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ABSTRACT. We consider the homogenization of a parabolic problem in a per-
forated domain with Robin-Neumann boundary conditions oscillating in time.
Such oscillations must compensate the blow up of the boundary measure of the
holes. We use the technique of time—periodic unfolding in order to obtain a
macroscopic parabolic problem containing an extra linear term due to the ab-
sorption determined by the Robin condition.
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1. INTRODUCTION

In this paper we study homogenization of a parabolic problem with oscillating
coefficients in a domain with holes. That is we look at the problem

aum’s
ot

in the perforated domain, and

ATa(Z', t) \V4 Ugre = V + aJT(t)uUTE =0 )

a‘(x,t)

—div (A" (2,t) Vugre) = f,

on the boundary of perforations. Here the coefficients have a suitably oscillating
character both in time (o, 7) and in space (¢). Of course the parabolic problem is
completed by boundary and initial data. We are interested in the case where the
coefficient «,, is a strongly oscillating non-vanishing function in the limit. Our
approach is based on the time-periodic unfolding technique introduced in [3]. The
operators of time-periodic unfolding are inspired by the operators of space-periodic
unfolding introduced and applied in [11, 12, 13, 14, 16, 19].

Our interest in problems exhibiting oscillations in time originally arised from math-
ematical models for transport across biological membranes. It has been observed

that the pores on the membranes switch between a closed state and an open one,
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either periodically or according to a random scheme (see [1, 9]). A first stochastic
model was proposed in [24]. In [6], through homogenization techniques, it was
shown that the limiting behavior of problems of this kind sharply depends on the
relative scalings of the time and space variables; see also [8] for a MonteCarlo test
of the model. In [7] oscillations in the boundary conditions have been coupled to
time periodic changes in the diffusivity coefficient as a device to reproduce the
selection capability exhibited by biological membranes. A case of sign changing
capacity oscillating in space was also treated in [4, 5] by means of asymptotic ex-
pansions.

In this paper we apply and extend the results of [3] to the case of domains with
holes, having in mind a model of cell absorption of a selected protein or drug.
Let us compare our approach here to previous literature. The homogenization of
PDEs in perforated domains has been studied widely for many years (see among the
others [17, 18, 20, 22| and more recently [10, 12, 23] and references therein). The
homogenization via periodic unfolding of the stationary case in perforated domains
with Neumann boundary conditions on the holes has been treated in [12], while the
case of Robin boundary conditions was treated in [16]. There the blow up of the
area of the holes in the homogenization limit is compensated by the assumption
that the coefficient in the boundary condition becomes vanishingly small in the
limit. In this paper we deal with an evolutive problem where the coefficient in the
boundary data does not tend to zero uniformly as in [16]. Rather, the compensation
effect is implied by the switching in time between the Robin condition and a null
Neumann condition. This requires a suitable balance between the space and time
oscillations.

In Section 2 we introduce the basic definitions and properties of the time-periodic
unfolding operator for domains with holes. We identify two possible limiting behav-
iors depending on the relative magnitude of 7 (the time-period of the oscillations)
and ¢ (the diameter of the holes and spatial period of the lattice). Notice that this
classification relies on the degeneracy of the estimate of the time derivative, whose
LP—norm we assume to behave in the limit as a parameter 6,. We are in the case
of fast oscillations (in time) when

and in the case of slow oscillations when

70,

— $00.

€
In Section 3 we introduce the oscillating Robin-Neumann parabolic problem and
obtain the relevant estimates needed for the homogenization process. There we
state precisely our assumptions and introduce a new parameter o, that is the
fraction of the time—period when the boundary condition is absorbing i.e., of Robin



type. In Section 4 we deal with the homogenization process in the case
o
g — 6 S [07 OO) 9

considering the subcases of both fast and slow oscillations. We provide for the
homogenized problem, both the two—scale formulation and a more explicit formu-
lation relying upon factorization and cell functions. More precisely we obtain a
macroscopic model given by a parabolic equation containing an extra linear term
depending on «,,, 5 and the geometry. Notice that in our case 6, = \/% so that the

case of fast oscillations is defined by 7/&* < C, while the case of slow oscillations
is defined by 7/% — oo. Finally in Section 5 we consider the case
o

— — 00,
9

where, essentially, the solution ., vanishes in the limit.

2. THE TiME-PERIODIC UNFOLDING OPERATOR

2.1. Notation. Throughout the paper ¢ > 0 denotes the space period of the
microstructure, and likewise 7 > 0 and o > 0 denote its multiscale time periods.
Though this is not explicitly stressed by the notation for the sake of simplicity, we
always assume that three sequences are given: ¢; — 0, 7, — 0, 0; — 0 as 1 — oc.
The limiting behavior of quantities depending on ¢, 7 and ¢ is denoted by

lim .

7—0
More exactly the parameter 7 represents the time period of time oscillations for
example in the boundary condition. The parameter ¢ is the spatial period of the
microstructure and the characteristic dimension of the perforations of the domain
as well. Finally o represents the fraction of the time period 7 in which the Robin
absorbing boundary condition is in force. In the following, for the sake of notational
simplicity, we index only with 7 some objects that depend on € and ¢ too.

2.2. Definitions. Let £2 ¢ RY be a bounded connected open set with Lipschitz
boundary, and set

Y = (0,1)V, ¥ =(0,1), Q=Y xX, Qp =02 x(0,T).

Thus Y is the microscopic space cell and Y. the microscopic time interval in rescaled
coordinates. Next we introduce an open set with Lipschitz boundary B such that
B C Y, and define

Y*=Y\B, Q=Y"xZX.



