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DRAFT

This paper is concerned with the mathematical analysis of a coupled elliptic-parabolic system modeling the
interaction between the propagation of electric potential and subsequent deformation of the cardiac tissue.
The problem consists in a reaction-diffusion system governing the dynamics of ionic quantities, intra and
extra-cellular potentials, and the linearized elasticity equations are adopted to describe the motion of an in-
compressible material. The coupling between muscle contraction, biochemical reactions and electric activity is
introduced with a so-called active strain decomposition framework, where the material gradient of deformation
is split into an active (electrophysiology-dependent) part and an elastic (passive) one. Under the assumption
of linearized elastic behavior and a truncation of the updated nonlinear diffusivities, we prove existence of
weak solutions to the underlying coupled reaction-diffusion system and uniqueness of regular solutions. The
proof of existence is based on a combination of parabolic regularization, the Faedo-Galerkin method, and the
monotonicity-compactness method of J.L. Lions. A finite element formulation is also introduced, for which we
establish existence of discrete solutions and show convergence to a weak solution of the original problem. We
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close with a numerical example illustrating the convergence of the method and some features of the model.

Keywords: Electro-mechanical coupling; Bidomain equations; Active deformation; Weak solutions; Weak com-
pactness method; Weak-strong uniqueness; Finite element approximation; Convergence of approximations

AMS Subject Classification: 74F99, 35K57, 92C10, 65M60

1. Introduction

We are interested in the mathematical study of the interaction between the propagation of the electrical
potential through the cardiac tissue, on the one side, and the related elastic mechanical response,
on the other side. These distinctive processes in the cardiac function are intimately connected by
several complex processes taking place at different spatio-temporal scales. In terms of macroscopic
continuum-mechanics, the propagation of the electrical potential through the heart can be described
by the so-called bidomain equations (see e.g. Ref. 7). These are obtained by writing the conservation
of electrical fluxes between the extra and intracellular domains separated by a membrane acting as a
capacitor. Within these domains, the conductivities are of different magnitudes, and they also change
depending on the particular orientation of the cardiac tissue fibers. Homogenization arguments yield
a multicontinuum description of the heart where at each material point both constituents (intra- and
extra-cellular material) coexist. Still at the macroscopic level, muscle deformation can be described
by the equations of motion for a hyperelastic material, written in the reference configuration. The
medium itself is active, in the sense that it is able to contract without the need of external loads,
but rather influenced by intrinsic mechanisms taking place essentially at the microscale. In order to
incorporate these effects one can follow different approaches. For instance, it is commonly assumed
that stresses are additively decomposed into active and passive parts, leading to the so-called active
stress formulation (see applications of such a formalism in e.g. Refs. 7, ?, 7, 7, 7, 7). Alternatively, one
can adopt the active strain formulation **, for which a factorization of the deformation gradient into
an active and a passive factors is assumed. Such a decomposition implies, in particular, that the fiber
contraction driven by the depolarization of the cardiomyocytes rewrites in the mechanical balance
of forces as a prescribed active deformation, rather than as an additive contribution to the stress.
Moreover, this approach directly incorporates the micro-level information on the fiber contraction and
fiber directions in the kinematics (through the active part of the deformation gradient), without the
intermediate transcription of their role in terms of stress *. These mechanisms essentially translate into
a dependence of the strain energy function on auxiliary internal state variables, which represent the
level of mechanical tissue activation passed across scales *. Here we follow the latter alternative, but we
refer to Refs. 7, 7 for comparisons between the two approaches in terms of numerical implementation,
constitutive issues, and stability.

The mathematical analysis of macroscopic cardiac models has been mainly related with the study
of solutions to the bidomain equations coupled with phenomenological or physiologically-based ionic
models. A variational approach was first introduced in Ref. 7 and later extended in different directions
including degeneration of conductivity tensors *, the coupling with the electrical conduction in the
torso *’, incorporation of the specialized fast conduction system ’, analyzing the coupled system
using a semigroup approach ’, deriving global classical solutions , and including more involved ionic
models 7. On the other hand, existence theorems of general nonlinear elasticity can be found in
Refs. 7, 7, whereas applications of those theories to the particular case of hyperelastic materials and
cardiac mechanics and their discretizations include e.g. Refs. ?, 7, 7, 7, 7 ?. However, even if the
literature related to numerical methods and models for cardiac electromechanics is quite large (see, for



Solvability analysis of linearized cardiac electromechanics 3

instance, Refs. 7, 7, 7, 7, ?), rigorous studies about solvability and stability of solutions are still not
well established. To the authors’ knowledge, the only available existence results devoted specifically
to cardiac electromechanics correspond to those by Pathmanathan et al. . who analyzed a general
model where the activation depends on the local stretch rate, and derived constraints on the initial
data. In this work we also assume linearized elasticity equations, but we follow a different activation
model (our active-strain-based description depends only on ionic quantities and we do not consider
viscous effects) and employ the bidomain equations coupled with a different ionic model.

In this paper the electromechanical coupling is achieved by considering that the evolution of the
electrical potentials governed by the bidomain equations depend on the deformation gradient, which
enters into the bidomain equations after a transformation of coordinates from Eulerian to Lagrangian,
and by virtue of the Piola identity. The coupling in the opposite direction is modeled by assuming
that the active part of the deformation incorporates the influence of the calcium kinetics (or in its
absence, a calcium-like scalar field) into the balance equations for the structural mechanics, which are
here restricted to the linear regime.

We establish existence of weak solutions to a simplified version of the fully coupled cardiac elec-
tromechanical problem by means of the Faedo-Galerkin method combined with compactness argu-
ments. The fully discrete counterpart of the proposed simplified system consists in a finite element
family of piecewise quadratic elements for the approximation of deformations and piecewise linear
approximations of solid pressure, electric potentials, and activation field (local strain), whereas a first-
order backward Euler method is applied for the discretization in time. A linearized version of the
coupled system is introduced to analyze the numerical scheme, however such a linearization turns
the convergence proof more delicate than in the continuous case (see § and §. We also prove a
uniqueness result for the continuous problem in a weak-strong comparison setting. While some classi-
cal estimates and arguments are sketched, we concentrate on the main analytical aspects of the proofs.
In the remainder of our presentation, modeling, numerical and implementation details will be reduced
as much as possible, and the interested reader is referred to Refs. 7, 7, ? for further specifications
and related models with higher complexity. We stress that our goal is to set a baseline theoretical
framework for the study of more complex coupled multiphysics cardiac problems, and we believe that
the present simplified electromechanical system can already exhibit some key resemblances with more
involved and physiologically relevant models.

We have organized the contents of this paper as follows. §[2| collects the main aspects of the cardiac
electromechanical model we analyze, presenting the equations of passive nonlinear mechanics, the
bidomain system, and the active-strain-based coupling strategy. We also list the basic assumptions of
the model and provide a definition of weak solution. In §[3] we state and prove the solvability of the
continuous problem employing Galerkin approximations and classical compactness theory. Then, in
§[] we develop a strong-weak uniqueness argument and briefly discuss regularity of solutions needed
to apply it. The fully discrete linearized finite element formulation, along with additional analytic
arguments developed for the proof of convergence, and two numerical tests are presented in §[5] We
close with some remarks and discussion of future directions in §[6]

2. Governing equations for the electromechanical coupling
2.1. A general nonlinear elasticity problem

Let us consider a homogeneous continuous material occupying in the initial undeformed configuration a
bounded domain Q2 C R? (d = 3) with Lipschitz continuous boundary 9. We look for the deformation
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field w : Q — R that maps a material particle that originally occupied the position x to its current
position &(x) = u. The tensor gradient of deformation is Du, where D denotes the gradient operator
with respect to the material coordinates . The cardiac tissue is assumed hyperelastic, and there exists
a strain stored energy function W = W(Dwu) from which constitutive relations between strain and
stresses are obtained. We further assume incompressibility of the material, that is, the total elastic
energy is minimized subject to the usual local constraint det(Dw) = 1, which is enforced via a scalar
Lagrange multiplier p, interpreted as pressure. As a measure of stresses we use the first Piola-Kirchhoff
tensor obtained from W by direct differentiation:

oW
~ 9(Du)

where Cof (+) is the cofactor matrix. The balance equations for deformations and pressure read as:
Find w, p such that

— p Cof (Du),

V- PDu,p)+ f=0 in Q,

(2.1)
det(Du) =1 in Q,

completed with the Robin boundary data
Pn =au on 09, (2.2)

where f is a prescribed body force, n stands for the unit outward normal vector to 0€2, and o > 0 is
a constant parameter. Boundary data as can be tuned to mimic the global motion of the cardiac
muscle ’, without resorting to unphysiological boundary treatment typically found in the literature,
as excessively rigid boundary conditions, or fixing the atrioventricular plane, or leaving the tissue
completely free to move. Evidently, the precise form of the first equation in depends on the
particular constitutive relation defining W. For sake of clarity we restrict ourselves to the case of
Neo-Hookean materials, that is, W = %,utr[(Du)2 —1T], which gives P = pDu — p Cof (Du), where p is
an elastic modulus. Even if simplified, such a description of the passive response of the muscle already
features a nonlinear strain-stress relationship arising from the incompressibility constraint and, as will
be discussed later on, anisotropy inherited from the active strain incorporation. More involved models
can be found in e.g. Refs. 7, 7, 7.

