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Abstract

We study the well-posedness of the bidomain model, that is com-
monly used to simulate electrophysiological wave propagation in the
heart. We base our analysis on a formulation of the bidomain model as
a system of coupled parabolic and elliptic PDEs for two potentials and
ODEs representing the ionic activity. We first reformulate the parabolic
and elliptic PDEs into a single parabolic PDE by the introduction of
a bidomain operator. We properly define and analyze this operator,
basically a non differential and non local operator. We then present
a proof of existence, uniqueness and regularity of a local solution in
time through a semigroup approach, but that applies to fairly general
ionic models. The bidomain model is next reformulated as a parabolic
variational problem, through the introduction of a bidomain bilinear
form. A proof of existence and uniqueness of a global solution in time
is obtained using a compactness argument, this time for an ionic model
reading as a single ODE but including polynomial nonlinearities. Fi-
nally, the hypothesis behind the existence of that global solution are
verified for three commonly used ionic models, namely the FitzHugh-
Nagumo, Aliev-Panfilov and MacCulloch models.
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Introduction

The goal of the present paper is to investigate existence and uniqueness of solu-
tions of the bidomain equations, commonly used for modeling the propagation
of electrophysiological waves in the myocardium [8, 9, 10, 16, 19, 20, 22, 23, 24,
25, 26, 32, 37, 38, 45, 4]. The bidomain model was proposed thirty years ago
[6, 39, 43] but formal derivations of the model were obtained later [1, 29, 33].
Consider a bounded subset Q of R? (d = 2,3) representing the myocadium.
This model can be written as two degenerate parabolic PDEs with boundary
conditions, coupled to a set of m ODEs, and some initial data:

o J(w) ~ V- (0:V) = 55, in (0, +00) x 0, (1)
% + flu,w) + V- (6.Vue) = =S, in (0,+00) x Q, (2)

ow

ot ’

(3)

U =u; — U, in (0,400) x €, (4)

oiVu;-n=0, oc.Vu.-n=0, in (0,400) x 02, (5)
u(0) = up, w(0) =wy, in Q. (6)

+ g(u,w) =0, in (0,400) x €,

Here, the unknowns are the functions w;(t,z) € R, u.(t,x) € R and w(t,z) €
R™ (m > 1), which are respectively the intra- and extra-cellular potentials
and some ionic variables (currents, gating variables, concentrations, etc). The
variable u defined in (4) denotes the transmembrane potential. Naturally, n
denotes the unit normal to 92 outward of €2.

The other data, o;.(z) are conductivity matrices; f : R x R™ — R and
g : R x R™ — R™ are functions representing the ionic activity in the my-
ocardium; and s;. : (0,400) x @ — R are external applied current sources.
We point out that the conductivity matrices are quite specific: at each x € §,
they have the same eigenbasis, and for x € 052, the normal n(z) to 912 is an
eigenvector of both o;(z) and o.(x). In an isolated heart, no current flows out
of the heart, as expressed by the boundary conditions (5). The initial data (at
t = 0) is set only on u and w.
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To our knowledge, the only two references in the literature dealing with the
proof of the well-posedness of the bidomain model are Colli-Franzone and
Savaré’s paper [11] and Veneroni’s technical report [44]. In [11], global exis-
tence in time and uniqueness for the solution of the bidomain model is proven.
This work is based on a reformulation of (1)-(6) as a Cauchy problem for an
evolution variational inequality in a properly chosen Sobolev space. However,
this approach applies to particular cases of ionic models, typically reading
the form f(u,w) = k(u) + aw and g(u,w) = PBu + yw, where k € C'(R)
satisfies infg k' > —o0. In practice a common ionic model reading this form
is the cubic-like FitzHugh-Nagumo model [15]. Though important for qual-
itatively understanding the action potential propagation, the applicability of
the FitzHugh-Nagumo model to myocardial excitable cells is limited [24][32,
chap. 1]. Other simple two variable models have been proposed and widely
used in the litterature for modelling myocardial cells, such as the Aliev-Panfilov
[31] and MacCulloch [36] models. Unfortunately not even the existence of a
solution for these ionic models can be dealt with by the theory presented in
[11], in most part due the form of the nonlinearity of the term in w appearing
in the ionic current f. In the second reference [44], Colli-Franzone and Savaré’s
results have been extended to more general and more realistic ionic models,
namely those taking the form of the Luo and Rudy I model [28]. Though
including modern and realistic ionic models, this result still does not include
the Aliev-Panfilov and MacCulloch models.

In this paper, we propose a new approach to the bidomain equations in order
to address ionic models (i.e. functions f, g) adapted to the myocardial cells.
Our idea is to use a reformulation of (1)-(2) as a parabolic PDE coupled to
an elliptic one, by replacing w; = u + u. in (1) and substracting (2) to (1).
The boundary condition (5) is also reformulated in terms of u and u.. The
complete form of the new system is:

ou

N + f(u,w) =V - (0;Vu) = V- (6;Vu,) = s;, in (0,+00) x 2, (7)
V- (o;Vu+ (0; + 0.)Vue) = —(s; + se), in (0,400) x Q, (8)

88—1; + g(u,w) =0, in (0,400) X €, 9)

oiVu-n+o;Vu.-n=0, in (0,+00) x 09,  (10)

oiVu-n+ (0, +0.)Vu. -n =0, in (0,400)x 02, (11)

u(0) = ug, w(0) =wp, in . (12)

Hence we consider the problem of finding unknown functions u, v, and w ver-
ifying (7)-(12). Naturally, the regular solutions of (1)-(6) and (7)-(12) are
exactly the same.

Such an elliptic/parabolic reformulation has been previously used in numerical
simulations, see e.g. [7, 20]. What we propose in this paper is to reformulate
(7) (8) in a single equation by introducing a new bidomain operator A, whose
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properties are given below. While the main difficulty in (1)-(2) is the degen-
eracy in the temporal derivative, in our approach, we are able to replace u, in
(7) by the solution of (8) with the boundary condition (11), reducing (7)-(12)
to a Cauchy problem for a single abstract parabolic equation with unknowns
u and w, which reads

%va(u,w)—l—Au:s, (13)
%—1: + g(u, w) =0, (14)
u(0) = up, w(0) = wy, (15)

where A is an integro-differential 2nd order elliptic operator accounting for the
boundary conditions (10) and (11) and s is a modified source term, both given
formally by

Au= =V (o;Vu) + V- (;V ({V - (0; 4+ 0.)V} (V- 0;Vu))),
s=5—-V-(;V{V-(0i+0)V} (si+5))).

Afterwards, we are able to recover u, and u; with
Uy = U+ U, U=V (0;+0)V}  (—(5i+5.)—V-0;Vu). (16)

The unknowns wu; and u, are defined up to an additional constant.

Two specific definitions of the so-called bidomain operator A and source term
s will be given in §2, definitions 1 and 2, in order to express (13)-(15) in strong
and weak variational senses.

We choose to study both strong (see §3, definition 2) and weak (see §4, def-
inition 1 and lemma 4) solutions of (7)-(12), using the operator A and the
source term s. The strong solution theory applies to fairly general ionic mod-
els [3, 13, 28, 30], but only provides solutions that are local in time. On the
other hand, weak solutions are obtained for simpler ionic models reading as
a single ODE with polynomial nonlinearities, but are global in time. These
ionic models include the FitzHugh-Nagumo model [15] and simple models more
adapted to myocardial cells, such as the Aliev-Panfilov [31] and MacCulloch
[36] models.

Strong solutions on an interval [0, 7) are functions u(t), u.(t), w(t) with value
respectively in H2(2), H*(Q)/R, L>°(Q) such that (7)-(9) holds for all ¢ € (0, 7)
and a.e. z € Q and (10)-(11) holds for all t € (0,7) and a.e. z € 99 (defini-
tion 3). There is also a notion of mild solutions, but these coincide with strong
solutions because we are interested in continuous solutions. See [21] for details.

As correctly stated in definition 4, weak solutions on an interval [0, 7) are func-
tions u(t), ue(t), w(t) with value respectively in H'(Q), HY(Q)/R,L3(2) such
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that
d
G0+ [ a9® +u®)- Vo [ fa.omo= [ soo
G0+ [ gtuo), w0

respectively for all v € H'(Q2) and v € L?(Q2), where for a.e. t € (0,7),

/ 0 Vult) - Vo, + / (01 + 0) Ve (1) - Vo, = / (s4(t) + 5 ().
Q Q Q
for all v, € HY(Q)/R. They are equivalently defined as weak solutions to (13)-
(14) with u, given by (16) in a weak sense (lemma 14).

Our main results are :

e Existence, uniqueness and regularity for strong solutions under weak
assumptions on f and g, but only with 7 > 0 small enough, and for
regular data (052, 0;, s;. and ug, wp);

e Existence for weak solutions under more restrictive assumptions on f
and g, but for 7 = +00 and with minimal regularity on the data.

The first important difficulty concerns the definition of the mappings (¢, x)
flult,z),w(t,z)) and (t,2) = g(u(t, ), w(t, z)):

e Fither f: RxR”™ — R, g: RxR™ — R™ are locally Lipschitz functions
and u,w are regular enough and we can find 7 > 0 small enough for
strong solutions to be defined on [0, 7);

e Or f, g are only continuous but with polynomial growth at infinity with
suitable power (as given by assumption (H3), §4) which allow for weak
solutions to exist for any ¢ > 0.

The second difficulty concerns the operator A. Clearly, it is uniformly ellip-
tic. In the semigroup approach, the solutions are obtained through a fixed
point technique, but only with 7 > 0 small enough. Since the functions f, g
of interest usually define vector fields with invariant regions, as defined in [40]
(think of the FitzHugh-Nagumo equations), global solutions (7 = +o0) are
expected from a maximum principle on A. It is interesting to note that global
existence results for system of reaction-diffusion equations, similar to our bido-
main model, are only available when the elliptic operators in the system is a
Laplacian or more generally a second order elliptic operator reading the form
V- (oV:) [2, 14, 18, 21, 34, 40, 41, 42]. In these cases, essential properties of
elliptic second order differential operators are required to derive comparison
theorems or maximum principles. Unfortunately, we were not able to prove
any comparison theorem, because of the integro-differential form of our oper-
ator A. And our strong solutions are proved to exist only for t < 7, with 7
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small enough.

