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WITH SEVERAL TEMPORAL SCALES
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Abstract. In this paper we homogenize monotone parabolic problems with two spatial
scales and any number of temporal scales. Under the assumption that the spatial and
temporal scales are well-separated in the sense explained in the paper, we show that there
is an H-limit defined by at most four distinct sets of local problems corresponding to slow
temporal oscillations, slow resonant spatial and temporal oscillations (the “slow” self-similar
case), rapid temporal oscillations, and rapid resonant spatial and temporal oscillations (the
“rapid” self-similar case), respectively.
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1. INTRODUCTION

We will give here a brief survey—with some important references—of homogeniza-
tion theory and two-scale convergence techniques which is followed by a statement
of the research objective of the present paper. Finally in this section we give a list
of notation employed in the paper.

1.1. Homogenization theory. Homogenization theory is the study of the
convergence—in some suitable sense—of sequences of equations involving sequences
of operators and (possibly) source functions and the responding sequences of solu-
tions. The main applications involve the study of the convergence of sequences of
partial differential equations described by heterogeneous coefficients which become
more and more refined such that the problem tends to a homogenized limit. In the
case of parabolic partial differential equations the convergence modes used to achieve
homogenized limits are the so called G- and H-convergences, where the former is
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employed when the coefficients can be arranged as a symmetric matrix (see [21]),
and the latter is the generalization which includes non-symmetric matrices (see [15],
[24]) and even non-linear problems (see [23]). “Homogenizing” a problem means in
this context to find the limit in the G- or H-convergence process.

1.2. Two-scale convergence. The theory of homogenization experienced a
quantum leap in the late 1980’s when the two-scale convergence technique was
introduced (see [16], [1])—effectively replacing Tartar’s method of oscillating test
functions (see [23], [24]) as the main tool to achieve G- or H-convergence—and
the technique has subsequently improved since then. Two-scale convergence (with
generalizations such as multiscale convergence [2], “generalized” two-scale conver-
gence [8], scale convergence [14], A-scale convergence [10], Y-convergence [17] etc.)
is today an indispensable tool to the modern homogenization theorist.

1.3. Objectives and main results of the paper. The main purpose of this
paper is to perform homogenization of monotone, possibly non-linear, parabolic prob-
lems of the type

0 r t t .

gug(x,t) —V.a(x,t,g,g,...,a,Vue) = f(z,t) in Qx (0,7T),
(1.1) ue(z,0) = ug(x) in Q,

ue(z,t) =0 on 02 x (0,7),

i.e., having two spatial and m + 1 temporal scales, where (2 is an open bounded set
in RY and T' > 0. As ¢ tends to 0 we get a sequence of equations given by (1.1) above
and the objective is to find the homogenized problem, i.e., to find the homogenized
limit b of the flux a which defines a homogenized equation which admits a limit «
of the sequence of solutions {u.}. In order to homogenize (1.1) we impose a cer-

tain separatedness restriction on the scale functions e,¢, ..., . The homogenized

JED .
limit b will not contain any fast spatial or temporal oscillations and (if considered as a
function of Vu) is given in terms of an integral over the local variables y, s1, ..., s,
involving the flux a and a function u; which is the unique solution of some local
problems depending on the behaviour of the scale functions. We discern four dis-
tinct cases giving different local problems for u;, namely the cases (i) €2/¢/, — 0 as
e — 0, (i) €/, ~ €2, and (iii) €}/e2 — 0 but &}_, /e — 00 as ¢ — 0 for some ¢, tend-
ing more rapidly to 0 than € does, and (iv) €}-_, ~ & for some ¢}._; # ¢/, tending
more rapidly to 0 than e does. Case (i) corresponds to slow temporal oscillations
(compared to the spatial one), (ii) is the so-called “slow” self-similar case where the
spatial and temporal oscillations are in resonance, (iii) corresponds to rapid temporal
oscillations, and (iv) is the “rapid” self-similar case.
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1.4. Notation and conventions. The following notation and conventions are
used in this paper.

Throughout the paper, €2 defining the spatial domain is a non-empty open bounded
set in RY with Lipschitz boundary, and 7' > 0 is the maximal time defining the
temporal domain (0,7).

We introduce the integer sets [, j] = [i,j] N Z for 0 < i < 4, and [i] = [1,¢] N Z.
Furthermore, let [[i]o = [0,4] N Z. Note that we naturally interpret, e.g., [0] = 0.

