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Preserving monotony of combined edge finite volume-finite
element scheme for a bone healing model on general mesh

Marianne Bessemoulin-Chatard*and Mazen Saad?

October 20, 2016

Abstract

In this article, we propose and analyse a combined finite volume—finite element scheme
for a bone healing model. This choice of discretization allows to take into account anisotropic
diffusions without imposing any restrictions on the mesh. Moreover, following the work of
C. Cances et al. 2013, we define a nonlinear correction of the diffusive terms to obtain
a monotone scheme. We provide, under a numerical assumption, a complete convergence
analysis of this corrected scheme, and present some numerical experiments which show its
good behavior.

Keywords: finite volume scheme; nonconforming finite element scheme; anisotropy; convergence
analysis; bone healing model.

1 Introduction

We consider a model taking into account the main biological phenomena acting in bone healing.
It describes the evolution of the concentrations of the following four quantities: the mesenchy-
mal stem cells (denoted s), the osteoblasts (denoted b), the bone matrix (denoted m) and the
osteogenic growth factor (denoted g). Bone healing begins by the migration of the stem cells to
the site of the injury. Then along the bone, these cells differentiate into osteoblasts which start
to synthetize the bone matrix. This cell differentiation is only possible in presence of the growth
factor.

The proposed model is based on that described in [2]. It takes into account several phenomena:
the diffusion of the stem cells and the growth factor, the migration of the stem cells towards
the bone matrix, the proliferation and the differentiation of the stem cells. The osteoblasts are
considered without movement since they are fixed at the bone matrix. Moreover, the model
includes the case of heterogeneous domains, with possibly anisotropic diffusions.

In this paper, we propose and analyse a numerical scheme for this bone growth model. This
scheme was already introduced in [4], but without any convergence study. A finite volume scheme
was previously proposed in [9] for this model in homogeneous domains where the diffusion tensor
is considered to be the identity matrix. Moreover, the convergence analysis is performed only
for meshes assumed to be admissible [12, Definition 9.1].
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On the one hand, the classical cell-centered finite volume method with an upwind discretization
of the convective terms provides the stability and is extremely robust. In this case, the mesh is
assumed to be admissible. In particular, it implies that the orthogonality condition has to be
satisfied. As mentioned in [9], a difficulty in the implementation is to construct such admissible
meshes. Structured rectangular meshes are admissible, but they cannot be used for complex
geometries arising in physical contexts. However, standard finite volume schemes do not permit
to handle anisotropic diffusion on general meshes due to the nonconsistency of the numerical
flux. A large variety of methods have been proposed to reconstruct a consistent gradient, see for
example [13] and references therein.

On the other hand, the finite element method allows for an easy discretization of diffusive terms
with full tensors without imposing any restrictions on the meshes. It was used a lot for the
discretization of degenerate parabolic equations. For example, conforming piecewise linear finite
element method has been studied in [3], as well as mixed finite element method in [1]. However,
some numerical instabilities may arise in the convection dominated case.

The idea is hence to combine a finite element discretization of diffusive terms with a finite vo-
lume discretization of the other terms. Such schemes were proposed and studied in [15] for fluid
mechanics equations where the diffusion tensor is the identity matrix. This method was then ex-
tended in [14] to inhomogeneous and anisotropic diffusion—dispersion tensors and to very general
meshes only satisfying the shape regularity condition (6). Such discretizations were then applied
to different physical models, such as the anisotropic Keller—Segel chemotaxis system [8] or the
two compressible phase flow in porous media [17]. However, it is well-known that the discrete
maximum principle is no more guaranteed if there exist negative transmissibilities. A nonlinear
stabilization term is introduced in [6] to design a Galerkin approximation of the Laplacian, but
heterogeneous anisotropic tensors are not considered. More recently, a general approach to con-
struct a nonlinear correction providing a discrete maximum principle was proposed in [7, 16].
This method allows to maintain some crucial properties of the initial scheme, in particular co-
ercivity and convergence toward the weak solution of the continuous problem as the size of the
mesh tends to zero. We will apply it to the diffusive terms of our combined scheme to ensure a
discrete maximum principle.

The outline of this article is as follows. In Section 2, we introduce the considered bone
healing model. In Section 3, we define the combined finite volume—finite element scheme and
we apply the method described in [7] to construct a nonlinear correction providing a discrete
maximum principle. Then in Section 4 we prove the existence of a physically admissible solution
and give some discrete a priori estimates. Thanks to these estimates, we prove in Section 5 the
compactness of a family of approximate solutions. It yields the convergence (up to a subsequence)
of the solution of the scheme to a solution of the continuous system as the size of the discretization
tends to zero. Finally in Section 6 we present some numerical experiments showing the efficiency
of the scheme.



2 The bone healing model

We consider the following model for bone healing: for ¢ € (0,7") and x € Q, where T' > 0 and 2
is an open bounded domain of R? (d = 2, 3),

Ops — div[D(x) (A(m)Vs — V(m)x(s)Vm)] = K1(m)x(s) — H(g)s =: fi(s,m,g), (
O¢b = Ka(m)x(b) + pH(g)s — 01b =: fa(s,b,m, g), (

Om = A1 —m)b =: f3(b,m), (3
Org — div (D(2)AgVg) = P(9)b — 029 =: fa(b, 9)- (

The diffusion coefficient A(m) and haptotaxis velocity V' (m) for the stem cells are given by

A(m) = #(m Fh)l—m+X), V(m)=

Xk
(Ce +m)?’
The factors K;(m), ¢ = 1, 2 taking part in the mitosis terms are defined by
a;

Kl(m) = 51'2 + m2 m.

The accumulation of stem cells and osteoblasts is limited by the multiplicative term x(s) =
s(1 — s). Moreover, the differentiation coefficient is given by

1
H =
(9) m+g

9,

and the production term of the growth factor is defined as

_ ig
(2 +9)%"

The parameters o, Bi, Vi, 7, 0i (0 = 1, 2), py A, Xn, Chy Aos Xk ks Ag are given positive num-
bers. Finally, we assume that the permeability D : @ — M4(R), where My(R) is the set of
symmetric matrices d x d, verifies:

Di,j € LOO(Q) Vi, j=1,...d,
and that there exists Cp > 0 such that a.e. z € , for all £ € R?,
D(x)¢ - & > Cpl¢f.

This diffusion tensor D allows to take into account the heterogeneity of the biological domain.
The system (1)—(4) is supplemented with initial conditions on s, b, m and g:

s(0,z) = so(x), b(0,2) =bo(z), m(0,2) =mo(x), ¢(0,z)=go(z) VzeQ,
and with homogeneous Neumann boundary conditions on s and g:
D(z) (A(m)Vs —V(m)x(s)Vm) -n=0, D(z)A;Vg-n =0,
for t € (0,7) and x € 0N, where n is the outward unit normal of 9.

This mathematical model (1)—(4) is studied in [9]. If we denote by u = (s,b,m,g) the
unknown and f : u € R* — f(u) = (f1, f2, f3, f1)(u) € R* the reaction term, the following
lemma is proved:



Lemma 1. (/9]) The function f is Lipschitz continuous in the rectangular domain

_ i} P12
A=10,1] x [0, 5 ] x [0, 1] x {0, 4(5162772} (5)

for py1 > 61. Moreover, the domain A is a contraction set for f, i.e. f(u)-n <0 for allu € 0A.