There are numerical experiments and intuitions that the solution are bounded
functions, hence solutions should exist for all times. Here, the variational ap-
proach is helpful to obtain solutions for any ¢ > 0 (7 = +00). Of course, it
requires an energy estimates, that depends on an additional assumption on
the function f, g (besides their polynomial growth) stated as (H4). The vari-
ational approach is quite technical, for sake of simplicity it is developped only
for m = 1.

The paper is sketched as follows: some notations and explanations on the
boundary conditions are introduced in §1; the bidomain operator is defined
in §2; results on local in time strong solutions are given in §3; the variational
approach is covered in §4, and the three examples are considered in §5.

In §3, we shall briefly but completely define and prove existence, uniqueness
and regularity results for strong solutions on a local time interval. The analysis
mainly explain how the problem enters the framework of solutions as defined
in [21]. The results are obtained for smooth data.

In §4, our main result is stated: existence of a weak solutions. It is based on
a classical Galerkin technique, a priori estimates and compactness results [27].
The results are obtained under minimal regularity assumptions on the data.
The problem of regularity of the solutions is not addressed here.

1 Notations and boundary conditions

In order to formulate the weak form of the equations, we only need €2 to be a
bounded open subset of R? with Lipschitz boundary 92, and the conductivity
matrices ;. to be functions of the space variable z € € with coefficients in
L>(€2) and uniformly elliptic. Namely, we assume that there exists constants
0 <m < M such that

mléf? <& ope(x) € < MIEP, VEeRY (17)

for a.e. z € Q. The matrices 0; . are symmetric.

Now, to define strong solutions and for the boundary conditions to make sense,
we need additional regularity on these data: 99 is supposed to be C*** and
0i. to have their coefficients in CH”(Q) for some v > 0. Of course condition
(17) is supposed to be valid for any x € Q.

The source terms s;(t) and s.(t) are related to the applied stimulating cur-
rents. Their regularity will be specified in §3 and §4. We point out that s; + s
must have a zero mean value. The physical reason for this is that there is
no current flowing out of the heart through its boundary as stated by bound-
ary conditions (10) or (11), and that the intra- and extra-cellular medias are
electrically communicating through the cells membrane. Therefore the current
conservation applied to the whole heart, in other words Eq. (8) integrated over
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all 2 ensures that s; + s, has a zero mean value. That is:

/ (si(z) + se(x)) dz = 0. (18)
Q
We now emphasize on a specificity of the bidomain equations:

1. the symmetric matrices o, () have the same basis of eigenvectors Q(x) =
(q1(x),...,qa(z)) in RY which reflect the organization of the muscle in
fibers (direction ¢;(x)) [10]; and then o;.(z) = Q(2)A;.(z)Q(z)" where
Aio(z) = diag()\ilye(x), oA ().

2. the muscle fibers are tangent to the boundary 92 [10], so that
oic(z)n(z) = X n(z), ae x€0Q (19)
with A? (2) > m > 0.
As a consequence, we have the

Lemma 1. Suppose that Q has a C' boundary 99, Q(x) and A;.(z) are
CY%(). For functions u,u., € H?(Q), the conditions (5), and the conditions
(10)-(11), and the homogeneous Neumann conditions

Vu;-n=0, Vu,-n =0, in 0N
are equivalent.

Proof. Conditions (5) and (10)-(11) are linear combination one of the other,
equivalent to the conditions above because of identity (19). O

2 The bidomain operator
Now we need to study the mapping

(u,s; +8e) —  ue = s+ V- (0;Vu)+ V- (0;Vu,) := Au + s.

solve (8) replace in (7)
Hence, we study the system

-V - (o;Vu) =V - (0;Vu,) =s;, inQ, (20)
V- (o;Vu+ (0; + 0.)Vue) = —(s; + s¢), in {2, (21)

with the boundary conditions (10) and (11), given conductivity matrices o;(z),
oc(z) and data s;(z), sc(z) such that [,(s; + s.) = 0 (or more generally (s; +
Se, 1) = 0).
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2.1 Variational formulation

Equations (20) and (21) with the Homogeneous Neumann boundary conditions
(10) and (11) have solutions (u,u.) defined only up to an additive constant.
In practice, the nonlinear term determines « in H'(€) but u, remains defined
up to an additive constant. Weak solutions will be found in H!(Q)/R, using
a bilinear form in H'(Q2)/R x H'(Q)/R, that is extended to H'(Q2) x H'(Q2) in
order to address the bidomain equations.

Given a Banach space X of functions integrable on 2, we define its subspace
X/R = {u € X, [,u =0} C X, that is a Banach space with the norm
|ul|x/r = [Jullx. For any u € X, we also note [u] =u — [,u € X/R.

In practice, we are working with V' = H'(Q2), H = L*(Q2) endowed with their
usual norms. We shall note U = V/R, and we have

UCH/R=(H/R) CU,
DQCVCH=HCV cD(9Q)

where the injections are continuous and the injection V' — H and U — H/R

are compact. Note that |uly = ([, |Vu|2)1/2 defines a norm on U equivalent
to the norm on V', due to the Poincaré-Wirtinger inequality

3C >0, Vuel, / lul? < Clulf; = C’/ |Vul?, (22)
Q Q

Hence we shall use |- |y instead of the norm induced by |||y in U. An element
s in H/R or H is identified to the element s € (H/R)’ by (s,v) = [, sv for all
v € H/R. An element s € V' is identified to an element of U’ by just restricting
the duality product (s,v) := (s,v)y «y to functions v in the subspace U of V.
Conversely, an element s € U’ can only be extended to the whole space V
independently of the value v — [v] using a special condition like (s, 1) = 0.
Given a regular solution u, u, € H?(Q2)/R, we obtain a variational formulation
by multiplying Eq. (20) by a test function v € U, multiplying Eq. (21) by a
test function v, € U, integrating by parts the second order terms and adding
the two resulting variational equations. The boundary terms vanish due to
the boundary conditions (10) and (11) on u and u.. The resulting variational
problem reads: Find (u,u.) € U x U such that

a;(u,v) + a;(te, v) + a;(u, ve) + (a; + ae)(te, Vo) = (8, V) + (i + Se, Ve), (23)
for all (v,v.) € U x U. The bilinear forms a;.(-,-) on U x U are

a;(u,v) = / o;Vu-Vodz, a.(u,v)= / o.Vu-Vodz, Y(u,v) €U xU,
0 0

and s;, (s; + s.) € V' are given source terms.
Under the hypothesis (17), the bilinear forms a; . (-, -) are symmetric continuous
and uniformly elliptic on U. We define the bilinear form

b((u, ue), (v,0e)) = a;(u,v) + a;(te, v) + a;(u, ve) + (a; + ae)(Ue, Ve)
on U x U, for the sake of simplicity. We have
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Lemma 2. The bilinear form b(-,-) is symmetric, continuous and uniformly
elliptic on (U x U) x (U x U) for the norm |(v, v.)|uxvr = max(|v|y], |ve|v)-

Proof. Clearly, the bilinear form b(-,-) can be rewritten as
b((u, te), (V,0e)) = a;j(U 4 Ue, v + V) + Ge(Ue, Ve).

It is bilinear and symmetric. Additionally, a simple computation shows that
$l(u,ue)[fry < |u+ welf + uelf < 6](u, ue)|fyy, and using the inequalities

(17) we have

’b((ua ue)7 (Uv Ue))| S 6M|(u7 ue)’UXU’(Ua Ue)’UXUa
m
b((uv ue}v <U'> UE)) > §|(u7 u6)|2U><U7
which proves that b is continuous and coercive. [

Theorem 1. Let s;,s. € V' and u € U be given. The variational equations

(ai + ae)(aea Ue) = _ai(ua Ue)a \V/’Ue € Ua (24)
(a; + ae)(te, ve) = (8; + Se, ve), Vo, € U, (25)

have unique solutions ., 4. € U. For any u,v € U, we can define the mappings
a(u,v) = b((u, i), (v,0)), (s,v) = (s8;,v) — a;(Ue, V). (26)

The mapping a is bilinear, symmetric, continuous and uniformly elliptic on
U x U, and the mapping s is linear and continuous on U.
Eq. (23) has a unique solution (u,u,.) where u is also the unique solution of

a(u,v) = (s,v), YveU, (27)
and u, = U, + U, where ., @, are the solutions of (24) and (25).

