N
N

N

HAL

open science

Homogenization of a one-dimensional diffusion - discrete
absorption equation with feedback

Grigory Panasenko, Vitaly Volpert

» To cite this version:

Grigory Panasenko, Vitaly Volpert. Homogenization of a one-dimensional diffusion - dis-

crete absorption equation with feedback.

Applicable Analysis, 2016, 95, pp.1507 - 1516.

10.1080/00036811.2016.1179288 .  hal-01397565

HAL Id: hal-01397565
https://inria.hal.science/hal-01397565
Submitted on 17 Nov 2016

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://inria.hal.science/hal-01397565
https://hal.archives-ouvertes.fr

Homogenization of a one-dimensional diffusion - discrete
absorption equation with feedback

Grigory Panasenko!, Vitaly Volpert?

! University of Lyon, UJM-Saint-Etienne, CNRS, Institute Camille Jordan, UMR 5208
SFR MODMAD FED 4169, 42023 Saint-Etienne, France
2 University of Lyon, UCBL, CNRS, Institute Camille Jordan, UMR 5208
69622 Villerubanne, France
grigory.panasenko@univ-st-etienne.fr, volpert@math.univ-lyonl.fr

Abstract. The paper is devoted to the diffusion equation with discrete absorption described
by a sum of Dirac d-functions. Their supports are located at the nodes of some regular
grid with the distance between them determined by the integral of solution. This model
describes contraction of biological tissue when cells consume some substance influencing
their interaction. In the one-dimensional formulation we prove existence of solutions of the
discrete problem and their convergence to the solution of the limiting homogenized problem.
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1 Introduction

Biological tissues can be considered either as continuous media which are described by par-
tial differential equations of continuum mechanics or as an ensemble of cells described by
discrete or discrete-continuous models. The first approach allows the application of various
methods of analysis of partial differential equations in order to study existence, stability and
dynamics of solutions. However it is less appropriate when we need to take into account
individual cell properties, cell-cell interaction, adhesion and other processes at the cellular
or intracellular levels. In this case, introduction of individual cells can be very advantageous
from the modelling point of view [3]. However mathematical analysis of such models is
usually impossible. So the question of transition from individual cell models to continuous
models represents one of the main challenges in the modelling of biological tissues. Rather
often continuous models of biological fluid or solid mechanics are used without justification



though biological media are very complex, and in many cases they cannot be described by
conventional models like Navier-Stokes equations or elasticity equations.

In this work we introduce and study a model problem where it is possible to justify
the transition from the individual cell model to a continuous model with a homogenization
technique. It is a nonlinear model where cells regulate the distance between them by means
of a chemical substance diffusing in the extracellular matrix and consumed by cells. Such
problems arise in various biological applications related to tissue contraction. This is a com-
mon physiological property that occurs for many types of tissues under various conditions,
in particular for endothelial tissue under inflammation [2], in the process of embryogenesis
[11], or in wound healing [7].

Consider diffusion process in the interval (—R, R) containing an array of cells absorbing
some substance. This array is under a tensile strain and it is assumed to become stiffer as
the total quantity of the absorbed feeding substance increases, i.e. the integral quantity of
the absorbed substance modifies the Young modulus of this one-dimensional tissue. This
leads to the absorption sites becoming closer together as the domain contracts its length,
while the same tensile force ® applied to the chain generates smaller displacements of the
“saturated cells” than in the case of the “non-saturated cells”. In order to simplify the model
we assume that the left end of the cell grid is fixed at the point x = 0 while the tensile force is
applied at the right end. Assuming that the distance between the centers of two neighboring
cells in “equilibrium”, i.e. in abscence of the feeding substance, is a given small parameter,
we construct an asymptotic approximation of the model that is a continuous setting. We
prove an estimate between the exact and the asymptotic solutions, previously justifying their
existence. A linear problem of this type was considered in [14]; however the feedback was not
considered there while it is an important part of the process making the problem nonlinear.
Various passages from the discrete models to their continuous limits in different contexts
were considered in [1]-[13], [16]-[19]. Namely, [6], [8], [16] considered continuous models
derived from the atomistic mechanics. Mathematically rigorous derivations were considered
in [4], [5], [12], [17]-[19]; these papers used the homogenization technique. A finite element
approach to the discrete systems is considered in [16], [19].