We denote by M; the upper bound of f; in A, i = 1,...,4. In the rest of this paper, we will
assume that py; > §1, which ensures the invariance of the domain A of admissible solutions,
defined as follows:

Definition 1 (Admissible weak solutions). Let (sq,bo, mo, go) belongs to A almost everywhere
in Q. A function u = (s,b,m,g) € (LQ(O,T;Hl(Q)))4 is a weak admissible solution of (1)-
(4) if ut,z) € A ae. in Qr := (0,T) x Q and if for any test functions ¢1, @2, p3 and
w4 € CX([0,T) x Q), the function u satisfies the following equalities:

- / $Oppy dx dt — / s0(z)p1(0, z) da + D(z) (A(m)Vs — V(m)x(s)Vm) - V1 de dt =
T Q Qr

fl (Sv m, 9)801 dx dtv

Qr
— / b Oy o dx dt — / bo(2)p2(0,2) dz = f2(s,b,m, g)ps dx dt,
T Q Qr
— | mOwpsdrdt — [ mo(x)ps(0,z)dr = f3(b,m)eps dx dt,
Qr Q Qr
— / g Orpyg dx dt — / go(z)p4(0,x) dx + D(z)AyVg-Vpsdrdt = fa(b, 9)pa dx dt.
T Q Qr Qr

3 Combined finite volume-nonconforming finite element
scheme

In this section, we first introduce the primal triangulation and the corresponding dual partition
of the domain €2, and then define our numerical scheme.

3.1 Space and time discretization

We first define the space discretization of 2. We consider a family 7}, of meshes of €2, consisting
of closed simplices K with disjoint interiors such that 2 = Uge7;, K and such that if K, L € Tj,
K # L, then K N L is either an empty set or a common edge of K and L. The size of the mesh
Tr, is defined by
h = si = diam(K).
size(Tp) max iam(K)

We also need the following regularity assumption on the family of triangulations {7 }n: there
exists a positive constant k7 such that:

, K|
Bl > kr VA>O. 6
ReP, [dam(K)d — "7 T (6)

We denote by:



Figure 1: Triangles K, L and M € 7T, and diamonds D, E € D associated with edges op,
or € &p.

e &, the set of all edges, &, = £ UEF®" where £} is the set of interior edges and £7*" the
set of boundary edges,

o & the set of all edges of an element K € Tj,.

We also use a dual partition Dy, called diamond mesh, of control volumes D of {2 such that
Q= Upep,D. Each diamond D is associated with one edge op € &,. We construct it by
connecting the barycenters of every K € 7, that contains op through the vertices of op (see
Figure 3.1). For op € &', the contour of D is completed by the edge op itself. In this case,
the diamond D is in fact a half diamond. As for the primal mesh, we define:

o Fp, Fim and Fi® respectively as the set of all dual, interior dual and exterior dual mesh
edges,

e Di" and D§*! respectively as the set of all interior and boundary diamonds.
In the sequel, we also use the following notations:
e |D| is the d-dimensional Lebesgue measure of D, |o| the (d — 1)-dimensional measure of o,
e Pp is the barycenter of the edge op,
e N(D) is the set of neighbours of the volume D,
e Dy :={D €Dy, op € Ex} for K € Tj.
For two neighbouring diamonds D € Dy, and E € N(D), we define:
e dp g :=|Pg— Pp|,

e op.g = 0D N OFE the interface between the two diamonds D and F,



e np g the unit normal vector to op g outward to D,

e Kp g the unique element of 7}, such that op g C Kp g , namely the unique triangle Kp g
such that KD,E NnD 7é ? and KD,E NE 7é 0.

We denote by X (D) the set of finite volume approximations on the diamond mesh Dy, that is
the set of piecewise constant functions on the control volumes D € Dj,.
Next we define the following piecewise linear nonconforming finite element space (see [10]):

Xp ={pn € L2(Q); ©n|k is linear VK € T, ¢, is continuous at points Pp, D € Dznt}.

The basis of the nonconforming space X}, is spanned by the shape functions ¢p, D € Dy, such
that ¢p(Pg) = épr, E € Dy , where dp g is Kronecker’s symbol. We equip X with the

seminorm
funlie, = 3 [ 1Vunf?do.
KeT, 'K

We refer to [14] for the following properties : for all u, = Y p, uppp € Xp, it holds

d+1

Ee]:mtdiam(KD,E)dQ(uE —up)® < Tdkr unl%, (7)
op,EEF."
|0’D El 2 d + 1 2
) . < - .
E o (up —up)” < 5= 1)kr llunllx, (8)

op,E€F;mt

Let us now define the time discretization. We consider a constant time step At and the increasing
sequence (t™)o<n<nN+1, Where " = n At and N is the smallest integer such that (N +1)At > T
At last, the size of the space-time discretization is defined by A := max(h, At).

The discrete unknowns are denoted by {v}, D € Dy, n € {0,--- , N + 1}}, where the value v?,
is an approximation of v(Pp,t"), v = s, b, m, g.

3.2 Combined scheme

In this subsection, we define the semi-implicit in time and combined finite volume—finite element
in space discretization for (1)—(4). On the one hand, the haptotaxis term in the stem cell equation
(1) can be seen as a convection term with velocity V(m)Vm, and is discretized by the mean of
a classical upwind finite volume approach. On the other hand, the diffusive terms in equations
(1) and (4) are discretized by using a finite element scheme, which enables to get a consistent
approximation, even in the homogeneous case D = Id. Hence this numerical scheme allows to
consider both general meshes and anisotropic diffusion tensors.

First of all, the discrete initial condition is defined by:

1
VD € Dy, v%ﬂ/ vo(x)dx, forv=s,b, m,g.
D



Then the scheme is given by the following set of equations: for all n € {0,...N} and all D € Dy,

DI (s = sp) = A 30 AREsE AL S0 F (s s v (mp!
Ee€Dy, EeN (D)
= At|D| (K1(m})sp™ (1~ sp) — H(gp)sp™)

ID| (b5 —b) = AtD| f2(sHH b, mp, gb),
D[ (mp™ —miy) = At D| (b5, mpth),

DI (9557 —gB) = At Y DppAggp = At|D| (P(gh)bh — d2955)
EEDh

where the stiffness coefficient is defined as

Dp.e=— Z / D(z)VyEg - Vepdz,
KeTy, K

and for U = A, V,
DE=-Y UK/ D(2)Ver - Vepdz,
KeTy K

with
_ ZDeDK U(mp)
card(Dg)

As proved in [8, Lemma 4.2], the transmissibilities Dp g are bounded:

Uk

cp (diam(Kp g))* 2
D < — :
|Dp,e| < 3 d—1)7 5

VD € D,, FE€N(D).

An approximation of D(z)V (m)x(s)Vm -np g at the interface op g is given by
P (s s VS (mit! —mit) ).
where the flux function F' is supposed to satisfy the following properties:
e monotony: for all (a,c) € R?, b+ F(a,b,c) is nonincreasing,
e consistency: for all (a,c) € R?, we have F(a,a,c) = cx(a),

e conservativity: for all (a,b,c) € R? we have F(a,b,c) = —F(b,a,—c),

)

9)

(13)

(15)

e local Lipschitz continuity: given M € R, there exists Lj; > 0 such that for all ¢ € R

and (a,b), (a’,b’) € R? such that max(|al, |b], |a'|, |V]) < M, we have

|F(a,b,c) — F(a',V,c)| < Lafle|(la —a'| + b —b']).

For example, we consider in the following the Osher numerical flux function defined by

F(a,b,c) = " (x1(a) + xu(b)) — ¢ (x+(b) + x1(a)),



where ¢t = max(c,0), ¢ = max(—c,0), x4+ and y; are respectively the nondecreasing and
nonincreasing parts of y:

xila) = / W) dz vla) = / W) de

Definition 2 (Approximate solutions). Using the values (Ugﬂ)DeDh,ne{o,...,N}, v=s,b,m,g,

we define two approzimate solutions by mean of the combined finite volume-nonconforming finite
element scheme:

e a nonconforming finite element solution va as a function piecewise linear and continuous
in the barycenters of interior edges in space and piecewise constant in time, such that

valt,r) =vpti(@) = Y vptlen(x), zeQ te @t
DEDy,

e a finite volume solution Ua defined as piecewise constant on the diamonds in space and
piecewise constant in time, such that

Oa(t,z) =0 (2) = v, ze D, te @ .