Proof. The idea is that, for any (u,u.) € U x U,

b((u, ue), (V,0e)) = (85,0) + (8; + Se, Ve), V(v,0.) €U X U, (28)

< b((u,ue), (v,0)) = (s;,v), YveUl, (29)
b((u, ue), (0,ve)) = (8; + Se, V), Vv, €U, (30)

< b((u, ), (v,0)) = (s;,v) — b((0, @), (v,0)), YveU, (31)
b((u, @), (0,v.)) =0, Vo, €U, (32)

b((ov ae)v (Oa Ue)) = <3i + Se, Ue>7 vUe € U, (33)

Ue = Ue + Ue (34>

Egs. (32) and (33) are exactly Eqs. (24) and (25), respectively; and Eq. (31)

is exactly (27) with the notations (26).
Note that the mappings v, € U — a;(u,v.) € R and v, € U > (8;+ 8¢, v.) € R
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are linear and continuous. Equations (24) and (25) have unique solutions .
and . by the theorem of Lax-Milgram. We have
m
2M

where C' > 0 is the constant of the Poincaré-Wirtinger inequality (22). The
mapping s defined in (26) is obviously linear, and continuous because:

. M ~ C
luly < || < %W’U; Ue |y < %Hsz + Sellvr, (35)

CM
Yo e U, 5ol < (Clisll + Gorllss + sl ) bl

It remains to prove that the mapping a defined in (26) is bilinear on U x U,
continuous, uniformly elliptic and symmetric. Consider the function v, € U
constructed like @, (the solution of (32)) as the solution of b((v, .), (0,v.)) = 0
for all v, € U. The result is deduced from the definition of b(-, -), lemma 2 and
(35) because

a(u,v) = b((u, te), (v, 0)) = b((u, te), (v, Ve))
= b((v, 0e), (u, ue)) = b((v, Te), (u, 0)) = a(v, u).
Specifically, we have

M
la(u, v)] < M (1 i %) lulylvly,  alu,u) > %

m
a

Remark 1. Conversely, let u be the solution to (27) and u. = 4. + @, be
given by (24) and (25). The space U does not contain the space D(2), but
for any v € D(Q2), we have Vv = V[v] and [v] € U. We must impose the
extra condition (s; + s, 1) = 0 to get (s; + Se,v) = ($; + Se, [v]). In that case
U, = U, + U, can easily be proved to verify

V- (o:Vu+ (0;+ 0.)Vu,) = —(s; + 8.), in D'(Q).

Additionally, if u,u, € H?(£2), then the equation is verified a.e. in  and the
boundary condition (11) holds a.e. in 92

At last, the operator a is extended to V x V, in order to state the full
bidomain problem.

Definition 1. The bidomain bilinear form a is defined on V' x V by
a(w,v) = a([ul, [o]), V(uw,v) €V x V.

Given s;, s, € V' such that (s; + se, 1) = 0, the source term s is extended to a
linear form on V| still denoted by s, by

(s,v) = (s4,v) — a;(Te, [v]), YveV,

where . is given by (25).

10
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Theorem 2. The bilinear form af(-,-) is symmetric, continuous and coercive

onV,

VueV, allully < alu,u)+allulli, (36)
Vu,v €V, la(u,v)] < Mllullv|vllv, (37)
with a = % (1 + %) and M = 3M (1 + %) There exists an increasing

sequence 0 = A\g < ... < \; < ...in R and an orthonormal Hilbert basis of H
of eigenvectors (v;);en such that for all i € N, ¢; € V' and

Yv € ‘/, a(wi,v) = )\Z(?/)Z,U) (38)
Given s;, s, € V' such that (s;,1) = (s, 1) =0, if u € V' is a solution to
a(u,v) = (s,v), YweYV, (39)

and v, = @, + . € U is given by (24) and (25), then (u,u.) is a weak
solution to (20), (21) with the boundary conditions (10), (11). If additionally
u, u, € H*(Q), then they verify (20), (21) a.e. in Q and (10), (11) a.e. in 9.

Proof. The bilinear form a(-,-) is well-defined and symmetric. It verifies
(36) and (37) because of theorem 1, and because ||ully = (||ul|% + |[u]|?])1/2
The spectral problem is very classical, and can be found for instance in [35,
th. 6.2-1 and rem. 6.2-2, p.137-138]. In this case, we have \g = 0 because the
bilinear form a obviously vanishes only for constant functions.

The equivalence with the strong formulation and the boundary conditions is
also a classical result, stated partly in remark 1, and easily deduced from the
definition 1 of a and s:

b((u,ue), ([v],0)) = (s;,v) Yo eV,

a(u,v) = (s,v) & {b((u,ue), (0,v.)) = (s; + Se,v.) Vv, € U.

The second equation is equivalent to (24) and (25) to define u, from [u] € U
and the first equation is obviously the weak form of (20). O

Remark 2. The two conditions (s;, 1) = (s, 1) = 0 are needed for the solution
u € U = V/R of (39) to be interpreted as a weak solution in V' of the par-
tial differential equations (20), (21) with the Homogeneous Neuman boundary
conditions (10) and (11).

For the full nonlinear bidomain problem, only (s; + s, 1) = 0 will be required
with no zero-average condition on s; and s, taken individually. The definition
1 requires only that (s; + s¢, 1) = 0.

2.2 Weak operator

This variational process can also be handled through operators. These are
weak operators, defined from U onto U’ or V onto V’. Indeed we are able to
define A, . and A by duality by setting

<Ai,eu7 U) - ai,e(“v U)7 <zu7 U> = C_L(u7 U)7 V(u, U) eUxU.

11
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They are all one-to-one continuous mappings from U onto U’, with continuous
inverse (from Lax-Milgram theorem).

Lemma 3. Given s;,s. € U’, the source term s € U’ defined in theorem 1 is
such that

s=s; — Ai(A; + Ae)_l(si + 8e) = —Se + Ac(A; + Ae)_l(si + Se),

and we have

A=A(A+A) A = (A7 + ACH L
Proof. We can rewrite (24) and (25) as
(Az -+ Ae)ae =3s; + Se, (Az + Ae)ﬂe = —AZU

The result is found by substituting ., @, in (26). A short computation shows
that

Z - Az — Al(Az + Ae)ilAi - Al(Id — (Al + Ae)ilAi)
= A (A 4+ A) A + A — A)).

The second equality defining A comes from a simple algebraic manipulation
and the fact that the operator A;' + A1 is invertible.
The second formulation of s is due to the identity

s—5=8+ 5 — (Ai + A)(Ai + Ac) " (si + 5.) = 0.
a

Lemma 4. Define J : u € V — [u] € U and its transpose J : U’ — V'. For
any s;,S. € V' with (s; + s, 1) = 0, the source term s € V' and the bilinear
operator a given by definition 1 are such that

s=s5;— JUA(Ai + A) T (si 4 Se) = —5e + JTA(A; + A) T (80 + se),
and
a(u,v) = (Au,v) for all (u,v) €V xV, with A=JTAJ:V =V

Proof. Tt is obvious since a(u,v) = a([ul, [v]) = (AJu, Jv) = (JFAJu,v)
for all (u,v) € V x V. Concerning s, we have for all v € V,

(5,0) = (51,0) — (it o) = {51, 0) — (Au(s + A) (5 + 52), I0)
= (s; — JTA; (A + A) 7 (85 + Se), v).
a

Remark 3. Although it is a positive operator, A is not in general a differential
operator, being the harmonic average of two second order differential elliptic
operators.

12
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2.3 Strong operator

Now, we want to see A; and A, as operators in H/R. Hence we suppose that
Q) has a C? boundary 92 and that o; . have C'(Q) coefficients. From a simple
regularity result, see for instance [5, th. IX.26 and rem. 25, p.182], for all
f € H/R we have u = (A;.) ' f € H*(Q)/R, or u = (A; + A.) " f € H*(Q)/R.
As a consequence, we have

V- (0:eVu) = fae inQ, o0;,.Vu-n=0a.e. in0Q,
V- ((o;+0.)Vu) = fae inQ, (0;+0)Vu-n=0ae. in 9.
With lemma 1 in addition, we can define unbounded operators in H/R, still

denoted by A; and A, and A; + A., with domains D(A;) = D(A.) = D(A; +
Ae) = D(A)/R by

Aju=V-(o;Vu), Awu=V-(0.Vu), (Ai+A)u=V-((0;4+0.)Vu), (40)
with
D(A) ={u e H*Q), Vu-n=0ae. in 00} C H. (41)

Lemma 5. The operators A;, A, A; + A, are maximal monotone in H/R and
self-adjoint. They have compact inverses in H/R.

Proof. The operators A;, A., A; + A, verify, for all (u,v) € D(A)/R x
D(A)/R,

(Aicu,v) = a;e(u,v), (A + Ae)u,v) = (a; + ae)(u,v).
They are obviously maximal-monotone and self-adjoint. Their inverses
(Aje) ' : H/R — H/R, (A;+A.)"': H/R— H/R
are compact operators since their range is D(A)/R and the injection D(A)/R —
H/R is compact. O

Definition 2. Given s;, € H such that s; + s, € H/R, we define the strong
bidomain operator A : D(A) C H — H and the source term s € H by:

Au = A;(A; + A) ' ALJu),  Yu € D(A), (42)
s=s; — Ai(A; + Ae)_l(si + 8e) = —Se + Ac(A; + Ae)_l(si + Se). (43)

The definitions make sense because [u] € D(A)/R = D(A;) and the range
of (A;+ A.)tis D(A)/R = D(A,), and of course H/R C H. We use the same
notation for the weak and strong bidomain operators as it will be clear from
context which operator we refer to.

Theorem 3. Consider s;, s, € H such that s; + s, € H/R. The strong
bidomain operator A of definition 2 is self-adjoint and maximal-monotone.
We have

V(u,v) € D(A) x D(A), (Au,v) = a(u,v),

13
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and the source term s € H of definition 2 can be identified to the source term
s € V' of definition 1 through the identity (s,v) = (s,v) forallv € V C H.
The sequence (\;);en and the orthonormal Hilbert basis (1;);en of eigenvectors
defined in theorem 2 is such that ¢; € D(A) for all i € N and

D(A) ={ue H Y MNuv)* <ool, Au=» N(u ). (44)

i>0 i>0

For v € H, we have: Au = s and u, = (A; + Ao)™' ((s; +5.) — Aju) €
D(A)/R < (u,u.) verify (20) and (21) a.e. in 2 and the boundary conditions
(10) and (11) a.e. in 0.

