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A NONLOCAL MEMORY STRANGE TERM ARISING IN THE
CRITICAL SCALE HOMOGENIZATION OF DIFFUSION
EQUATIONS WITH DYNAMIC BOUNDARY CONDITIONS

JESUS ILDEFONSO DIAZ, DAVID GOMEZ-CASTRO,
TATIANA A. SHAPOSHNIKOVA, MARIA N. ZUBOVA

ABSTRACT. Our main interest in this article is the study of homogenized limit
of a parabolic equation with a nonlinear dynamic boundary condition of the
micro-scale model set on a domain with periodically place particles. We focus
on the case of particles (or holes) of critical diameter with respect to the
period of the structure. Our main result proves the weak convergence of the
sequence of solutions of the original problem to the solution of a reaction-
diffusion parabolic problem containing a “strange term”. The novelty of our
result is that this term is a nonlocal memory solving an ODE. We prove that
the resulting system satisfies a comparison principle.

1. INTRODUCTION AND STATEMENT OF RESULTS

A well-known effect nowadays in homogenization theory is the appearance of
some changes in the structural modeling of the homogenized problem for suitable
critical size of the elements configuring the “micro-structured” medium which ex-
hibits small-scale spatial heterogeneities or obstacles (also denoted as particles in
the context of Chemical Engineering). From the mathematical view point a first
result was due to Marchenko and Hruslov [20].

The attention on this effect considerably increased after the presentation of the
appearance of some “strange terms” due to Cioranescu and Murat [7]. Both arti-
cles dealt with linear equations with Neumann and Dirichlet boundary conditions,
respectively. In many other papers on critically homogenization problems the mod-
elling of the reaction kinetics at the micro or nano scales is given by a nonlinear
Robin type boundary condition on the surface of the chemical particles, comple-
mented by a pure diffusion equation in the exterior spatial domain to them.

It is impossible to mention all of them here (we send the reader to the papers
on the homogenization of the problems with classical boundary conditions of the
Robin type, including the nonlinear Robin type condition [11, 15, 18, 22, 28] and
the bibliographic exposition in our previous paper [10]): obviously, the nature of
this “strange term” may be completely different according to the peculiarities of
the formulation in consideration.
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In this article we shall consider some dynamic problems in which, depending on
suitable characteristic scales, the surface reaction on the boundary of the particle
is also dynamic and so, its formulation in terms of Robin type boundary conditions
must be modified. We recall that the modeling of many different problems involving
dynamic boundary conditions is very natural in many different areas and that its
mathematical treatment attracted the attention of very distinguished authors since
the beginning of the past century. A quite complete list of references dealing with
nonlinear problems with dynamic boundary conditions, starting already in 1901,
can be found, e.g., in the survey article [4, 5]. The partial differential equation is
sometimes an elliptic equation (and thus there is a great contrast between a station-
ary interior law and a dynamic boundary condition). Nevertheless, the dynamic
boundary condition may coexists with a parabolic equation (linear or not). For
some recent references see, e.g., [1, 3, 4, 14, 26].

As we said before, our main interest in this paper concerns the modification
of the homogenized equation with respect to the nonlinear terms involved in the
micro-scale. For the sake of simplicity in the presentation we shall consider here
only the case of a linear surface reaction term but it seems possible to adapt our
techniques of proof to the consideration of quite general nonlinear reactions terms
as in our paper [10].

To be more precise, as usual, the heterogeneity scale is assumed to be much
smaller than the macroscopic scale and that the microscopic heterogeneities (parti-
cles or holes) are periodically placed in the spatial domain giving rise to a parameter
€ — 0. In fact we work on the spatial domain (2., obtained by removing G, a col-
lection of small particles.

More specifically, let 2 be a bounded domain in R™, n > 3, with smooth bound-
ary 0. We denote the unit cube by Y = (—=1/2,1/2)™. Let

Go ={z:|z| < 1}.

for § > 0 and B C R™ we denote by B = {x : §"*x € B}. For a positive parameter
€ > 0 we introduce the domain

Q. = {z € Q: d(z,00) > 2.

We set

G, = Ujer. (aEGo + 6]) = UjeTEGgy

where Y. = {j € Z" : GL C €Y +¢j, GINQ. # 0}, || = de™™, d = const > 0,
Z" is the set of vectors with integer coordinates, a. = Cpe” is the radius of the
particles (or perforations). We denote by PJ the center of the cell of periodicity
Y7. Let us note that