Considering the tiling of RY given by the sets £(¢ +Y), ¢ € ZV we also define
Eez{§EZN7 g(f—i—Y)CQ}, nginterior{Ud&%—Y)};
§E€Ee
. — {te (o,nyT(H +1> gT} A =0 xT.
T

Here and in the definitions below [r] denotes the integer part of » € R. The
perforated domain (2¢ is defined by

98:9\{U e<5+B>},
§EEL

and we set (25 = 2° x (0,T"). Moreover we denote

‘= Je¢+0B), T5=I°x(0,T), RéV:RN\{Ue(erB)}.

§€E. cezN

For z € RY and t € [0, +00) we define

=)
c 0 c )
z t t
==(E A2 ()
Y ely T T
Finally for o such that 0 < o < 1, define the sets

1 1 1
Qo =Y x =%, Qr=Y"x-%, Q% =0B x -,
g g g

X

3

and
[F]-1
AO’,T = U (Tiv T(Z + g)) .
i=0
For any bounded open set H and any Lebesgue integrable function w in H, we
denote with My (w) the integral average of w with respect to H.
The following operator was introduced in [3] (see [11] for the elliptic case)

Definition 2.1 (Time-Periodic Unfolding Operator). For w Lebesgue-measurable
in 27 the Time-Periodic Unfolding operator 7 is defined as

T

t
w(é{} —|—5y,7{]—|—75), (xz,t,y,s) € Ay X Q,
Ely T

0, otherwise.

T (w)(x,t,y,8) = {
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In this paper we will mostly work in the set with holes {2°; we define (see [12] for
the elliptic case)

Definition 2.2 (Time-Periodic Unfolding Operator in domains with holes). For
w Lebesgue-measurable in (27 the Time-Periodic Unfolding operator 7* is defined
as

t
w(e[ﬂ ~|—5y,7[}—|—75> , (z,ty,s) € A x Q7
Ely T

0, otherwise.

T (w)(z,1,y,5) =

U

It is an immediate consequence of the definition that if w;, wy are Lebesgue—
measurable in (27

T (wiwe) = T (w1) T (w2) - (2.1)
Remark 2.3. Note that for w Lebesgue-measurable in {27, the definitions above
imply 7*(w) = T;(w) in A; x Q*. O

Definition 2.4 (Two Time Scales-Periodic Unfolding Operator). For w Lebesgue-
measurable in (27 we define the operator 7%, as T, (w)(z,t,y,r) = T*(w)(x,t,y,07),
for (x,t,y,r) € A; x QF. O

Definition 2.5 (Boundary Two Time Scales-Periodic Unfolding Operator). For
w Lebesgue-measurable on I'7, we define the operator 7;1’0 as

X t )
g =] " CEL v F ) wrunen e,

0, otherwise.

Note that 7%, (w) is the trace of T*,(w) on 0B if both are defined.

Remark 2.6. Note that analogues of property (2.1) are also satisfied by the oper-
ators T, and TP, O

2.3. Basic Properties of the Operators. In this Subsection we collect some
properties of the operators defined in Subsection 2.2. We refer the reader to [3]
for many proofs which stay essentially unchanged in this case, and which rely
essentially on [11, 12].

In the following p € [1,00) unless otherwise noted. Also functions depending on
the microscopic variables (y, s, ), or only on (z,t) are often considered trivially
extended to the appropriate macro-microscopic domain.
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Proposition 2.7. The operator T* : LP(£25) — LP(2r x QF) is linear and con-
tinuous.
In addition for all w € LP(£25) we have

1T ()l Lo rxqey < Nw0llmoas) » (2.2)
and
L wdz df — / T*(w) da dt dy ds| < / lw|de dt . (2.3)
QrxQ* AV
Lemma 2.8. Let ¢ € WH(05 x Q*), and define
t
¢T($7t) :¢<.’L',t,§,7_> ) (l‘,t) € Q%’ (24)
where ¢ has been extended by Q-periodicity to (27 X RN X R. Then in 27 X Q*
d¢ 9¢
. * T . *k 2'
ST = () (52, (25)
and
VyTH(¢") =T (Vo 0) + T2 (Vy @) - (2.6)
If we instead define ¢°7 € Wl’l(QT X Q%) as
T 1
T(x,t) = t,—, — t (2 2.7
@t =o (vt ) @nen, (27)
where ¢ has been extended by Q,-periodicity to 27 x Rév x R, then in 2p x Q%
0 * oT\ __ * 8¢ * 8¢
STlen = o (50) + 7 (5) 28)

Also T, (respectively TP, ) satisfies an analogue of (2.6) (respectively (2.8)) in
Qr x Q% (respectively in Q7 x Q2).

Proposition 2.9. For ¢ measurable in Q*, extended by Q-periodicity, define the
sequence

san=0(£2),  @HeR xR,

E T

Then
« ¢(ya8)a (xatayas) GAT XQ*7

T wts) = {§

Moreover, if ¢ € LP(Q*) as T — 0
T (o7) — o, strongly in LP(Q2p x Q7). (2.10)

(2.9)

otherwise.



If ¢ has V, ¢ and g—‘f in LP(Q*) then
Vo (TX(¢7)) = Vyo, strongly inLP (270 x Q) . (2.11)

0 0 : .
%(7;*@57)) — gqﬁ, strongly in LP (27 x Q") . (2.12)

Proposition 2.10. For ¢ measurable on Q2, extended by Y and iZ-pem’odicz’ty,
define the sequence

1 (¢t
67 (z,1) = ¢ <x - {}) . (x.t)cORY x R.
e olr

Assume also supp ¢ C 0B x X. Then
¢(y7r)7 ($’t7 y7 /r.) G AT >< aB >< Z?

b oT o
T2 (77 ) (2, t,y,7) = {0’ O (2.13)
Moreover, if ¢ € LP(OB x ¥) as 7 — 0
Z?g(gb”) — o, strongly in LP (27 x OB x XJ). (2.14)

The proof of Proposition 2.10 follows straightforwardly from the definitions. Notice
that ¢?7 is periodic in time with period 7.
Next we recall the following results on the operator 7, and converging sequences.