Proof. For u € D(A), Au € H/R C H is well defined. Consider 4, =
—(A;+ Ao) P A[u] € D(A)/R and @, = (A; + Ae) " (si +s.) € D(A)/R . They
are exactly the solutions to (24) and (25). We have Au = A;[u] — A;(A; +
A.) 1 A;[u] (simple computation) for all u € D(A) and then for all v € D(A),

(Au,v) = (Ai[ul, [v]) + (Aitie, [v]) = a([u], [v]) + a(te, [v])
= b(([u], i), (v,0)) = a(u,v),
(S,U) = (Si7v) - (Aiﬁev [UD = (Shv) - ai(ae’ [U]) = <S7U>'

The remaining results are deduced from theorem 2. A is maximal-monotone
(coercivity of a) and self-adjoint (symmetry of a) in H. The eigenvectors
Y; € V = H'(Q) are such that Ay; = \jb; in V' and then ¢); € D(A) (regularity
result). As a consequence AvY; = A\;); in H and (44) is valid. The equivalence
is true because if u € D(A) C H3(Q) then Au = s & a(u,v) = (s,v) Yo € V
and u, = (A; + A7 ((s; + s¢) — Aju) = 1, + U, where @, and @, are the
solutions to (24) and (25). O

3 Strong solutions

The existence and uniqueness of strong solutions for (13)-(15) is established in
the framework of analytical semigroups, as presented in D. Henry’s monograph
[21].

3.1 Specific assumptions and notations

The result for the existence and uniqueness of strong solutions holds if we
assume that Q has a C? boundary 99 and that o; . have C'(Q) coefficients, in
order to apply the definition and lemma from §2.3.

The integer m can be chosen as big as one wishes. As precisely stated below,
the reaction terms f and ¢ are only assumed to be locally Lipschitz functions
(for existence and uniqueness of solutions results), so covering a wide range of
realistic ionic models [3, 13, 28, 30].

The second unknown w (a m-dimensional vector here) will be searched in a
Banach space B™ = B X B ... x B where

14
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e cither B = L*>(Q),

e or B = C¥(Q), the space of all (globally) v-Holder continuous functions
on Q. This last choice will be needed to establish the regularity of the
solutions. In the sequel, v will represent a real number 0 < v < 1.

The function f: R x R™ +— R and g : R x R™ — R™ are:

e locally Lipschitz continuous functions on R x R™ when assuming that

B =L>(Q),
e C%(R x R™) regular functions when assuming that B = C*(Q).

At last, we assume the functions s;,s. to be locally v-Holder continuous in
time, s, . € C},.([0,400), H) for some v > 0:

V[tl,tg] C [O, —|—OO), 1C > 0,
(51,52 € [tl,tg] = ||Si,e<51) — 81‘78((52)”]{ < C|51 — 52|V. (45)

Consider Z = H x B™, with the norm ||(u,w)|z = max(||u||g, ||w] gm). 1t is
a Banach space. We introduce the unbounded operator A in Z defined by

A:D(A)C Zw— Z, Az=(Au,0)€ Z, for z = (u,w) € Z,

with D(A) = D(A) x B™; and the source term S : t € [0, +00) — (s(¢),0) € Z
where A and s(t) are given in definition 2.

Lemma 6. The unbounded operator A : D(A) C H — H is a sectorial
operator.

Proof. Since the operators A and w € B™ — 0 € B™ are self-adjoint, they
are also sectorial. Thus A is sectorial as the Cartesian product of two secto-
rial operators. See [21, p.18-19] for the definition and properties of sectorial
operators. [0

Lemma 7. If s;. : [0,+00) — H are locally v-Hdlder continuous functions
with s;(t) +s.(t) € H/R for all t > 0, then S : [0, +00) — Z is locally v-Hélder
continuous.

Proof. Consider [t1, ] C [0,4+00), and the constant C' > 0 such that (45)
holds. If 61,09 € [t1, 2], we have

8(51) — 8(52) = Si((Sl) - SZ‘((;Q) - AZ(AZ + Ae)_l(Si((;l) - Si((SQ) + 86(51) - Se<52)>-

The result is obvious since A;(A; + A.)~' : D(A)/R — D(A)/R is bounded. O
Our next problem is to define the mapping

F:(u,w) e Z (flu,w),g(u,w)) € Z.

1530 > 0, Va,y € Q, [uly) — w(@)| < Cla —yl".
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To get rid of that difficulty, we introduce the fractional powers A% and the
interpolation spaces Z¢ = D(A%). For a > 0 the unbounded operator A® :
D(A®*) C Z — Z is defined by:

Z* ={u € H, Y N(u1)* < oo}xB™,  A*(u,w) = (ZX" wlwl,).

i>0 >0

The spaces Z%, equipped with the norm |ull, = ||u + A%ul|z, are Banach
spaces. Moreover (see [21]), for any 0 < « < f, we have the continuous
and dense embedding Z? C Z*. These spaces form a sequence of decreasing
functional spaces composed of functions whose regularity increases from Z
(a=0) to D(A) C H3(R2) x B™ (a = 1). With the regularity we assumed for
0L), we have the following embedding lemma:

Lemma 8 (Case B = L*>*°(Q2)). For B = L>(Q), f, ¢ locally Lipschitz contin-
uous on R x R™, we have

7 CL®(Q) x B ifd/4<a<1,
and in that case, ' : z € Z% — F(z) € Z is locally Lipschitz continuous.

Lemma 9 (Case B = C”(Q2)). For B =C"(Q), f,g C? functions on R x R™,
and a < 1, we have

Z°CC"(Q)x B*, if0<v<2a—d/2,
and in that case, F': z € Z% — Z is locally Lipschitz continuous.

Proof. From lemma 6 the operator.A is a sectorial operator, hence the reg-
ularity embeddings from [21, p.39] apply.
A locally Lipschitzian function f : R +— R induces a locally Lipschitzian func-
tion f : L®(Q2) — L>*(Q), so that F' can be extended to a locally Lipschitz
continuous function F': Z¢ — Z.
A C? function f : R — R induces a locally Lipschitz function f: CY(Q)
C"(2) (for 0 < v < 1). The mapping F' can be extended to a locally Lips-
chitzian function F' : Z% +— Z. O

3.2 Existence of and uniqueness of local in time solution

We are ready to define the notion of strong solution local in time:

Definition 3 (Strong solution). Consider 7 > 0 and the functions z : ¢ €
0,7) — 2(t) = (u(t),w(t)) € Z and u. : t € [0,7) — u(t) € H. Given
(uo, wp) € Z, we say that (u,u.,w) is a strong solution to (7)-(12) iff,

z:[0,7) — Z is continuous and z(0) = (ug, wp) in Z (that is eq. (12)),

2. z:(0,7) = Z is Fréchet differentiable,

16



Existence and uniqueness of solutions for the bidomain model

3.t € [0,7) — (f(u(t),w(t)), glu(t),w(t))) € Z is well defined, locally
v-Holder continuous on (0, 7) (for 0 < v < 1) and is continuous at t = 0,

4. for all t € (0,7), u(t) € HX(Q), u.(t) € H*(Q)/R,

and (u, u.,w) verify (7)-(9) for all ¢ € (0,7) and for a.e. z € Q, and the
boundary conditions (10)-(11) for all ¢t € (0,7) and for a.e. z € 9.

One easily derives the following characterization

Lemma 10. The functions z = (u, w) and u. are a strong solution to (7)-(12)
iff conditions (1)-(3) of definition 3 and condition (4’) below are satisfied:

(47) for all t € (0,7), u(t) € D(A), u.(t) € D(A)/R,

and z verify for all t € (0,7),

%(t) LA () + F(2() =0 in Z, (46)

using the previous definitions of A and F', while u, is given by
ue(t) = (A + Ac) ™ ((si(t) + se(t)) — Asfu(t)]) € D(A)/R. (47)

Theorem 4 (Local existence and uniqueness). Consider 0 < o < 1 defined by
lemma 8 (case B = L) or lemma 9 (case B = C¥) such that F': Z® — Z is
well-defined and locally Lipschitzian. Then for any (ug,wg) € Z¢, there exists
T > 0 such that the problem (7)-(12) has a unique strong solution on [0,7") in
the sense of definition 3.

We point out that choosing « such that F': Z¢ +— Z is locally Lipschitzian
imposes a strong constraint on the initial data zp = (ug,wp) € D(A%). In
dimension d = 3 for instance, one must have oo > 3/4.

Proof. That theorem is a direct application of the local existence and
uniqueness theorem in [21, p.54] since:

e there always exists 0 < a < 1 such that F' extend to a function F' : Z% —
Z locally Lipschitzian, for d = 1,2, 3.

e A is sectorial (lemma 6),

e t— S(t) is locally v-Hélder continuous for some v > 0.
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3.3 Regularity of the solutions

Given a real number 0 < v < 1, we will assume throughout that subsection
that B = C¥(Q) and that the reaction terms f and g have C? regularity on
R x R™. We will moreover assume that the boundary 0f2 of the domain has
C*V regularity, and that ;. have their coefficients in C*(€Q).

The operator A has a smoothing effect on the solutions of (46): for an initial
data uy € D(A%), the solution satisfy u(t) € D(A) for ¢t > 0. This is due to
the following elliptic regularity result (see [17, p.128] or [5, p.182]):

Lemma 11. Let o be a uniformly elliptic tensor on {2 whose components
belong to C'(Q) for some v > 0. We also assume the boundary 9 to have
C** regularity. If u € D(A) satisfies V - (cVu) € C¥(Q), then u € C*™(Q).

Beyond this space smoothing effect on the first unknown u, some regularity
in time also takes place [21, p.71]:

Lemma 12. Let z : t € (0,T) — 2(t) € D(A) = Z* be the solution of the
Cauchy problem (46) given by theorem 4. We have Z' C Z" for any v < 1,
and the solution moreover satisfies: ¢ € (0,7) + z(t) € Z” is continuously
(Fréchet) differentiable for any v < 1.

Together with the previous elliptic regularity argument, these two results
imply that the solutions for (46) actually are classical solutions provided that
the initial data wy for the second variable w is smooth enough.