2.2. The bidomain equations

The description of the electrophysiology in the cardiac tissue is incorporated in the model in the form
of the so-called bidomain equations °. The quantities of interest are the intra and extracellular electric
potentials (v; = v;(x, t), ve = ve(x, t) respectively), the transmembrane potential v = v(x, t) := v;— v,
and the so-called gating or recovery variable w = w(x,t) at (x,t) € Qr := Q x (0,T), where T is the
final time instant. The electrical conductivity of the tissue is represented by the orthotropic tensors

Ki(z) = otdy @ d; +otd; @ dy + ol'd, @ d,,, k€ {e,i},

where of = of(x) € C'(R®), k € {e,i}, s € {l,t,n}, are the intra- and extracellular conductivities
along, transversal, and normal to the direction of the fibers, respectively. The fibers direction being
a local quantity, we have ds = ds(x), s € {l,t,n}. The stimulation current externally applied to the

intra- and extracellular spaces is represented by the functions I, épp, I3, The system corresponds to

XCmOv — V - (Kini) + XJion (v, w) = I;ppv

XCmOv + V - (Kere) + xlion (v, w) = I (2.3)

app’

Opw — H(v,w) =0, (z,t) € Qp,
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where we recall that v = v; — v.. Here ¢, and x are model parameters. Problem is provided with
homogeneous Neumann boundary conditions for all fields. The choice of the membrane model to be
used is reflected in the functions H(v,w) and o, (v, w). For a phenomenological description of the
action potential, it suffices to consider the FitzHugh-Nagumo model **, given as in assumption (E.6)
below.

2.3. The active strain model for the coupling of elasticity and bidomain equations

In the so-called active strain model for cardiac modeling *, the deformation gradient Du is factorized
into a passive part acting at a macroscale (tissue level), and an active factor operating at the microscale
(cellular level), Du = F,F,. This implies that an intermediate configuration exists between the
reference and the current frames. In that configuration, we re-write the strain energy in such a way
that the stress tensor is given by

P = uDuC, "' — p Cof (Du),

where C;1 := det(F,)F,!F, 7 (see also Refs. 7, ?). In order to cover the electrical-to-mechanical
coupling, the active deformation is assumed to depend directly on the electrophysiology through the
relation

F, = I+7ldl ®d; +’tht ® d; +7ndn ®dn7

where for s = [,t,n, s are quantities whose evolution depends, non-locally in time, on the electro-
physiology equations. Notice that the onset of mechanical activation is mainly influenced by intra-
cellular calcium release *”’, and in particular, the dynamics of local strain follow closely those of
calcium release rather than those from the transmembrane potential, as reported in Ref. 7. In the
absence of calcium concentration in the FitzHugh-Nagumo model, the aforementioned fact suggests
that it is w (the slow wave) that better approximates the spatio-temporal structure of calcium. More
physiologically-involved activation models require a dependence of 5 not only on calcium, but also on
local stretch, local stretch rate, sliding velocity of crossbridges, and on other force-length experimental
relations "7, but for sake of simplicity we restrict ourselves to a phenomenological description of local
activation in terms of the gating variable w.

The scalar fields 7;, v¢ and +,, can be written as functions of a parameter ~:

Vit = Mn(7), (2.4)

where vy .5, : R — [=T'1 ¢, 0] are Lipschitz continuous monotone functions. The values I'; 4 ,, should be
small enough, so that to ensure that det F, stays uniformly far from zero, for v € R. The scalar field
~ is the solution of the following ODE associated to the solution (v;, ve,w) of the bidomain system

E3):
0y — G(v,w) =0, (x,t) € Qr,

where G(v,w) = 8(n1w—no7), for positive parameters 3,11, 12 (see Ref. 7). It remains to fix the form
of the functions 7; ¢, which we assume to be

2 .
Yitn = —Titn— arctan(y" /yg), where g is a reference value.
T

The form of the active strain and (2.4)) yields the following expression for the total stress (where a
“purely passive” and an “active” part of the stress can be readily identified)

¥s (s +2)

d, ®d,.
(1+7s)? °

P = pDu — pCof (Du) — i Z
se{l,t,;n}
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After assuming transverse isotropy (which translates into ; = 7,,) and incompressibility at the fiber
level (i.e. det F, = 1), the previous expression reduces to

+2
P = uDu — p Cof (Du) + puyDu — ,u’yl(l + &W)dl ®dy.
Details can be found in e.g. Refs. 7, 7.

The mechanical-to-electrical coupling is achieved by pulling back the bidomain equations to the
reference configuration, which, by virtue of the Piola identity, leads to a conduction term depending
on the deformation gradient Du.

Summarizing, the active strain formulation for the electromechanical activity in the heart is written
as follows *:
-V (a(w,'y,pr)) =f inQQ,
XemOw — V- (Mc(Du)Voe) + xlion = I, in Qr,

XCmOiv + V - (Mi(Du)VUZ—) + XJion = I;pp in Qr, (2.5)
Vi — Ve =v in Qp, .

Ow—H(w,w)=0 in Qp,
Oy — G(v,w) =0 in Qp.

Here, according to the above discussion, we should take
a(x, 7y, Du, p) := uDuC, *(x,v) — p Cof (Du), (2.6)
and
M, (Du) := (Du) 'K, (Du)~7, k€ {i,e} (2.7)
Moreover, we have the incompressibility constraint under the form
det(Du) =1 inQ, forae.te (0,7). (2.8)

The system of equations (2.5) has to be completed with suitable initial data for v,w,~ and with
boundary data on v; . and on the elastic flux a(,-,-,-).

2.4. Linearizing the elasticity equations

In the remaining part of this paper, for the sake of simplicity of both numerical and mathematical
analysis of the problem we introduce two modifications into ([2.5)),(2.7),(2.8)). Firstly, noting that
Opw det(Du) = det DuV - u, we can incorporate a linearized incompressibility constraint by imposing

V-u=0 inQ, forae te(0,T); (2.9)
we also linearize the flux in with respect to Du by replacing it with
a(x, 7y, Du, p) := uDuC; *(z,v) — plL. (2.10)
Introducing the notation o(z,~) for uC, ' (x, ), we rewrite the first equation of as
~V: (o(z,v)Du) + Vp = f.

The linearization results, however, in the fact that the matrices My, k =i, e in (2.7) may become
ill-defined, since the linearized incompressibility constraint does not guarantee invertibility of Du. We
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proceed to a linearization and to a truncation, so that to ensure the boundedness and coercivity (see
(E.3) below) of M;, M.:

M, (Du) := K, — T5(Ar(Du) + Ap(Dw)?), where Ap(Du) := (Du— DKy, k< {ie}, (2.11)

and Ty is a suitable truncation function that coincides with the identity map in a neighborhood of the
origin. For the sake of being definite, we set

Ts(M) :=

ML M[ <3
My s M) >

with some § < 1.

Remark 2.1. The amplitude of contractions in the heart tissue is rather large, which makes the
validity of the linearized model questionable, so we cannot claim that in its present form it is able to
represent physiological regimes. However, we consider the subsequent analysis as a baseline for future
developments including more accurate and more general models. In any case, we will briefly address
the influence of the linearization and of the truncation on the solutions of from a numerical
viewpoint, in §[f

2.5. The problem to be solved and its weak formulation

Let us consider the following class of problems:

-V (a(a:py)Du) +Vp=f, V-u=0 in{, forae. te(0,T), (2.12)
emXOv — V - (M (2, Du)Vo;) + xJion (v, w) = I;pp(t, x) in Qp, (2.13)
emX0v + V - (Mc(x, Du)Vve) + xlion (v, w) = Lop(tx)  in Qr, (2.14)
v=v; — v, in Qr, (2.15)

Ow — H(v,w) =0 in Qp, (2.16)

Oy — G(y,w) =0 in Qp. (2.17)

Equations (2.12)),(2.13)),(2.14) are complemented with the boundary data (including the linearization

of (2.2)):

o(x,y)Dun —pn = au on 04, for a.e. t € (0,7T) (2.18)
for some o > 0 and
(Mg (z, Du)Vog) -n =0 on (0,T) x 9Q, k=1i,e (2.19)

