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Abstract. We investigate an explicit finite difference scheme for a Beeler-
Reuter based model of cardiac electrical activity. As our main result, we prove
that the finite difference solutions are bounded in the L°°-norm. We also
prove the existence of a weak solution by showing convergence to the solutions
of the underlying model as the discretization parameters tend to zero. The

convergence proof is based on the compactness method.
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1. Introduction

The purpose of this paper is to study a finite difference scheme for a mathematical
model that describes electrical activity in cardiac tissue. A spatially dependent
model for this phenomenon is commonly written

% = V . (MVU) - Iion(s7v)’
W & Fs,
a

where v is the transmembrane potential, M is the (diagonal) conductivity tensor,
and s is a state vector whose entries depend on the cell model. This reaction-
diffusion system is commonly referred to as the monodomain model of electrophys-
iology, and the complexity depends on the cell model represented by the ODE
system. A more general model (which is not treated here) for electrical activity in
anisotropic cardiac tissue is the so-called bidomain model. In this model the cardiac
muscle is viewed as a superposition of two (anisotropic) continuous media, referred
to as the intracellular and the extracellular. The intracellular and extracellular me-
dia are connected by a continuous cellular membrane, and this coupling gives rise
to a reaction-diffusion system of degenerate type [5], where the unknowns are the
intracellular potential u;, the extracellular potential u., and the transmembrane
potential v = u; —u, (i.e., the jump in the potential across the cellular membrane).
Under the assumption of equal anisotropies, (that is, the ratio of the conductivity
coefficients parallel and transverse to the direction of fibre is constant, both for
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the intracellular and extracellular media), the bidomain model reduces to the mon-
odomaim model (1). In this case, the intracellular and extracellular potential u;
and u, can be recovered by scaling the transmembrane potential v appropriately.

The cell model represented by the system of ODEs in (1) could be rather simple,
as in, e.g., the well known FitzHugh-Nagumo model, or, as in recent models, very
complex, see, e.g., Winslow et al. [10], where s contains dozens of variables, such as
membrane channels and ionic concentrations. In the present paper, we investigate
the monodomain model coupled to the Beeler-Reuter equations [1], which was one of
the first mathematical models to be developed for describing the electrophysiology
of a cardiac cell. Compared to more recent models, this is a simple yet fairly
realistic description of cell dynamics due to the presence of the intracellular calcium
concentration, which is important for contraction of the heart. Physiological, as
well as mathematical, considerations impose certain constraints or bounds on the
calcium concentration, and it is our aim here to identify actual values for these
bounds by analysing a finite difference scheme. We point out that the upper bound
on the calcium concentration found in this study depends greatly on the governing
equation of this quantity, and does not necessarily have a significant physiological
interpretation. More advanced models for describing intracellular calcium dynamics
have been developed, by, e.g, Luo and Rudy [8], Noble [2], and Winslow et al. [10].

During the depolarization phase of the heart, the solution is rapidly changing,
i.e., there are steep solution gradients present. Thus there is a need for a strict
requirement on the time step in any numerical scheme that wishes to resolve this
feature of the solution. We identify such a constraint when proving a maximum
principle for an explicit finite difference scheme approximating the system (1) with
Beeler-Reuter kinetics, which is our main result in this paper. In addition, we give
a rather simple convergence proof for the finite difference scheme for a large class
of initial values for the transmembrane potential v. We prove L? convergence of
the finite difference solutions using the compactness method and the concept of
weak solution. In passing, we mention that due to the sharp transition layers in
the solution, it is reasonable to seek weak solutions of the system. For convergence
of some numerical schemes for (1) with the simpler Hodgkin-Huxley type kinetics,
see [9, 6] and the references cited therein.

The remainder of this paper is organised as follows: In Section 2 we present the
mathematical model. Section 3 is devoted to an informal motivation at the con-
tinuous level of why lower and upper bounds should be available for the solutions
of the reaction-diffusion system (1) with Beeler-Reuter kinetics. We give a weak
formulation of the problem in Section 4, while the finite difference scheme is pre-
sented in Section 5. In Section 6 we prove the maximum principle for the scheme,
while the convergence of the scheme is proved in Section 7. We conclude the paper
by showing some simulation results in Section 8.

Throughout this paper we denote a generic constant that does not depend on
the discretization parameters by K. The actual value of K may change from one
line to the next during a computation.