Proposition 2.11. Let {w.} be a sequence of functions in LP({2r).
If w, — w strongly in LP({27) as 7 — 0, then

T-(w;) = w(z,t), strongly in LP(2r x Q). (2.15)
Proposition 2.12. If w € L?({2r), then as 7 — 0
TX(w) — w, strongly in LP (2r x Q%) . (2.16)

If w; is a bounded sequence of functions in LP((23), p > 1, then up to subsequences
T (w,) = w, weakly inLP (27 x Q) , (2.17)
for a suitable function w € LP(Q2r x Q*).
Proposition 2.13. If w € Lip({2r), then
1725 (w) = wllpea, xgz) € VNIV wll(ap) + Tllwr e ar)

which implies
7;?0(11}) —w, strongly in LP(Q2r x K), (2.18)
for any bounded set K C 0B x R.

The proof of Proposition 2.13 follows from standard arguments (see also [14]

(4.15)).
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Proposition 2.14. Let {w,} be a sequence bounded in LP(0,T, W'P(£2°)), and
also satisfying the estimate

o

5 <é0,, with 70, <. (2.19)

LP(027)

Then, up to a subsequence, there exists a function w € LP({2r x 3) such that
T (w;) = w, weakly inL? (QT, Wl’p(Q*)> : (2.20)
Moreover, if
lim 760, =0, (2.21)
T—0
then w = w(x,t) € LP({2r).

Proof. The proof is analogue to the one of Proposition 2.12 in [3]. In practice in
[3] we considered the special case where the quantity 6, appearing in (2.19) equals
7™ with 0 <m < 1. U

Remark 2.15. In our application, the quantity 6, becomes unbounded in the limit
T — 0. ]

As for the operator T*, we have

Proposition 2.16. The operator T}, : LP(§27) — LP($2r x Q) is linear and
continuous.
In addition for all w € LP(£25) we have

1T @)] 1z < =3 Ilioias) (2.22)
and
/wdxdt—o / T,y (w)drdtdydr| < / lw| dxdt. (2.23)
. 0rxQx 02\A,

Proposition 2.17. The operator T?, : LP(T5) — LP(2r x QF) is linear and
continuous.
In addition for all w € LP(I's) we have

1

) £\
1T iy < (5) Tl (2.24)
and
/wdamdt—g / T, (w) dz dt doy, dr| < / |w|do, dt . (2.25)
T 89T><Q§ FT\A7
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Remark 2.18. From Propositions 2.7, 2.16 and 2.17 and Lemma 2.8, for any suit-
ably regular w : 27 — R it follows

Hvy’];*(w7'>”LP(QT><Q*) <e¢ ”VmwT”LP(QsT) ) (2.26)
9, ow,
H,];*(UJT) <7 - ) (227)
s LP (27X Q¥) ot LP(925.)
. 5
Vi T )y < 7 IVt (2.28)
0 1| Qw,
|ﬁyw> <roth| 2| (229
or Lr(27xQ3) O Nlin(as)
0 1 4.1 || Ow,
or Lr(2rxQ2) ot L(I'5.)
]

The following results essentially state that, under assumptions (2.19), (2.21) the
dilation by 1/0 transforming 7* to T, does not destroy the weak convergence in
(2.20). Notice that this applies in the domain @* not changing with o.

Lemma 2.19. Let {w,} be a sequence bounded in LP(0,T; W'P(¢)), p > 1 and
also satisfying the estimate (2.19), and (2.21). Then, up to a subsequence

T (wr) = w, weakly in LP(Q2r x Q) (2.31)
where w=w(z,t) is the same weak limit as in (2.20).

Proof. From Proposition 2.14 we know that 7*(w,) converges weakly to w(zx,t) in
LP(Q2p: WHP(Q)). Fix ¢ € Li1 (027 x Q*) and define

Jr(s) = / /[TT*(wT)(x,t,y,s) —w(x,t)] (/(p(x,t,y,r) dr) dedtdy, seX.

Qp v+

Owing to (2.27) we know that J; is continuous in ¥ for each 7 > 0. Fix arbitrarily
0 > 0. The asserted weak convergence guarantees that a 75 > 0 exists such that

/JT(S) ds

<9, 0<7T<7s.

It is easily seen that the continuity of J, then implies the existence of a point
s* € X, possibly depending on 7, such that

|J-(s%)| < =71, 0<7<75. (2.32)
Next we calculate

[ [Tt @ty r) =, D)o, ty,r) dedidy dr = J* 4 ("),
Q7 Q*
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where
Jl - / /[7:’:0(107—)(1’, Yy, T) - 7:_*<w7-)(1‘, t,y, S*)]QO (l’, 12572 T) dzdt dydT =
7 Q*
I /‘ J(ost9.5) = T () (ot ) (2,49, > ) dodedy ds
Qr Y™ g

Clearly the statement will follow if we are able to prove that J! — 0 as 7 — 0.
Indeed we estimate

HE (/ / / T2 (w) (@, 1y, 8) — T2 (wn) (2, 1y, 5P dxdtdyds)p x

rY* 0
p—1
(U//Sﬁ(%tayﬁ)?’pl dIdtdyd’r)
Qr Q*
1 § P
ST ////8 T (w)(z,t,y, 2 )dz dx dtdyds
TP \Gpy+ 0 ls*
1
1 p P
<771 /// T* (wy)(z,t,y,2)| dz | dedtdyds
OF \Qp v+ 0
P v
<7 // — T (w;)(z,t,y,2)| dedtdydz
7 Q*

S =

p
<7 (// ( T> (z,t,y,2) dxdtdydz) <~710, =0,
7 Q*
(2.33)
where we have made use again of (2.5), (2.19) and (2.21). O

Then we consider the traces.