Let F(A)/R denote all functions in F(A) with mean value zero over A C RM and
let F4(Z) denote all locally F functions over R that are periodical repetitions of
some functions in F(Z) where Z = (0,1)M.

Let Fi,...,F, be some function spaces and introduce the tensor product space
F=F1®...Q F,. We then define the subset 71 ©®...® Fj of F by

FiO...0F,={feF: f=fi...fr for some f; € F;, i€ [k]}

which, in general, is not a subspace of F though spanning it.

There are two kinds of partial derivatives. The partial derivatives of the first kind,
V = (0/0x1,...,0/0xy) and 0/0t, only discern whether one differentiates with
respect to the space variable z = (x1,...,2y) or the time variable ¢, respectively.
The partial derivatives of the second kind, V, = (04,,...,0:y) and 9; (i.e., with
the variable as a subscript) are proper partial derivatives with respect to space and
time, respectively. Note that partial derivatives of the local variables will always be
of the proper, second kind. Example: Let 1) = ¥(z,t,y, s) be a weakly differentiable
real-valued function with respect to the global space and time variables x and ¢ and
the local space and time variables y and s. Suppose y = nx and s = ot for some real
constants 1 and o, then the chain rule and the conventions above give

0
Vi = Vzp +nVytp  and g Y = Owp + 0051

these differentiation rules will be important to keep in mind later in this paper.

2. PRELIMINARIES

In order to perform the homogenization procedure for monotone parabolic prob-
lems with several temporal scales we first need to take a look at the necessary back-
ground theory.

2.1. Multiscale convergence. The concept of two-scale convergence was in-
troduced in 1989 by Nguetseng (see [16]) and further developed by Allaire in 1992
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(see [1]). In words, two-scale convergence is a kind of weak convergence mode for a
sequence of functions of a global variable where the limit is a function of both the
global (or macroscopic) and the local (or microscopic) variable.

The rigorous definition of two-scale convergence is given below. (If nothing else is
stated, in this paper we let y € Y where Y = (0,1)"V.)

Definition 2.1. A sequence {u.} in L?(f2) is said to two-scale converge to a
limit ug € L2( x Y) if, as ¢ — 0 (from above),

/ng(x)v(a:, g) dx—>/ﬂ/yuo(a:,y)v(x,y)dyda:

for all v € L?(2;Cx(Y)), and we write ue 2 ugase— 0.

From now on we assume that all limits are taken as ¢ — 0 (from above) if nothing
else is stated.

In Definition 2.2 below we introduce the notion of scale functions which are func-
tions with respect to the scale parameter.

Definition 2.2. A scale function €,: Ry — R is a real-valued function of the
scale parameter ¢ for which €,(¢) — 0 (i.e., €, is microscopic), and for which there
exists d > 0 such that €.(¢) > 0 for all 0 < e < § (i.e., €, is ultimately positive).

The concept of scale functions leads to the notion of multiscale convergence which
was introduced in 1996 by Allaire and Briane (see [2]) as a generalization of two-scale
convergence in order to be able to perform homogenization of problems with multiple
scales. This convergence mode is defined below. (If nothing else is stated, in this
paper we let y; € Y;, where Y; = (0, 1)V, i € [n].)

Definition 2.3. A sequence {u.} in L?(1) is said to (n + 1)-scale converge to a
limit ug € L2(Q x Y1 X ... x Yy,) if

/ug(x)v(x,i,...,ﬁ) dx
Q €1 En
- // / uO(xayla"'ayn)v(xayla'"ayn)dyn“'dyldx
QJIY; Yn

for all v € L2(2;Cx (Y7 x ... x Y,,)), and we write u. 2L .

In order to simplify the notation, from now on we will write y,, = (y1,...,Yn)
and Y" =Y] x ... xY, so that y,, € Y™ which collects the local variables and local
sets under one roof. (Naturally, the Lebesgue measure on Y is denoted dy,.) We
also write x5, = (v/e1,...,2/¢y,) in the same spirit where we note that x5 actually
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depends on the particular choice of scale functions 1, ...,&,. Of course, multiscale
convergence is highly dependent on the behaviour of the (spatial) scale functions.
For ordered lists of scale functions we have the following definitions:

Definition 2.4. The list {e;}]; of scale functions is said to be separated if
ex+1/ex — 0 for all k € [n —1].

Definition 2.5. The list {;}}_; of scale functions is said to be well-separated
if there exists a positive integer [ such that ey ~!(gx41/ex)! — 0 for all k € [n — 1].