2. Model description

In this section we present the mathematical model to be studied. We confine
the discussion to two spatial dimensions, but the extension to higher dimensions is
straightforward. We consider a bounded open domain € C R?, a fixed final time
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Rate Cl 02 03 C4 05 CG 07
o, [0.00056| 0083 | 50 | 0 | O | 0.057 | 1
6. |0.0013 | -0.06 | 20 0| 01]-004 |1
Qm 0 0 47 | -1 | 47| -0.1 | -1
Bm 40 -0.056 | 72 010 0 0
ap, 0.126 | -0.25 | 77 | 0 | O 0 0
On, 1.7 0 2251 0 | 0 |-0.082 | 1
o 0.055 | -025 | 78 | 0 | O -0.2 1
167} 0.3 0 32 010 -0.1 1
o4 0.095 | -0.01 | -5 0| 0 1-0072] 1
Ba 0.07 |-0.017| 44 | 0 | O | 0.05 1
Qg 0.012 | 0.008 | 28 | O | O | 0.15 1
B¢ |0.0065| -0.02 | 30 | O | O -0.2 1

TABLE 1. Constants for the rate functions

T >0, and set Qp := Q x (0,7). The transmembrane potential satisfies
(2) X0 =V - (MVv) — xLion (v, [Cal;,m,n,l, f,d, z), for (x,t) € Qr,

where Yy is the surface to volume ratio of the cell. The initial and boundary condi-
tions read

(3) v(z,0) = v, forzeQ, v=0, ondQ x(0,7).

Here I;on (v, [Cal;, m,n,l, f,d, z) is the collection of membrane currents, which
will be specified below. The conductivity of the tissue is represented by a scaled

tensor M of the form [7]
a0
=52 )

where 0! = o'(2) € C'(R?) and ot = o(z) € C*(R?) are respectively the intracel-
lular conductivities along and transverse to the direction of the fibre.
Each w = m,n,l, f,d, z models the openness of the ionic channels, and obeys

dw
(4) i y (0)(1 — w) — By (v)w, w(z,0) = wo,
where «,, and 3, are respectively the opening and closing rates, which are given
by
B 01602(v+03) + 04(7) + CB)
- ECG(U+03) + 07 ’

Quy (v

and
CleCz(v+C3) + C4(”U + 05)
Buw (v) = oCo(v+C3) + [ )
for given constants C;, ¢ = 1,...,7. See Table 1 for the precise values of these
constants, such that

(5) @ (V), Bu(v) > 0.

The charge flow through the membrane includes four individual currents. The
direction of two of these point out of the cell, and these are really the same current
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split into two components. They represent the flow of potassium (K) ions, one
time-independent and the other slowly varying in space:

£0-04(v+85) _ |

(6) Ik (v) = 1'4eo,os(v+53) + ¢0.04(v+53) °

and the time-dependent component reads
£0-04(v+77) _

(7) Iz('U,Z) == O8ZW

There are also two inward currents; namely, (i) the transport of sodium (Na) ions,
which excites the media,

(8) INa(Uam7n7l) = (gNam3nl+gNaC)<v_ENa>7

where Ey, is the equilibrium potential of sodium, and (ii) the slow inward current
given by

(9) I;(v,[Cal;, f,d) = gs fd(v + 82.3 + 13.0287In([Cal;)),

which primarily describes the flow of calcium ions across the membrane. Here
gNe = 23.0 and gnyec = 0.003 are the membrane conductivities of, respectively, the
sodium current and the sodium-calcium exchanger current, and gs = 0.09 is the
conductivity related to the slow inward current. Note that we can now insert

into (2).
The intracellular calcium concentration is denoted by [Cal;, and is scaled like
¢ = 10®[Cal; obeying the ordinary differential equation
d
(10) d{ — 0071074 — ¢) =104 L (v, e, f.d),  e(,0) = co.
A thorough discussion of the physiology of this model can be found in, e.g., [1, 7].
The initial data (vo, co,wo), w = m,n,l, f,d, z, of the system (2)-(10) are sup-
posed to satisfy
v <wvy <o, in Q,
(11) ¢ <cp<ct, inQ
0<wyg <1, in&,forw=m,n,l f d,z,

The particular values of the constants vF,¢F will be discussed in the next section.
In addition, we assume that

(12) €0,z CO,y> WO, 2, W0,y € L*(Q), forw=m,n,l, [, d,z.

3. Heuristic motivation of lower/upper bounds on solutions

The purpose of this section is to motivate at the continuous level why it is reason-
able to expect L> bounds on the (approximate) solutions of our reaction-diffusion
system. Such bounds must be fully compatible with physiological characteristics of
the mathematical model.

In the previous section we introduced the scaling ¢ = 103[Caj;. The intracellular
calcium concentration is normally of the order of 10~"Molar, so it is reasonable to
assume that ¢~ ~ 10~*Molar. As a too large [Cal; is toxic, we have proposed the
existence of an upper bound ¢ for ¢, but we are not aware of any exact physiological
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value for this bound. Nevertheless, it is the purpose of this section to derive a ¢t
suggested by the mathematical model, which will serve as an upper bound of ¢ in
the remainder of the paper.

The membrane potential of the Beeler-Reuter model lies between —85mV and
about 30mV under normal conditions. However, we have not been able to identify
a maximum principle for v lying between these values, so we need to weaken our
assumption slightly. We assume that v is less than the equilibrium potential of the
slow inward current, that is, we define

vt = FE(c7) =7.7-13.0287In(c”) = 127.7.
The lower bound is kept as

so that
(13) v <o <ot

Similarly, it is reasonable to seek bounds on the form
(14) 0<m,n,l, f,dz<1.

In the considerations presented here we will suppose that (13) and (14) hold. In
the rigorous proof given in Section 6, similar discrete bounds will be justified on
the finite difference scheme.