Theorem 5 (Regularity of the strong solution). Consider d/4 < a < 1 and
0 < v < 2a—d/2, and assume that s;. : [0,+00) — H are locally v-Holder
continuous and such that s;.(t) € C*(Q2) for all t > 0. For 2y = (ug, wp) €
Z* the unique solution z of (46) defined on [0,7") for some T > 0 satisfies
furthermore:

e Given any x € 0, the function ¢t € (0,T) — z(t,z) is continuously
differentiable in t,

e Given any ¢ € (0,7'), the function = € Q — u(x,t) is twice continuously
differentiable in z, i.e. u(-,t) € C?(Q).

Proof. Using the embedding from lemma 9 ensures that the solution ¢t €
(0,T) = z(t) € C"(2) x (C”(£2))™ is continuously (Fréchet) differentiable.
This actually implies that (t,z) € (0,T) x Q — z(x,t) = (u(x,t),w(z,t)) is
continuously differentiable in .

Let us now prove that Au(t) € C¥(2) for t € (0,7). One has Au(t) =

—dd/dt(t) — f(u(t),w(t)) + s(t). Easily, we have f(u(t),w(t)) € C(2) and
also du/dt(t) € C"(Q ) thanks to lemma 12. Now s(t) = —s.(t) + Ac(A; +
A)7Hsi(t) +5c(t)) and (s;+s.)(t) € C*(2) by assumption. By lemma 11, the
function (A4; + A.) 7' (si(t + s.(t)) belongs to C*¥(2) and then s(t) € C*(Q).
Consequently Au(t) € C*(Q2) for t € (0,7). Remark now that —A.(A4; +
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A ) A[u(t)] = Au(t) (with the previous notations). Lemma 11 ensures that
A7 Au(t) € C*(Q), and therefore (A; + A.)AZTAu(t) € CY(€) and at last
[u(t)] = —A;7 1 (A; + A) AL Au(t) € C?17(Q). This implies that @ — u(t,x) €
C2%(Q) for t € (0,T), since functions in C?*¥(€2) belongs to C***(Q). O

4 Global solution based on a variational for-
mulation

The existence of weak solutions for (7)-(12) is established by a Faedo-Galerkin
technique: construction of an approximate solution, a priori estimates and
compactness result [27].

4.1 Specific assumptions and notations

The existence of a weak solution holds under minimal regularity assump-
tions:  has a Lipschitz boundary 0%, ;. have L*(Q) coefficients, and
Sie © [0,400) — V' are defined and such that (s;(t) + s.(t),1) = 0 for
a.e. t > 0, in order to use the bilinear form a and the linear source term
s:te[0,+00) — s(t) € V' as in definition 1.

For sake of simplicity, we assume that m = 1, meaning that w(t,z) € R. We
still use the notations V = H!'(Q), H = L?(Q2) and U = V/R.

We want to write (7) in V'’ and (9) in H' = H. Hence we need assumptions
on f,g:R?* = R to prove that (u,w) € V x H — (f(u,w), g(u,w)) € V' x H’
is well-defined. Therefore, we shall assume that f and g are both polynomial
functions (see lemma 13 below). Additionally, some energy-like estimates are
needed to construct the a priori bounds. At last, the technical assumption
(H2) below is used to pass to the limit in the variational formulation. We
suppose that there exists p > 2 such that

(H1) the Sobolev embedding V' = H*(Q2) € L?(Q) holds: p > 2 if d = 2; or
2<p<6ifd=3]I[5];

(H2) the functions f and g are affine with respect to w:
f(u7 w) = fl(u) + fg(U)’LU, g(u> w) = gl(u) + gaw, (48)

where fi : R - R, fo : R — R, g; : R — R are continuous functions and
92 € R;

(H3) there exists constants ¢; > 0 (¢ = 1...6) such that for any u € R,

[ < ex+ esful™, (49)
[fo(w)] < c5 + calul??7, (50)
91 ()| < 5 + colul”’; (51)
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(H4) there exists constants a, A > 0, b, ¢ > 0 such that for any (u,w) € R?,

A f (u, w) + wg(u, w) > aluf’ —b (Aul® + |w]?) —c. (52)

Remark 4. Three examples of models in electrocardiology satisfying these
assumptions will be given in §5.

Using hypothesis (H1), we have the framework
VclPQ CcH=H cL”(Q) cV, (53)

meaning in particular that an element u € H "or u e (LP(Q2)) is identified to
an element of u € H or u € L' (Q) by (u,v) = [, uv.

At last, we use the classical spaces L?(0,7;X) (1 < ¢ < oo) of measurable
vector valued functions f : t € (0,7) — f(t) € X where X is a separable
Banach space (X alternatively is U, U’, V, V' or H here). The derivative 0, f

d
(or —f) of this function is taken in the space of vector valued distributions

from (0,7) onto X [27]. A distribution f and a function f € L%(0,7; X) are
identified if

(f.g) = /f t(in X) Ve D0,T),

where D(0,7) is the space of real functions C*° on R with compact support
n (0,7). We recall that if f € L(0,T;X) and 9,f € L'(0,T; X), then f is
equal a.e. to a function in C°([0, 7], X).

We have the

Lemma 13. Under hypotheses (H2) and (H3), the mappings (u,v) € LP(€) x
H i f(u,v) € L”(Q) and (u,v) € LP(Q) x H + g(u,v) € H are well defined.
Specifically, for any (u,w) € LP(Q2) x H, we have

1 (uty w) ot g < ALQMYY + Aglul P + Asllwl |5 (54)
lg(u, w)[lar < Bi QY2 + Bollull?hte, + Bsllwla, (55)

where the A; >0 (i=1...3) and B; >0 (i = 1...3) are numerical constants
that depend only on the ¢; (i =1...6) and on p.

Proof. For (u,w) € R?, we have from (H2) and (H3),

\f(u,w)\ <c + Cg|u’p_1 + 03|w| + C4|U)Hu‘p/2_17
|g(u, w)| < By + Ba|ulP/? + Bslwl,

with exactly By = ¢5, By = ¢g and Bz = |ga.
If p # 2 it is proved by the inequality of Young that
B (p/2—1)p'
|w||u|p/2—l < |’LU| + |u|

8 g
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where 3 = 2/p’ > 1 and 1 +——1 Since (5—1)6’2(5—1)2%—19—1
we have

%’wfﬁ-

&)
+ é, so that it can be found

If (u,w)| < e + <02 + %> lulP~t + cs|w] +

B/
|w]”

But f > 1 and then we also have |w| < lﬂ
positive constants A;, Ay and As such that

|f (u,w)| < Ay + AslulP~" + As|w]”.

If p = 2, this inequality is still valid, with A; = ¢;, Ay = ¢, A3 = ¢35 + ¢4.
Now for (u,v) € LP(Q2) x H, we can write

1 (w, w) ||y < || Ax + Agful™" + A3|w|BHLpf(Q)

< Al ) + [[A2lulP 7| g + [[Aslwl®]| L g
= A QMY + Agllullfrie, + Asuwn%’ (56)

because (p — 1)p’ = p, Bp’ = 2, and similarly,

lg(u, w)|lg < || By + BalulP”? + Bslwl|| ,

< ||Billy + || Balul?’?| , + |Bswl|l
= Bi|Q"? + Byl|ull?%e, + Bsllwllm. (57)

4.2 Existence for the initial value problem

Under the minimal regularity assumptions on the data €2, o, . and s; . given at
the beginning of §4, we are able to write the

Definition 4 (Weak solutions). Consider 7 > 0 and the three functions v :
te0,7) »u(t) € Hyue:t €[0,7) = u(t) € Hyw:t €[0,7) — w(t) € H.
Given (ug, wo) € H, we say that (u,u.,w) is a weak solution to (7)-(12) iff, for
any T € (0,7),

l.u:[0,7] - H and w : [0,7] — H are continuous, and u(0) = uy,
w(0) = wp in H (that is eq. (12));

2. for a.e. t € (0,7), we have u(t) € V, u.(t) € V/R, and u € L*(0,T; V) N
LP(QT)a where QT = (Oa T) X Q;

and (u, ue, w) verify in D'(0,T):
G0+ [ a9t +u®) - vor [ s = (s(t),0),

jt< (6).0)+ / o) w(®)o =0,
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respectively for all v € V' and for all v € H, and

/ o;Vu(t) - Vv, + /(Ui +0c)Vue(t) - Voo = (si(t) + se(t),ve), Vv € V/R.
Q Q

(58)
Remark 5. The weak derivatives of u: ¢t € [0,7] — Handw : t € [0,7] — H

identify to functions dyu € L2(0,T; V') + LP(Qr) and dyw € L2(0,T;V") +
LY (Qr). Indeed the following equalities are true in D'(0, T):

(Opu,v) = %(u(t),v) Yo eV =VnNLQ),

g(w(t),v) Yv e H.

<atw7 U> = dt

Naturally, we have the two following lemma:

Lemma 14. The functions (u, u., w) are a weak solution to (7)-(12) iff condi-
tions (1)-(2) of definition 4 hold and (u,w) verify in D'(0,T):

G0+t 0+ [ s ~(s{)e) weV,
dt( (lt),v)+/Q (u(t),w(t))v =0 Vv e H,

where a(-,-) and s € V' are given in definition 1. The function w, is then
recovered from (58).

Lemma 15. Any strong solution (u, u., w) on [0, 7) is a weak solution on [0, 7).
Conversely, if 92 is C" regular, any weak solution (u, u., w) on [0, 7) such that
u(t) € H2(Q) for a.e. t € [0,7) is a strong solution.

Theorem 6 (Global existence of a weak solution). Let €2, 0; . have the minimal
regularity specified in §1. Suppose that hypotheses (H1) to (H4) on f, g hold
for some p > 2. Let be given ug,wy € H and s;, s, € L*(R*; V) such that
(si(t) + se(t),1) for a.e. t > 0. Then the system (7)-(12) has a weak solution
(u, ue, w) in the sense of definition 4 with 7 = +o0.