Given R > 0, consider a non-linear boundary value problem for the diffusion - discrete
absorption equation on the interval (— R, R): find a function u defined on the interval (— R, R)
such that

(' (x) = ah ZJK:O 6(x — Y )u(z) + f(r), =€ (-R,R),

(1.1)
Y = jhEy(1 + qFu))™t, j=0,.. K,

\ Flu] = [} u(x)da,

where the constant coefficients satisfy the following inequalities: a,q >0, h >0, 0 < Ey <
R/2, K is a positive integer, and h = 1/(K + 1), the right hand side f € C([—R, R]). Here
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Figure 1: Schematic representation of the model (see the explanation in the text).

u(z) is a concentration of the feeding substance at the point x. The discrete absorption sites
(cells) form a uniform grid with coordinates {Y}*, j = 0,..., K} (Figure 1). The tensile
force @ is applied at the right end of the grid while its left end is fixed at the point x = 0.
The diffusion process is considered in the interval (—R, R), while the absorption sites occupy
only a part of this area: in absence of the feeding substance, the length of the area occupied
by cells is Fy (although the coordinate of the last cell of the chain is Ey — h). The integral
quantity of the substance F[u] in interval (0, Ey) influences the distance between the centers
of the cells: the larger this integral is, more contracted the grid is. Namely, its length is
equal to Eg(1 + ¢qF[u])~. The coordinates of the sites are supposed to satisfy a standard
elastic scalar springs model [6] where the ratio of the Young’s moduli of the “springs” in the
saturated state and in the case of absence of the feeding substance is equal to 1 + ¢F[u],
where ¢ is the stiffening coefficient: it characterizes the increasing of the Young’s modulus
as F[u] increases, ah is the ratio of the discrete absorption and diffusivity. We look for a
bounded solution for which the denominator in (1.1)3 is positive.

Below we prove the existence of a solution of this problem and justify the passage to
the non-linear continuous model. The simplified model problems allow us to study these
questions rigorously.

Let us rewrite equations (1.1); 5 in the form: find u € C([—R, R]) such that

u(z) = — " (Au(t) + I f(e)de) dt, =€ [-R,R], (1.2)
where
Au(z) = ha /m ié(@ — Y )u(0)do
that is 7



In section 2 applying the Shauder’s fixed point theorem we prove the existence of a
solution in the ball B = {v € C([-R, R)]), |[vlc < p}, p = 8R?||f||c for sufficiently small a

and q.
In section 3 we introduce the homogenized continuous model

f&’”(m) = OéHqE—f[ﬁ]X[O,Y"Z] (.Z’)ﬁ(l’) + f('x)7 YIS <_R7 R)?
(1.4)
@(—R) =0, a(R)=0,

where Y% = Fy(1 + gF[a])™! and xg is a characteristic function of the set E. This model
may be derived heurictically by averaging the absorption sites within the absorption area
(its length is approximatevely equal to Y%). The existence and uniqueness of a solution to
the homogenized problem in the ball B is proved using a Banach’s fixed point theorem.

Finally, in section 3 an error estimate is proved for the difference of the solutions to
problems (1.1) and (1.4). It is of order h, so that the initial and the homogenized models
are O(h)—close.

2 Existence of solution to the diffusion-discrete ab-
sorption equation with feedback

In the present section we prove the existence of the solution (1.2) for “not too large” coeffi-
cients a and ¢q. The proof is based on the Schauder’s fixed point theorem. Set o = 1/(4R)
and

= { 1/(16ER?| fllc) , |Iflle #0
o0 ,iflle=0

Theorem 1. For a € [0,a*), q € [0,¢") there exists a function u € B, satisfying (1.2).

Proof. Let «a be positive (case a = 0 is trivial). For any ¢ € [0, ¢*) and v € B, the following
estimate holds:

1 1
|F[v]| < Egllvlle < Eop =8EoR?| fllc < po < .