Inserting (9) into (10) yields

(15) ¢t =0.07(107* — ¢) — gs10~* fd(v — 7.7 4 13.0287 In(c)),
upon noting that

13.02871n(1073¢) = —90.0 + 13.0287 In(c).
To carry out the analysis, define a function F' by
(16)  F(v,c, f,d) =0.07(10"* — ¢) — g,10™* fd(v — 7.7 + 13.0287 In(c)),
such that
(17) ¢ =F(v, f,d,c).
Differentiating F' with respect to v gives

OuF(v,c, f,d) = —gs1071 fd < 0,

since f,d > 0 by (14). Hence, F' is monotonously decreasing in v, implying that we
can insert for the lower and upper bounds into the right hand side of (17). This
gives

(18) F~(c,f,d) < ¢t < F*(c, f,d),

where

F~(c, f,d) := F(v", ¢, f,d) = 0.07(10~* — ¢) — g,10™* fd(127.7 — 7.7 + 13.0287 In(c))
and

Ft(c, f,d) = F(v™,c, f,d) = 0.07(107* — ¢) — g4 10~ * fd(—92.7 + 13.0287 In(c)).

We focus on finding an upper limit of ¢;. Differentiating the latter with respect
to f and d yields

rF¥(c, f,d) = —gs10~*d(—92.7 + 13.0287 In(c)),
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and
OgF (¢, f,d) = —gs107* f(—92.7 + 13.02871n(c)).
These are both positive whenever
(19) ¢ < emsozsT = 1230,
so a limit function is found by inserting for the largest value of f and d. This yields
Fit(c) := F*(c,1,1) = 0.07(107* — ¢) — g,10™*(—92.7 + 13.0287 In(c)),
so that
F(c, f,d) < F(c),
and consequently c; is restricted above by
(20) o < Ff(e).
To find a lower bound for ¢;, differentiate /'~ in the same manner:
1F~(c, f,d) = —gs107*d(120.0 4 13.0287In(c))

and

aF ™ (¢, f,d) = —gs10™*d(120.0 + 13.0287 In(c)).

Since 120.0 4+ 13.02871n(c) is nonnegative for ¢ > ¢, F~ (¢, f,d) is monotonously
decreasing in f,d. Thus

F~(c, f,d) > F~(¢,1,1) = 0.07(107* — ¢) — g,107%(120.0 + 13.0287In(c)) =: F; (c),
implying
(21) FJ <c.

Combining (20) and (21), we have proved lower and upper bounds on ¢; whenever
(19) holds. Now, define the two curves ¢, and ¢;” by the ODEs

¢, =F (), ¢ =F(o),
so that
(22) o < <cf.

The curves ¢~ (t), c(t), cT(t) all start out at the same point, so ¢~ (t) < c(t) < ¢t (t)
upon integrating (22). We start by finding an upper bound for ¢(t), which essentially
involves investigating F;"(¢). This function has a root in ¢, = 0.0187, and we find
that

(23) Ff(c)<0 for c>ec, and Fif(c) >0 for c<e,.

This means that the function ¢t (¢) is decreasing for values above ¢;, and increasing
for ¢ < ¢,. The root ¢, is a bound on ¢*(t) and thus also for ¢(t). We therefore set
¢t = 0.0187. It remains to investigate the lower bound proposed above. We have
that

F(e)=0 for c=c",
and moreover,

F (¢) <0 for ¢~ <c<et.
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Hence ¢~ (t) is a nonincreasing function in the domain of interest. So due to the
second part of (23), c(t) will increase from the initial value ¢(0) = 10~
Summarising, we have the following lower and upper bounds on the value of c:

¢ <c<ch, c = 1074, ¢t =0.0187.

Certainly, the considerations made in this section are merely indications that it
should be possible to determine appropriate lower and upper bounds on the solu-
tions of our reaction-diffusion system. Such bounds will be derived rigorously in
Section 6 at the discrete level of an explicit finite difference scheme. The conver-
gence result given in Section 7 will then show that the same bounds hold for the
exact solution of the reaction-diffusion system.

4. A weak formulation

Denote by Q a bounded open subset of R, for d > 1. Denote by C°(Q) the set of
all infinitely smooth functions with compact support in Q. Let LP(Q), 1 < p < oo
be the space of functions u : @ — R for which the associated norm ||ul|z» (@) is
finite, where

1
fullzey = { [ el dsdn} ", 1< <o, oy = sufulzl
Q (z,y)€Q

We use H}(Q) to denote the Sobolev space of functions u : @ — R that vanish
at the boundary and for which u,u,,,u,, € L?*(Q). The dual space of HJ(Q)
is denoted by H~1(Q). If X is a Banach space, a < b, and 1 < p < oo, then
LP(a,b; X) denotes the space of all functions u : (a,b) — X such that

lu()llx € L”(a,b).

We denote by C([a, b]; X) the space of continuous functions ¢ — u(t) € X on [a, b]
equipped with the norm L*(a,b; X). We refer to [3] for more information about
the functional spaces just introduced.