We also define va as the function piecewise constant on the simplices K € Tn and piecewise
constant in time such that

At ) = o3t (z) = vt = Card Z otz e K te (¢ . (16)
EEDK

3.3 Monotone correction

At this stage, the constructed scheme is valid both for full anisotropic diffusion tensors and for
general meshes satisfying only assumption (6). However, it possesses a discrete maximum prin-
ciple only if all transmissibilities coefficients Ap g, Dp g, E € N (D), E # D, are nonnegative,
which is not guaranteed in the general case. In the isotropic case and for a pure finite volume
scheme on orthogonal mesh, the authors show in [9] the maximum principle and the convergence
of the finite volume scheme.

Following [7], we now define a nonlinear correction which ensures monotony while preserving the
main properties of the original discrete diffusive operators (conservativity, coercivity, continuity)
as detailed in Section 4.1. We first explain briefly the construction of the monotone correction
for the following elliptic equation:

—div(D(z)Vu) = f,

with homogeneous Dirichlet boundary conditions. We consider a discretization of this equation
written in a conservative form as:

Z ZTD,J(UD*UD,J):JCD, VD € Dy,

DeDy c€Fp

where .
ug ifo=opgeFm,
Do =19 if o € Fg™.



The scheme is monotone if all the transmissibility coefficients 7p , are positive. In the case where
the positiveness of these coefficients is not satisfied, the correction consists in adding an artificial
discrete diffusion to require the monotony of the corrected scheme. More precisely, the idea is
to choose a family (8p,,) such that the corrected operator defined by:

Yp(un) = Splup) + Z Z Bp,o(Up —up,s)

DeDy oeFp

is monotone [7]. We now detail this construction in our case.
Let us define

RCard(Dh) — RCard(Dh) RCard(Dh) - RCard(Dh)

Dh

SDh . s N I
sp = (sp)pep, + (Sp(sn))pep, grn = (9p)pep, — (Gp(gn))DeD)

the original discrete diffusive operators appearing in (9) and (12), with for all D € Dy,

Sp(sn) =— Z Ap.esg, Gplgn) =-— Z AyDp .k 9gE.

Ee€Dy E€Dy

We replace the diffusive operator SP» in (9) by the corrected operator SP», for which the
coordinate D is defined by:

ZD(Sh):SD(Sh)+ Z 5D,E(5h)(sD*SE) VDEDh,
EeN (D)

where the correction (sp,r(sn)) pep,,Eenr(p) satisfies the following properties (see [7]):

(P1) Let (vp,E)pep,,men(p) be a family of functions vp g : RE4(Pr) — R, such that for all
sn = (sp)pep, € RE4Pr) for all D € Dy,

if > [sp—spl#0, then > ypu(sn)lsp — sl = 1. (17)

EeN (D) EeN (D)
We assume that
VD e Dy, VYEeN(D), spr>7vp.er(sn)Sp(sn)- (18)
More precisely, we consider corrections which can be written under the form

g
50,6 = a1l Sp(on)] + Z2EL o> 1 (19)
D.E

(P2) The family (sp,g(sn))pep,,pen(p) is symmetric:
VD € Dy, VEEN(D), $pD,E = SE,D-

(P3) Let (Dp)n be a sequence of diamond meshes discretizing Q. Let (SP#);, be a sequence of
associated corrections. We assume that

N-1
S At Y diam(D) Y spe(spthsptt = spt = 0as At h 0. (20)
n=0 DeDy, EeN(D)



The property (P1) ensures the monotony, whereas the property (P2) guarantees the conserva-
tivity of the numerical fluxes. Finally, the property (P3) ensures that the additional diffusion
does not jeopardize the convergence of the corrected scheme. According to [7, Remark 3.5], for
a convenient choice of the correction, we can deduce this property from the energy estimate on
the discrete gradient of the solution (see Proposition 2).

The diffusive operator GP# in (12) can also be corrected in the same way by GP» given by

I'p(gn) = Gp(gn) + Z op,2(9n)(9p —gE) VD € Dy,
EeN (D)

where gp g satisfies the same properties as sp g.
Examples of such corrections can be found in [7]. In our numerical experiments, we use the
regularized correction defined by:

[Sp(s)] 1SE(s)| 1 } lop.s|
Card.V (D, s)*’ Card.V(E,s)* ) |sp —sg|+¢ dpg’

SD,E(S) = max (

where

* 5D — 58]
CardEV(D,s) = Z m
EeN (D) b E

It is clear that the assumption (19) is verified by this particular example. Concerning condition
(20), it can be verified numerically as detailed in [7] and [8].

In the sequel, we always assume that stated properties on the numerical flux F' defined by
(15) and on the corrections sp g and gp, g are fulfilled.

4 Properties of the scheme

4.1 Some preliminary results
We first present some properties of the original discrete diffusive operators SP» and GP*.

e Conservativity. It can be easily proved (see [14, Lemma 4.1]) that for all D € Dy, one
has

App=- > Apsg,
EeN (D)

Then using the fact that Ap g # 0 only if E € N(D) or if E = D, we have:
Sp(vn) = Z Ap pvE = Z Ap rvE + Ap.pvp = Z Ap.g(ve —wvp). (21)
EeDy, EeN (D) EeN (D)

Writing

Sp(vn) = Z ]:g,E

EeN (D)

since D is symmetric, the numerical flux is conservative:

Fie+Fep=0.

10



In the same way,
Go(m) = Y. ADoslvo—ve)= Y. Fip.
EeN (D) EeN (D)
and the numerical flux satisfies:

FSe+Fgp=0.

e Coercivity. Assuming that Ax > Ag > 0, using the definition of Ap g and the coercivity
of the tensor D, we have:

> Splnvp= >, > > Ax (/KD(x)wE-wD) VEVD

DeDy, DeDy, E€Dy, KETy,

= Z Ak (/ D(m)Vuh . Vvh) > AocDHU}LH§(h = CSH’U}LH%(’I. (22)
KeTn K

There also exists Cg > 0 such that

> Gplvn)vp > Callonll, -
DeDy,

We now present the properties of the corrected operators SP* and GP». Using property (P2),
their conservativity is an easy consequence of the conservativity of SP», GP». The coercivity
stems from the coercivity of SP» and GP* and the nonnegativity of sp,E, 9p,k for all D € Dy,
E € N(D). Moreover, SP» and GP» are monotone, in the sense that for all v, € X, for all
D € Dy, Xp(vy) and T'p(vy) can be written under the form

Yp(vy) = Z Sp.e(vn)(vp —vE), (23)
EeN (D)

Tp(n)= Y. Gppn)(vp —vs), (24)
EeN (D)

where the functions Sp g, Gp E : RCEard(Pr) 5 R satisfy the following property:
SpyE(’Uh) > 0, GD1E(’U}1) > 0, Yoy, € RcaTd(Dh).
In fact, using (21),
Sp,e(vr) = Ap,E +5p,E(Vh). (25)

It remains to see that Sp g(vs,) > 0. To this end, we follow the same proof as in [7, Proposition
3.1]. Using (17), we can write

Sp(vn) = Z vp,E(vn)lvp — vE|Sp(Vh)
EeN (D)

Z [7D7E(Uh)39n(UD - UE)SD(’Uhﬂ (vD —vE).
EeN(D)

Then the coordinate D of the corrected operator SP* can be written under the form (23), with
Sp,e(vn) = vp,E(vh)sgn(vp — ve)Sp(v) + sp,E(vn). (26)
Using (18), it is clear that Sp g(vp) > 0. Similarly, one gets Gp, g(vy) > 0.

