k>1

+ Z/ (@) — mk(D)) dx dW + — Z/ (0k(0) — ok (D)) dx dW}".

k=1 iz
We use assumption (2.6) to bound the third term on the right-hand side by a constant times
fo (HU(S)”LZ(Q) + ||w(s)||L2(Q)) ds. We use (3.6) to bound the fourth term by a constant

times fo llv(s)|I? 122 ds. The stochastic integrals in (7.5) are square-integrable, zero-mean
martingales. Moreover, by the Poincaré inequality, we have

t t
/ / luo)? dxds < 6/ / |Vu,|* dx ds,
0 7 0 2

for some constant C > 0. Since u; = v+ u,, we control u; as well. As a result of all this,
there is a constant C > 0 such that

E 1002y + 20 B[] 7200, + E[ 100220

j=i,e

<CE [||v<0>||L2(9)] +CE [IIw(O)lle«n]

+ C/O’ ( [Ilv(s)IILz(Q)] [Ilw(s)IILz(Q)]) ds, t [0, T).

The Gronwall inequality delivers (7.3) “without sup”. The refinement (7.3) (“with sup”) comes
from a martingale inequality (3.4), see (6.16) for a similar situation. [
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8. Existence of weak (pathwise) solutions

In this section we prove the existence of a unique weak (pathwise) solution in the sense
of Definition 4.5, thereby proving Theorem 4.6. The proof follows the traditional Yamada—
Watanabe approach [17,24,41], combining the existence of at least one weak martingale
solution (Theorem 4.4) with a pathwise uniqueness result (Theorem 7.2), relying on the
Gyongy—Krylov characterization of convergence in probability (Lemma 3.3).

Fix a stochastic basis & = (D,]-", {(Flieory> Ps W), where W = (W”,Ww) and
WY = {W,f}k>1, wv = {W,;”}k>1 are cylindrical Wiener processes. We denote by U" =
(u?,ul, " w), W= (W, W), U = (ull g, ull . vg, wy) the Faedo-Galerkin solution
defined on S, cf. Section 5. Let £, be the probability law of

DD —> X=Xy x Xy x Xy, Pu(w) = (U(w), Ww), Uj(@)).

We intend to show that the approximate solutions U" converge in probability (in Xy) to
a random variable U = (u;, u., v, w) (defined on §). Passing to a subsequence if necessary,
we may as well replace convergence in probability by a.s. convergence. We then argue as in
Section 6.4 to arrive at the conclusion that the limit U of {U"},-, is a weak (pathwise) solution
of the stochastic bidomain model.

It remains to prove that {U"},., converges in probability. To this end, we will use the
Gyongy—Krylov lemma along with pathwise uniqueness. By Lemma 6.4, the sequence {£,},~
is tight on X. For n, m > 1, denote by L, ,, the law of the random variable

By (@) = (U"(@), UM (@), W' (), Us (@), Ug' (@),

defined on the extended path space X% = Xy x Xy x Xy X Xy, x Xy,. Clearly, we have
Loym = Lyn X Lym X Lyn X »CU(;' X LU(S" (see Section 6.3 for the notation). With obvious
modifications of the proof of Lemma 6.4, we conclude that {E,,,m} is tight on X E Let
of {Ln. which obviously is also tight

n,m>1
us now fix an arbitrary subsequence {En,{,mk}
on XE.

Passing to a further subsequence if needed (without relabeling as usual), the Skorokhod—
Jakubowski representation theorem provides a new probability space (D, F, P) and new
XE_valued random variables

k>1 m}n,mzl’

(O, O Vom0, 0%) . (0.0, W. Do, D) @.1)

on (D, F, P), such that the law of (U”k, gme, Wnk, Ug", l}gnk) is Ly, m, and

(U”k Ume, Wh ng, Umk) kg (U, U,w,U,, 00) P-almost surely (in XF).
Observe that P ({a) eD: Up(w) = Oo(a))}) = 1. Indeed, we have US" = II,, Uy and
Uy* = II,,, Uy, and so for any £ < min(ny, my),

ﬁ ({a) (S [j : Hg(}(;lk = H[ﬁg%]) =P ({a) eD: Hgng = HgU(;nk}) = l,

by equality of the laws. This proves the claim.
Applying the arguments in Section 6.4 separately to

U”k, W”k, ng, U, W, U() and 0mk, W"k, 08”‘, l}, W, 0(),
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it follows that (U , W, Uo) and (U , W, 00) are both weak martingale solutions, relative to the

same stochastic basis S = (D }" []—",} — f’, W) W = W" W“’ where
t€l0, T

Fi=0 (o0l Ol Whop- ) UIN € 72 Py =0}) . 1€10,7).

Denote by ft,, m, and p the joint laws of <U " U '”k) and (U U ) respectively. Then, in view

o~f (8.1), tnym, — m as k — oo. Since Uy = UO P-a.s., Theorem 7.2 ensures that U = U
P-as. (in Xy). Hence, since this implies

M({(X,Y)GXUXXU:X=Y})=}~’({w€E:U(a))=fl(a))}>=1

we can appeal to Lemma 3.3, cf. Remark 3.4, to complete the proof.
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