Proposition 2.20. Let {w,} be a sequence bounded in LP(0, T, W'P(£°)) with
p > 1, and also satisfying the estimate (2.19) and (2.21). Assume also

|wrllpoe(ae) < C, (2.34)

and

S <c, (2.35)

opr
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where 0 < C' < 0o is a constant independent of 7, € and o. Then up to a subse-
quence

TP, (w) = w, weakly in LP(2r x OB x %), (2.36)
where w=w(z,t) is the same weak limit as in (2.31) and (2.20).

7:_130(11)7—)
7', (w:) = W, weakly in LP(£27 x 0B x %)

Proof. The hypothesis (2.34) implies

< (' and then, up to a subsequence

Then applying Lemma 2.19, and inequality (2.28), in view of (2.35), the trace
theorem applied to 7%, (w.) yields, for any ¢ € C Y27 x Q) such that suppy C
$2r0 X Q

///ngl/idxdtdaydr:

QroB %
71_1_%/ // ba (wr)pv; dedtdo, dr =
07 8B %

;13%//8% ) dadtdydr =

//8 )dzdtdydr—///wgpuzdxdtdaydr (2.37)
QroB %

fori=1,--- ) N, where v = (v;) is the interior normal to B. Then (2.37) implies
Wiz, t,y,r) =w(z,t) in 27 x OB x ¥. O

Under general assumptions on the parameters we are able to prove the following
Theorem, to be compared with Theorem 2.24.

Theorem 2.21. Letp > 1 and {w,} be a sequence bounded in in L*(0, T, WP ((2¢)).
If TH(w,) — w weakly in LP(2p, WIP(Q*)) with w € LP(0,T; WYP(£2)) then up
to a subsequence, there exists W € LP(Qp x 3; W k(Y™))) such that My«(w) = 0,
and as T — 0

TX(Vw,) = Vw+V,w weakly in L? (27 x Q) . (2.38)
Proof. See Theorem 2.11 in [3] and, for the elliptic case, Theorem 3.5 in [11]. O

Remark 2.22. Even if Theorem 2.21 holds true for all the possible combinations
of parameters 7, ¢ and o, we use this result only in the case of slow oscillations
defined by

0,
lim " = 400, (2.39)
=0 ¢

for 6. as in (2.19). In the other cases (fast oscillations) we use the results in
Subsection 2.4. ]
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Remark 2.23. In our application p = 2, 6, = 1/y/7¢ and we need in general
Proposition 2.20 and specifically (2.21) and (2.35) to hold true. To achieve this,
taking into account (2.39), we have to restrict ourselves to the range 7 < ¢ and
e < vy/o. In the case of slow oscillations in practice we further assume 7 > &°
(see the assumptions of Theorem 4.3). O

2.4. Fast Oscillations. The case of fast oscillations is defined by the condition
Ty, <0, (2.40)
€

where C'is a constant independent of 7, € and ¢. In this case we prove the following

Theorem 2.24. Let p > 1 and {w,} be a sequence bounded in LP(0,T; W1P(£2¢))
and satisfying the estimate (2.19). If T*(w;) — w weakly in LP(Qp; WHP(Q*))
with w € LP(0,T; WP (£2)) and (2.40) holds true with

lim 0, — oo, (2.41)
7—0

then up to a subsequence there exists W € LP(Qp; Wk(Q*)) such that Mg () = 0
and, as T — 0

I;(Vw,) = Vw+V,w weakly in LP (27 x Q%) , (2.42)
T 0 0w
T = N 1 p *
6 J; <8th> 9 weakly in LP (27 x Q") . (2.43)

If we replace hypotheses (2.40), (2.41) with
lim ~6, =0,
70 g

allowing 6, to stay bounded as T — 0, then the limit relations (2.42) and (2.43)
still hold true and

0w
— =0 2.44
as ) ( )
so that w = w(x,y,t) does not depend on s.
Proof. See Theorems 2.16 and 2.18 in [3]. O

3. THE OSCILLATING ROBIN-NEUMANN PARABOLIC PROBLEM

3.1. Statement of the problem and assumptions. The requirements of this
subsection will be assumed in Sections 4 and 5 without further reference.

We need that .
lim—=0. (3.1)

70 ¢
Let a : 27 x Y — R be a measurable function. We assume that a satisfy the
uniform estimates
0<C'<a<C< 0, (3.2)
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for some C > 1. Let then

A" (z,t) = A" (a:,t, E, t) , A" = A" (z,t,y,s),

E T

be a sequence of N x N matrices such that for all 7 > 0

Al <C, ij=1,...,N;  AE-¢>C'¢?, ¢eRY. (33
We also assume that a is Lipschitz continuous in ¢ and that
da 0A7; A7
— - 1< C 3.4
ot|’ | ot |’ | ds | = (34)
forall 7,7 =1, ..., N and for all relevant arguments. We denote

x
“(,t) =alx,t,~) .
a(z,t) a(a: 6)

We always assume that A7, a°, are measurable in (27.

We let
witn=o(1{2))

where a € Lip(R) is a function such that

a(r) >0, suppa C (0,1), [&'(r)|<C, my:= [ a(r)dr>0. (3.5)

o—__

Thus supp a,, C A, > and

dag, 1
a | =%
Let f € L*™({2r) and let u, be the solution of the following parabolic problem
as(x,t)aa? —div(A" (z,0) V) = f, (z,1) € 25, (3.6)
AT (z,t)Vu, - v+ agr(t)u, =0, (x,t) e I'" x (0,7), (3.7)
ur(z,t) =0, (x,t) € 02 x (0,T), (3.8)
ur(x,0) = ugy(x), x € (2. (3.9)

In this Section we assume all the needed smoothness of the solution u,, whose exis-
tence is classical under standard regularity assumptions [21]. This can be achieved
by means of a further approximation of the data and coefficients in the problem,
keeping the structure required here. Specifically the source f is approximated
with smooth functions vanishing for small times. Thus the constants in our final
estimates will not depend on 7, ¢, 0.
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The choice of the initial data u deserves some clarification. We always assume
that for a given uy € L*°(12)

ufy — ug, strongly in L(£2); /\V ud|*do < %; lugl| Lo 2y < |uollLe(e)
9

(3.10)
and that

the compatibility conditions of order 1 are satisfied on 02° x {0}; (3.11)
see e.g., [21, Chapter IV].