11



Remark 1. Combining (25) and (26), we obtain that

Ap,g =7p,e(sn)sgn(sp — sg)Sp(sh),

and finally
|Ap,el =vp,6(s1)|SD(s1)], (27)

which will be useful later.
Summarizing, the corrected scheme that will be studied in the following is:
DI (s = sp) = At 3 SphsE e At Y0 F (sp st VEE (mt - i)
E€D,, EeN(D)
= At|D| (K1(mp)sh (1 —sh) — H(gh)ss™), (28)

|D| (b5 — b)) = At|D|fa (s 0BT, mb, gb), (29)

|D| (m%+1 - m%) = At|D|f3(b7[l)+17m%+1)a (30)

D[ (g™ — gby) — At > GHE gt = At|D[ (P(gh)b}, — d295™) - (31)
EeDy,

4.2 Existence of a physically admissible discrete solution

As in [9], we introduce the following truncated version of the discrete system (28)—(31) to prove
the existence of a discrete admissible solution:

D[ (st —shh) — At > S (s — s +
EeN (D)
At Z P (S%+1, sl gl (it — mv[z)—i—l)) _ (32)
EeN (D)
At| D[ (K1(mip)sp™ (1 = sp) — H(gp)5p™)

DI (b5~ bp) = AUDf2 (557557 mip g) (33)

D] (mip™ = mip) = AUD|fs (b ) (34)

D (9557 —gB) — At Y Gpip (9t —gpt') = AtD| (P(gp)bh — &295571) . (35)
EeN (D)

where we use the general truncation function Z, () = min(b, max(a,r)) and some truncation
associated to the definition of the admissibility region A as follows

§=Zpy(s), b=Zg,n0b), m=Zoylm), §=Zgemnlg),

Py )25 09

VDE:* Z VK/ D(:E)VgaE~chD,
KeTy, K

12



with ~
~ ZDGDK V(mp)
Vi = —7——"F———.
card(Dg)
Furthermore, the flux function F is defined like F after replacing x by x o Z[pq). It is easy to see

that F satisfies the same properties as F (monotony, consistency, conservativity, local Lipschitz
continuity). Moreover, for all (a,b,c) € R3,

1
|F(a,b,0)| < | / X (s)lds = |e] co, (36)
0
and for all a, b € [0,1], c € R, )
F(a,b,c) = F(a,b,c).

To prove the existence of an admissible discrete solution, we follow the same reasoning as in
[9]. Indeed, we first establish the result for the truncated system (32)—(35). More precisely, we
will now prove the following lemmas and existence theorem.

Lemma 2. Given any (s}, b%,m%, g%)pep,, the truncated system (32)—(35) admits at least
one solution (s bE5H mEH gt ) pen, -

Proof. We apply the following result, which is proved for example in [18, Lemma 1.4, Chapter
11]

Lemma 3. (see [18]) Let X be a finite dimensional Hilbert space with scalar product (-,-)x and
associated norm ||+ ||x. Let P: X — X be a continuous mapping such that (P(£),&)x > 0 for all
& € X such that ||&]|x =k, for some fized k > 0. Then there exists o € X such that ||&ollx < k
and P(&) = 0.

We apply this result with X = (X(Dj))* for P that maps @, ' = (37 bZH,_"H,ﬁZH)
to the left-hand sides minus the right-hand sides of (32)—(35) for all De Dh The inner product
is

1 — 1 — 71 72 1 1 —
(ullw ui)X = (Sllw S%)LZ + (bha bh)L2 + (mflzami)L2 + (gllmg%z)Lz
for any @, = (5i,b,,m},gs) € X,i=1, 2.
We have to prove that (P(u} ™), u}™")x > 0 for all @} large enough. We have
(P(ﬂZ“)ﬂZ“)x = A1+ Ay + Az + Ay,

where

Av= 3 IDI((s5™ = sp)sh™ + (0BT = bp)bp™ + (miptt —mp)mpt + (g5 — gp)ap).
DeDy,

2= =AY >0 (SpAGsE - spsh + GBheE - g5 en )
DeDy EeN(D)
As = At Z Z F(S%Jrl,S%Jrl’V[r)szl(m%Jrl7mrlz)+1>) s
DeDy EeN (D)

Ay=-At Y (D] [D (KL ()T (1 — 7) — H(gp)a)
DeDy,

+bn+1f (~n+1 b%ﬂ ~n+1 ~n+1) +mn+1f (Br[z)Jrl,m%Jrl) +g%+1 (P(QD) — 5 ~n+1)]_

13



e Using the inequality (a — b)a > 1(a® — b%), we obtain that

l\’)l»—t

(g™ 1% = I[ahl%) -
e Using the conservativity of the discrete corrected diffusive operators, we have:

=AY Y (SpiasE s + ChlaarT )
DeDy, E€D,,
and then using their coercivity, we finally obtain:

Az > At (Cs|lsp ™%, + Callgn ™ I%,) = 0.
e To bound Ag, firstly remark, since 0 < ﬁ’L%+1 < 1, that
“7521 (m%ﬂ _ m%ﬂ)’ < “75}1‘ .
Then we have
‘ngal‘ _

> vt (/ D(z)Vg - wD)

KeTy,

n+1
v, D)Ver, VéD) iy

KDE

Since m +— V(m) is a nonnegative decreasing function for m € [0, 1], using assumption (6)
and following the same computations as in [8, Lemma 4.2], we get

(35) diam(KDyE)d*Q

n+1
75| < VO =

Finally, using the estimate (36) and the above estimate, it yields

V

1 dlam(KD E)d_2
Az > —At — E —_— E D| |s5H
32 At V(O >kTDeaph 1Dl p&etpy  (@-1° foe DI s
h

—C1 |5 2 > =Ca lwy ™ | x

v

e Concerning A4, we use the continuity of the functions K7, H, fo, f3, P, and the bounded-

ness of (@ "+1)D€Dh , (uh) pep, €A to obtain that

Ay > —Co |z x-
Finally, we conclude that

(P, ™)., ) x = 5 (Il % = [ 1%) — Cliag lx

l\D|>—‘

Note that since ||[u}||% is given here, the right-hand side of this inequality is a second order
polynomial function of ||} ||x with positive leading order, thus there exists & > 0 such that
if ||u"+1||X > k then (P(@}™),a}™)x > 0. This implies that there exists @, "' such that
P (_"+ ) =0, which proves Lemma 2. O

14



Lemma 4. If (s),b%, m%}, g7) defined in (5) belongs to A for all D € Dy, then any solution of
the truncated system is physically admissible: (s, 0% miH gty € A for all D € Dy,.

Proof. We consider (sh), b7, m}, g%)pep, € A, and let EZH € X(Dp,) be a solution of the trun-
cated discrete problem (32)—(35) as proved in Lemma 2.

Let D € Dy such that s’grl = EID%I s’;rl. We multiply equation (32) associated to D by
€Dy

— (s%+1)7 = —max (0, 75751-1) <0:

—|D| (sp = sp) (spT) " =—At Y SEE(sET = s (spT) T
EeN (D)
A 3 F (s s VR (it - ) (557
EeN (D)
— At[D| (K1i(mp)3p™ (1= sp) — H(gp)sh™) (sp) -
Using the monotony of the corrected operator, and the fact that s%“ < S%H for all £ € Dy, we

have
Spie (55 —s5) (sp™) =0

Then using the properties of monotonicity and consistency F, it yields:
P (s57si™ VR (mi —mpt) ) (s57)

< B (s VR (i =it ) (s57)

= T G — ) T () (57) =0,
since Y (S%H) =0 if s%“ <0 and (S%H)_ = ( otherwise.
Furthermore, we have
~ 1 ~ 1 1\ —

(E1(mp)sp™ (1= sp) — H(gp)sp™) (sp™) =0,
since (s%“)_ =0 if S%H >0 and 5%“ = ( otherwise.
Finally, we obtain

2
+1 +1\~ 1 (1T _ +1\~
0< (s = o) (s57) " < o™ (s57) " == |(s5™) |

and then s’grl > 0.
Similarly, we obtain S%H < 1, considering a control volume D € Dj, such that S%H = max s%“