(different boundary conditions can be imposed on v; ¢; the choice of Neumann conditions (2.19) results
in the compatibility constraint (2.23]) below). The initial data are:

v(0,) = v, w(0,:) =wp, Y(0,") =~ in Q. (2.20)

The following properties of the model (2.12)—(2.17) and (2.18)—(2.20) are instrumental for the

subsequent analysis:

(E.1) <a(w,'y)) o is a family of symmetric tensors, uniformly bounded and positive definite:
zeQ,veR

1
Je>0: forae € VyeR YM € Mzyz —|MJ? < (o(x,7)M) : M < c[M?
C
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(E.2) the map <y — o(+,7) is uniformly Lipschitz continuous;
(E.3) (Mi,e(m, M)) is a family of symmetric matrices, uniformly bounded and positive
z€Q,MeMsx3
definite:

1
Je>0: forae x€Q, VM EMzyz VEER? ¢ < (M (2, M)E) - € < clé¢]?;
C

(E.4) the maps M — M, (-, M) are uniformly Lipschitz continuous;

(E.5) the function G is given by G(v,w) = n1(Bw — n27y) with 8,11, 12 > 0;
(E.6) the functions H and [, are given by the FitzHugh-Nagumo kinetics

H(v,w) = Av — Bw, Iion(v,w) = j(v) + Cw,

where j € C 1(R) and A, B, C are positive parameters. Moreover, we assume that there exist
constants Ay, As, A3 > 0 such that

joy=o, L) g s,

V1 — Vg
j) i) (2.21)
0< As < liminf === <limsup —5= < As.
[v|—=o0 U |[v|— o0 v
In particular,
B:v—jv)/v+ A, (2.22)

is a non-negative function that satisfies, for [v| large enough, £As|v|? < B(v) < 2A3/v[%; and
the function v — vB(v) = j(v) + Ayv is monotone increasing;

(E.7) the following condition holds

/ I, = / I, and / ve(x,t)de =0 for a.e. t € (0,7T); (2.23)
Q Q Q
(E.8) the data vo,wo, o lie in L*(Q2) whereas f € L*(Qr)? and IS € L*(Qr).

Note that, in practice, one starts with an undeformed configuration, i.e., with v = 0.

Observe also that the above system (2.5)), with a(-,-,-,-) and M; (-, -) given by (2.10),
falls within the framework described by (2.12)—(2.20) and (E.1)—(E.8). Indeed, it is enough to check
that assumptions (E.1)—(E.4) are satisfied (assumptions (E.5)—(E.8) are already enforced). Let us
stress that due to the assumption (2.4), the properties (E.1),(E.2) hold. Similarly, the definition
along with the truncation Ty, with § small enough with respect to the eigenvalues of matrices
K}, guarantees (E.3),(E.4).

Due to the properties (E.1)—(E.8), the following weak formulation makes sense.
Definition 2.1. A weak solution of problem (2.12)—(2.20) is U = (u,p, vi,ve,v,w,v) such that:

(i) we L2(0,T5 H'(Q)°), p € L(Q), vs € L2(0,T; HY(Q));
ve E:=L*0,T; H'(Q)) N L*(Qr) with d,v € E' := L?(0,T; (H'(Q))") + LY3(Qr);
and v,w € C*(0,T; L*(Q));

(ii) For a.e. t € (0,T) for all v € H*(Q)?3 there holds

/(a(m,v)Du:Dv—&—Dp-v) = f~v—|—/ au - v (2.24)
Q Q 9]
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(in the last integral, u, v are short-cuts for the traces of u,v on 99Q)
and moreover V - u = 0 a.e. in Qp, which can be expressed as

Vg € H} () / u-Vq=0. (2.25)
Q

(iii) The distributional derivative d;v can be identified with an element b € E’ such that for all
¢ € E with & € L*™(Qg) and £(0,-) = 0, there holds

/0 emX(b, &) + / / (z, Du)Vv; - V&€ + xlion (v, w)E / / appS (2.26)
/0 emXx(b,&) — / / (x, Du) Vv, - VE + xTion (v, w)E / / appS (2.27)

/0T<b, 6 =— /OT/Q vOE — /Qvof(O, )i (2.28)

in addition, v = v; — v, a.e. on Q;
(iv) For a.e. t € (0,T) the equations (2.16)),(2.17)) are fulfilled in L?(£2), and w(0, -) = wg, ¥(0, ) = 7o
a.e. in Q.

with

Here and below, following the formalism of Ref. ?, the duality product between £ € F and b € E’ is
written as fOT<b(t),§(t)> dt where for & € H'(Q)NL*(Q) and by = by + by, by € HY(Q)', by € L*/3(Q),

(bo, o) = (b1a§0>(Hl)/,Hl +/Qb2§.

Remark 2.2. Although the variational formulation f is standard in the context of de-
generate parabolic problems, here we face a delicate point. Because v; . do not necessarily belong to
L4(Q7), it is not allowed to take v; as test function in nor v,, for the test function in .
Yet, thanks to the regularization approach presented in Ref. ? [Lemma 2.3], it is possible to sum up
the weak formulation with £ = v; and the weak formulation with £ = v.. Indeed, our
assumptions include v € L*(Q7) and Tipn (v, w) € L*3(Qr), thus the term

Iion(va w)v = Iion('Ua 'LU)('U,L - ve) = Iion('Ua 'lU)'Ui - Iion(vv U))’Ue,

belongs to L'(Qr) even if the two terms lio, (v, w)v; . can be non-integrable.

3. Existence proof by convergence of Galerkin approximations for a regularized
problem

In this section, we prove the main existence result of this paper and prepare the ground for proving
convergence of numerical approximations of the system.

Theorem 3.1. Assume that conditions (E.1)-(E.8) hold. If vo,wo,vy0 € L*(Q) and f € L?*(Qr)3,
Ii¢ € L%(Qr), then there erists a weak solution U = (u,p7 vi,ve,v,w,’y> to (2.12)—(2.17)) with the

app

boundary and initial data specified as in (2.18)—(2.20)).

Although the fixed-point techniques are also well suited for the proof of existence, here we prefer
to treat it with the Galerkin method in space. A parabolic approximation similar to the one proposed
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in Ref. 7 is used to ensure existence of approximate solutions. The proof of convergence of the finite
element approximation of §[5] will follow the same guidelines, but the parabolic regularization will be
replaced by the linearized time-implicit discretization. In particular, except for the L* bound, all the
estimates that we establish in this section on the sequence of approximate solutions will also be valid
for the numerical approximate solutions constructed in §[5}

3.1. Construction of approximate solutions

We start by fixing some increasing, as h | 0, families of linear finite-dimensional subspaces (V");, and
(V) of HY(Q)3, H'(Q), respectively, such that UpsoV" is dense in H'(Q) and UpsoV" is dense
both in L?(Q) and in H!(Q). In view of the structure of the FitzHugh-Nagumo nonlinearity I;o, (see
assumption (E.6)), it is convenient to ask for the inclusion V* C L*(Q). As usual, we require the
Ladyzhenskaya-Babuska-Brezzi (or inf-sup) condition

V-
3B>0:Yh>0, min JoaV - v

x 221 >3, 3.1
4€V,q£0 veVh w0 ||q] L2 ||V a1 (3.1)

Such sequences of finite-dimensional subspaces do exist, see in particular §[5]

Then we look for a discrete solution U" = (uh,ph, vl ol vl wh, vh) with u” € L2(0,T; V") and

for p* € L2(0,T;V") and v, vl v wh 4" € C*(0,T; V") that satisfy the Galerkin formulation of
(2.12)—(2.20). This means that each of the equations of the system is recast into a weak formulation
on Q7 where time derivatives and initial conditions (projected on V" by means of the L?— hilbertian

projection Pyx) are included in a strong sense. E.g., the discrete analogue of (2.26]),(2.28) writes

V() = Pya(un) and, V€€ VP, e [ oh(0)€
Q

+ [ (M. Du(O) Vel (1) - 96+ (0004 06) = [ L0 (32

If necessary, I>¢ can be regularized in time. Further, the discrete analogue of (2.24),(2.25) reads,

app
pointwise in ¢,

o € Vh /a(w,'yh(t))Duh(t):Dv+Dph(t)~v:/f(t)-v+/ cul(t) v, (3.3)
Q Q o0
Vg e vh /uh(t)-Vq:O.
Q

Notice that after discretization, we have a system of ODEs coupled to a system of algebraic
equations to be solved at every time ¢. While the ODE part of the system obeys the conditions of
the Cauchy-Lipschitz theorem, because of the coupling with the algebraic part existence of a discrete
solution is not obvious. To prove existence of U”, we regularize the Galerkin discretization in the
spirit of Ref. 7. Namely, in the left-hand side of the ODE in we add the term 5% fﬂ vl (t)¢
(the term —5% Jo vh(t)€ is added into the analogous equation written for v”) and we add the term
5% Jo " (t)v into the left-hand side of (3.3). As for IL<, the source term f can be regularized in t.
The initial data can be fixed to u"¢(0) = 0, vf’h = Pyn(v9)/2, v = —Pyn(vo)/2. Then the system
on the new unknown U"¢ becomes a well-posed ODE problem; solutions are defined globally on [0, T’]
because estimates preclude finite-time explosion. Further, the estimates we establish in §[3.2] below
are actually valid also for € > 0 and moreover, they are independent of the parabolic regularization
parameter €. Since our functions take values into a finite-dimensional space, from these bounds it is
easy to deduce strong compactness of the family (v™¢, w™= "), in C°([0,T];V")? and the weak
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compactness of the family (v, e phe phe)_in L2(0,T; V)3 as well as the weak compactness of (u/).

in L2(0, T Vh). The strong compactness of (Du"¢). needed to conclude the passage to the limit in the
parabolic regularization of (3.2)), as € — 0, is obtained using the Minty-Browder argument, as in §
below. Thus, passing to the limit ¢ — 0 we prove existence of U" solving the Galerkin discretization

of problem (2:12)(2:20).