Lemma 3.1. For any given ug € L*({2) a sequence {ul} as in (3.10), (3.11)
exists.

Proof. Given the data uy € L>(£2) we may construct a sequence {uj} C C>(12)
such that

W o, strongly in LA(2); [IVagPde < L5 uflliee) < Juollzeo
2

Next we introduce a sequence of cutoff functions {7} C C°°(£2) such that
n(z) =1, dist(z,IFU0NR) > T; n(z) =0, dist(z,IFU0N) <71/2;
Vo (z)] <~77t, r€EN.
We use here (3.1). We define
up(2) = ug(2)n’(z),  we .

The motivation of this construction is threefold: First v satisfies the compatibility
conditions on I'® at ¢ = 0 required for the regularity of the solution. Second,
recalling that |I'*| < ~/e, we have as 7 — 0

o = w2 de <5 [luo = o +luolls, [(1 =37 da
0 0 0

< V/WO—&VSIQdxﬂHUoHio(!FEHI@QI)T < V/Iuo—@deJrv\luOHioTé” — 0.
(9} 2
(3.12)

Finally we have reasoning as in (3.12)

— — 1
[1vuaz < [{omAV P + @RV P de < y(luolle) = (313)
2 2

O
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As a consequence of the strong convergence uj — ug in L*(§2) one can easily prove
for all ¢ € L*(12)

[u@o@)de - v [ug(@)s(). (3.14)

e

3.2. Estimates and convergence. A routine integration by parts and Gronwall’s
inequality prove the standard estimate

max/u dx—l—/|VuT| dycdt+//aUT udo, dt <. (3.15)

0<t<T
ol 0 I'e

Proposition 3.2. The solution u, of problem (3.6)—(3.9) satisfies
||uTHL°0(Q%) <M, (3.16)

min(a)

Proof. Let us here set for the sake of brevity

[flloe = [lfllzoe2r), Nluolloo = lluollzoe(e) -
The function w(z,t) = u,(x,t) — I|I|1{r|l|(°; — ||uol| o satisfies
a*9% — div (A"Vw) = [ — a® Hil(‘”) (x,t) € (25,
AVw v+ Qg () = —a, () (Ul ), (@) eTEx(0,7),
w(w, t) = =M=t — flug o, z,t) € 02 % (0,T),
w(,0) = ug — [uollse , ze .

Then on multiplying the differential equation by the positive part w, and integrat-
ing by parts in {27 we obtain w < 0 and then u, < M. The inequality u, > —M
is proved in a similar way. U

Proposition 3.3. We have the estimate

2
[ (% e ottt [ 19t <

ot 0<t<T 0<t<T ~ 1’
2, Ire

(3.17)

Proof. We use 24z as a test function for problem (3.6)—(3.9) and integrate by parts
ot

in the space variables in (27, obtaining

. [ Ou, ? . Ou, ’ . Ou,
[ () + [arvuev (Ge) - [ [avu il
27 25 0 Ie
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Hence by an application of Cauchy-Schwarz inequality and integration by parts in
time in the second integral in (3.18) we obtain

’ ou,
/ /]V u-? ( O//SQUTuTat

+ 2 [IVul ey [15P 4y [ IVl 319)
€2, €2, o8

8uT

we have also made use of (3.3)—(3.4). The first integral on the right hand side of
(3.19) can be estimated as follows

[ [oone =3 fotrmicn //d%_

€

0T
> 1/aUT(T)uT — M? / /C’ (o7)' > = /0407 Ju2(T) — Ny (3.20)

TE
Te O_TFE

Here we have used |A, .| < yo and |T¢| < 7/e. Finally (3.17) follows when we
collect (3.19)—(3.20), and use (3.15). Indeed, T in the proof can be replaced with
an arbitrary time. O

Proposition 3.4. If 0 < § < T/2 for any 0 < h < §/2 we have

T ur(x, —ur(z,)* dedt < y(Vh h). .
6/9/6| (@t + h) — un(z, )2 d dt<7< h+\/2h) (3.21)

Here y depends on the constants in (3.15), (3.16) and on d.

Proof. Let § € (0,7/2), 0 < h < §/2, and define

t+h
el t) = =C(t) [ urle,s)ds,

where ¢ € C3(§/2,T —§/2) is a nonnegative function such that ¢ =1 in (§,7 —4)
and |('| < /6. Here for any v = v(x,t) we denote by v(x,t) = v(x,t + h) its time
shift.

Testing equation (3.6) written at times ¢ and ¢ + h with @), we get on subtracting
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the two integral formulations

[ [l e %2 ] [
- CL u; —a’ UT atuT at UT Ph
0 =

0 ¢
+//ATVuT th—//ATVUT Vion =

0 (¢

/ J16zit = agrulion + / JF=flen. (3:22)

0 I's 0 g2¢

The first integral on the left hand side of (3.22) equals

oo

OQE E
T
+//[a€a:—a€u7]< /uszds+//uT u; — ur)C[a® —af]. (3.23)
0 (¢ 0 ¢

The first term on the right hand side of (3.23) essentially is the one estimated in
the statement. The second integral there can be majorized by means of Holder
inequality by

T—6/2 % T—8/2 t+h 2 %
Wl | [ ) @] [ ]| ] ueles)as
25 5/2 2 52 |t

<7 ||Ur|’i2(rz;) Vh. (324)

The third term on the right hand side of (3.23) is estimated, invoking the time
regularity of a, by

T-6/2

v [ la (1] ) o

Q52

- h (3.25)

The other integrals over (25 appearing in (3.22) can be estimated by
V(e Zagy + 1V e gy + 1 o) ) V-

This follows from routine reasoning, but see however [3]. We deal in greater detail
with the boundary integral in (3.22). We use the maximum principle for wu.,,



18

obtaining
1
T-6/2 2
‘// Xor Uy — QorlUr |, / / ’ \V Qgrllr + |\/ aor“r'
1
T-6/2 t+h 2

A

0

{\@Jr\/@] /|uTa:s |d8

<7llv aUTuTHLQ(FEX(O,T)) M(U)i ’FEP h.