Therefore the denominator in (1.1)3 is positive. Consider the operator 7" : B — C([—R, R])
such that for any v € B,

(Tv)(z) = — [* (Av(t) + f(9)d0> dt. (2.1)

Evidently, T'v is a piecewise differentiable continuous function, such that for any v € B

4



{ [l < 2R (elole +2R1lc) 92)

[(Tv) [z < efvllc + 2R flle,

and for a € [0,a%), ||Tv|lc < 2Rap + 4R?||f|lc < p, so that TB C B.

In the same way we get that if 5 = {v € BN WH®[||t[|p~ < £} then TS C 6.
Evidently, 3 is convex and being bounded in W1 it is compact in C. Further we will apply
the Shauder’s fixed point theorem to this set .

Moreover, for any v € B, the following estimate holds:

[E[v]] < Eollvlle < Eop, (2.3)

and for all vy, vy € B,

~1 ~1 q
(L4 qF o)™ — (L4 qF[ve]) 7| < {:E\lggopm‘F[vl] — Flvo]| <

q
< WEOHM — val|c.

Taking into account that qEyp < % for all ¢ < ¢*, we get

(1 4+ qF o))" = (14 qF[va]) '] < 4qEo||vr — valle. (2.4)

Let us estimate the difference Y;“l — Y;’Q:

Y — Y2 = jhEo|(1+ qFv])™' — (14 qF[wa)) 7' < KhEy(4qEy)||vr — va|c.

Hence

Vi =Y} < 4gB2 |y — val e (2.5)

Next, we prove that T is continuous on B. Let {u,} be a sequence in B converging to
u € B. Let € > 0. Since u is uniformly continuous, then there exist 6 > 0 such that for any
o', 2" € [—R, R] satisfying |2’ — 2| < 9, we get:

lu(2') —u(z")| < 5% (2.6)
So, there exist an integer N such that, for all n > N,

Jun = ulle < min{ s riry ) 27)

Denote by j,(t) the integer part of the fraction —t(l‘;tIEf; D

Ju(t) = [%] . >0,

i.e. the greatest j such that Y;” <. Evidently,

5



t(1+qFu,])  t(1+qFu]) tq tq tqe
- — — < Alu, — <
hE, hE, i L] Ll < Tl —ulle < 5a0
Therefore for sufficiently small €,
[ () = Ju()] < 1, (2.8)

i.e. the number of terms in the sums (1.3) for u,, and wu is either the same or there is only one
supplementary term in one of these sums. Let this term be un(Y;:’; (t)) (the case when this
supplementary term is u(Y}!,)) is considered in the same way). This difference of number
of terms exists only for the values of ¢ between Y;** and Y}* (herejy, (t) = ju(t) + 1), i.e. on
the interval of the length (see (2.5))

A < maxo<j<g |YJ“" -V < 4qE 1wy — ullc- (2.9)

Then we get:

jun (t) ]u (t)

/j(Aun(t)—Au(t))dt’:ha /j S (V) =S u (v | di| <

j=0 7=0

|Tu,(z) — Tu(zx)| =

n) (Y Un) (Y 20|,y —
<2Roz01<r§ax |un (V") — u(Y] )\+aAp§2Raor§1§aé>§<|un(§6 ) —u(Y}")| +4qEsalu, — ullcp.

Therefore since

Vi = Y] < AqE|lun — ulle < 495 =9

4F2q
we get

[T () — Tu(x)] < 2R (|luy — ulle + 15) + 44Ballun — ullcp.  (2.10)

by virtue of the estimate

)
Up u 2 2 _
]Y; —Y] | <4qEf§||un — ulle < 4qE0qu = 0.

Taking into account that for all n > N

(2Ra + 44E3ap)|u, — ulle <

DO | ™

(see (2.7)) we get |Tu,(z) — Tu(z)| < ¢, that is || T'u, — Tul|c < e for all n > N. This means
that the sequence {Tu,} converges to Tu in C. Hence the operator T is continuous.