In the present study, a = 0,0 =T and X = H(}(Q), and we search for solutions
v,m,n,l, z, f,d,cin L?(0,T; H} (2)) that solve the Beeler-Reuter equations (2)-(10)
in the weak sense. For convenience of notation, we use w to denote the vector

w=(m,n,l, f,d,z).

We will use the following notion of weak solution for the Beeler-Reuter model.

Definition 4.1 (weak solution). The functions (v,w,c) are said to be a weak so-
lution of the Beeler-Reuter model (2)-(10) if

1. (Regularity)

UELOO<QT)HL2(0aT7H[%(Q))7 w7C€LOO(QT>a w:m,n,l,f,d,z,
and, in addition, c(x,t) > ¢ > 0 for a.e. (x,t) € Q.

2. (Initial data)

tim o, 1) = o)l (@) = 0.

ltllrél”w(?t)_wo()”Lz(Q) 207 w:mvnalv.fvdvz7

li 1) — ol =0.
i c(-,1) = co(") () = 0
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3. (Differential equations)

T
/ / [Xv(bt + (MVv)-V¢ — xZ(v,c, w)qS] dedydt =0, V¢ e CX(Qr),
0o Ja
where we have set
I(U7 C7 w) = IK(U) + INU/(’U’ m7 n’ l) + IZ(U7 Z) + Is(”? c7 f7 d)7

Moreover,

//wqﬁt—l— (1l —w) = Bpw)d] dedydt =0, w=m,n,l, fdz VoeCTQr)
Q

/ / cor + 0 07(1 —¢) — Is(v, ¢, f, d))d)] dedydt =0, V¢ e CX(Qr).

Remark 4.1. If (v, w, ¢, ) is a weak solution in the sense of Definition 4.1, it follows
that v, € L2(0,T; Hy ' (Q)) and hence v € C(0,T;L?(R2)), see [3]. In addition, it
follows from the deﬁnltlon of a weak solution that Zf, (g"t” € L>®(Qr), for w =
m,n,l, f,d,z.

The existence of a weak solution is a consequence of the convergence result for
our finite difference scheme given in Section 7. We now demonstrate that the weak
solution is unique, using a standard argument [3]. To this end, let (9,&,¢), @ =
(m,n, l, f .d, %), be another weak solution of the problem, and define the difference

(7,w,¢) = (v—0,w—&,c—C).

Then in the weak sense, (U,w,¢) satisfies
(24) XU =V - (MV) = xF, 0li=0 =0, ¥loax,r) =0,
where we have set

F=1I(v,c,w) —I(9,¢0).

The difference of the individual currents are Lipschitz continuous, and thus sat-

isfy

Uk (v) = Ik (0)| < kilv — 0],
and similarly for Iy, I, I,. This fact implies F' < ki [v+e+m+n+1+ f+d+7Z|, for

some finite constant k;. Similarly, for the governing ODEs of the gating variables

we have
dic  —
(25) g =Hy, W|=0 =0,

where
Hy = (1 —w)ay,(v) —why(v) — (1 —0)ag (D) + 06s(D),
and there holds |H,| < k2|v + |, w = m,n, [, f,d, z, for some finite constant k.
Finally,
de

— =007(1-2) -G, ¢=0=0,

(26) 7

where
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and clearly G' < k3|0 + € + f + d| for some finite constant kj.
By using standard energy arguments [3] for each of (24)-(26) and adding together
the resulting inequalities, we get

e(t) < e(0) + ki / e(s) ds,

where k is a finite constant

e(t) = /Q (0(z,y,1))* + Z (w(x,y,t))? + (e(z,y,1))* | dzdy.
_ N

3

Al f.d,z
] and find that e(¢) = 0 for all ¢ since e(0) = 0.

We apply Gronwall’s inequality

5. An explicit finite difference scheme

In this section we present the numerical scheme that will be analysed in the
following sections. The numerical solution is defined at grid points z; = ih, y; = jh,
1,7 =0,..., N, for some integer N satisfying Nh = 1. Similarly, we let the time
spacing be At > 0, so that t, = kAt for k = 0,...,k, with x being an integer
satisfying kAt = T, is a discretization of [0,7]. The approximate solutions are
denoted by

k k k
/Uihj %’U(l‘%ijtk)v wiJ’ %w(l‘hijtk)v w:m7nvl7d7f7za Ci,j %C(xiayjatk)'

We consider the following explicit finite difference scheme for the transmembrane
potential:

(27)
vit =+ Al CA ) B (P )
+ (o} T+l L (v 1]‘€j+1 *”I‘C,j) *Ufjfl(vl‘c,j 7”51—1))
= At(Ic(vf) + L (vl 25) + Ina (Wl mi o 5 1) + Ll ey, £ d ),
fori,jzl,...,N—l,k:O,...,n—l,Wherewehaveset'y:% and
Lt Lo Lt Lt Lo Lt
Tiy1i = 2( i1, T 005)s Tijrl = §(Ji:j+1 +0;;)