FEeDy,
and multiplying equation (32) associated to D by (s%"’l — 1)+ = max (0, s — 1). This proves
that 0 < sg"l < 1forall D € D;. With similar arguments, we can establish the expected bounds

on bg”l, m’ﬁ'l and ggﬂ, which proves Lemma 4. O

Proposition 1 (Existence of an admissible solution). If (s%,0%,m%, ¢%) € A for all D € Dy,
then the discrete problem (28)—(31) has a solution (s}, b, m%, g%)pep, for all n € N, which is
physically admissible:

VneN, VDeDy, (sh,bh,mp,gp)eA
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Proof. We proceed by induction on n € N. The result is clear at n = 0 by assumption on the
given initial data. If we assume that the admissible solution exists up to n € N, then there exists
a physically admissible solution of the truncated discrete system (by Lemmas 2 and 4). But
since it is physically admissible, then U"+1 = vgﬂ, v =8,b,m,g, for all D € Dy, and then
V= Vi and Pl i Vs g — mp) = PO o7 Vi ! = i)

and finally (s nl b’y‘l "+1, 95 1) pep, is an admissible solution of the original scheme. O

4.3 Discrete a priori estimates

Proposition 2 (Discrete energy estimates). Assume that Aty < é, where the constant ca > 0
does not depend on the discretization parameters.
Then for all T > 0 and all At < Atg, we have the following estimates: for all N € N such that

NAt<T,
N—-1

o Aat(lsi I, + 10 %, + Ilmp %, + lgr %) < ¢ (37)
n=0

where the constant C does not depend on the discretization parameters.

Note that the condition on Atg is not a CFL stability condition, since ¢y > 0 is independent of
the space step discretization. It depends only on the physical parameters and it is not restrictive
in practice.

Proof. To prove these a priori estimates, we adapt the proof of [9, Theorem 7] to our monotone
combined scheme. Throughout this proof, C; denotes constants which depend only on f, V, D,
A, Q and k7, and not on the discretization parameters. We split the proof into several steps.

Step 1. We multiply the discrete equation of stem cells (28) by s"Jrl and we sum over D € Dy,.
We get

Eo1+ Eoa+ Eoz=At Y D] (Ky(mp)sp™ (1= sp) — H(gp)sh™) s, (38)
DeDy,

where

B = 31D = sp) i = 5 3 101 (|57 - ).

DeDy, DeDy,

Bog=-At Y > SHE(sE = sp) sp,

DeDy, EEN (D)

Bus=At > S F(sp s v (mit = mp) ) spt
DeDy EeN (D)

We treat the second term using the coercivity of the discrete corrected operator SP» (22)
Eso > At CS||3"+1||Xh.

Concerning E; 3, we first perform a discrete integration by parts using the conservativity of the
numerical flux F":

Es3 = %At Z Z F (S%H il V"Jrl (mjgrl m%ﬂ)) (575r1 — szfl) .

DeDy EEN (D)
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Then, since F'(a,b,c) < |c|co, it yields

Es3 < Cl At Z Z |DD E| ‘anrl n+1‘ ’SnJrl 87[1)+1
DeDy EeN(D)

C0
<At Y Y Dol It — it

DeDy EeN (D)

+—At Z Z |DDE| |Sn+1 n+1|2,

DEDy, EEN (D)

using the Cauchy-Schwarz and Young inequalities. Combining (7) and (14) to estimate the
second term of the right-hand side, we get

Cc,0 _ 2 C.
Es3 < At ‘mZH‘LDh + ’ At” n+1||Xha
where )
ANTSEED DS |DDE| st —mp (39)
DeDy, EeN(D

Finally, we use the continuity of K, H and the L* bounds on s7p, s%“, mp, gp to estimate

the right-hand side of (38):

At Y |D| (Ki(mp)sh (1 —sh) — H(gp)sp) st < At My |9,
DeDy,

To conclude, we have obtained the following estimate:

1, _
5 (12 — I5E1:) + A (Cs = 1 ) IsE 1%,

< At 0191

\—”“\1 b, FALM Q. (40)

Step 2. In the same way, we multiply the scheme on osteogenic growth factor (31) by g"Jr1
and we sum over D € Dp. We get:

Eg1+ Ega=At Y D[ (P(gh)b} — S2g5™) gt < At M, |0,

DEDh
where
1
2 —
o= Y DN —ap) ap™ = 5 30 101 ((95™)° ~ (0b)?) = 5 (135 13- — I5132)
DeDy, DeDy,
Eoa=—At 3 3 G g™ g 2 At ol I,
DeDy, EeN (D
We finally obtain
1
5 (153 132 = [h132) + At Ca g%, < At Mal€. (41)
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. — 2 . . .
Step 3. In order to get some estimates on ‘mzﬂ‘l p, dppearing in (40), we use the discrete

1
equation (30) on bone matrix m. For that, we multiply it by —m Z Db k| ( n+1 m%ﬂ)’
EeN (D)
we sum over D € Dj, and we perform a discrete integration by parts:

Yo Y Posl (mET = mp) [ = mi) = (T - mp)]

DeDy EeN(D)

— At Z Z |DD E| n+1 n+1) (fg (bn+1 %+1) f3 (b%+1 mrlz;rl)) .

DEDy), EEN (D)

Consider now the Lipschitz constant of f5 in A, denoted by L3, and using again a(a — b) >
1(a? — b?), we get by using the notation (39) that

1 . 2 12
3 UmZJrl‘LDh - lel,DJ

SLsAt Y > Dol |mipt = mipH| [\m%“ —mp o - byl@
DeDy, EEN (D)

<2 S S Dol g A S Y Dl P 0

DeDy EeN (D) DeDyn EEN (D)

Finally, we have obtained

3L3 |_n+1|1 Dy, + At_ bZH

—n+112 —
(1), — R, ] < A2 (42)

‘1,Dh '

|~

_ 2
Step 4. Now we need to get some estimates on ‘bzﬂ‘ . To this end, we multiply (33) by
1,Dn
1

D] Z |Dp. £ (b}g’|r1 - bg”l) and we sum over D € Dy,. Following the same computations
EeN (D)
as in the previous step, we have for some 65 > 0

|

-n+1
bh

n

2
(N ERS 3 ISR

DeDy EEN (D)

b

‘1,Dh

x (st = s+ (b = 67|+l — |+ g — gb))

<AtL2(— )Z Z |DDE|‘bn+1 bn+1’

DeDy EeN (D)

A L
t 2 Z Z |DDE|‘SH+1 7[1)+1’2

DeDy, EEN(D

AL At L
=D 1ol s~ “+ 2SS 1Doslle - gbl

DeDy, EeN (D DeDy EeN (D)

Using again (7) and (14), we get:

DD E nHl _ n+1 < D(i n+1
EN(D) | | ‘S Qdk%—(d )2 ” 5h HXh
DeDy E
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We finally obtain:

-n+1 -n 2 9 -n+1
b ‘ — Iz <ALL b ‘ At— ntl
B ( b lip, h LDh) < 2 < 5 > h . =+ llsh Hxh
At Lo —n AtLy _
+ 5 |1 D T 5 9rli D, - (43)
Step 5. Now we add the estimates (40)—(43):
1 =n+1 =n|2 n+1 a2
B (Ish 172 = I13h1172) + (||9 172 = lgnll72)
1 —n __ n+1 9 -n
5 (T B, — R ,) + 5 (B Ro, — B,
02 n n
#ae (Cs = g = ) Ik, + AeCall I,
Ci60;  3L3\,_,
S Af(Ml + M4)|Q| + At ( 2 + 2 | Jrl|1 , Dy,
L 92 Tn+1 o At L2 ) At L2 2
+At (7+L2 (2 )) |y, |1,Dh+T|mh|1,Dh 19117 p,, -
C C C
We choose 61 and 05 such that Cg — 2 8 _ S and we define

201 20- 2
C1 = max (2(M1 + M4)|Q|, Lg) s
Co = Inax (Cl 91 + 3L3, L3 + Lg(og + 4)) .