3.2. A priori estimates

Assuming that there exists a solution to the above problems, we derive estimateb that are uniform
in h > 0 (addition of a parabolic penalization with £ > 0 in the equations for u”, v/, v" leads to the
same estimates, provided u"(0),v2(0),v"(0) remain bounded).

? 7

First, according to the definition of Galerkin approximations we are authorized to take w” and
pl for the test functions in the weak formulations of the first and the second equations of ([2.12)),
respectively. Summing up the resulting identities, we deduce that

T T T
/ /(a(m,yh)Duh) : Du” :/ fu” +/ / au - ul
0 Jo 0 Jo 0 Joo

By Cauchy-Schwarz and Poincaré inequalities, we deduce the uniform bound

1wl 20,781 (0)2) < C;

here and until the end of the proof, C is a generic constant that may possibly depend on the L? norms
of the initial data and source terms of the system and on the constants appearing in assumptions
(E.1)—(E.6), but not on h. Then, from the Galerkin formulation and the inf-sup condition we
derive the uniform L? estimate on p":

1P| L2(0r) < C.

Next, we impose the relation (2.15): v = v —v!, and we look at the part (2.14),(2.13)),(2.16) of the
system. Due to the assumption Vh C L*(Q) we are allowed to take v/ for the test function in (2.14) and
vl for the test function in and make the difference; to this, we add with the test function
XC’/Aw Notice that due to the time-regularity of v/, and w", we do have (9,v")v" = d;(v")?/2,
(OpwM)w" = 0;(w")? /2. In time, we integrate the equations on (0, s) for every s < T, which yields the

equality

/ / o +37f< h>2>+<Me<w,Duh>ws>-w2+<Mi<w7Duh>W>'W)

CmX xC CmX
+/Q(7<vh>2<s S Pe0) = [ (S 5 @) + [ [ Bl - Tt G
Observe that the properties of j lead to the lower bound

vj(v) > Ayvt — Al0?
for some positive constants A}, A,. Hence the Gronwall lemma and Poincare inequality (see, e.g.,
Ref. ?) applied on (3.4) yields the following uniform in & estimates:

vafeHLZ(o,T;Hl(Q)) + th|\L4(QT) + HwhHL2(QT) <C.

Finally, from the L? estimate on v" and from the Galerkin approximation of equation (2.17))
satisfied by 7" we deduce a uniform L?(27) estimate on v", by taking 4" as a test function and by
using the Holder and the Gronwall inequalities.
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Further, we introduce the time translates (T7v")(t,-) := v"(t + 7,-) — v (t,-), (T"wh)(t,-) =
wh(t+7,) —wh(t,-) and (T7y")(t,-) := Y"(t + 7,-) — ¥"(t,); observe that for all ¢t € [0, T — 7] these
functions take values in V", therefore they can be used as test functions in the Galerkin formulations.
The previously proved uniform in A bounds on w”, ¥*, Vo* in L2(Qr) and on v" in L*(Qr) readily yield
analogous bounds for the translates T7w", T™y", VT™v" and T7v", respectively, in the corresponding
L? or L* spaces on (0,7 — 7) x €. Following the time compactness technique of Ref. ?, we integrate
the Galerkin approximations of (2.14)), (2.16)), (2.17)), respectively, with respect to the time parameter

€ [t,t + 7] (with 0 < 7 < T) and in the resulting equations, we take for the test functions the
corresponding translates 770", T7w" and T7+", respectively. Keeping in mind the growth bound
li(v)| < C(1 + |v|*) for the FitzHugh-Nagumo nonlinearity and the uniform upper bound assumed
n (E.3), we apply the Holder inequality (with p = 4, p’ = 4/3 in the ionic current term and with
p = p’ = 2 in the other ones). Finally we use the Fubini theorem to interchange the integrals in ¢ and
in s and upper bound the resulting terms using the above mentioned L? and L* bounds and keeping
in mind that ft+T ds =71 = [’ _dt In this way, we get the uniform in » bound

S

T—1
/0 /Q<|Uh(t+7-")_Uh(t,')|2+|wh(t+7'7')_wh(t,')|2+"}/h(t+T,-)—’yh(t,~)|2> <cr.

In addition, we get a uniform estimate of space translates of w" and of v from the uniform L2
estimate of Vo". Indeed, notice that the equations (2.16} are linear and x is merely a parameter
of the ODEs with respect to t. The Galerkin approx1matlons of - ) take the following form:

given o" <t = V* o (t,2) = Y al (1) ¢i(x) find wh ZHZ()@() h= o b (t)gi(x) such

that
at/ whzh — / H", w") 2" =0, at/ Ahat — / G(y", wh) 2" =0 for all 2" € V,.
Q Q Q Q
It is readily seen that the linear ODE system
O (t) = H(a(t),b"(t)), 0pc"(t) = G(c"(t),b"(t)) for all t € [0,T]

with the appropriate initial data provides the solutions to the above Galerkin formulation. It follows
that the equations

" — Hw", wh) =0, 94" - G(H",w") =0 (3.5)

are satisfied pointwise in [0,7] x Q. Therefore, we inherit ODEs analogous to (3.5)), also satisfied
pointwise in [0, T] x 2, on the space translates (J™w")(-, ) = w" (-, z+r)—wh(-, ) and (J"y")(-, z) =
A 2+ 7) — (-, ) (the term v" should be replaced by (J™vh)(-,x) = v (-, +7) — " (-, x)):

O (JTwh) — H(J™", J™w") =0, 9,(J"y") — G(J"y", J"w") = 0. (3.6)

This system is satisfied pointwise; therefore we can multiply the equations by J"w" and J™~", re-
spectively, and integrate in € Q and in ¢ € [0,T]. Observe that the L?(0,T; H'(f2)) estimate of v
we readily get the bound fOTer |J7v" 2 < Clr|? (here r € R? and Q, := {x € Q|z — r € Q}). Hence
the application of the Young inequality leads to the estimate

T
sup / /Q (|J’°wh|2 + |J7‘*yh|2) <ClrP+T sup / (|erg|2 + ‘Jr,y(})1|2)7 (3.7)

o<|r|<s JO 0<|r|<6 JQ

whose right-hand side vanishes as |r| — 0, uniformly in h.
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3.3. Compactness properties and passage to the limit

The above estimates imply strong compactness of (v, w” "), in L2((0,T) x Q) for all 7 > 0 and
the weak compactness of (v, v vP u”) in L?(0,T; H'(2)). Moreover, the L* estimate of v and the
growth assumption on j contained in imply weak compactness of (j(v"));, in the space L*/3(Qy)
dual to L*(27). We proceed by extracting countably many subsequences, assuming that all the above

sequences converge to some limits, in the respective strong or weak sense.

Passage to the limit in the Galerkin formulation for U” is a mere assemblage of classical argu-
ments used separately on the elliptic elasticity equation and then on the bidomain model. Indeed,
the electromechanical transmission is ensured via variables 4, w" which behavior is governed by a
linear system ODEs, with straightforward passage to the limit. Moreover, due to the convergence (up
to extraction of a subsequence) of (y");, in the strong L? topology, in a first step we can isolate the
passage to the limit in the mechanical part of the system from the behavior of its electrical part.
While it is easy to pass to the limit in the linear with respect to u elasticity equations, let us stress
that we also recover from this argument the strong L? convergence of the gradients (Du");. Then in
a second step, the latter convergence permits to address the passage to the limit in the electrical part
of the system, following closely the analysis of Refs. 7, ?7; the only delicate issue here is to identify the
weak limit of the nonlinear ionic current term. Observe that the latter issue is addressed in detail in
§ 5.2 below, in the much more delicate context of semi-implicit in time full discretization of the ionic
current term.