(3.26)

We have used the fact that |A, .| < vo. Finally recalling that |I'°| < /e and
collecting all the estimates above we get (3.21). O

Remark 3.5. By using estimates (3.15) and (3.21) we can prove the strong conver-
gence of T*(u,) in L*(£27 x Q*), up to a subsequence. O

Lemma 3.6. There exists an extension u, € L*(0,T;WY2(£2)) of u,, and a u €
L2(0, T;WY2(£2)) such that, up to a subsequence,

U, = u, strongly in L*($2r) , (3.27)
Va, =~ Va,  weaklyin L*(r). (3.28)

Proof. We may use the linear and continuous extension operator P as in the proof
of [15, Lemma 2.1]; the extension @, (t) = P(u-(t)) of u, in {2 satisfies the estimates

1P (ur ()] 2y = N8O 2) < 7 lur D L202e)
IVPur Ol 22y = IV (Ol 12y < 7NV (D] 120 »

where v is a constant independent of €. Time compactness for w, follows from
the estimates above, the linearity of the extension operator P and Proposition 3.4.
Indeed, using the same notation as therein, we get

—6 T-6

T/ /!P(uf)(tJrh) —P(u) ()] = / /177 ur(t+ h) — ur ()

)

T//|u7t+h —uT(t)|2§7(\/ﬁ+\/§h>.

Then by the standard theory of Sobolev spaces we get the strong convergence of
U, in L*(£2r), by extracting a subsequence if necessary. The weak convergence of
the space gradients follows simply by the boundedness of P and by (3.15). O

The introduction of the extension operator is motivated by the following
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Proposition 3.7. We may extract a subsequence of u, such that
T (u,) = u, weakly in L* (027, WH2(Q*)) (3.29)
and u € L*(0,T; W2(02)).

Proof. Convergence (3.29) is a consequence of Proposition 2.14 with 6, = 1/4/7¢
applied to u,. To prove that u € L*(0,T; W'?(£2)), we consider an extension of
u, to 27 as in Lemma 3.6, so that invoking first (3.29) we have

_ 2_ : * — 2_ : — .
u = weak L llir(l]']:_ (u;) = weak L 71_11)1%) T (Tr) 120 x0
= strong L*- hi}r(l) T (TUr)j2px@* = Tlorxo- =T . (3.30)

The last two equalities in (3.30) are a consequence of Proposition 2.11, which
implies that w = u(x,t). Here we have used the strong convergence of ., so that
we may apply (2.15) to infer that the limit of 7-(%; )0, x@+ can be actually taken
in the strong sense. We conclude that u =u € L*(0,T; W'?(£2)). O

Remark 3.8. The result in Proposition 3.7 allows us to apply Theorems 2.21 and
2.24 to u,. O
4. THE LIMIT PROBLEM IN THE CASE o < ¢

Recall that by virtue of Proposition 3.3 we may choose 6, = \/%, so that (2.19)
and (2.21) are satisfied owing to (3.1). In this section we assume

. O

and consider two different subcases.

4.1. The case of fast oscillations. We consider here the case when

0 _ (T)é <C. (4.2)

€ g3

Assume throughout that there exist bounded functions A° : 27 x Q* — RY 2,
b: 27 xY* — R such that

TH(A7) — A, strongly in L'(27 x Q%), (4.3)
T (a®) — b, strongly in L'(02p x Y*).
We also need to assume
T (aS) — by, strongly in L'(02p x Y*), (4.5)
and the convergence at time t = 0

T(a(0)) — b(0), weakly in L*(£2 x Y*). (4.6)
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Remark 4.1. Actually the only classes of functions for which the convergences
(4.3)—(4.4) are known to hold in this context, are sums of the following cases:
o = fi(z,t)fay,s), ¢ € LP(Q;C(27)), ¢ € LP(27;C(Q)). In all such cases
T*(¢7) — ¢ strongly in LP(2r x Q). See [2, 11, 13]. The other requirements obey
a similar remark. U

Theorem 4.2. Let (4.1)—(4.6) hold true. Let u, be the solution of problem (3.6)-
(3.9); then there exist u € L*(0,T,W"*(£2)) and u € L*(2p,W,;2(Y™)) so that
My (i) =0 and

T (ur) = u, weakly in T(Qr, WIA(QY),  (47)

T (Vu,) = Vu+V,a,  weaklyin L*(2r x Q%) (4.8)
ou, ‘ “

g Iy ( ey > —0, weakly in L*(2p x Q). (4.9)

The pair (u, ) is the solution of the problem

|Y*| // u(be) + Ms(A%) (Vo u+ V, @) - (Voo + V, ¥)} dedidy+
T Y*

5ma‘Y*||Q{ up da dt =Q{ fodudt + Z bz, 0)uo () p(x, 0) dz,  (4.10)

for all ¢ € WY2(0r) with ¢ = 0 on 002 x (0,T) and on t = T, and ¥ €
L2007, Wi (Y?).