We then derive the following energy estimate:

Tn+1 9 _ _ _ n .
(11032 + 17 3 + B R, + T B, ) = (IS5 32 + 13132 + Bl o, + R, )

+ALCs |5y I, +2AtCo gy, (44)

<cp At+cy At (|bh 3, + my Dh) + o1 At ([my|3 p, + 17713 D) -
It implies in particular that
Yyt — oy <ep At + e Aty + o Aty

with
. — Tn —
y" = |IspllZ= + lIghll7e + |bh|iDh + |mh|iDh'

Then we apply the Gronwall’s lemma 8 proved in Appendix to get

Cc1 (01+CQ)T
V! N At <T=qy"< oy - -_—
nen, n - y _(y +Cl+02)exp(102Ato),

with Aty < é We sum this inequality for n = 0,..., N and get that:

(c14+¢c2)T
A <(N+1)A — = <
Z ty" < (N +1) t(y + +cz)eXp(102At0 < Cu,

n=0
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which proves in particular

N
>_ At (Bl o, + 312, ) < i

n=0

Summing (44) over n =0, ..., N — 1, we also obtain

N-1 N-1
gV ="+ Cs Y Al %, +2Ce Y Atllgitk,
n=0 n=0
N-1 N-1
<1 T+eo Z Aty e Z Aty”

n=0 n=0

N
<caTH (a1 +c) ZAUJ" <1 TH (e1+¢2)Ch,

n=0
and thus

N-1
> At(llsi %, + lgrttx,) < Cs.
n=0

We conclude using the fact that for v = b, m,

Olip, = >, >, [Poellve—v)>> > > Dprlve—uvp)?

DeDy, EE/\/(D) DeDy, EE/\/(D)

= - Z Up Z Dp,p(ve —vp) > Cp HUhH%(h-
DeDy, EeN(D)

5 Convergence

5.1 Compactness of the approximate solution

To prove the compacity of the sequence wa, we need to bound the space and time translates of

ua in order to use the Riesz-Fréchet-Kolmogorov theorem.

Lemma 5 (Space translates). Assume ug € (Hl(Q))4. For any n € R4, let Q, = {z €
O, z+0neQ,V0€[0,1]}. Then for all T > 0, for all At < Aty < é, for all n € R, we have

T
//|m(t,:c+n>wA<t,:c>|2dzdtgc*|n|<|n|+A>, for va = sa, ba, ma, ga,  (45)
o Ja,

where C* does not depend on the discretization parameters.

Proof. We follow the same guidelines as in [12, Lemma 9.2]. Let n € RY,  # 0. We define for

all o € Fjnt

[ 1 ifmatnne #0,
Xe =3 0 otherwise.
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A simple geometrical consideration leads to
[Ta(t,z +n) —0a(t, z)] < Z [ — B Xops (@) ae. € Q, VE € (¢, "]
op,pEF;"t

Applying the Cauchy-Schwarz inequality, it yields

(a(t,z+n) —Ba(t,2))* < > Xops(@)diam(Kp p)
op,pEF;mt
n+1 n+1 2
(E ~—Yp )
X on m(T)—— L
oD ngintx D’E( ) dlam(KDvE)
’ h

and then using [21, Lemma 3.4] we obtain

) (vn+1 _ ,Un+1)2
@alt,z+n) —vat,2))" <Cll+A) [ D Xopw(@)— 2

_ diam(Kp g ’
G'D,EE}-;;"t ( ’ )

where C' > 0 only depends on d and k7. By integrating over [0,T] x €2,,, we finally get

T
//(m(t,:c+n)wA(t,x))2dxdt
o Ja,

(U%Jrl n+1
Cllnl+4) > dmmKDE //XUDE ) da dt

O'D,EGJ:;Int

N-1
C(|77| + A)|77| Z At Z |ZD E| (Vn+1 V5+1)2
n=0 op, E€F;™ D.E
N—-1
(d+1) .
< Ol + M)l gy, 2 A,
< C*(Inl + A)lnl,
using an Xop. s (%) dr < |n||op,e|, and estimates (8) and (37). 0

Lemma 6 (Time translates). Assume ug € (Hl(Q))4. Let T > 0 and At < Aty < é There
exists K* > 0 not depending on the discretization parameters such that for all 7 € (0,T),

T—1
/ / (Ta(lt+1,2) — EA(t,ac))2 drdt < K*71, for va = sa, ba, ma, ga. (46)
Q

Proof. We prove the result only for v = s, since other species can be treated in the same way.
We follow the same guidelines as in [12, Lemma 9.6]. Let 7 € (0,7) and ¢t € (0,7 — 7). We can

write
T—1 T—r
/ / Sa(t+7,2) —3Sa(t,x) drdt = / Z D| ( ni(t) no(t)) dt,

DEDh

/TTZ sp =) X DI —sh)r

DeDy, t<nAt<t+r
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where n1(t) € {0, ..., N — 1} is such that t" < ¢+ 7 <" + 1 and no(t) € {0,..., N — 1} is such
that t™0 <t <" 4 1.
Introducing
(n t){ 1 ift<(n+1)At<t+r
’ 0 otherwise ’

and using the scheme (28), we get:

T—1
/ /(EA(tJrT,z)fEA(t,z))dedthqungLBg,
Q

with
N-1 T—T1
By = Z At / X, t) 3o (sH0 = sp@) N sE (s - sy dt,
n=0 0 DeDy, EEN(D)
By = — Z At/ x(n,t) Z (sD - no(t) ZF (s"+1 nl Vg}l (m%‘|r1 m%"’l)) dt,
DeDy, EeN (D
— T—1
By = Z At/ x(n,t) S0 (s = i) D] (Ka(mip)sip (1= s) = H(gh)sp™) d.
n= 0 DeDy,

Gathering by edges, we can write By as
Z At / ) S S (s =) [(s5 - s @) - (s s @) | an
UD,EE]:;Lnt
Using (19) and (27), we have

lop,e| E|
dp.E

lop, £l

Sp.E = OC’YD,E(S}L”SD(S}L” + d— |AD Bl +——
D,E

and then

SBA] = IABTA + SBT3 < 1+ BT + 2,
’ D.E

Using the continuity of A, the boundedness of m and (14), we obtain

|UD Bl |UD,E|

|S7£)J7r1| <cC |DD E| + <C (diam(KDE))d*Q + (47)

b
dp.E

where C' is a constant independent of the discretization parameters. Using Cauchy-Schwarz and
Young inequalities and the estimate (47), we obtain By < C(Ty 4+ T> + T3), with

—r

Z At / X D%, dt,
Z At/ x(n, )5y P |1%, dt,
Z At / X, Dl 1%, d.
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Then using fOT_T x(n,t)dt < 7 and a priori estimate (37), we have that T3 < C'7. Then following
[12, Lemma 9.6],

N—-1 .(m+1)At N-1
=3 / At S x(b)llsyll%, dt < O,
m=0+Y mAt n=0

and in the same way T3 < C' 7, which yields B; < C'7.
The terms By and B3 can be treated using the same kind of arguments, together with the
properties of the flux function F' and of the reaction terms. [l

We will deduce the convergence of ua from that of wa using the following lemma, proved in
[20, Lemma 1.5.4].

Lemma 7 (see [20]). The sequence (ua —Ua)a converges strongly to zero in L?(Q1) as A — 0.