Let us give a step-by-step sequence of arguments used for the proof, highlighting the role of the
assumptions made in §

e The passage to the (weak) limit in the ODEs governing the evolution of ", w" is straightfor-
ward, since they are linear, see assumptions (E.5),(E.6).

e The strong L? convergence on (0,7 —7) x € (up to extraction of a subsequence) of 4" implies the
strong a.e. convergence of the uniformly bounded family of tensors o (z,~"), due to assumptions
(E.1),(E.2).

e With this information, using Lebesgue dominated convergence theorem to deal with the con-
tribution of o(z,v") we readily pass to the (weak) limit in the Galerkin formulation of (2.24)).

e In addition, because the limit u solves the limit equation , using the Minty-Browder trick
(see, e.g. 7, ")E| we are able to assert that Du” actually converges to Du strongly in L?(Qr).

e Due to assumptions (E.1),(E.2), the strong convergence of Du” implies strong a.e. convergence
of M .(z, Du”) to the limit M; .(x, Du); hence we can use again the dominated convergence
argument for the diffusivity tensors involved in the bidomain equations.

e At this point, it is a standard matter to pass to the limit in the variational formulation
, of the bidomain equations following the general approach of Ref. ? (the anal-
ogy between the setting of Ref. 7 and the bidomain system was highlighted in Ref. 7 , see also
Ref. 7). Here, the chain rule in time (cf. Ref. ?) is used in the context of identities (2.26)),(2.27)
to deal with the contribution of d,v; the L*/3-L* duality is essential to deal with the contri-
bution of the product j(v")v", moreover, the FitzHugh-Nagumo assumption in (E.6) is
exploited, implying that the nonlinearity j is monotone up to a linear term.

awe can also use the technique of Young measures, see Ref. 7 and §
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4. Weak-strong comparison and uniqueness of regular solutions

The strategy for proving uniqueness relies on straightforward estimates on the difference U — U ,
in particular, the Lipschitz continuity properties (E.2),(E.4) are instrumental. However, in order to
obtain exploitable estimates on U — U, higher regularity solutions should be considered.

4.1. Strong-weak uniqueness argument

Let us first introduce a suitable notion of strong solution, in relation with the uniqueness argument
developed in Theorem

Definition 4.1. We will say that U = (u7p, vi,ve,mwm) is a bounded-gradient weak solutiowﬂ of

problem ([2.12)—([2.20)) if it is a weak solution in the sense of Definition [2.1| and moreover, one has the
following regularity:

Du € L>®(Qr)%*3, Vu; . € L=(Qr)>.

Such regularity of weak solutions is not possible without additional assumptions on the data;
clearly, the minimal assumptions include regularity in x of the families of tensors involved in assump-
tions (E.1),(E.3), regularity of source terms in ¢ and in @, and H' regularity of initial data. We refer
to Ref. 7 for a result on regularity of bidomain systems; however, the use of its strategy requires
at least L'(Qr) estimates of 9;Du. The latter can be obtained via elliptic regularity and parameter
dependence techniques, provided suitable time and space regularity is proved for -; in turn, the regu-
larity of v requires that of v. We see that simple decoupling strategies cannot be used for justification
of L* bounds on Du, Vv, .. Yet we think that the following weak-strong uniqueness and continuous
dependence result contributes to assess good analytical properties of the model considered herein.

Theorem 4.1. Assume that U = (u,p, Viy Ve, U, W, ’y) is a bounded-gradient weak solution of problem

(12.12) —(2.20) in the sense of the above definition, and U= (11,]3, V4, Ve, ’[),71),’?) is a weak solution in

the sense of Definition corresponding to the data ?,I;pp,lgpp,
K(||Dt|oo, [Vielloo) (depending also on T and on the different constants involved in assumptions
(E.1)-(E.6) and on the initial and source data for both U and U) such that

—

09, Wo,Yo- Then there exists K =

||('U, wﬁ) - (6,11)7’3/)”L°°(07T§L2(Q))3
+llw = @llz2 o) + [P = Blrz@r) + (v ve) = (83, 0e)ll 2.7 02

< ’C(”DU’HOOV ||VIUZ',8||OO) (”f - f||L2(QT)3 + ||(Izipp7]§pp) - (Iépp7I§pp)||L2(QT)2

+ [[(vo, wo,v0) — (750,1?)0,%)||L2(Q)3)-
I

In particular, if a bounded-gradient weak solution exists for data f, app?

Iy, Vo, Wo, Yo, then it is a

unique weak solution to the problem.

Proof. Consider equations (2.24]) written for w and @; using w — @ as test function, we obtain

(a(w, ¥)Du — o(x, ’Ay)D'&) : (Du — D)

b A related concept of bounded-gradient solutions can be found in e.g. Ref. ?.
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- (U(:c, 4)(Du — Dﬁ)) . (Du — D) + ((a(:c, ) — a(ac,’y))Du) . (Du—Da). (4.1)

Then, thanks to Young inequality, the coercivity assumption (E.1), and the Lipschitz continuity (E.2),
we obtain for all ¢ € (0,7T)

/agg\u—ﬁ|2(t)+/—|Du Daf(t) < ¢f /lf FIP(t) + D] (@) /lv AP0). (42)

Here and in the sequel, C is a generic constant depending on the data of both systems (for U and U )
and on the constants in (E.1)—(E.6). Similarly, we use the ODEs (2.17) for both v and 4 with test
function v — 4 and deduce

[rn=ar0 < e( [ po=l+ [ [ po-or)as). (1.3

Finally, we combine equations ([2.13)—(2.16|) written for U and U in the same way as for the proof of
@D; we use Lemma 2.3 in Ref. 7 in order to justify the possibility to take test functions v; ¢ — ;¢ in
2.13)),(2.14)), respectively. Rearranging the terms as in (4.1)), using in addition the fact that

(vB(v) — 9B(0))(v = 0) > 0,
where B is defined as in (2.22)), we find for a.e. t € (0,T) the following bound:

/Q(C’;Xv@|2(t)+]3f|ww2(t) +1/t/ |Vvi7V6i|2(s)+|Vve—Vf)e|2(s)ds)
<o [ (o=l = @0l + [ [ gy i) = Ui T 25 (4.4
105, V) Qﬂm//mu D ds+// o= 0P(s) + o — @l (s) ds).

Then it is straightforward to combine 7- and obtain a Gronwall-type inequality that bounds
U — U in the way stated in the theorem. Indeed, we can set

B(t) = |Du = Da|faqpxs(t),  T(t) =17 = 4720 ),

cmx BC .
W(t) = =2~ [Jo = 0|72y (¢ )+7||w*w||2m(n)(t)’
D(t) = H-f - f||L2(Q)3( )+ ||( app’ app) (Izlxpp’ app)”L2 Q)Z( )
Dy = ||(vo, w0, 70) = (D0, W0, 30) | 7203

Dropping nonnegative terms, from (4.2)), (4.3) and (4.4) we infer
E(t) < K(D(t) + I'(t))

I(t)

IN

ICD0+/W )ds)

Do+/D d8+/E ds+/W ds

with a generic constant /' depending on the different constants, data and solutions as indicated in the

IN

W(t)

statement of the theorem. Hence, substituting the second inequality in the first one, then substituting
the rebultlng inequality into the third one and applying the Fubini theorem in the double integral
fo fo 7) drds that appears from this calculation, we find

W(t) < K(Dg +/0 D(s)ds + /Ot(l + (t = s))W(s)ds), W(0) < C Ds.



16  Andreianov, Bendahmane, Quarteroni € Ruiz-Baier

Then we can apply the Gronwall lemma (see, e.g., Ref. ?); this permits to bound ||(v,w) —
(0,0)||2(0)2 (t) as claimed in Theorem Then, with the help of we also bound ||y =4 L2(q)(t).
Next, with we bound |[Du — Dal|12(qy2x3(t) and [|u — @[ 2(a0)z (t), which implies the H'(Q)?
bound on (u — 4)(t), thanks to Poincaré inequality. Now, the bound on ||p — p||z2(q)(t) follows from
written for w(t) and @(t), using a test function v € H(£2) such that V - v = p(t) — p(t). Such
a function can be constructed for each ¢ by taking v = V6@ using the auxiliary Dirichlet problem
—Af = (p—p) in Q, 0 = 0 on 99, where Q is a regular domain containing €); we have 6 € HQ(Q)
by the classical elliptic regularity results. Finally, with we also achieve the desired bounds on
HVU@E — v@i7e||L2(Q) (t) O

5. Numerical approximation

Here, we present the finite element method for approximation of the problem studied in the previous
section, the associated numerical results and a critical analysis of validity of the approximations made
in §[2:4] Other discretization techniques can be certainly employed, following e.g. Refs. 7, 7, 7, 7.