At the initial and boundary nodes, we set

1
U?’j:? UO(x7y)d$dy7 i’j:17""N_1’
h (@i,i41) X (Y5,Y5+1)
(28) k

vfg=viy=0fri=0,...,N, k=0,...,k
vg,j :U]k\’,’j=Of01rj:O,...,N7 k=0,...,k
The schemes for the gating variables read

(20) wit!' =wf; + Atef, (1 —wf;) = Bh,wr;,  4,j=0,...,N,

where w = m,n,l,d, f,z, and o ; i = o, (vF;) and BE ;- = By (vf;). In addition,
we impose the initial condition w? g

for the calcium concentration reads

(30) ot =cF; 4+ At0.07(107* — ¢} ;) — AtLOT L (vf, oF 5, £, dE ),

1,7 4,57 7,J

= wyq for all relevant i, j. Moreover, the scheme

and ¢ ; = ¢o for all relevant 1, j.
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Finally, we remark that the discrete initial data satisfy the following lower and
upper bounds:

v <U?J§U

(31) 0<uw?, <1, w=m,n,lfdz,

for all 4,5 = 0,..., N, where the constants vT and ¢F have been introduced in
Section 3.

It is our aim in the next section to prove that these bounds remain valid at later
times for the solutions produced by the difference schemes.

6. A maximum principle

Motivated by the findings in Section 3, we now seek to prove upper and lower
bounds for the discrete solutions (as stated in Theorem 6.1). Introduce the con-
stants

at = max  ( max a,(v)), B = max  ( max [,(v)),
w=m,n,l,f,d,z v <v<vt w=m,n,l,f,d,z " v <v<ot
1
cr+—maxal+ and a+—nﬁxad+2 )
and define
0.04
(32) B := max Ol (v,2) = max 0.8z2——————— < o0.
0<2<1,0- <v<v+ 0<2<1,0- <v<v+ €0-04(v+35)

k k

Theorem 6.1 (Maximum principle). Let v”, wi ey w =mynl, f,dz, solve

the system (27)-(30). Moreover, assume that the initial data satisfy (12). If the
time step constraint

xh? 1
20Y +20% + X(B+ gs + gna + gNac)h? " ot + (T

is met, then the following lower and upper bounds hold:

(33) At < min

v <v <v fori,j=0,...,N, k=0,...,k
(34) Oﬁww-gl, fori,j=0,...,N, k=0,...,k, w=m,n,l, f,d,z,
c_§c§j§c+, fori,j=0,..., N, k=0,...,k

where the constants vF and ¢T have been introduced in Section 5.

Proof. The statement is true for & = 0 thanks to (31). The proof goes by induction
on the time level, so we begin by assuming that statement (34) is satisfied for a
given k > 0. The goal is then to prove that it holds for time level k& + 1.

First consider the scheme for ¥ j» which can be written as

(35) it =+ AtF(of ¥, fE),

Cij Vi g o g dgo
where F' is given by (16). Insertlng for the upper limit of F (see Section 3) we get
T <o+ AtF(cF,), 4,5 =0,...,N.
Define a function G by
G(c) = c+ AtF (c).
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We observe that for sufficiently small At, i.e. for

C
At <
(36) t< 0.07¢ + g,10—413.0287°

G’ > 0 and thus G is nondecreasing. Notice that for reasonable h, (36) is implied
by (33). Now, due to assumption (34) and the fact that F;"(¢*) = 0, we have

et < G(efy) < G(eh) = ¢t + AR (eF) = ¢,
for all relevant i, j. Hence we conclude that

ci'}'l<c+, Vi, j=0,...,N

In the same manner, using the lower bound of F', we obtain
SI z e+ AL (k) 6j =0, N
Define a function D by
D(c) = c+ AtFy (o),
and note that for At satisfying (36), D’ > 0 and thus D is nondecreasing. Since
F[ (¢7) =0, we deduce
cfjl > D(cﬁj) >D(c7)=c +AtF[ (¢c7)>c,

and hence we have proved

<t <t Vi,j=0,...,N.

We proceed by investigating the scheme (27) for the transmembrane potential.
First consider
e0.04(1;5,j+85) _1

(37) Ik (vf

v; ;) =14

0-08(vF ;+53) | [0.04(vf ;+53)
which satisfies

(38) 0< Ix(vf;) <18, 4,j=0,...,N.
Inserting the lower bound of Ik into (27) gives

DR < oF 1 k ¢ k ! k
Vijo S Vit Y01 Vi Y0y 5 1V Y0 Vi

ok I k
+70u—7 i1 7(0’1_7]4—0” j+a +a”+ L)V
ko k k k
_At( (zg’ zg)+INa( zg7mi,j7 z]?lz])+I( 0,79 1j’f1j7 1]))
fori,j=1,...,N—1. As 0.I;(v,c, f,d) = %, the current I is nondecreasing
in c¢. Hence
k ko ok gk k
I(’Lj’ 7fzj7 zj) 1(2]761]3 1]7d1]) I(l]? 7fz]7 1])

for all relevant ¢, j. Furthermore, there holds 0;Is(v, ¢, f,d) = gsd(v—E(c™)) <0
and 9415 < 0. Consequently,

L(0F, 7 1,1) < L(oF cb, fF dE ) < L(of,,¢t,0,0), 4,5 =0,...,N.