Using estimates (45), (46) and applying the Riesz-Fréchet-Kolmogorov criterion of strong
compactness [5, Theorem IV.25], (uwa)a is relatively compact in (LQ(QT))4, and then there exists
a subsequence still denoted (wa)a which converges strongly to some function u € (L2 (QT))4.
Thus due to Lemma 7, (ua)a converges strongly to u € (LQ(QT))4. Moreover, due to the space

translate estimate (45), we obtain that u € (L*(0,T; Hl(Q))4 (see for example [11, Theorem 1]).
Finally, we have established the following result:

Proposition 3 (Strong convergence in L?(Qr)). There exists u € (LQ(O,T;Hl(Q))4 and a
subsequence of (ua)a, still denoted (ua)a, such that

UA —> U in (LQ(QT))4 strongly, as A — 0.

5.2 Convergence of the scheme

We now prove that the limit w given in Proposition 3 is a weak solution to the continuous
problem.

Theorem 1 (Convergence of the scheme (28)—-(31)). The limit u defined in Proposition 3 is a
weak admissible solution (in the sense of Definition 1) of the problem (1)—(4).

Proof. Let us focus our convergence analysis on the stem cells equation. Other species can be
treated in the same way.

Let ¢ € D ([0,T) x ) and define the sequence (¥'}) pep, ne{o
n+1
D

..... N} by ¥p = ¥(t", Pp). Multi-

plying equation (28) by ¢ and summing over D € Dy, n € {0,..., N — 1}, we get:

AA + Ba + Ca = Fha,
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where

AA—Z Z |D| n+1 ) %+1,

n=0 DeDh

BA — _ Z At Z Z Sn-‘rl n+1 %—‘rl,

DeDy, E€EDy,

N—1
Ca=d At Y > F(sp st VER mE —mpt) ) st
n=0

DEDy, EEN (D)

N-—1
Fa=Y At > |D|(Ki(mp)sp™(1—sp) — H(gp)sp™) vt
n=0 DeDy,

Time evolution term. Integrating by parts with respect to time the first term and using the
strong convergence of (sa)a, we obtain classically that:

Ap — — s Oy da dt — / so(z)¥(0,2)dr as A — 0.
Qr Q

Diffusion term. Using the definition of the corrected diffusive operator, we have
Ba = B\ + B%,

with

|
>
I

_ZAt Z Z A%Jré %Jrl %Jrl,

DeDy, EED),

B} =- Z At Y > st s et

DeDy, EEDy,

To deal with BX, we use the definition (13) of A%Té and denoting

AAl(t”,t"*HxK = A?(H,
we get:
N-—
Y AY Y Y ap ( | D@ wax) sttt
n=0 DeDy E€EDy KeTh
Z Z / An+1D n+1 (Z w}z;rl <PD )dl‘
n=0 KeTy, DeDy
_ Bxl JrBlAQ,
with

By* ZAt > / D) Vst () - V (1 (" 2) — (1" 7)) da,

KeTy

BY? = ZAt > / A D(2) Vst (z) - V(i z)da,

KeTn
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where
Iy(t"th, x) Z Vit op(

DEDh

It is proved in [14, Section 6.2.2] that Bx' — 0 as A — 0. It remains to prove that

BY? — D(z)A(m)Vs-Viypdxdt as A — 0.

Qr
To this end, we write
BY? — | D(x)A(m)Vs-Vipdedt = By>' + BY*?,
Qr
with
tntt
B! Z / > / D(z) AP (2)Vsp T (z) - V (" 2) — (t, x)) du dt,
KeTn
BY*? = D(z) (]\AVSA - A(m)Vs) -V dx dt.

Qr

We now prove that Bzm and BXQ’Q tend to zero as A tends to zero. Using the regularity of v,
we have for t € (¢, t" 1]
|Vop(t" T ) — Vab(t, )| < Cy At,

and then using the L*>° boundedness of D and ]\ZH, we get

N-1 2

N—
BE < ALC S At 90 < AtCTHa)? (z Aﬂszwh)
n=0 _

<CAt—0 asA—0.

To treat the term BXQ’Q, we use the fact that Vsa — Vs weakly in (LQ(QT))d. This result can
be established following the same proof as in [14, Section 6.2.2]. Moreover, using Lemma 9, the
strong convergence of ma to m in L?(Qr) and the continuity of A, we have that:

Aa — A(m) strongly in L?(Qr) as A — 0.

Then using these two facts, the a priori estimate (37) and the boundedness of D, Vi and A(m),
it is clear that BZQ’Q tends to zero as A — 0.
It remains now to ensure that the corrective term BZ tends to zero. We write:

|BA| <= Z At Z Z 5'n+1 n+1 S%+1| |’l/)%+1 o 1/)%+1|.
DeDy EeEN (D)
Since 1) is regular enough, there exists a positive constant Cy, such that
[t — it < 20y, diam(D).

Using this last inequality, according to assumption (P3) on the monotone correction, the correc-
tive term vanishes.
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Haptotaxis term. For each couple of control volumes D, E € D;,, we define

VX)pie == > Vitx(sk) /D ©)Veg - Vop dr.
KeTy

We note that for D € Dy, and E € N'(D) (then E # D), (Vx)5s = Vit x (s’;(“ ) with V't
defined by (13) and sk, , defined by (16). We set

CA fZAt S0 (Ve (mET —mpt) et

DeDy, EeN(D)

On the one hand, it is clear that

Cr — — D(z) V(m)x(s)Vm - Vi dedt as A — 0.
Qr
Indeed, since (Vx)p p = — Z (VX)p s We write
EeN (D)
CA _ Z At Z Z VX 75+E1‘ m%+l n+1
DeD,, E€D,,
- Z Aty / D(z)VE X (s v VI, (t" T z)de

KeTy

N-1
=—> At
n=0

- = D(z) V(m) x(s) Vm - Vi dz dt,
Qr

using the strong convergence of Va and x(5a) to V(m) and x(s) respectively, and the weak
convergence of Vma to Vm.
On the other hand, we have

Ca — cg
=3 Z Aty S (F(sp™ s VB (mit! = mit) )= V(R ! = mipt))
n=0 DeDLEEN (D)
x (U — ).

But using the consistency and the Lipschitz properties the numerical flux function F, we have:

|7 (5357 sV migt = m) ) = VR (it ) (migt —miH)

n+1 n+1 n+1 n+1 n+1 n+1 n+1 n+1 n+1 n+1
‘F( VDE(mE —Mmp ))_F(SKDEaSKDEaVD,E (mpy™ —mp ))‘

).

n+1 n+1

n+1 n+1 n+1 n+1 n+1
< L ‘VD,E ‘ |mp"™ = mi ( 5D T 158 ~Skp

SKD E
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Then it yields

|CA—CA|<ZAtZ > ‘V"“‘ nHl

DeDy EeN(D)

n+1 n+1
Sp SKD 5

’wnJrl %Jrl’ )

Since ‘Vg}l‘ < C|Dp g| < Cdiam(Kp )42 and ‘1/1%“ — 1/)%“‘ < Cdiam(Kp g), we get using
the Cauchy-Schwarz inequality:

1/2

diam(Kp g)*4—1
|Ca—CAl<C Z Aty Y larﬁ) QDKE;E| |t — |
DeDy EeN (D)

ZAt > > IDNEKpgl|s

DeDy, EeN (D)

1/2

n+1 SnJrl
Kp.E

But following from geometrical properties of a simplice K, we have

diaTlD([;%(?ZTl) < |D|ff1;£ |1E|diam(KD7E)d1 < Cdiam(Kp, )% " < Chdiam(Kp 5)?2,
which yields
N—-1 1/2
|Ca — CAl < CVh (Z At|mg+1|§h> [5a — a2 — 0 as A =0,
n=0

using Lemma 9 proved in Appendix.

Source term. The strong convergence of the sequence (ua)a to u and the continuity of the
function (s1,s2,m,g) — Ki(m)sa (1 —s1) — H(g) s2 yield:

FAn — fi(s,m, g) ¢ dzx dt.
Qr

6 Numerical experiments

In this section, we present some numerical results which illustrates the efficiency of our corrected
combined finite volume—finite element scheme. To implement the semi-implicit scheme (28)-
(31), we use the Newton’s method coupled with a biconjugate gradient method to solve the
nonlinear system. While the discrete maximum principle is not satisfied, the monotone correction
is computed using the iterative algorithm described in [7]. In this article, the convergence rate of
the corrected scheme is studied for a Poisson equation. It is shown that the rate of convergence
is close to 1, which is a little less than that of the non corrected scheme, due to the artifical
diffusion introduced by the monotone correction.