5.1. A finite element method

Let Ty, be a regular partition of 2 into tetrahedra K with boundary 0K and diameter hg . We define the
mesh parameter h = maxer, {hx} and the associated finite element spaces V" (respectively, V"), for
the approximation of pressure, electrical potentials and ionic variables (respectively, of displacements).
In order to satisfy the discrete Ladyzhenskaya-Babuska-Brezzi stability condition , piecewise
quadratic finite elements are used to approximate the displacements field, while for pressure, electrical
potentials and ionic variables, we use piecewise linear elements. That is, the involved spaces are defined
as

Vh={seC%Q): v|x € P1(K) for all K € T},
V= {v e C%Q): v|x € Py(K)? for all K € Ty}

In order to lighten the notation, in this section we put x = ¢, = 1 (the general case is completely
analogous). The semidiscrete Galerkin finite element formulation used in § then reads: For ¢ > 0,
find w” € V", ol (t), v} (t), v (t), w" (t),~"(t),p"(t) € V" such that (with the standard finite element

notation for L? scalar products) one has

= (f"¥")a + (au" (), ¥")oq

0
L (0),6Ma + (M, Du () Vel (1), V6") = (T, — Fan(0 (1), (1)), 6)
S0, — (M.l DU )T (0, V") = (I — Fane 0,000, 0) OV
& (w(1),6"a = (H" (1), 0" (1), 6",
L5 0),6Ma = (GO0, (1), 6,

for all " € V" and all ¢" € V"; one also sets v"(0) = Py (vo) (analogous initialization is used for
wh and y"). A classical backward Euler integration method is employed for the time discretization of
(5.1) with time step 6t = T'/N, moreover, we linearize and decouple the resulting time-implicit scheme
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h,n—1 h,n

by employing ~ (respectively, Du"~1 ) in the equation on u
on vh ") and by linearizing I, with the help of the new function

(respectively, in the equations

i (v, 0,w) — vB(®) — Ayv + Cw where B : 2z ](Z)

on

+ A; > 0.

This results in the following fully discrete method: find v (¢), v%(¢), vh(t), wh(t),y"(t),p"(t) € V" and
u" € V" such that

Z "™ @)L (- 1)5t,n00) (),

(Ul,’l)e,’l} w 7’7 Y ) t ZE Z( hn hn ’na 77 phn)(w)]l((nfl)(;t,n(;t](t)a

satisfy the algebraic system of equations

(J(w,’yhm_l)Duh’n,D’lﬁh)Q ( h,n v ,dj

(uh,n’ v¢h Q= 0

ol —gyhn=l hn—1 h, h ; ling, hyn , hon—1 . h h
("o + (Mi(@ Du"" Vol " Vo' ) = (L= Lm0 L), ¢h)
,Uh,n_,uh,nfl .
(") — (Me(@, Du" Vel Voh) = (g, — B ("o w6 )

wh,n_wh,nfl

( 5t 7¢h)52 = (H((Uh’nvwh’n)vd) )Q»

n —1
v =Y n n
(Tv(bh)ﬂ = (G(,}/h, 7U)h7 )7¢h)ﬂ7

for all o™ € V", ¢" € V! and for all n € {1,..., N}; the initial condition takes the form

(vh70a wh,077h70) = (]P)Vh (UO),th (wo)’ IP>V]L (70))

Here I3 (), IS)(-) are time averages over [(n — 1)6t,nét] of I, IS, respectively.

5.2. A glimpse into the convergence proof

Consider solutions to the fully discrete system, and let us indicate some milestones of its conver-
gence analysis. The proof of stability estimates closely follows the one presented in § 3.2 above for
semi-discrete Galerkin approximations. Namely, we use the same kind of test functions in the same
combination of equations; instead of the chain rule for time derivatives used in the continuous setting,
the convexity inequality

(an _ an—l)an >

is used to deal with the finite differences in time. In this way, we obtain uniform in h and §t estimates
on the discrete solutions:

||Uh||L2(o,T;H1(Q)3) + ||ph||L2(QT) + Hvih,eHLQ(O,T;Hl(Q)) + | (v", whﬂh)Hm(QT) <C (5.2)

and also the following uniform in A estimate related to linearization of the nonlinearity [iop

N
S ot / hn 2B < C. (5.3)
n=1 Q
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The latter estimate replaces, in a weaker sense, the L*(€7) estimate of v obtained in the semi-discrete
Galerkin context. The details of these estimates, including the latter one, are also very close to those
given in Ref. ? where a linearized implicit finite volume scheme of bidomain equation is analyzed.
Estimate implies in particular the invertibility of the matrix of the discrete system that is solved
on each time step.

Now, similarly to § we get space and time translation estimates on (w”);, and on (y");. For
the time estimates, we introduce, e.g., w" the piecewise affine in ¢ function in W1->°([0,T]; V") inter-
polating the states (w"™),—o. ny C V" at the points (ndt),—o. n. Then we have w} = H(v",w"), and
due to the linearity of H, with the notation introduced in §[3.2] we also have

(T™w"); = H(T™v", T™w").

We can use test function (T7w")(t,-) in this equation to obtain time translation estimates on (@")p,
using Fubini theorem and the bounds (5.2)). Further, the estimates of space translates (J*w"); are
obtained in the same way as , hence analogous estimate on (J*w");, follows because for t €
((n—1)dt,nét], w"(t,-) is a convex combination of w"~1(-) and w""(-). By the Fréchet-Kolmogorov
theorem we deduce strong L?(Qr) compactness of (w");,. Further, it is easily seen from the definition
of @w", from the equation

and estimates (5.2)) that
N
0" — w720y < D Stw™" T — w32 gy < COt— 0 as 5t — 0.
n=1

Finally, we conclude that (w”)y, is strongly compact in L?(€27). The same argument applies to (y")s,.
Unfortunately, the lack of L*(27) estimate on (v");, precludes us from getting the analogous time
translation estimate and compactness property on (vh) n, but we circumvent this difficulty using the
Young measures’ representation of weakly convergent sequences, in the spirit of Ref. 7.

Indeed, extracting convergent subsequences corresponding to the above arguments, firstly we pass
to the limit in the linear ODEs and in the elliptic equation on u”; as in § we get strong convergence
of Du” to Du from the Minty-Browder argument. Now, we pass to the limit in the equations on vﬁe;
the delicate point is the passage to the limit in the nonlinearity I (v" &%, w"), where o"(t,x) =
vh(t — 6t, x) with the convention that v"(¢,x) = v"O(z) for t < 0. More precisely, we have to pass to
the limit in the term v"B(9"). Here we exploit estimate to get an equi-integrability estimate on
this term. As in Ref. ?, using the Sobolev embedding of L2(0,T; H'(Q)) into L?(0,T; L°(Q2)) and the
space interpolation with L>°(0,T; L?(Q2)), we find a uniform L'%/3(Q7) bound on vy,. Such a bound
yields equi-integrability of |6"|? on Q7, thus from the weighted Young inequality

WB(D)] < 8l B() + 5B(0),

using the growth assumption on j(-) that implies that B(?) < C(1 + |9]?), we derive a uniform
L' (1) bound and, moreover, the equi-integrability on Q7 for the family (v"B(9"));,. Therefore up
to extraction of a further subsequence, v"B(o") converges weakly in L'(Q7) to a limit that we denote
by ¥. Further, multiplying the discrete equation for v™" by %(vh’" +v""=1) and summing in n from
the previously obtained estimates one deduces the uniform in h estimate

N
‘Z 5t / Ny IO | (5.4)
n=1 Q
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Finally, multiplying the same equation for v®™ by (v"" —v""~1) and summing in n, using in particular

[B4), we get

N
Zét/ [phr — M2 50 as 6t — 0.
Q

n=1

h — " converges to zero strongly in L?(Q7), in particular, the weak L?(Q27) limit v of v”

Therefore, ©
is also the weak L?(Q7) limit of ". Now, in order to prove strong convergence of (v");, and to pass to
the limit in the nonlinear ionic current term v"B(%") (we have to prove in particular that ¥ = vB(v)),
we introduce the Young measure (V(t’m))(t’z)eﬂ,r which is the limit of the selected subsequence of (vh)h

(not relabeled):

v(t,x) = / Adv(s z)(A) with / dv(t,z)(A) = 1 for a.e. (t,x) € Qr, moreover,

R R
for all F € C°(R;R) such that (F(v"))y, is weakly convergent in L'(Qr), (5.5)
F(v") — / F(X)dv(.y(X) in LY (Q7).

R

Then the convergence proof relies on the following observations.