If we insert the lower bound of I, and the expressions for I, and Iy,, we arrive
at the following inequality:
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DL < ! k ¢ k !
Vij o S Uit 01 Vit ‘*"YUij+;Uij+1 (051 +U ol
k ! k

+Uz J+3 ) Yi,j +70;_1 5. Vi1, +PYUZ J—3 Vij—1

0.04(05 AT

— 0.8AtzF — g At(vf; — E(c7))

J o 0.04(vf +35)

- At (gNa(mi) )3 k,]lfj + gNaC) ENa;
or if we rearrange slightly

k+1 l l t t k
Vi —Wz+ g z+1a+wzg+2 IR 3 F 0y 0oy O

+"}/O'Z- J Vi—1 g +701J77 f] 1 + (1 gSAt
- At(.gNa(mi, ) n; ]lf,j + gNaC'))

0.04(vf ;+77) _ q

— 0.8AtzF + gsAtE(c™)

o 0.04(vF  +35)
+ At(gNa (mﬁj)g f]lfj +gNaC) ENa7
fori,j=1,...,N —1,

_ .k _ .k _ .k _ .k _ .k
Next define vy, = Vi gy Uy = V751, Ure = Uiy 4, Ury = Ui i1, U =0} j,

and
H(vig, iy, U, Upg, Uy, M, M, 1, 2)
=5(o! Tip1 ]vm—i—o %vlw—l—af ._lvgy—i—afﬂr%vw)

+ [177( i +0 +a 1 chT”+ )fAt(gergNam?’nlJrgNac)]v

60.04(u+77) _ 1

— 08At2m + AtgéE(Ci) + At(g]\/‘amgnl =+ gNaC)ENa~

Then
k
TS H(0F V41 UL U g Vo1 T o 1 4 1 205
Differentlatmg H gives
oH OH " oH oH
a'Ulm -7 im0 a ’yo-i’j_%7 a’l)rz - i+3.57 31} N ’yoi’j+%’
which all are strictly posmve. Moreover,
(39)
OH , 0.04
T = — (ot Z+ PR o1t o) — At0.8z7€0'04(v+35) — gsAt
At(g ( )3 fjlf]+gNaC)
>1_'Y(0'£ +U i 1+01]+ >_At<B+gs+gNa+gNaC)7
where we have 1nserted the upper bounds for m?# e J JAF 2 j»%;; and the lower bound

of vi’ ; to derive the last inequality.
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Suppose h and At are chosen such that 9, H > 0, i.e., according to the first part
of (33). Then H is nondecreasing in all variables, so for each interior point we get

k+1 k k k k k k k k k
iy S H 070 0 0 g Vi1 M s g s b i)
oot oA o o ok ok gk K

< H@ v v vt ot mi s g U 20 )

0.04(vF477) _ 1
— € =1
= v = 0.8Atz;; £0.04(vF 135)

— Atgs(vt — E(c7)) — At(gna(ml ;) nl 515 + gnac) (0T — Ena)

S 'U+ - AthaC(UJr - ENa) S UJF?
f,j’ nf > li—f > zf ; have been replaced by zero. This implies the upper bound
vfjl <ot fori,j=1,...,N —1. A lower bound is found in a similar manner:
vi’fjl > v~ for i,7 = 1,...,N — 1. Hence, in view of (31), we have proved the
desired bounds for v*+! for all 4,57 =0,..., N.

i,
Summarising, we have proved that both ¢* 1! and vF7?

o i;  satisfy the desired lower
and upper bounds, provided that the first part of (33) holds. As for the second
part of this time step criterion, we refer to [6], which contains proof of bounds for
the gating variables in the one-dimensional case. The two-dimensional case is very

similar, and therefore omitted. O

where m

7. Convergence to a weak solution

The transition layer of a propagating wave front can be extremely narrow, which
means that the transmembrane potential v can become discontinuous-like. This fact
motivates using a concept of weak solutions for the Beeler-Reuter model, which will
make it possible to give a rather easy proof of convergence for the finite difference
scheme, for any initial potential vy satisfying the lower/upper bounds in (11). The
convergence proof is based on the compactness method; that is, we derive a series
of a priori estimates and use a general L? compactness criterion to deduce sub-
sequential convergence of the numerical approximations to a weak solution. The
uniqueness of the weak solution then ensures that the entire sequence of numerical
approximations converge to the unique weak solution, and not just a subsequence.

For the convergence analysis we need to replace the finite difference solutions,
which are defined only at the grid points (z;,y;,t%), by functions that are defined
a.e. in Qp. A simple way of doing that is to introduce the following piecewise
constant functions:

vp(x,y,t) = vﬁj, (x,y,t) € I j X [tr,thy1),
wp(x,y,t) = wf’j, (@,y,t) € I j X [t thy1), w=m,n,l, f,d,z,
cu(z,y,t) = Cf,ja (w,y,t) € Lij X [tk tr+1),

where we have defined I; ; := [x;, ;41) X [yj,y;+1). We suppress the dependency

on At, since this is implicit through the choice h and the time step constraint
(33). This time step constraint is assumed to hold throughout this section, so that
Theorem 6.1 holds.