Applying now the Schauder fixed point theorem [10] to the convex and compact set £,
we get the existence of a solution. The theorem is proved.
O

Remark 1. Applying estimates (2.2) for the fixed point u, we get:

lulle <8R flle,
{ () [z < (8RR + 2R)[|£]c (2.11)

3 Existence of solution of the homogenized equation

In the present section we introduce the homogenized equation: a non-linear diffusion-absorption
equation with the absorption coefficient depending on the solution. We prove the existence
and uniqueness of a solution. Consider the homogenized problem

i(2) = oy oy (@)i(e) + f(2), = € (~R.R),

(3.1)
W (—R)=0, u(R)=0.
where Y% = Fy(1 + ¢F[a])~*
We have
i(z) = — [* (Aa(t) + 0 f(e)de) dt, =€ [-R,R] (3.2)
where
N ¢ 1+ qFv
Aoty = a [ v @A o)
0 0
ie. fort >0,
/A\U( - 1+qF 1+qF[v] fmln{t Yv d9, (33)
while for t < 0, Av(t) = 0.
Set
o™ = min{ 2R(1+2quJ§S)(R+8qE§p)’ 4R2(1€_OqE0p)}. (34)

Theorem 2. For a € [0,a*) there exists a unique function u € C([—R, R]), satisfying
(3.2) and belonging to the ball B = {v € C([—R, R]), ||v|]lc < p}.

Proof. We have the following estimates

Av(t)| < arHLRltle y)|c, (3.5)



- A Q
|Avy () — Awy(t)] = Z

(1+ qFlwi]) / (01(0) — v2(0))d0 + q(Flin] — Flvs)) / 02(9)619’ <

(0%
< 2 (A +gEofluille) Bllvr = valle + ¢Eo|lvr = vallc B|vsllc)-
0

Therefore if ¢ < min{Y ™", Y2}, then

[Avi(t) = Ava(8)] < SR+ aEo(l[ualle + [[ozllo)lfor = valle (3.6)

If t > min{Y™",Y"2} then we have to add a supplementary term in the upper bound.
Without loss of generality we can assume that YY" < Y*2. Then this supplementary term
can be written in the form:

Yv2

(1 + qlF[ea))) / [02(6) 6.

Yv1

(0%
Eo

This expression is less than the following one:

«
E)(l +qEo[v2llc)fv2llo (Y™ = Y™),

and can be estimated by
o

I (1+ qEollvalle) Jva|lc4q ES |lvr — vallc

(see (2.5)). Finally, we get

[Avy(t) = Ava(1)] < & (1 + gEo(l[vrllc + [[v2ll o) (R + 4gE3(J[orllc + l[valle))llvr — vale

(3.7)
Consider the operator T': B — C([—R, R]) such that for any v € B,
(Tv)(x) = — [F (Av(t) + I f(@)d@) dt. (3.8)
Next, for any vy, vy € B, the following estimate holds:
[T0n = Tos|le < 2R]|Avy = As o < wllor = valle, (3.9)

where

20R
w = == (1 + 2qEop) (R + 8¢5 p).
0
The inequality o < o™ yields w < 1.

Let us check that 7B C B. Indeed,



2

. N 200R
ITolle < 2Rl Av]lc + 4R fle < == (1 + qEop)p+ 5 < p.
0

Taking into account that TB C B, we see that T is a contracting operator in B and so
by the Banach fixed point theorem there exist a unique fixed point in B. The theorem is
proved.

O
Remark 2. Applying estimates (3.5) for the fixed point @, we get:
@l < |[Adllc + 2R fllc-

Hence a

1@l < Fo(l +qEollallc)Rllallc + 2R[ fllc
and

~ o 3
[@]lc < (3501 + 8¢ BR[| flle) + 2R)|| fllc (3.10)

4 Error estimate for the discrete and continuous mod-
els
We will prove in this section that the solution of the discrete problem is close to the solution

of the continuous problem. Compare the solutions to equations (1.2) and (3.2). Subtracting
these equations we get the following equation for the difference w = u — u:

w(x) = — [F (Au(t) - [\a(t)) dt. (4.1)
Then
w(z) = — { JE Alypw(tyde + [F <A|yjua(t) - Aa(t)) dt} , (4.2)
where
A\yjuw(t) = ha Zj:},jugtw(}/}“). (4.3)
We have the estimate:
[Alyrw(t)] < aflwlle. (4.4)

The second integral in (4.2) equals the following one:

I <A|yjuﬁ(t) _ A|Yjﬁa(t)) dt + [* <A|Yjﬁa(t) _ Aa(t)) dt. (4.5)

Let us estimate these two terms.



a) We have

Alysa(t) = Alyst = ha | Y aYy) = Y a(yy)

oSt i<t

As in the proof of Theorem 1, the difference of number of terms in these sums is |7, (t) — 74 ()|
and it can be evaluated as follows:

. . tq .
Ju(t) — Ja(t)] < gHu — e+ 1.