Lemma 5.1. The Young measure (V z))t,z)eq, has the following properties:

(i) v(t,x) = /RAdV(t’m)()\) and U(t,z) = / AB(A) dvg,z)(N);

R
(i1) / / NB(A) dv(p ) (N) dedt < 0o and v € LY(Qr), ¥ € LY3(Qr);
ar Jr

(i) for a.c. (t.) € D, [ [ = WOBO) = 1B(1) o) (V) vt (1) < 0
RJR
(iv) for a.e. (t,x) € Qr, Vi.0)(A) = 6(A —v(t,x)) ;
in particular, v" — v and " — v a.e. on Qr, and we have ¥ = vB(v) a.e. on Q.

Proof. For (i) and (ii) we use the estimates established above, while for (iii), we use the equations
satisfied by v" and by v in a way similar to the Minty trick. The last point follows by classical
properties of Young measures.

(i) The first claim of (i) is a part of the definition of the Young measure. To prove the second point,
we first observe that A% := v"B(o") — v"B(v") tends to zero in L'(Qr) as h — 0. Indeed, recall that
v", 5" are bounded in L'%/3(Qr) due to interpolation and embedding results; therefore A? is bounded
in L'%9(Qyr), and thus it is equi-integrable. Moreover, extracting a further subsequence we can assume
that v — 3" — 0 a.e. on Q7, so that A? — 0 a.e. on Q7. Then A’ vanishes in L'(Qr) due to the
Vitali theorem. Now, we have v"B(o") — ¥ in L' (7). Consequently, we have as well v"B(v") — ¥
in L'(Q7) as h — 0, and we can apply the representation formula of to W.

(ii) Consider a family of bounded continuous functions (B, ), on R that increase towards the limit
B pointwise on R, as n — oo. Then F,, : A — A?B,,(\) can be used in because we know that
(vM)y, is an equi-integrable sequence on 7 and b, is bounded for every fixed n. In addition, as in
the point (i) we readily see that A% := (v")2B,,(v") — (v")2B,, (") vanishes in L'(Q7) as h — 0, up
to a subsequence. Therefore we find, with the limits taken in the weak L'(27) sense, the chain of
equalities

h—0 h—0

/RF,,(A) dv(..y(N) = lim F,(v") = lim (v")2B,,(3").
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In particular,

/ /Q/ )t ) di e < i | /Q s <[] WhBEh e

due to estimate . Notice that C does not depend on n, therefore using the monotonicity of (B,,)
we deduce the ﬁrst claim of (ii) from the monotone convergence theorem. Then, the lower growth
bound on B yields [p A*dy(..)(X) € L*(Qr), whence by the Jensen inequality for the convex function
A — A* and the probability measures V(t,z) we deduce that v = [, Ady. )(A) € L*(Q7). Using the
upper growth bound on B we find that ¥ € L3/%(Qr).

(iii) Firstly, we prove the inequality

ngljgp//m ) //QT e (5.6)

for sufficiently small T' (then, after having proved (iv), we can bootstrap the argument and achieve
arbitrarily large time horizon T).

On the one hand, we proceed in a way analogous to the one followed to obtain (recall that
now we have y = ¢, = 1). Namely7 we combine the equations on vh " (with test function u?(,") and on
w™ (with test function (C'/A)w™™), use the convexity 1nequahty in the place of chain rule in time,
and we end up with

// — 42+ BE w2 ¢ (ML (, DU TR) - Vo 4 (M(z, Dut) V) -W?)

A
+ l(vh)2(s ) < l(vh)2+ ) Izh h Ieh h
2 v ) = 2 0 app Y1 app Ve »
Q Q 0

for every s < T. The we integrate in s € [0, T] and we assume 24T < 1; we use the Fubini theorem to
simplify the double time integral, which brings the factor (T'—t) under the integrals. Using the strong
convergence of v"0 wh and Du” in L?(Q), L?(Q7) and L?(Q7)3, respectively, using the weak L%(Qr)
convergence of v", of /T —tv", of VT —t (M, o(, Duh))l/QVUZ .
the L? norm with respect to weak convergence, at the limit h — 0 (for the selected subsequence) we
find

e [ -0t e = [ (G- -0 Zut)

+ (T —1%) (Me(:c,Du)Vve) Ve + (M; (2, Du)Vu;) - Vv,)

< / (v0) / / Lot — Topve). (5.7)

On the other hand, the following limit equations, as h — 0, are easily obtained as h — 0:

and the lower semi-continuity of

o —V - (M;(z, Du)Vu;) + ¥ — Ayv + Cw = I;pp in Qp, (5.8)
o+ V- (Mc(z,Du)Vu) + ¥ — Ayv+ Cw = Ig,, in Qr, (5.9)
V=1v; — Ve in Qrp, (5.10)

Ow— H(v,w) =0 in Qp. (5.11)

In order to combine these equations in the same way as what we have done at the discrete level,
we recall that v € L4(Qr) and ¥ € (L*(Qr))’, so that Lemma 2.3 of Ref. 7 (cf. Remark [2.2) . 2| after
Deﬁnltlon can be used in order to give sense to multiplication of (5.8 . by v;, ve, respectively.
We obtain, integrating in ¢t € [0, s] then in s € [0,T] the following relatlon
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// —tv\I’—i-// = —(T-t)A) +BACw2))

—t) (M (z,Du)Vv.) - Voo + (M;(x, Du) V) - Vvi>

:/ (v0)° // Lippvi — Iippve). (5.12)

By comparison of (5.12) and , we deduce the claim ([5.6]).

Now, using as in the proof of (ii) an increasing family of functions (B, ), approximating B, we find
for all n,

//{ZT(T—t)AA2Bn(A)du(tm)(A ) dt dz = lim // T —t)(0")2B, (")
S“f,?:’;lp/A -0y s f[ -

Then with the monotone convergence theorem and representation of ¥ and v proved in (i), we find

7 ( R ) ( R )

Then, rearranging the terms as in Ref. 7, one finds

L= [ [ = mO80) = 180)) vty (1) < 0.

Now the claim of (iii) follows by monotonicity of the map A — AB(}\).

(iv) Starting from the “div-curl” relation proved in (iii), one deduces the claim (iv) from the general
properties of Young measures (see Ref. 7). m]

Property (iv) of the previous lemma, along with equations , concludes the passage to
the limit in the scheme. It remains to observe that, if the data of the problem allow for existence of
a bounded-gradient solutions defined in § the extraction of a subsequence is bypassed using the
classical argument (the unique solution is the unique accumulation point), and in this case the finite
element method converges to the unique solution of the system. A priori error estimates can also be
obtained in this case, with arguments similar to those of §[ but we restrict ourselves to assess the
experimental convergence of the scheme in §[5.3

5.3. Numerical tests

We now illustrate the performance of the coupled finite element method. The linear systems arising
after Newton linearization of the coupling and reaction terms and full discretization of the problem
are solved with the GMRES method with a tolerance of €, = 10~7. We set a tolerance of &, = 108
for the L?—norm of the residual of Newton iterates. All the simulations in this section have been
performed on four cluster nodes with two Intel Xeon processors (quad core, 8MB cache, 2.66Ghz
CPU) each.
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Fig. 1. Approximate solutions of the convergence test displayed on the deformed configuration (deformation components,
pressure, transmembrane potential, intra- and extra-cellular potential).

Table 1. Adimensional model parameters and data employed in the convergence study and in the numerical simulation
of linearized cardiac electromechanics.

b% Cm ol ot =on A B C Iy I'i=T»n r w o ) B m 72

Convergence study in a slab

1 1 0.1 0.02 1 1 1 0.3 0.5 1 10 10 1000 1 1 1

Linearized electromechanical coupling in the human heart

1000 0.001 0.01 0.002 0.16875 1 100 0.35 0.45 20 400 5 10000 0.8 2.35 1.99

First, we assess the convergence rate of the finite element approximation of deformation, pressure,
and electric potentials proposed in §[5.1 We focus on the spatial convergence of the numerical scheme,
and so we analyze the experimental convergence of the following steady state counterpart of (5. 1]

(o(z,+")Du", Dy") , — (0", V- ¥")q = (", 9")a + (au", ") o0,
—(V- uh,qh)ﬂzo
(Mi(w,Duh)VU?,VqS?)Q—i—(Iion(v wh )Q i,

- <M5(.’E, Duh)VvZ, V¢Z)Q + (Iion(vh7 wh) ) ¢Z> = I:pp’

for all " € V" ¢, ®5,, 85 € V. Notice that in this specific case, w", 4" can be obtained by postpro-
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Table 2. Spatial convergence history for a piecewise quadratic approximation of deformations and piecewise linear
approximation of pressure and electric potentials.