Proof. Using lemma 14, it is given in the next subsections, in three parts:

e construction of an approximate solution using the Faedo-Galerkin tech-
nique;

e a priori estimates on the approximate solution;

e compactness results, and convergence of the approximate solution to-
wards a weak solution.
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4.2.1 Construction of an approximate solution

We use the special orthonormal Hilbert basis (in H) (1;):en of eigenvectors
defined in theorem 2. For m > 1, we note V,,, = span(¢y, ..., ¥,) C V. We
are looking for a couple of functions ¢ — (u,, (), w,(t)) with

() = 3 Ui € Viy wn(t) = 3 wim ()1 € Vi

i=0 =0

where (U (t), Wim(t))i=o..m are real valued functions solutions of

Gt ® + Atin®) + [ (O wn@)c = 60,0, (59)

G ®+ [ a0, 00 =0 (60)

for i = 0...m, and with initial data

Um(0) = Umo, Wi (0) = Wppo. (61)

Since ug and wy are in H, we can take u,,o and w,,o to be the H orthogonal
projections of ug and wg on V,,:

|tmo — wollgr — 0,  [|wmo —wo|lg = 0 as m — oc. (62)

Equations (59) and (60) make sense because u,,(t) € V C LP(Q), w,,(t) € H
so that f(um(t), wn,(t)) € LP(Q) C V' and g(uy,(t), wn(t)) € H (from lemma
13) and ¢, € V C LP(Q2) and ¢; € H. Moreover, it can easily be seen that
the last three terms in Eq. (59) and the last term in Eq. (60) are continuous
functions of u;, and w;,,.

The initial value problem composed of the 2m + 2 differential equations (59)-
(60) with initial data (61) has a maximal solution defined for ¢ € [0, t,,) with
Uim and wy,, in C* (theorem of Cauchy-Peano from [12, p.59]). If (u,, w,,) is
not a global solution (i.e. ¢,, < 4+00) then it is unbounded in [0,,,). It will
be shown in the next section, using a priori estimates, that (u,,, w,,) remains
bounded for all time, namely ¢, = 4o0.

4.2.2 A priori estimates

The following lemma establishes uniform bounds for any 7' € (0,t,,), first

on the sequences u,, and w,, in L>(0,T; H), then on the sequences u,,,u,,

respectively in L2(Qr) N L2(0,T;V) and its dual L* (Qr) + L(0,T; V"), and
finally on the sequences w,,, w!, in L?*(Qr) (identified to its dual). We use the
norm || - |lue@pynrzo,rvy = max(|| - |lLe@r)s || - llL2o,m;vy) and the dual norm

HUHLP'(QT)-&-LQ((LT;V’) = infuu; tus Hul“LP’(QT) + HU2HL2(0,T;V’)>'
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Lemma 16 (A priori estimates). The maximal solution of the Cauchy problem
(59)-(61) is defined for any ¢ > 0; and for any 7" > 0, there exists positive
constants Cy, Cy, C3,C4 such that

Ml Of; + lwn()F < €1y V€ [0,T], (63)
[wm e @rynLzorvy < Co, (64)
HulmHLp’(QT)JrLz(o,T;V/) <G, (65)
||w;n||L2(QT) < Cy, (66)

where ul,(t) = > ul, (U, wh,(t) = Y, w),(t)Y; are the derivative of
U : [0, +00) = V and w,, : [0,4+00) — H.

The estimate (63) is the bound in L*>°(0,T; H) for w,, and w,,; and the
bound for w,, in L?(Q7) is easily derived from it.

Proof. Multiplying (59) by Au;, (A > 0 defined in hypothesis (H4)), mul-
tiplying (60) by w;n,, and summing over ¢ = 1...m yields, for any ¢ € [0, t,,),

1d 1d

B dtHumHH 2dt||wm”H+)‘a(u7mum)

+ /Q (AS (U, Wi )i, + G (s Win )W) = A(S, )

Using the properties of a(-,-) from theorem 2 (coercivity and continuity) and
hypothesis (H4), we have for any ¢ € [0,t,,) and for any £ > 0,

1d 2 2 2 P
Sq (Mm@ + NJwm)[IF) + aX|un @] +a/Q [um (1))

< (b4 @) (Mm@ + lwm@lf) + el + s @)yl ()l
< (04 a) Mm@l + lwm(®)]}) + clQf + 2—1€||8(t)||3v + gllum(t)H?v-

And then, choosing £ = a)\, we have

1d aA
(MO + lwn@)1[F) + - e @17 + a/ |um(t)|p
24t 2 o
< b (Mm@ + llwm @F) + el + 5 || O, (67)
with b = b+ o
We know that ||u,(0)||lg < ||uolla, ||wn(0)||lg < ||wolla, © is bounded and
= fo |s(7)||Z-dT < 4o0. From the Gronwall inequality there exists a

onstant Ci1 > 0 that depends only on 0., f, g, uo, wo, 2, s;. and t,,, such
that
0<t<tm = Mun®)[i+ wn®)lE < Cr.

As an immediate consequence the solution u,,, w,, cannot explode in finite
time. It is defined on [0, 400) (it is a global solution, t¢,, = +00).
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Now, for any fixed T > 0, we have found a constant C; > 0 such that (63) is
valid. Coming back with C; into (67) we immediately have the estimate (64)

of lemma 16 with
20+ 1/2 Cr 1/p
Cy = max (—> , (—) ,
a\ a

1 ~ 1
Cr=3 (Mluollfr + llwollf) +bTCy + cT19 + 2T

where

The remaining estimates on u,,, w;, is the most difficult. Consider the projec-
tion P, : V' — V' defined for u € V' by

m

i=1

It is equivalently defined as the unique element of V,, such that (u,v) =
(Pyu,v) for all v € V,,. For any v € V and any ¢t > 0, remark that

d / /
7 (i (8),0) = (w3, (8), v) = (ur, (1), v),

S (um (), i () = (f (Um (), wm(t)), v),
because v/, (t) € Vi, C V' and f(up(t), w,(t) € L7 (Q) while v € V C LP(Q).
And then equation (59) reads

Vo € Vi, VE >0, (u (t),v) = —(Atn(t) + f(tm(t), wn),v) + (s(t),v),

m

so that

V>0, il (t) = =P (At (t) + f (tm(t), wn(£)) + s(£)),  (68)

m

where A is the weak operator associated to the bilinear form a(-,-) on V x V,
as defined in lemma 4.
For T > 0 fixed, we have from (64) and the continuity of A,

1/2

T
| Aty || L2 (0,75 < M </ ||um(t)||%/dt> < MG,
0
and from (63), (64) and lemma 13,

/ / 2 /
1 s )l oy < || A1+ Aol (815 + Asllwm (8) 37

L?’ (0,T)

/ / 2 /
< A(IQID)Y + Al |70, + Asllwml[F2,

< A (|QIT)VY + A,CEY + Ay(C TV
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It remains to bound the projection operator F,,. First, remark that the re-
striction of P,, to V can be viewed as an operator from V onto V (since
P, (V') CV,, CV), given by

m

VueV, Puu=» (u)r

i=1
For u € H, P,u is the orthogonal projection of v on V,,,, and || Ppullg < ||ul|x.
The transpose P, of P,y identifies with P, : V' — V' (simple computation),
and then we have || Py |z vy = || Pallzv,v). For u € V we can compute

+o0
(Pt Prt) =Y Ai( Pty 1) (P, 1)

Z w, ;) <Z)\| = a(u,u).

As a consequence, for all u € V
|| Puully < a(Ppu, Pou) + o Paullfy < Ml + allullf < (M +a) [[ull?.

It shows that P, is uniformly bounded in V': || Pylzo71) < 1+ 24, and we
have

M
| P (At |2 0,7507) < (1 + E) MCs,
M / / 1
1B (f Catms w0 )l () < (1 + ;) (AT + ALY + Ag(aiT) )

M
| Prsllzorvy < (14— | |5l
a

The bound (65) is a consequence of these estimates and of (68).
In a similar way, equation (60) reads

Yo eV, CH, Vt>0, (W (t),v) =—(g(un(t),w,(t)),v),

m

so that
Vi>0, w (t)=—Pun(g(un(t),w,(t))), (69)

where the operator P, can be restricted to the orthogonal projection P, in
particular, || Py |l zm,m) < 1.
For T' > 0 fixed, from (63), (64) and lemma 13, we have (66):

Hw:nHLQ(QT) < g (wm; wim) |2 @)

< || BRI + Ballum (8)257) + Bollwn ()1

L2(0,T)

2
< Bi(|QIT)? + Ballumll1ig,, + Bsllwmlli2n)

< B (|QT)? + Ba(Co)?* + By(C,T)Y? = Cy.
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4.2.3 Convergence towards a solution

It is easy to see that LP(Qr) + L(0,T; V') c L¥'(0,T; V') since p’ < 2 and

LY (Q) C V' (Sobolev inequality). Hence the sequence (u/,) remains in a

bounded set of L” (0, T; V') while (u,,) remains in a bounded set of L2(0, T; V).
It follows from a classical compactness result, see for instance [27, th. 5.1, p.58],
that the sequence (u,,) has a subsequence that converges in L*(Qr).

As a consequence, we can construct subsequences of u,, and w,,, still denoted
by u,, and w,,, such that

e u, — u weak in LP(Q7) NL2(0,T,V) and v/, — @ weak in L” (Qr) +
L2(0,7,V"),

e w,, — w weak in L2(Qr), and w!, — w weak in L2(Qr),
and from the compactness result,

e u,, — u strong in L?(Qr), and then almost everywhere in Qr,

where u € LP(Qp) NL*(0,T,V), w € L*(Qr), and @ € L” (Qr) + L(0,T, V'),
w € L2(Qr).
For i > 1 fixed and ¢ € D(0,T), we naturally have

—/T/u;zwi¢:/T/Um¢iSO/—>/T/“¢i¢/>
//wwz //wmwé//ww,

because ;0" € L(Qr) NLP(Qr) NL2(0,T;V). As a consequence, we have in
the space D'(0,7") of distribution on (0,7,

d . d .
S (ult), v0) = (@lt), ), (wlt), ) = (@(0), ). (70)

Since af(, -) is bilinear and continuous on V x V and ¢, € LP(Qr)NL2(0,T;V)
for any ¢ € D(0,T), we have

o eDO.1), [ alunlt) ottt = [ atult o0
0
Concerning the nonlinear terms, we use hypothesis (H2) to write

J (U W) = fi(um) + fa(tm)wm = fi(um) + (fo(um) — fa(w)) Wi + fo(w)wnm,
9 (U, W) = g1(Um) + G2Wn,.