GLcTi

J
5/4CYE’

where T7 is the ball with the center at the point P/ and with radius p. Finally, we
define the sets

Q. =Q\G., S.=0G., 00.=00US..
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In QT = Q. x (0,T) we consider the following parabolic problem with a dynamical
boundary condition

Oéaauf - Aus = f(xat)v (ZL’,t) € an
6775881;5 +Opus + e Nue = e Vg(x,t), (x,t)€ ST =8, x(0,T),

1.1
u. =0, (x,t) €T =090 x (0,T), (1)

aus(z,0) =0, z€Q,,
Buc(x,0) =0, =z €5,

where a, 3 >0, QT = Q x (0,7), A > 0 is constant, v is the unit outward normal
vector to the boundary of the cylinder QT, g € C1(QT) (for the sake of simplicity
of the exposition),

v = p— and n>3
and, either
a>0 and feL*(QT) (1.2)
or
>0 and fec HY(0,T;L*(Q)) (1.3)

We point out that the linear dynamic boundary condition contains a parameter
€77, where « has the critical value, on the boundary of particles of the critical size.

In previous papers on the homogenization of the problems in perforated domains
with dynamic boundary conditions (e.g. [2, 24, 25, 27]) the diameter of the particles
(or holes) was assumed of the same order as a period of the structure. As conse-
quence the homogenized reaction term (now appearing in the interior of the whole
domain 2) preserved the same structure assumption than the surface reaction term
in the micro-model formulation. That was in consonance with many other studies
on reaction-diffusion problems (see, e.g. [9] and its references).

Our main goal is to prove the appearance of a “strange term” in the effective
parabolic problem and to characterize it in terms of the surface reaction term than
of the micro-model formulation. As we shall see, this new term appears even if
there is no surface reaction term in the micro-model formulation (i.e. for A = 0).
Our main result in this paper proves the weak convergence of the sequence of (the
extension of) solutions of the original problems to the solution of the following
homogenized problem, as ¢ — 0.

Theorem 1.1. Let n > 3, v = "5 and let uc be the unique weak solution of

the problem (1.1). Then, there exists an extension u. € L*(0,T; H}(2)) of u. and
function u € L*(0,T; H} () such that

Uz —u  weakly in L*(0,T; H} (Q)), (1.4a)

sz — Opu weakly in L*(0,T; L*(Q)), (1.4b)

Uz —u  strongly in L*(0,T; L*(Q)). (1.4c)
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This limit function u is the unique weak solution of the system

Oz% —Au+(n— 2)03_2wnH =f QT
n—2

5%+ o H=A(U—H)+6%—g Q"
u=0 09 x (0,+00),
au(z,0)=0 €,
BH(xz,0)=0 «.

(1.5)

System (1.5) is not a standard parabolic problem (since there is no diffusion
term for H). Nevertheless, there are some systems in the literature keeping several
common points with such a system. See, for instance [?, 13].

Notice that, when 8 = 0, we recover the known equation for the strange term in
the elliptic (a« = 0) and parabolic (« > 0) cases (see [10, 16, 17])

n—2

H=MNu—H)—g. (1.6)
0

Moreover, since the equation for H contains a term Ou/0t, it seems natural to use
the change of variable
v=u—H. (1.7)

Hence system (1.5) can be equivalently written as
0
aa—? —Au+(n—2)CF 2w,(u—v)=f QF,
ov (n -2

5a+

+)\)v: n A utg QT
u=0 00Qx(0,7T),
au(z,0) =0 Q,
Bv(xz,0) =0 €.
We will prove in Section 2.9 that it has a unique weak solution. Furthermore, if
f,9 >0 then u,v > 0 and, hence H < u.

In formulation (1.8) we can solve the first order ODE for v explicitly, and solving
for H we obtain, for 8 > 0

n—2

A+ re}
7 (t=8) g,

n

H(x,t):u(x,t)—;/ot( C_b2u(:c,s)+g(x,s))e_

Thus we conclude that in the case of a dynamic boundary term the strange term is
given by a nonlocal memory term (even if A = 0). We recall that the comparison
principle is not always satisfied in the presence of general nonlocal memory terms.