To prove convergence of the finite difference scheme, the main technical tool
will be the following L? compactness lemma (the proof of which is essentially an
application of the Frechet-Kolmogorov compactness criterion and can be found in,

e.g., [4]);
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Lemma 7.1 (Compactness criterion). Let {u,},., be a sequence of functions in
L?(Q x (0,T)). Suppose that the following three conditions hold:
1. There exist constants K, K1, independent of n, such that
K, <up(z,t) <K for a.e. (z,t) € 2 x(0,T).

2. There exists a constant Ko, independent of n, such that

[un(- +¢) = un s )lzexom) < K2V/IC(C+An),  (E€R?,
for some sequence {A,}" C (0,00) tending to zero. Here Q¢ = {x € Q: x4+ ( € Q}.
3. There exists a constant K3, independent of n, such that
un (- +7) = un (- )l 2% 0,7-7)) < K3V, 7€ (0,T).

Then there exists a subsequence of {uy,},- | that converges in L*(Q x (0,T)) to
a limit u belonging to L*(0,T; H} () and K, < u(z,t) < K; for a.e. (x,t) €
Qx(0,7).

Lemma 7.2 (Spatial translation estimate on transmembrane potential). There
exist constants K1, Ko > 0, independent of h, such that

Kk N-1
2 2
(40) Ath?y > |( [ vy —vls) (W = v) } < Ky h?
k=01,j=0
D) o+ ¢ = onl)llzz@exomy) < KV IC (¢ +h), YV (ER?,

where Qe ={x € Q: x4+ (¢ € Q}.

Proof. A discrete energy estimate is classical for the explicit difference scheme for
the homogeneous version of (2). The argument used to prove it applies also to
the full (non homogeneous) equation (2) thanks to the uniform boundedness of

vk j,cf j»w; ;. Consequently, the discrete energy estimate (40) holds. For the argu-
ment that turns (40) into (41), see [4]. O

Lemma 7.3 (Spatial translation estimate on gating variables). There exist con-
stants K1, Ko, independent of h, such that for w=m,n,l, f,d, z
N-1
(42)  »? Z [(wfﬂ,j - wﬁj)z + (“’ﬁjﬂ - wﬁjﬂ < Kih?, k=0,...,K,
4,j=0
(13)  on(+C) — ) raenory < KoV/RIGCTTH) VG € R2.

Proof. The proof of (42) is similar to the one-dimensional case given in [6], and
therefore omitted. As for (43), we again refer to [4]. O

We can find a similar result for the calcium concentration, as stated in the next
lemma.

Lemma 7.4 (Spatial translation estimate on calcium concentrations). There exist
constants Ky and Ks, independent of h such that

N-1
DY [(cfﬂj — k) (- cf’j)z} < KB, k=0,...,k

i,5=0

@5)  len(-+¢,7) = en(Mlzzacx o) < K2V/ICI(CT+R) V¢ €R?
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Proof. Recall that the scheme for Cﬁj+1 can be written in the form (35), (16). Set

kK
g Civ1j —Cij
k= Sl — G
! h
Then
k k k k k k k k
F(vipy j ciya g divr g fiva ;) — Fuiyo e, di s 1iy)
- .

k+1 _ ~k
(46)  CH=CF, + At

Set k k k k k k
vhoo Vg m % e - B~y e Jig — iy

= no 0 i T h ol = n

Observe that (here we use that c¥ ; is uniformly bounded away from zero)

(47)

k k k k E ok gk gk

Fvi g g i fing) — Foiy, iy diyo fiy)

h

< K|V + O+ DY+ FYl

for some constant K that is independent of h.
Multiplying (46) by C’fo ; and using the formula

1 2 2 1 2
(Ciyt = Ciy) Gy = b} [(Czkaﬂ) - (CF) } ) (G =Cl)s
we find
(48)
2 2
(€)= (eh)
(Uf+1,jvcf+1,jadf;s-l,j,fl"fs-l,j) - F(Uﬁjﬁcﬁpdﬁjvfﬁj)

F
(k1 k \2 k
= (Om. - C’M) + 2AtC’i7j N .

Using the scheme and (47), we estimate
2
(CEft=Cly)” < KA (V) + (CE)? + (D) + (FE)?)

where we have used the basic inequality (3>, ag)2 < Oy (ar)? for any real

numbers ay, ..., ay,. Using this and (47) one more time, we derive from (48)
o) (i) - (et
< KAt (V)2 +(CF)? + (DF)* + (F)?)

where we have also used the basic inequality ab < %a2 + %bz for any two real
numbers a, b.

Set A = h2S V! (C’;‘;’j)Q. It then follows from (49) in a straightforward way

i,j=0
that
K N-1 K
Ao < Ao+ EAR2Y Y {(Vi’fj)z +(DF)? + (Fi’fj)ﬂ + KALY Ay
k=01,7=0 k=0

Keeping in mind Lemmas 7.2 and 7.3, the middle term is uniformly bounded and
then a bound on A, follows from an application of the discrete Gronwall inequality.