Now, we have u,, — w a.e. in Q7 and f; is continuous, so that fi(u,,) — fi(u)
a.c.in Qp; and fi(u,,) is uniformly bounded in L¥' (Qr),

11 (@)l @ry < llet + ealuml? i ory < €1 (IQIT)YY + eallumlT2fg,-

27



Yves Coudiere, Yves Bourgault and Charles Pierre

It follows from a classical result, see [27, lemma 1.3, p.12], that fi(um,) — fi(u)
weak in L7 (Qr):

Vo € D(0,T), /o<f1(um( ), e(t);) dt—>/ (fi(u(t)), p(t)y;) dt

Similarly, g; is continuous and then g (u,;,) — ¢1(u) a.e.in Qr; and g1 (uy,) is
bounded in L*(Qr),

1/2 2
g1 () l2(@r) < lles + esluml”llizir < ¢ (AT + collumlfrig,):
and then g;(u,,) — ¢1(u) weak in L?(Qr),

Vo € D(0,T), /0 (g1 (um(t)), e(t)i;) dt—>/ g1(u(t)), e(t)y;) dt.

Since w,, — w weak in L?(Qr) we naturally have

Ve € D(0,T), / (gawm(t), (t)is) dt — / gow(t), p(t)dy) dt

As fo(u)p(t); € L2(Qr) from hypothesis (H3), the weak convergence of w,,
in L?(Qr) also implies that

Ve € D(0.T), / (Falw)wn(t), o(tyin) dt — / (falw)w(t), (t)s) dt

The remaining term in f is such that

; / (foltum(t)) — fo(u(t))) wn () p(t)e; dz di

< [(faum) = fa(w)@¥illio () l10mllLz(@n)

Remark that

1(f2(tm) = f2()oillEa 0,y = (fa(um)) = fo())?, (¢1)%).

The duality product on the right hand side makes sense because (@)
LP2(Qr) and fo(uy,)* and fo(u)? are bounded in L#(Qr) where 8 > 1 is given
by % +2=1:
p
1o (tm) [y < lles + caltim P> HlLogr) < es(IQUT)? + eallum 1o,

because (p/2 — 1)8 = p. Again we have (fa(un,)) — fo(uw))? = 0 a.e. in Qr,
and we can conclude with the same classical result that ( fo(u,,) — fa(u))* = 0
weak in LA(Qr). Consequently,

Vo € D(0,T), |[(folum) — fo(w)p¥illi2q,) — 0.
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Since ||wm [|L2(g,) is bounded, we finally have

Y € D(0,T), /0 ((f2(um(t)) = fo(u(t)))wm(t), @(t)ihi) dt = 0.

Gathering all these results, the functions v and w verify, for any ¢ > 1,

S ult), ) + alult), )+ {F((e) (1)), ) = {s(0), )
S ult), ) + {gu(t), w(t), ) = 0.

in the space of distributions D’(0,7T), for any ¢ > 0. Since (1););> is dense in
V, this is exactly the desired result (lemma 14).

4.3 Continuity

We have v € L2(0,T;V)NLP(Q7), w € L2(Q7); and we deduce from (70) that
u and w have their weak derivative d,u and dyw respectively in L2(0,T; V') +
L” (Qr) and L2(Qr).

It is deduced from a classical result, see for instance [27, lemma 1.2, p.7], that
the functions uw : t € [0,7] — w(t) € V' and w : ¢t € [0,T] — w(t) € H are
continuous. Concerning u, it only proves that u is weakly continuous in V.
But we also have the following identity in D'(0,7T):

(Opu(t) u(t) = 5 O3
and then
1d,
& SOl = —alu), u(t) — (Fule), wlt)), ) + {s(6),ul),

so that t — |lu(t)||% is H'(0,T), and then it is continuous from [0,7] to R.
As a consequence, the function w : ¢ € [0,T] — u(t) € H is continuous. Since
Um(0) — wug and w,,(0) — wy in H, we easily prove that u(0) = uo and
w(0) = wo.

4.4 Uniqueness

Assume that (ug, e, wr) and (ug, ues, wy) are two weak solutions of (7)-(12)
with the same initial data u;(0) = u2(0) = up and w;(0) = w2(0) = wy. For
any u € L2(0, T; V)NLP(Qr) and w € L*(Qr) with d,u € L2(0,T; V') +L¥ (Qr)
and J,w € L*(Qr), we have in D'(0,T) that

(@ea(t), u(t)) = 3 Tl (Bu(e), () = £ S ue)
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As a consequence, we easily prove that

1d
§&||U1 — Uy || + aluy — ug, up — ug)
T / (F (s, w1) — Fluz, w2) (w1 — ) = O,
Q
and
1d

il = wally + [ (gt 1) = gl 02) (0 = ) =0
Q

With a linear combination of these two equations, we will be able to conclude
using a Gronwall inequality if we can bound below

¢<u17w17u27w2) -

/Q 0 (F g, w1) — g w2)) (i — uz) + (g un, w1) — gluz, w2)) (w1 — wy) da

for some p > 0. Consider the function F : R? — R? defined by

= [0 ] em e

and denote by z € R? the vector z = (u,w)’ € R?. Then we have

O (uy, wy, ug, we) = P21, 29) = /Q (F(z1) — F(z2)) - (21 — 22) du,

where - denotes the inner product in R%. Here F is continuously differentiable,
so that Taylor expansion with an integral remainder implies that Vz;, 2o € R?

F(21) — F(z) = /0 (VF(29)](21 — 25) df

where zg = 0z + (1 — 0)z and VF = (Mgugf Mg’”f).

Now, let Q(z) = 2(VF(2)T+VF(2)) be the symmetric part of VF for z € R?,
and denote by A\ (z) < Ay(2) its eigenvalues. We can complete the proof under
the hypothesis that

ICER, V2R, Mo(2) > M(2) > C. (71)

Indeed, in that case, we have for any z;, 2o € R?,

(21, 29) :/Q/Ol(zl—zg)T[VF(zg)](zl—ZQ)dex2 C/Q/Ol|zl—z2|2d0dx

> Cmin(1, ") (pllur = ual|Fy + [Jwn — ws]|3) -
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As a consequence, taking Y (t) = (p||ug(t) — ua(t)||% + ||wi(t) — wa(t)||%), un-
der assumption (71) on the data f and g, we prove that

SY'(1) < ~Cmin(1, 5~ )Y (1), (72)

for any ¢ € [0,7T]. Using the lemma of Gronwall, we have proved the following
result:

Theorem 7. If the condition (71) is satisfied, then the solution obtained in
Theorem 6 is unique.

Remark that Eq. (72) also provide a stability estimate with respect to the
initial condition. We will apply that theorem to the first example presented
below, though it is not clear how to obtain uniqueness for the last two examples.

5 Examples

5.1 FitzHugh-Nagumo
The FitzHugh-Nagumo model reads as

flu,w)=ulu—a)(u—-1)+w, guw)=—elku—w),

with 0 < a < 1, k,e > 0. The functions f and g are obviously of the form (48)
with fi, f2, g1 continuous and g, = €. Using Young’s inequality, we have

o 2uf 1 lul> 2 |ul®
|| §T+§» |ul S?*'g» u| < —-

and then (H3) holds with p =4 (and ¢4 = 0):

1
= 73
5 T o (73)

|filw)| = Ju(u —a)(u—1)| <
|fa(uw)| =1,
|91 (w)| = eklu| < %df + %6k|u]2.

2 +1(1+ )+ L +2(1+ )+ 1) |ul?
—Q — a —a — a u
373 373 ’

Consider the function E(u,w) = ekuf(u, w)+wg(u, w) defined in R%. We have
E(u,w) = eku® — ek(1 + a)u® + ekau® + ew® > ek (|Ju[* — (1 + a)|ul?) .

With Young’s inequality, we can find a constant v > 0 such that
Jul*

(1+a)lu® < 2

5 + 7.

Consequently,

k
B(u,w) + eky = Zlul*,
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which is exactly (H4) with A = ke, a = ke/2, b =0 and ¢ = ke.
As regards the uniqueness of the solution, we verify the condition (71) to apply
Theorem 7. One easily calculates

p(3u? —2(1+aju+a) p

VF(z)= ek .

Taking u = ek, we get rid of the antisymmetric part in the quadratic form and
easily bound below the eigenvalues by C' = e min(k(a — (1 + a)?/3), 1).

5.2 Aliev-Panfilov
The Aliev-Panfilov model [31] is

flu,w) = ku(u —a)(u — 1) +vw, gu,w) =e€(ku(u—1—a)+ w),

with 0 < a < 1, k,e > 0. The functions f and g are obviously of the form (48)
with f1, f2, g1 continuous and g, = €. Using the inequalities (73), we get (H3)
with p =4 (and ¢y = 1, ¢3 = 0):

|f1(u)| = klu(u —a)(u—1)| < gk& + %k(l +a)+ <%a + ;(1 +a)+ 1) Klul?,
[ f2(u)] = [ul,

91 (w)] = ekfu(u— 1 — a)| < %eku ta)+ (%(1 +a)+ 1) ekful?.