per
Proof. Here we may assume in any case that u is the limit function introduced in
Proposition 3.7, so that (4.7) holds true, at least for a subsequence.
If 7/e3 — 0, on recalling the estimate (3.17) and Remark 3.8 we may apply The-
orem 2.24. In this way we infer the existence of u as in (2.42)—(2.44), so that
u=u(z,t,y).
If 7/3 < C so that (2.40) holds true, we use Theorem 2.24 to obtain a function 4
still satisfying (2.42) and (2.43). In order to show that u is independent of s even
in this case, we reason as follows. We test equation (3.6) with the function

*90<w )y <$ t> :

e T

where ¢ € C*(f2r) with the support of ¢ bounded away from 92 x [0,T] and
Q2 x {T}, and v € WL2(Q*). We calculate

per
T / - Ou,
£ ot ©

QE

T

VUT-(Vgo)l/dedt—i—;/ATVUT(Vbe)gdedt
QS

—|—z/amu7g0¢dadt: Z/ fovdrdt. (4.11)
51_‘% 50%
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Clearly, with the exception of the first one, all the terms in (4.11) are vanishingly
small as 7 — 0; we remark explicitly that the last term on the left hand side is
bounded by vy7/¢%. On unfolding the first integral we therefore get

L[ [ (5

Using (2.43) we obtain in the limit exactly 3 Ju _ ()

Next we use ¢ as above as a test function for problem (3.6)—(3.9). Integrating by
parts in {27 we get

> T ()T (¢)dedtdyds — 0. (4.12)

— /aEuTcptdxdt— /afuTgodxdt—l— /ATVUT'VgOdIdt
2 Qs

7

+/040Tu7g0dadt: /fgpdxdt—i—/as(x,O)ug(x)w(x,O)dx. (4.13)
rs 0 0

Unfolding we get

~ [ [T T )T () dwatayds = [ [ T(@)T ()T () dudedy ds
or e r &
+ / [ T AT (V) T (9 ) drde dy ds
07 Q*
+g/ / Tl,)a'(a07—>7:—l:a-(u7—>7:_l?a.<§0)dl‘dtdO'ydT: /fspdxdt
27 0B X =,

+ [ [T @ )T (@) T (pl,0)) dady + BT, (4.14)

where R™ = o(1), as 7 — 0. Notice that the last integral on the left hand side
of (4.14) is in principle calculated over the domain ¥ /o of the ultra-micro time
variable. However as a matter of fact, T, (a,-) = 0 outside of ¥, owing to the
definition of ay.,.

Then, in the case § > 0, we take the limit 7 — 0, considering the strong con-
vergence of ] and also exploiting Proposition 2.14, as well as Proposition 2.20.
Indeed in the case 5 > 0 (2.35) with p = 2 is clearly fulfilled. Thus we get

—//u(bgp)tdxdtdyds—f—//AO(qu—I—Vy@).Vgpdxdtdyds
QTQ* QTQ

—|—6|8B|// ugodxdtdr—|Y*|/f<pda:dt+|Y*|/bx 0)ugp(z)p(z,0)dx .

(4.15)
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We have used also Proposition 2.13 for ¢. If § = 0 we obtain the same result since
the integral multiplied by /e in (4.14) is uniformly bounded. The macroscopic
part of (4.10) follows when we note that all the functions in (4.15) are independent
of s and r, excepting A° and a(r), and of course we divide by |Y*|. By density
the just proved integral equation holds for ¢ € W2(27) vanishing on 942 and for
t="1T.

Finally in order to prove the microscopic part of (4.10) we use as a test function

ep(a, t) (”:) ,

with ¢ as above and v € WL2(Y*). We obtain

per

—e [urla) + 59[ ATV e (V) +Q[ ATV e (V, 0)y

f27
ve [amugt =< [ fovte [ 0up@ele. 00 (L) . (@.10)
I's, 0, Oe €
All the terms in (4.16) clearly tend to 0, with the possible exception of the third
and fourth ones on the left hand side. These can be unfolded leading us to

| [ T AT (T un) T (9, )T () dardt dy ds
07 Q*
+ejg/ aé / T2 (o T () T2, ()T, () da dt dery dr = R (4.17)

We apply again (2.42) to the first term in (4.17), while it is now clear that the
second one there vanishes in the limit. Hence we conclude

//MZ(AO) (VutV,a) - (V,e)pdedtdy =0. (4.18)
Op YV
On invoking the density of the tensor product C*(£27)@W 2 (Y™*) in L*(£2p, Wi2(Y™))
we see that (4.18) holds for every W € L*(£2p, W2 (Y™)).

Uniqueness of solution can be proven by means of standard arguments, exploit-
ing the linearity of the problem (see Theorem 4.2 in [3]). Notice that uniqueness
implies the convergence of the whole sequence . U

Next we give a more precise formulation of (4.10). Let us denote the elements of
the limit matrix in (4.3) by

Ao(x,t,y, s) = (bij(z,t,9,5))1<ij<n

then, as usual in literature, we factorize

N
u(z,t,y) = =Veu(z, t) - > xilz, t,y)e;, (v,t,y) € Qp x Y™, (4.19)

i=1
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where y; for 1 <i < N satisfy My« (x;) = 0. By using (4.19) in (4.10) with ¢ =0
we find that y; are the Y-periodic solutions of the problem

Y9 < o(xi — ?Jz))
T A M), t, ) DI g i Qp x Y 4.20
j%—:l ayj 2( ]7k>( y) ayk T ( )
N ¢ — .
> Ms(bjp)(z,t, y)M v=0 on 27 X 0B, (4.21)
k=1 O
xi are Y-periodic. (4.22)

Then considering (4.10) with ¥ = 0 and using again (4.19), we find that u solves

My (b)uy — div (My (Ms(A°) (T = [Vyal -+ |Vyxnl)) V)

B
+ fmg ||§/*||u =f, (x,t) € 2, (4.23)
and
u(z,t) =0, (x,t) € 002 x (0,T), (4.24)
u(z,0) = ug, x €. (4.25)

4.2. The case of slow oscillations. We consider here the case when (4.2) does
not hold. Clearly we may assume

LT
71_11}% 5= (4.26)
Even if 7/¢% does not stay bounded in the limit we can still get a limit problem,

but we need to restrict ourselves to the case

A(2,8) = A7 <x,t, :) LA = A (aty). (4.27)

We also assume that there exist bounded functions A° : 2r x Y* — RY 2, b:
21 xY* — R such that (4.3)—(4.6) hold true. The main difference with respect to
the case studied in Subsection 4.1 is that the microscopic function @ does depend
on s in this setting. See Remarks 4.5 and 4.6.