N—-1 (¢ ;1—¢ciy 2, .
ij=o0 | 75—+ is uniformly bounded. Con-

sequently, (44) holds for k¥ = k. The same argument shows that (44) holds for
k=1,....,k—1.

Similarly, we can prove that h?"

O
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Lemma 7.5 (Temporal translation estimate). There exist three constants K1, Ko, K3,
independent of h, such that

vn (-4 7) = va (s L2 (@x 0,7=7)) < K1V,
lwn (-, +7) = wi ()l 2@x0,0-7)) < Ko, w=m,n,l, f,dz,
len(ss - +7) —en(e )z x0,7-7) < K37
Proof. Equipped with Lemmas 7.2, 7.3 and 7.4, this follows from the difference

schemes along the lines of the standard arguments given in [4]. O
Theorem 7.1 (Convergence result). Let vf)j, cﬁj,wﬁj, w=m,n,l, f,d, z, solve the

system (27)-(30). Moreover, assume that the initial data satisfy (11), (12) and that
the time step constraint (33) is fulfilled. Then, passing to subsequences if necessary,

(50) vp — v, w, — w, ¢, — ¢ in L*(Qr) and a.e. in Qp as h — 0,

for some limit functions v,w,c € L2(0,T; HY(Q)), w = m,n,l, f,d, z, satisfying the
following lower and upper bounds: v~ < v(z,t) < vt, w™ < w(w,t) <w', ¢™ <
c(x,t) < ¢t for a.e. (x,t) € Qr, where the constants vF and cT were introduced
in Section 8. Moreover, these limit functions constitute a weak solution of the
Beeler-Reuter model (2)-(10).

Proof. In view of the maximum principle in Theorem 6.1 and Lemmas 7.2 and 7.5,
the proof of (50) is a straightforward application of Lemma 7.1. The arguments
needed to prove that the limit functions satisfy the second and third parts of of
Definition 4.1 are standard and thus omitted (for similar arguments, see [4]). O

Remark 7.1. Observe that in Theorem 7.1 we have constructed gating variables
w and calcium concentration ¢ with more regularity than is strictly required by
Definition 4.1.

8. Numerical experiments

To illustrate the theoretical results from Section 6, we present here some nu-
merical experiments. The simulations are done on a square grid [0, 1] x [0, 1] with
the spatial discretization as described in Section 5. We choose x = 5.0 so that
the time runs over ¢ € [0,5.0lms. Hence we only cover the upstroke, followed by
a few milliseconds of the repolarization phase. This is the most interesting part
from a numerical point of view, since the solution gradients are extremely steep
in this time period. To calculate the time step restriction, we find those values
of the maximum opening and closing rates of the gates that are equal to those
of the m-gate, admitting the fastest upstroke. These values are o™ = 82.02 and
BT = 82.84. Moreover, the value of B is, by definition (32), 8,1,(—85,1) = 0.2364,
and the surface to volume ratio is set to xy = 2000. In addition, inserting for the
maximum conductivities, Uﬂr = 3.0 and ¢!, = 3.0 into the first part of (33), we get

. 20004 1
At < min ; n )
20l + 20t +2000(0.2364 + 0.09 + 23.0 + 0.003)h2" o + g+
2000k
~ min [ 000 5.9-107%].

12.0 + 2023.33h2°

For h > 6-10~3, the dominating restriction arises from the gate equations, whereas
for a smaller mesh parameter, it becomes equal to the partial differential equation.
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v(mv)

0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
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FIGURE 1. Plots of the transmembrane potential for h = {, L}
at ¢ = Sms.

v(mv)
v(mv)

o o1 0z 03 04 ?‘,s) o5 o7 o8 o851 o o1 0z o3 04 :)‘s) o6 07 o8 08 1
FIGURE 2. Plots of the transmembrane potential for h = {3, 157}
at ¢ = Sms.

In our simulations, the transmembrane potential is initially set to v = 25.0mV
for (z,y) € [0,1] x [0,0.36] and v° = —85.0mV in the remainder of the domain.
The gate variables and the scaled calcium concentration have initial values yg =
(m,n,l, f,d,z)o = (0,1,1,1,0,0) and ¢y = 0.5 - 10~*.

In Figure 1, we have extracted the solution at x = 0.5, such that the potential
v(0.5,y,5) for y = [0, 1] at time ¢ = 5ms is shown. We present four plots with h =
{%, ﬁ, %, ﬁ} Observe that the solution is well-behaved and that the maximum
value v = 25 mV is never exceeded. The solution on the coarsest grid (leftmost
plot) has a poor propagation speed due to the low spatial resolution. As is seen
in the subsequent plots, the wave propagates at a higher speed with decreasing
h. Tt should be noted that condition (33) guarantees numerical stability of the
solutions. In practical computations however, this is observed to be too strict. For
instance, choosing h = ﬁ, one can use a time step up to At = 0.36ms before severe

nonphysical oscillations occur.
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