D.o.f. h e(u) r(u) e(p) r(p) e(ve) r(ve) e(vy) r(v;)

52 0.707107 0.083299  0.000000 8.499944  0.000000 0.179317  0.000000  0.239911 —
97 0.471405 0.052384 1.917391 6.584771  0.629648 0.131253 0.769544  0.125516  0.985518
229  0.282843 0.012044 2.877790  3.415004 1.285332 0.079261 0.987377 0.061718  0.972206
661  0.157135 0.002968  2.382909 1.837943 1.054008 0.042664 1.053760 0.032261  0.923283
2197  0.083189 0.000742  2.179540 0.954664  1.029960 0.022185 1.028252  0.013385  0.993969
7957  0.042855 0.000191  2.049007  0.487393 1.013559 0.011345 1.011049 0.008566 0.962693
30229  0.021757  0.000049  2.009079  0.246448  1.005964  0.005744  1.004090 0.004279  0.991198
117781  0.010963 0.000012  2.000340 0.123947 1.002724 0.002891  1.001597  0.002170  0.990054

cessing from v" using the equilibrium equations H (v", w") = G(y",w") = 0. We use model parameters

as specified in Table and subsequently Iion = Lion(v") = (v)3 +0". Let us consider the slab of tissue
represented by the unit square Q = (0, 1)?, where Robin data (with coefficient o = p) are imposed on
the whole boundary and zero-flux conditions are assumed for the electric potentials. Fibers and sheet
directions are fixed as d; = (0,1)7 and d; = (1,0)7, respectively. An exact solution of the problem is
given by the following smooth functions

£ 4 /1.001
v (-1% ! oofm> P 1%3:2(95+ V1.001y), v = —yrexp(—4ly — 1/2]*), vi = v+ay, ve =y,
10 .

which satisfy both incompressibility constraints det Du = 1 and V - w = 0. The forcing term f and
the applied currents I, ;'pep are manufactured according to these exact solutions. The slab is partitioned
into successively refined meshes with 2™ + 1, n = 0,1,...,8 vertices on each side of the domain and

we compute errors and observed convergence rates defined as

_ logle(w)/é(w) | log(e(s)/é(s)
log(h/h) log(h/h)
where s denotes an electric potential or pressure, and e and é denote errors computed on two consec-

utive meshes of sizes h and h, respectively. Table [2| reports the convergence history for the piecewise
quadratic approximation of deformations and piecewise linear approximation of all remaining scalar

e(u) ;= ||lu —un|| g1y, e(s) = ||s —snllar (o), r(u): ,

fields, where we can observe optimal convergence rates in all cases. The approximate solutions are
displayed in Figure

Next, we turn to the simulation of the transient linearized coupled cardiac electromechanical
problem —. A human heart geometry and fiber directions obtained from CT scan data *
have been smoothed, rescaled and meshed using the VMTK library (http://www.vmtk.org) (see
Figure . The resulting idealized biventricular mesh consists of 94590 four-node elements and 23210
vertices. The transmembrane potential is initially at rest v = —84mV and the excitation propagation
is initiated with a stimulus of magnitude 100 mV applied on the septum and apical zone of left and
right ventricles at time ¢ = 10. The forcing term for the elasticity equation is zero f = 0. Other model
parameters are set as specified in the bottom row of Table [I} A time step At = 0.01 is employed and
an average overall CPU time spent per Newton step is 12.5 seconds, for an average iteration count
of 9 steps to achieve the desired convergence. We simulate one full heartbeat and report in Figure
snapshots of the spatio-temporal evolution of action potential and tissue deformation. We have applied
several model simplifications for sake of the analysis, including phenomenological FitzHugh-Nagumo
membrane kinetics, linearized mechanical response, and stretch-independent activation. Evidently,
some features of the cardiac function will be difficult to recover within this framework, such as accurate
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Fig. 2. Fibers distribution with segmented biventricular geometry (left) and exploded view of the computational mesh
partitioned into sixteen non-overlapping subdomains, each color representing a different subdomain (right).

representations of stresses at high strains. In addition, we can observe that the following residuals
|| Cof (Du) — 1| 2(q), [Du|| L~ (q), | det(Du) — 1{|12(q),

are non-negligible (see the dynamics depicted in Figure where the spike in the middle and right plots
is due to the electrical stimulus applied at ¢t = 10). In the fully nonlinear case, performing Newton or
Picard iterations (also for the mechanical problem) up to a fixed tolerance rapidly decreases the first
residual, associated with the nonlinear stress. Nevertheless, the order of magnitude of the second and
third residuals remain unchanged, suggesting that total strains and incompressibility are well resolved
even in the linear case. Moreover, from Figure [] we readily observe some other key features such as
the desired delay of the activation v with respect to the front of the transmembrane potential, and
the subsequent contraction of the muscle.

6. Concluding remarks

We have introduced a mathematical model for the study of cardiac electromechanical interactions
written in fully Lagrangian form, featuring a linearized description of the passive elastostatics of car-
diac tissue, a linearized incompressibility constraint, and a truncated approximation of the inverse
Cauchy Green tensor appearing in the updated conductivity term of the bidomain equations. The
existence of weak solutions to the coupled problem has been established by convergence of Galerkin
approximations and regularization. The concept of bounded-gradient weak solutions has been instru-
mental in the derivation of uniqueness of weak solutions in the natural norms, and we have presented
some ideas on the analysis of regularity. A finite element method has been introduced for the approxi-
mation of the electromechanical system, and we have provided sketches for its convergence proof. The
experimental convergence of the numerical scheme and the applicability of the simplified model in the
study of cardiac electromechanics have finally addressed via two numerical examples.

We have taken the FitzHugh-Nagumo kinetics as the simplest example, but the extension of
the present theoretical framework to other linear phenomenological ionic models such as the Aliev-
Panfilov 7, Rogers-McCulloch ?, or Mitchell-Schaeffer * models is straightforward, provided the evolu-
tion of the activation parameter v is also governed by a linear ODE. However, more involved (typically
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Fig. 3. Time evolution over half a heartbeat of the numerical residuals induced by the linearization of the elasticity
problem.

physiologically-based) nonlinear ionic models could not be addressed by the same mathematical tech-
niques put forward in our work. First, a priori estimates for the transmembrane potential need to
be re-derived from the modified ODE system governing the ionic activity (cf. the existence results
of Ref. ? for Luo-Rudy I kinetics, see also Ref. ? for a regularized Mitchell-Schaeffer model). As a
consequence of such estimates, a convenient duality is established between the functional spaces for
the transmembrane potential and for the ionic current. These features are natural, because they are
related to stability and to the cyclic evolution of solutions to the pure ODE model neglecting spatial
propagation effects. However, the simple space-translation argument that we employed in § is no
longer appropriate if some ODEs governing reactions, including the activation field -, are nonlinear
(which would be the case for e.g. the Luo-Rudy models). Alternative approaches may involve theoret-
ical tools for the investigation of stability of solutions to ODEs (cf. Ref. ?), or differentiation of the
ODEs with respect to the space variable . While both of these techniques might be helpful for study-
ing existence (using, e.g., the uniformly parabolic “viscous” approximation of ODEs of finite volume
approximations, cf. Ref. ?), the structure of Galerkin and finite element approximations studied here
jeopardizes these strategies of proof. Indeed, except for the linear case, the equations obtained from
finite element approximation of ODEs are not satisfied pointwise with respect to the space parameter
x, but only in some averaged-in-x sense.

Although we have recently tested numerically more complex and more realistic formulations for
cardiac electromechanics *%%?, the model simplifications applied in the present study were mainly
driven by the need of addressing solvability and regularity questions often overlooked in the literature.
In addition, some extensions towards physiological relevance can be readily applied without changing
the core of the theoretical tools employed herein. For instance, the role of anisotropy is not substantial
in our present analysis. In fact, once the activation is applied to the passive mechanics via the active
strain formalism, the stress tensors (first Piola-Kirchhoff and Cauchy’s) adopt an anisotropic structure
even if their passive forms are isotropic. Moreover, since the elastostatics are linearized, further gen-
eralizations to e.g. exponential laws with several fiber families, as e.g. the Holzapfel-Ogden model 7,

could be readily incorporated in the present framework.

For the fully-nonlinear case the situation is more delicate, since coercivity of the stress (which in
the case of finite elasticity is guaranteed by polyconvexity of the strain energy function *) will depend
on the specific material law each case would need to be analyzed separately. In this regard, the active-
strain approach represents a major advantage, since the activation via multiplicative splitting of the
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Fig. 4. Transmembrane potential (top), activation function (middle) and tissue deformation (bottom) at time instants
t = 100, 150, 300 (from left to right).

deformation gradient tensor does not modify the stability properties originally featured by the passive

. ?.?
mechanical law *°.

In conclusion, deeper theoretical insight and numerical experiments are needed to assess the quality
of more realistic cardiac electrophysiological models with nonlinear elastic behavior and nonlinear ionic
evolution.
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