Now, we compute the function E(u,w) = Auf(u,w) + wg(u,w). It is
E(u,w) = Meu* = Mk(1+a)u® + Meau® + (A + ek)u*w — ek (1 +a)uw+ew?. (74)

Here, we will prove (52) because it allows negative |u|? and |w|* bounds below,
so that the terms in «® and u?w can be manipulated to enter the main bound
Mku*. For instance with \ = €k, we write

3 4/3 1 /1+a 4
1 3 < Z 3 -
1+ 0] < § (el) 4 (F) (75)
1 1/ |w]\?
2, | < = I
ol < g+ 5 () (76)
1 1
] < SJul + L u?, ()

for any @ > 0 and 8 > 0, and then

E(u,w) > (6162 — ek:2§a4/3 — ek52> |u|*

1 1 o 1 1
—Zek2< Za) —ek@|w|2—ek¥|ul2—ek¥|w|2+6]wl2+ek2alu\2.
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Now, we can simply take a and [ such that

3 1 1
1044/3 = 5, and ZEkZ = €]€ﬁ2,

and we get (52) with

5.3 MacCulloch
The model introduced by McCulloch [36] is

flu,w) =bu(u —a)(u —1) +uw, glu,w)=¢e(—ku+w),

with 0 < a < 1, and b, k,e > 0. The functions f and g are obviously of the
form (48) with fi, f2, g1 continuous and g, = €. Using the inequalities (73),
we get (H3) with p =4 (and ¢4 = 1, ¢3 = 0):

2 1 1 2
|fi(uw)| = blu(u —a)(u—1)] < gba + gb(l +a)+ (ga + 5(1 +a) + 1) blul?,
|f2(u)| = lul,
11,
lg1(u)| = eklu| < §€k + §€k|u| :
Using again (75)-(77), we have this time
E(u,w) = Abu* — Ab(1 + a)u® + Nbau® + M w — ekuw + ew?

3 4 32 1 /1+a\"
> — /3__ 4__

1
232

k k
Awl? = Zlul? = -l + el + Abalul?
and (52) holds if we take

3 4y 1 1 B2
T d-b="2
1 gt MEYPT

References
[1] L. Ambrosio, P. Colli-Franzone, and G. Savaré. On the asymptotic be-

haviour of anisotropic energies arising in the cardiac bidomain model.
Interfaces Free Bound., 2(3):231-266, 2000.

33



Yves Coudiere, Yves Bourgault and Charles Pierre

2]

3]

[4]

[10]

[11]

[12]

[13]

L. Amour and T. Raoux. The Cauchy problem for a coupled semilinear
parabolic system. Nonlinear Anal., 52(3):891-904, 2003.

G. Beeler and H. Reuter. Reconstruction of the Action Potential of Ven-
tricular Myocardial Fibres. J. Physiol., 268:177-210, 1977.

Y. Bourgault, M. Ethier, and V. G. LeBlanc. Simulation of electrophysi-
ological waves with an unstructured finite element method. Mathematical
Modelling and Numerical Analysis, 37(4):649-661, 2003.

H. Brezis. Analyse fonctionnelle, Théorie and applications. Masson, 1983.

L. Clerc. Directional differences of impulse spread in trabecular muscle
from mammalian heart. J. Physio., 255(2):335-346, 1976.

P. Colli Franzone and L. Guerri. Spreading of excitation in 3-D models of
the anisotropic cardiac tissues. I: Validation of the eikonal model. Math.
Biosci., 113(2):145-209, 1993.

P. Colli Franzone, L. Guerri, M. Pennacchio, and B. Taccardi. Spread of
excitation in 3-D models of the anisotropic cardiac tissue. II: Effects of
fiber architecture and ventricular geometry. Math. Biosci., 147(2):131-
171, 1998.

P. Colli-Franzone, L. Guerri, and B. Taccardi. Modeling ventricular ex-
citation: Axial and orthotropic anisotropy effects on wavefronts and po-
tentials. Math. Biosci., 188:191-205, 2004.

P. Colli Franzone, L. Guerri, and S. Tentoni. Mathematical modeling of
the excitation process in myocardial tissue: Influence of fiber rotation on
wavefront propagation and potential field. Math. Biosci., 101(2):155-235,
1990.

P. Colli Franzone and G. Savaré. Degenerate evolution systems modeling
the cardiac electric field at micro and macroscopic level. In A. Lorenzi and
B. Ruf, editors, Fvolution Equations, Semigroups and Functional Analy-
sis: in memory of Brunello Terreni, volume 50, pages 49-78. Birkhauser,
2002.

M. Crouzeix and A. Mignot. Analyse numérique des équations
différentielles. Masson, 1984.

D. Di-Francesco and D. Noble. Simulations of Ionic Currents and Con-
centration Changes. Phil. Trans. R. Soc. Lond., pages 353398, 1985.

F. Dickstein and M. Escobedo. A maximum principle for semilinear
parabolic systems and applications. Nonlinear Anal., 45(7, Ser. A: Theory
Methods):825-837, 2001.

34



Existence and uniqueness of solutions for the bidomain model

[15]

[16]

[17]

[18]

[19]

28]

[29]

R. Fitzhugh. Impulses and physiological states in theoretical models of
nerve membrane. Biophys. J., 1:445-465, 1961.

D. B. Geselowitz and W. T. Miller. A bidomain model for anisotropic
cardiac muscle. Annals of Biomedical Engineering, 11(3-4):191-206, 1983.

D. Gilbarg and N. S. Trudinger. Elliptic partial differential equations
of second order. Classics in Mathematics. Springer-Verlag, Berlin, 2001.
Reprint of the 1998 edition.

F. R. Guarguaglini and R. Natalini. Global existence and uniqueness of
solutions for multidimensional weakly parabolic systems arising in chem-
istry and biology. Commun. Pure Appl. Anal., 6(1):287-309, 2007.

R. Gulrajani, M. Trudel, and J. Leon. A membrane-based computer heart
model employing parallel processing. Biomedizinische Technik, 46:20-22,
2001.

C. Henriquez. Simulating the electrical behavior of cardiac tissue using
the bidomain model. Crit. Rev. Biomed. Engr., 21:1-77, 1993.

D. Henry. Geometric theory of semilinear parabolic equations. Springer-
Verlag, LNM 840, 1981.

D. A. Hooks, K. A. Tomlinson, S. G. Marsden, I. J. LeGrice, B. H. Smaill,
A. J. Pullan, and P. J. Hunter. Cardiac microstructure: Implications for

electrical propagation and defibrillation in the heart. Circulation Re-
search, 91(4):331-338, 2002.

J. Keener and K. Bogar. A numerical method for the solution of the
bidomain equations in cardiac tissue. Chaos, 8:234-241, 1998.

J. Keener and J. Sneyd. Mathematical Physiology. Springer-Verlag, 1998.

G. Lines, M. Buist, P. Grottum, A. Pullan, J. Sundnes, and A. Tveito.
Mathematical models and numerical methods for the forward problem in
cardiac electrophysiology. Comput. Visual. Sc., 5:215-239, 2003.

G. Lines, P. Grottum, and A. Tveito. Modeling the electrical activity
of the heart: A bidomain model of the ventricles embedded in a torso.
Comput. Visual. Sc., 5:195-213, 2003.

J. Lions. Résolution de quelques problemes aux limites non-linéaires.
Dunod, 1969.

C. Luo and Y. Rudy. A model of the Ventricular Cardiac Action Potential.
Cire. Res., 68:1501-1526, 1991.

J. Neu, , and W. Krassowska. Homogenization of syncitial tissues. Crit.
Rev. Biomed. Engr., 21:137-199, 1993.

35



Yves Coudiere, Yves Bourgault and Charles Pierre

[30]

[31]

32]

[33]

[34]

D. Noble. A modification of the Hodgkin-Huxley equation applicable to
Purkinje fibre action and pacemaker potentials. J. Physiol., 160:317-352,
1962.

A. Panfilov and R. Aliev. A simple two-variable model of cardiac excita-
tion. Chaos Solitons and Fractals, 7(3):293-301, 1996.

A. Panfilov and A. Holden, editors. Computational Biology of the Heart.
John Wiley & Sons, 1997.

M. Pennacchio, G. Savaré, and P. Colli-Franzone. Multiscale modelling
for the bioelectric activity of the heart. to appear on SIAM J. on Math.
Anal., 2005.

J. H. Petersson. On global existence for semilinear parabolic systems.
Nonlinear Anal., 60(2):337-347, 2005.

P. Raviart and J. Thomas. Introduction a [’analyse numériaue des
équations aux dérivées partielles. Masson, 1992.

J. Roger and A. McCulloch. A collocation-Galerkin finite element model
of cardiac action potential propagation. IEEE Trans. Biomed. Engr.,
41:743-757, 1994.

B. Roth. Approximate analytical solutions to the bidomain equations
with unequal anisotropy ratio. Physical Review F, 55:1819-1826, 1997.

B. Roth. Mendering of spiral waves in anisotropic cardiac tissue. Physica
D, 150:127-136, 2001.

O. Schmidt. Biological information processing using the concept of inter-
penetrating domains. in Information Processing in the Nervous System,
ch 18:325-331, 1969.

J. Smoller. Shock waves and reaction-diffusion equations. Springer- Ver-
lag., 1983.

S. Snoussi and S. Tayachi. Global existence, asymptotic behavior and
self-similar solutions for a class of semilinear parabolic systems. Nonlinear
Anal., 48(1, Ser. A: Theory Methods):13-35, 2002.

R. Temam. Infinite-Dimensional Dynamical Systems in Mechanics and
Physics. Springer-Verlag, 1988.

L. Tung. A bidomain model for describing ischemic myocardial D-C' po-
tentials. Ph.D. thesis, M.I.T.., 1978.

M. Veneroni. Reaction-diffusion systems for the macroscopic bidomain
model of the cardiac electric field. IMATI Technical Report, CNR Pavia,
2006.

36



Existence and uniqueness of solutions for the bidomain model

[45] E. J. Vigmond, M. Hughes, and L. L. G. Plank. Computational tools for
modeling electrical activity in cardiac tissue. J. Electrocardiol., 36:69-74,
2003.

37