Therefore

K

~ ~ ~ u in t ~ ~
[Alypa(t) — Alygil < ha{z i) = o)+ (Fu - allo +1) HUHC} <

=0

K
<ha) |[i]|=]Y}" = Y} + Ragllu — allcllallc + halalle <
=0
< (K + 1)ha[t/||1=4¢EG|[u — illc + Ragllu — ||cl|illc + hallil|c.
We applied here the estimate (2.5) for [Y;* — Y}*|. Finally, we obtain

L2 (Alvypa(e) = Alygaa®)) de] < 2Rar (114053 + e Ra) o~ + )
(4.6)
b) In order to evaluate the second term in (4.5), consider two cases: b;), t < Y% and by),
t>Y"

b)) Fort <Yt = 1+5F[ 7 we get:

2 Ey
Alvau(t) = h (Y™ = h ol ih—m— ) =
|Y]U() 04. E u(g) o E A U(J 1—|—qF[1l]>
JoYpE<t 0§j§(1+g§£u]>t

(+gF[a])t

Bo Eo 1+ qF[d] /t I
— f————— | dO = 0)do
a/o u(l+qF[]) + 7y Eoh ao w(@)dl + rp,

e T (b))

0<]<[ (1+qF[u )t

where

10



[QkaPlaDty, 15
+ / i aii ( g——2— ) do.
(+qFla))t 1+ qF[u]

Eo

by) For t > Y% = %};[ﬁ],

Eg

14 qF|t Therlal |
Alyat(t) = const = jLL[u]a/ o w(0)do + 1y,
J th 0

= [ () o (o))

Ey
Il < (na'nL B ||u||c)
1+ qFul

Applying estimate (3.10) and |F[a]| < Eop, we get

where

Hence

[rn| < <<%(1 +8¢Eo 7| flle) + QR) TaETe T 8R2> ahl|flle
Thus, (4.2) - (4.5), (4.7) and

R
/ (A|Yjaﬁ(t) —Aa) dt’ <R sup |ry|

te[0,R]

yield:
wlle < Rallw||c + 2Ra ((%(1 +8qE R?| fllc) + QR) AgE3|| flle+
+8R3q|| fllc) llwllc + 16R3ah| fl|lc+

+ (3201 + 842 fllo) + 2R) it + 8R2 ) ahll | R

In order to formulate the main result of this section, set

@*** = min{ (R (1 +2 ( >(1+ 8gEoR?|| fllc) + 2R> | fllc4qE5 + 8R3q||f|]c>>

(4.8)

75}

(4.9)

Theorem 3. For o € [0, min{a*, o™, a***}), ¢ € (0,q%), there ezists a solution u € B to

problem (1.2) and a unique solution 4 € B to problem (3.2), and

lu =il = O(h).

11
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This theorem is a direct corollary of estimate (4.8).

Remark 3. It follows from estimate (4.10) that all solutions in B to problem (1.2) belong
to some ball of radius of order h.

Conclusions

Theorems 1-3 justify rigorously the closeness of the semi-discrete and continuous model
problems describing the diffusion absorption process in the array of pointwise cells. It means
that the semi-discrete problem can be homogenized. However, for real problems it may be
preferable (from the modelling point of view) to use semi-discrete models with a reduced
number of cells because the real quantity of cells is too large for numerical computations.
Then Theorem 3 justifies this approach: the two semi-discrete models (with more cells and
with less cells) will be close because they are both close to the continuous model.

Let us discuss some possible generalizations. The considered model is one-dimensional.
In a three-dimensional setting the cells may be modeled by small spherical holes forming an
e—periodic cubic net with the diameter of the holes of order 3 which generates the so called
“terme étrange” in the homogenized equation corresponding to a continuous absorption as
in equation (1.4) (see [15], [9]).
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