We simulate the healing of a long bone in rats [19]. The simulation corresponds to a 0.2 cm
fracture. The geometry of the fracture is described on Figure 2. Initially, the domain contains
only the bone (the black area corresponds to mg = 1), and two cell clusters along the broken bone
consisting of stem cells and growth factor (the grey area corresponds to sp = 1 and go = 20).
Elsewhere there is nothing initially. The physical parameters are the following:
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stem cells, growth factor

0.3

bone matrix

0+ = =

Figure 2: Geometry and initial condition.

Min. Val. s Max. Val. s Min. Val. g Max. Val. g
Iter. 1 9.47 x 10~2! 0.999 9.9 x 107! 19.8
Iter. 10 5.83 x 102! 0.991 9.05 x 10=2! 17.99

Table 1: Results obtained with the non corrected scheme on an admissible mesh.

Diffusion coefficient A(m) | xn = 0.004, ¢, = 0.025, \g = 107>
Diffusion coefficient A, Ay =0.005

Haptotaxis velocity V(m) xx = 0.0034, {r, = 0.5
Reaction term f; a;=1.01,6,=01,v =10, =1
Reaction term fy as =0.202, B2 =0.1, p=1,6; = 0.1
Reaction term f3 A=2
Reaction term fy 02 = 100, 72 = 1000, 2 = 1

Isotropic case. We first assume that D = I, = (1) (1)) We consider an admissible mesh

made of 14336 triangles and 21632 edges. Especially, all the angles are acute which ensures
in this case that the combined finite volume—finite element scheme without correction (9)—(12)
satisfies the maximum principle. In particular, we observe in Table 1 that the discrete unknowns
remain nonnegative.

Then we consider three general unstructured meshes containing obtuse angles:

Mesh 1 Mesh 2 Mesh 3
Number of triangles 1539 3132 15568
Number of edges 2346 4756 23479

In Table 2, we present the minimum and maximum values of s and g obtained with the scheme
without and with monotone correction, after 10 iterations. We clearly observe that the discrete
maximum principle is well respected after correction, with disappearance of the undershoots.
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Mesh 1 Mesh 2 Mesh 3
Undershoots s 16 16 92
Min. Val. s —2.67 x 1074 —8.95 x 1077 —3.01 x 1074
Without Max. Val. s 0.990 0.991 0.992
correction Undershoots g 70 71 144
after 10 it. Min. Val. ¢ -0.27 —1.01 x 1072 —8.56 x 1073
Max. Val. g 17.96 18.41 20.27
With Min. Val. s 9.58 x 10~ 1.18 x 1076 3.93 x 1076
correction Max. Val. s 0.989 0.990 0.99
after 10 it. Min. Val. ¢ 1.51 x 1074 8.02 x 1075 7.68 x 1075
Max. Val. ¢ 17.81 18.33 19.37

Table 2: Numerical results obtained with the original scheme (9)—(12) and the corrected scheme
(28)—(31) after 10 iterations.

Finally, we consider the monotone scheme (28)—(31) on the finest mesh 3. After two days, we
observe the formation of osteoblasts (Figure 3(b)) where the stem cells were initially concentrated
in presence of the growth factor g. These osteoblasts synthetized the new bone matrix (Figure
3(c)). The mineralization front is represented on Figure 4. The stem cells moved towards the
center of the fracture (Figure 3(a)). These results are in agreement with previous results [9, 19].

. . . 1.5 1 . . -
Anisotropic rotating case. We now assume that D = 15 2). Since D is a positive-

definite matrix, it is diagonalizable in an orthonormal basis, that is

(M0 L
D_P(O )\Q)P :

where the eigenvalues are A\; = 2.7808, Ao = 0.7192, and P is the rotation matrix corresponding
to an angle of approximately 0.89 radians.

We consider the monotone scheme (28)—(31) on the finest mesh 3, and observe its ability to take
into account a full tensor. The results obtained after two days are represented on Figure 5. In
spite of anisotropy, we still obtain physically admissible solutions. Moreover, we observe the
effect of this choice of tensor D corresponding to a rotation of 0.89 radians, which favors a
slanting diffusion.

Appendix
Lemma 8 (Discrete Gronwall’s inequality). Given ¢y > 0 and c3 > 0, assume that
gt — g < el At 4o Aty e Aty"™Tt Wn e N.

1
Given a fized time step Atg < — and a fixed time T > 0, we have for all At < Aty:
C2

C1 (61+CQ)T
VneN, nAt<T=y" < (y° _
K K - 4 _<y +Cl+02)exp<1—02At0>
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(a) Concentration of stem cells s (b) Concentration of osteoblasts b

-0.5

l 8.6-09 l 9.6-30

(c) Bone matrix density m (d) Concentration of the growth factor g

Figure 3: Bone matrix density, concentrations of stem cells, osteoblasts and growth factor at
T = 2 days in the isotropic case.
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Figure 4: Bone matrix density along the line y = 0.175.

1
Proof. Since At < Aty < —, we have
C2

n+1<<1+61At) n ClAt
Y =

1—02Aﬁ 1—02At.
1 At 1
Denoting o = tadt > 1 and § = ———, we obtain by a straightforward recursion that
1-— C2 At 1-— C2 At
n—1 a® — 1
Vn e N, y"Sa”yOJrﬂclAtZak:a"y0+ﬂc1At .
a—1
k=0
Using that p = 1 and o — 1 < ", it yields
a—1 (14 c2)At -
n 0 1 n
Vn € N, yg(y—i— )a.
c1+ co
. . c1+C2
Moreover, since @ = 1 + A At with A = ———— we have
1— C2 At
a = (14+ AAYH)" < exp(An At),
and finally, using that At < Atg, we obtain the result. O

Lemma 9. Let (u}™

solution on Dy, and ua the corresponding function piecewise constant on Ty, (see Definition 2).
Then (ua — i) converges strongly to 0 in L*(Qr) as A tends to 0.

€ RCwrdPr)x(N+1) 71 the corresponding finite volume
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(a) Concentration of stem cells s (b) Concentration of osteoblasts b

-0.5

l 2.e-07

(c) Bone matrix density m (d) Concentration of the growth factor g

Figure 5: Bone matrix density, concentrations of stem cells, osteoblasts and growth factor at
T = 2 days in the anisotropic rotating case.
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Proof. Using Definition 2, we have

/ Ta — Gn|?dedt = ZAt >y / st — wit ) da

DeDy, KeTn
|KND|30

:ZAt > > IKnD||u

n+1
Card

DeD;, KeET; EeDK
|[KND|#0
2
_ |KOD| +1 _ , n+l
Yay ¥ LS o
DeD;, KEeT, Ee€Dk
|[KND|#0
|KnD[ 1 nt1)2
SZAt Z Z CardDK) Z (“TZ? ul; )
DeD;, KEeT, Ee€Dk
|KND|#0
But since it holds
DD M R VD VL EELED D)
DeD;, KeT, EeDg DeDy, E€EN (D op,mEFInt
|KND|#0

we finally get

N-1

§ un—i—l

/Q |UA — uA| drdt < Z At Z |KD,E| (u%-i-l . u%_;,_l)Q

n=0 op,rE€F;™

Then since |Kp g| < C (diam(prE))dfl, we obtain

N-1

/ [a — ﬂA|2dz dt <Ch Z At Z diam(prE)d_Q (u%ﬂ —u
T

n=0 op,rEF;™
N—-1

<Ch Y Atflup™|%, <Ch—0as A—0.
n=0
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