Theorem 4.3. Let (4.1), (4.3)—(4.6) and (4.26) hold true. Let u, be the solution
of problem (3.6)~(3.9). Then there exist u € L*(0, T, W'*(2)) and @ € L*(2r X
N, WLA(Y™*)) with My«(@) = 0 so that up to subsequences

per
T (ur) — ., weakly in (20, W(Q")), (4.28)
T*(Vu,) = Vu+V,u, weakly in L*(2p x Q%) . (4.29)

T
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If we define ux(x,t,y) = Mx(u)(z,t,y), the pair (u,us) is the solution of the
problem

V] 4 // A (Veu+ Vi) - (szo+vy\1f)} dz dt dy

9B
+ Bma updrdt = | fedrzdt+ [ b(z,0)ug(x)e(x,0)dx, (4.30)

v/
for ¢ € WY2(02r) with ¢ = 0 on 002 x (0,T), ¢(z,T) = 0 for x € 2, and
U e L2(0p, W2(Y7).

per

Proof. Here we may assume that w is the limit function introduced in Proposi-
tion 3.7 with 6, = 1/4/7¢, so that (4.28) holds true. We may apply Theorem 2.21
in order to obtain (4.29).

Next we reason as in the part of the proof of Theorem 4.2 following (4.13), we
obtain

—//u(b@)tdxdtdyder//AO(VujLVyﬁ)oV(pdxdtdyds
N7 Q* N7 Q*

+ﬁ|8B|// ugpdxdtdr—|Y*|/fg0dxdt+|Y*|/bx 0)up(x)e(x,0)dx,

(4.31)

for all ¢ € C*°(§27) with supp ¢ bounded away from 92 x (0,7) and ¢t = T'. Since
in (4.31) v and ¢, as well as A%, do not depend on the microscopic time variables,
we readily obtain from it the macroscopic part of (4.30).

Similarly, for ¢ as above and ¥ € WL2(Y*), we find reasoning as in Theorem 4.2

per

//AO (Vu+V, 1) (V,d)pdedtdyds =0, (4.32)
Or Q*
and on integrating over X this amounts essentially to the microscopic part of
(4.30). On invoking the density of the tensor product C*(02r) @ WL2(Y*) in

per

L?(027, W);2(Y™)) we see that (4.32) holds for every W € L*(Q27, W,22(Y™)).

Uniqueness of solution can be proven as in Theorem 4.2. Notice that this does not
imply the uniqueness of the function u. Indeed, up to subsequences, in the limit
we might obtain different functions satisfying (4.29) and having null Y-average; all
these functions have also the same Y—-average, which is part of the unique solution

of (4.30). O

Remark 4.4. Notice that uniqueness of the solution implies that (4.28) holds true
for the whole sequence wu,. O

Remark 4.5. We note that the result in Theorem 4.3 holds true also in the case of
fast oscillations defined by (4.2) that is (2.40). However in that case we can take
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advantage of estimate (3.17) and of Theorem 2.24, obtaining the stronger result
stated in Theorem 4.2. O

Remark 4.6. We remark that we can obtain the limit relations (4.31) and (4.32)
evenif A™(z,t) = A” (x t, L, ;) However in this case we cannot appeal to (2.43) or

(2.44) in Theorem 2.24. Then @ may depend on s and in principle one would like to
choose also the testing function ¢ depending on s in the proof of Theorem 4.3. But
this is impossible since the micro-time derivative would yield a term not treatable
in the limit. This is why we introduce the averaged Uy in (4.30), which is possible
under assumption (4.27). O

As for the case of fast oscillations we give a more precise formulation of (4.30). In
this case we factorize

N

s (z,t,y) = =Veu(z, t) - > xilz, ty)e, (z,t,y) € Qp x Y™, (4.33)

i=1

where x; for 1 < i < N satisfy My+«(x;) = 0. By using (4.33) in (4.30) and
choosing alternatively ¢ = 0 and ¥ = 0, we find that y; and u satisfy again
(4.20)—(4.25). The only difference with the case of fast oscillations is that in this
one AY = A%x,t,y) so that Mx(A%) = A and Mx(b;;) = b; ;.

5. THE CASE OF o/ — o0.
In this section we assume
lim — = o0. (5.1)
Then the limiting behavior of the sequence {u,} is trivial in the following sense.

Theorem 5.1. Let (5.1) hold true. Then the sequence {u,} of solutions to (3.6)-
(3.9) satisfies as T — 0

T (u,) — 0, strongly in L*(£2p x Q). (5.2)

Proof. Since we may appeal to Proposition 3.7 we only need show that v = 0.
Let us choose an ag > 0 and an interval K C (0, 1) such that

a(r) > ay >0, re K. (5.3)

Then we go back to (3.15). Unfolding the boundary integral there we get

v > — /// 7’Tbg (ur)?(z,t,y,7) dz dt do, dr

QT 9B %

Zaog///ﬁ%(w)g(m,t,y,r) dadtdo, dr.

Q7 9B K
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Then owing to Proposition 2.20, taking into account that (5.1) implies (2.35) with
p =2, on using (5.4) we get

///u(x,t)2dxdtdaydr

27 OB K

< lim / //ﬁbg(qu(x,t,y,r) dedtdo, dr < li_r)r(l)yE =0. (5.5)
: —

7—0
Qr 0B K

L
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