It is surprising that, when o = 0 and # > 0 the limit obtained in Theorem 1.1
becomes an elliptic linear Dirichlet boundary value problem depending of the time
(as parameter) and with a linear but nonlocal reaction term:

g2
n— Ren

t
~But (1 =205 (e ) = 5 [ (P uten ) + o))
= f(z,t) inQx(0,7),
u=0 ondQx(0,T),
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The proof of the main result is presented in the next section which we structured
by means of several subsections. The last subsection contains the proof of the
comparison principle for the parabolic homogenized system (which, in particular,
implies the uniqueness of solutions).

2. PrROOF OF THEOREM 1.1

The proof applies Tartar’s method of oscillating functions that has been success-
ful in the past for the critical case (see, e.g. [23, 10]), but introducing some new
ideas to deal with dynamical boundary conditions.

2.1. Existence, uniqueness and convergence of solutions of problem (1.1).
A weak solution of the problem (1.1) is defined as a function

ue € 20, T, HY(.,09)),  odyu. € L2(0,T; H1(.)),
Bu. € L*(0,T; H/%(S.))
such that cu(z,0) = 0 on . and Su(x,0) = 0 on S. satisfying the integral identity

T T
o /0 (Orte, D)oo, dt + B~ /0 By, 8)s, dt

+/ Vusv¢dxdt+)\€*7/ uspds dt (2.1)
QT sT

=7 / g(z, t)o(z, t)ds dt + fodxdt,
s QT
where ¢ is an arbitrary function from L2(0,T; H*(Qe,09)), (-,-)q. denotes the
duality product between H~1(Q,0) and H(Q.,09) and (-,-)s. denotes the du-
ality product between H~1/2(S.) and H'/?(S.). The space H'(Q.,09) is defined
as the closure in H'(€2.) of the space of functions infinitely differentiable in Q. and
vanishing in a neighbourhood of the boundary 0€.

Remark 2.1. We recall that initial data are given in €. if @ > 0 and on S if
B > 0. The problem has a semigroup solution even if the initial data on S. is
not the trace of the data in §2.. However, when this properties hold, solutions are
smoother.

The existence and uniqueness of solutions to problem (1.1) is a consequence of
well-known results (see, e.g. Esher [14]). It is also possible to apply the theory of
monotone operators (see [5]) or Galerkin’s approximation arguments (see [2, 18]).
We recall that the above mentioned references show a greater regularity on the time
derivative. Thus, by using the time derivatives of u and of its trace as test functions
we arrive to the following result, the proof of which is an easy consequence of the
above mentioned results.

Theorem 2.2. Problem (1.1) has a unique weak solution u. and the following
estimate holds

[uellm(@ry < K, (2.2)
where K here and below is a positive constant that does not depend on ¢.
Remark 2.3. Notice that, when a = 0, we require greater regularity of f to work

easily with %. We guess that this technical assumption could be improved by
suitable approximation arguments but we shall not enter into the details here.
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2.2. Extension and existence of a limit. There exists a uniformly bounded
family of extension operators

P.: HY(QT) — HY(QT).
which, furthermore, preserve the boundary conditions
P HYQT,TT) —» g (Q",T7).
where I'7 = (09 x (0,T)) U (€ x {0}). See, e.g., [8, 21]. Hence
1P (ue) | e @y < Clluelrgrys (2.3)

Estimate (2.3) implies that there exists a subsequence (we preserve for it the
notation of the original sequence) such that, as e — 0, we have (1.4).

2.3. Constructing a functional inequality. From the weak formulation of (1.1)
and using the monotonicity of the involved vectorial operator, as in [10], we can
use a very weak formulation of the problem leading to the new inequality

/ / O (@ —us)dwdt—i-ﬁe_’y/ / Orp(¢p — ue) dsdt
/ / VoV (p — ue)drdt + e~ 7/ / Ap(p — ue) ds dt o)
e [0 /Sggw)(qﬁ—us)dsdw/o | o=y

~ 2160 ) agay — 5o N6 Olags
where ¢(x,t) = (x)n(t), v € HH(Q), n € CL0,T).

2.4. Selection of the oscillating test function: spatial component. We will
select an oscillating test function ¢. = ¢ — W.(x)H(¢). Function W, is our usual
choice that allows to change the study of boundary integrals over G. to a union of
large balls
TE = UjETaTg/4
where ng/4 is the ball of radius £/4 centered at £j. We introduce the function w?(z)
as a solution of the problem
Awl =0, z¢€ TJ/4\G5,
w! =1, x€dGl, (2.5)

wl =0, z¢€ 6T5/4
For a ball it is known that
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It is easy to see that W. € H}(Q) and, as ¢ — 0,
W. =0 weakly in H} (). (2.7)
2.5. Selection of the oscillating test function: time component. For an

arbitrary function n(t) € C[0,T] and ¢ € H}(Q), let us introduce functions H(t),
(j € T¢) as a solution of the Cauchy problem

e+ "2 HT — AW(PI)n(e) ~ HI) = Bo(PD) S — (P20,

dt Co €
BHI(0) = ¥(P?)n(0).

The choice of problem may appear arbitrary, but it is precisely so that (2.20)
vanishes. Notice that, in particular,

b (2.8)

HI(t) = Hyy(P!.1) (2.9)
where, for ¢ smooth, Hy is the unique solution of
6H¢, n—2
o TG
BHy(x,0) = ¢(z,0) Q.

The solution of this problem is

0
Hy~No—Hy) =% —g Q.

2

Hy(x,t) = ¢(x,t) — nﬁ;’f /0 e Hﬁc;o (t=s) ((b(gc, s)+ g(z, s))ds (2.10)

When 3 = 0 we can solve directly to obtain Hy, = (A¢ — g)/(% + A). Also, we
have that

d 9 n—2 9
B%‘|H¢(t)”L2(Q) +(A+ TO)”HaS(t)HN(Q)

0
< (Hfb(t)HL?(Q) + Ha*f(t)\\ + ||9||L2(Q)> 1 Hy ()| L2 )

Hence
Do
[ HpllL2(ory < C(H¢('70)||L2(Q) + 1@l L2(gry + HEHLQ(QT) + ||9||L2(QT))- (2.11)

2.6. Oscillating test function in space-time. Let us define the function

wi(2)Hi(z,1), =T/, \GL jeT., te0T],

g

a (2.12)
0, xeQ\T., te[0,T)]

we(Yn) = {

We have w.(¢n) € H'(QT) and if we denote by P.(uc(¢n)) the H'-extension
on Q7 of the function w. (1n), satisfying estimates similar to (2.3), we obtain using
(2.7)ase =0

P.(us(1n)) = 0 weakly in L*(0,T; Hj(9)), (2.13)
P.(uc(yn)) =0, 0, P-(uc(¢m)) — 0 strongly in L*(QT). (2.14)
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Let us take as a test function in the inequality (2.4) ¢(z,t) = ¥(x)n(t) — we(¥n),
where 1 € C§°(Q2 ) n € C'0,T]. We obtain

[ a0 - w.om)etainv) —watim) - ) da
P / /a . f{t’ ) @m0 - B ) dsar
+€‘”J€ZT / /dgyw HI0) (¢ (x)n(t) — HL(t) = ue) ds dt

/ / (nVb() = Ve () (n(t) V() = Ve (n) = Vue)dedt o 1o

> / / F, ) () (t) — we(on)) da dt

572/ /QGJ (z,1)( — HI(t) — u.) ds dt

JjEY,
- gll?ﬁ( 2)1(0) = we (¥)le=ol 72,
B
= 5 I(@)n(0) = we(¥mle=ollZ2s.):
Taking into account (2.13), (2.14), we conclude that

lim thT(zp( )fg( £) — Bywe (¥n)) (o — we(¥n) — u.) dz dt

(2.16)
/ 1/1 t)(¢Yn — u) dx dt,
lim [ V(o (2)n()(V(¥(@)n(t) — Ve (¥n) — Vu.) de dt
@ (2.17)
= oy V(b(2)n()V (¥ (x)n(t) — w) da dt.
On the other hand, we have
—/ / Vw: () (V@ (x)n(t)) — Vwe(¥n) — Vu.) dz dt
S [ e W - @0 - ) e
jer. TJ \GJ
(2.18)
:_J;:/ /W O, Wl HI (1) (4 () (1) — o) ds dt
—]; / - Dy wl HI(8) (W (x)n(t) — HI(t) — u.) ds dt.
It is easy to see that
; _ (2—n)CAn e i (n=2)Cy e
D ori,, 1 —Oag  Ouwe oGL 7ﬁ’ (2:19)
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where a. — 0 as ¢ — 0. Considering the integrals over S x (0,7). Using (2.15),
(2.18)-(2.19) we obtain

s [ @0 - B ) 0 v asa

JET,

AT [0 ] ) = B wnte) ~ 10 — v s
T

JjET,

_ (=2 i (e — FI () — ) ds
Gii—e 2 [, m @ - 120 ) ds i

T .
—e Y /O /acg gz, t)(p(x)n(t) — HL(t) — ue) ds dt

JeT,

— ’ iy dn dHy i j
RACEPY ] e Go - s (e - )
m2HI) - g(PLO (en(t) — HI(E) — ) ds d,

(2.20)
where 7. — 0 as € — 0. So, in conclusion, with this choice of test function the sum
of all integrals above over the boundary S. x (0,T) tends to zero.

2.7. Deduction of the effective reaction term. From (2.15)-(2.20) we conclude
that the function u satisfies the integral inequality

V(@) PO @) — w) dede

QT
+ [, TV ) drds
T . (2.21)
-1 3 Iy o QOG0 = ) doc
> [ @n(o) - wdsdt - 5 6@z
Applying [28, Lemma 1], we deduce
T

im 471 J x — ug)ds
li 4+t 32 ] o HAOWE0) —u) s

JET- (2.22)

T
o [ [ Hofw )@@ - wazae,
0 Q

where w,, is the area of the unit sphere in R".
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2.8. Homogenized equation for u. Thus, we have the following integral inequal-
ity for u,

al W ) ()(w(%‘)n(t)—U) dx dt

/ V. ((@)(6) Y ($(@)n(t) — u) de dt
(2.23)
+(n— 2)6'6“2%1 / ) Hyy (2, 6) (9 (x)n(t) — u) do dt

> [ W)~ dedt = SOz )
Taking into account that the linear span of functions {¢(z)n(t) : ¢ € C§°(Q),n €
C1[0,T]} are dense in the space
V ={ue€ L*0,T;Hy(2) NC([0,T]; L*(Q)) : dpu € L*(0,T; H(Q))},
we deduce that

a/QTaaf(gb—u)dxdt—i—/QTVEQSV(QS—u)dxdt
+(n—2)C 2w, / Hoy(, £)(6 — u) da dt
QT

> [ @) - wdedt - 5 om0z

for any function ¢ € V. Using ¢ = u + 79 where ¢ € V, we can pass to a limit
as 7 — 0" and 7 — 0~. Due to (2.10) for 8 > 0 and solving (1.6) explicitly when
B =0, we deduce that

Hyirp — H, inL*(Q")asT—0. (2.24)
We conclude that u is satisfying the integral identity

T
a/ (Opu, @)dt + VuVpdrdt + (n —2)Ch %w, / H,(z,t)pdxdt
0 QT

Qr (2.25)

= fodxdt.
QT
Hence, u is a weak solution of (1.5).
2.9. Comparison principle of the limit problem. Problem (1.5) is by no means
standard. However, some systems keeping several similar features was considered
in the literature: see, e.g. [13] and [6]. We prove uniqueness using the change-of-
variable formulation (1.8).

Lemma 2.4. Assume that f,g < 0 and let u,v be a solution of (1.8). Then
u,v < 0.

Proof. Choosing u as a test function in the first equation and vy we deduce that

d
dt U+ /|VU+|2+01/U+ <Cl/U+’l)<Cl/U+U+, (226)
Q Q
B— vi—i—Cg/ v :/\/ uvy < )\/ Up V. (2.27)
dt Jo Q Q Q
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Case 1: «, > 0. Then

d 2 2 01 A 1 Cl A 2 2
G L)< (T+3) [uvn<5(F+3) [02+0).

Since u(0) = v(0) = 0, using Gronwall’s inequality, we deduce that

up =vy =0in Q7.

Case 2: o =0 and 3 > 0. We apply Poincaré’s inequality in (2.26) and we deduce

cP/ u? SCl/u+U+ (2.28)
Q Q

d
B— | vi+ Cg/ v < )\/ Up Vg . (2.29)
dt Jo ) )

Joining the two computations and applying Young’s inequality

d
CP/uiﬁ—B% viSCl/u+v+§0p/u2++Cg/vi.
Q Q Q Q Q

Hence, we can apply Gronwall’s inequality to deduce v, = 0. Therefore, by (2.26),
Uy = 0.

Case 3: a >0 and § = 0. In this case we have

d Cq
T Qu2++02/ﬂuig(;+A)Lu+v+gc4/§zui+cg/§zvi.

Hence, we can apply Gronwall’s inequality to deduce uy = 0 and, through (2.27),
vy = 0. This completes the proof. ([

Uniqueness solutions of (1.5) follows as an immediate consequence.
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