Remark 2.6. Note that well-separatedness is a stronger requirement than sep-
aratedness.

Homogenization for linear parabolic problems with several temporal scales using
the multiscale convergence technique was first achieved by Flodén and Olsson in 2007
(see [6]). This was a further development of the work by Holmbom in 1996 (see [8])
where two-scale convergence was employed to homogenize linear parabolic problems
with both a spatial and a temporal microscale. General (n + 1, m + 1)-scale conver-
gence can be expressed according to the definition below. (If nothing else is stated,
in this paper we let s; € S;, where S; = (0,1), j € [m].)

Definition 2.7. A sequence {u.} in L?(2 x (0,T)) is said to (n+1,m+ 1)-scale
converge to a limit ug € L2(Q x (0,7) x Y™ x Sy x ... x Sp,) if

t
//ugxt r,t,X n,—,,... )dxdt
1
_>/// / / qutyn;slv"'v m)
nJSh Sm

X (X, t,Yny 81y .-y Sm) dSm, ... ds1 dy, dedt

for all v € L*(Q x (0,T); Cx(Y™ x S1 x ... x Sy)), and we write u. L .

Trivially, this definition also works for vector valued functions where the product
becomes the dot product, or mixed scalar and vector valued functions which would
give vector valued integrals above. In particular, gradient functions will later be of
interest.

In order to simplify the notation, from now on we will write s,,, = (s1,..., Sm) and
S™ =81 X ...Xx Sy, so that s,, € S™. (The Lebesgue measure on S™ will of course
be denoted ds,,.) Moreover, t5, = (t/€],...,t/c),) which depends on the particular
choice of temporal scale functions {’}7",. Furthermore, Q7 = Q x (0,7) so that
(x,t) € Qp, and Ypm =Y x S™ so that (y,,,8m) € Vnm-

It is clear that we need to introduce some convenient restrictions on the spatial
and temporal scale functions {e;}7_; and {€}}7, in order for them to collaborate in
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a meritorious manner. In Definition 2.8 below we define a certain set of pairs of lists
of such meritoriously collaborating spatial and temporal scale functions.

Definition 2.8. Suppose we have a list {¢;}"; of n spatial scale functions and
a list {e7}72; of m temporal scale functions. We say that the pair ({&;}i, {€}}72;)
belongs to the set Ji if {;};-; and {&/;}7", are both separated and the following
two conditions hold:

(i) There exist possibly empty subsets A C [n] and A’ C [m] with |A| = |4'| =k
such that there exist bijections 8: [k] — A and §': [k] — A’, respectively,
such that eg) = €j,(;) for all @ € [k]. (In the empty case k = 0 we have no
requirement. )

(ii) There exists a permutation 7 on [r+ m — 2k] such that the permutation
{7 M2k of the list {e]}7H" %% = {{&;}iga, {e’}jgar} of the remaining
n +m — 2k scale functions is separated. (In the empty case n+m — 2k = 0 we

have no requirement.)

If we require well-separatedness instead of mere separatedness we can define the
corresponding set Jyc .

Note that Ty, C Jep'- The idea of the definition above is that we can localize
all the spatial and temporal scale functions in two disjoint categories, (i) and (ii),
where the former category consists of those that are equal and the latter category
consists of those that are jointly (well-)separated. Note also that since neither n nor
m vanishes, it can not be the case that both categories (i) and (ii) of Definition 2.8
are empty.

The details of the rather straightforward proofs of the propositions and theorems
below concerning some convergence results in the multiscale setting can be found
in [20] by the author which is available at the arXiv e-print database operated by
Cornell University. It should be noted that the proofs are similar to the ones for the
corresponding results in [6] from 2007 by Flodén and Olsson which in turn utilize
the techniques employed in [8] from 1996 by Holmbom.

We have the following important compactness result.

Theorem 2.9. Suppose that the pair ({e;}j_,,{€}}}]L,) of lists of spatial and
temporal scale functions belongs to Jgp'. Furthermore, let {u.} be a bounded
sequence in L*(Qr). Then there is a function ug € L?(Qr X Yum) such that, up to

(n+1,m+1
a subsequence, u, (ntLmt1) UugQ.

Proof. See Theorem 13 in [20]. O
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In the remainder of the paper, let Wy, = H (Y3)/R, k € [n]. For the (n+1,m+1)-
scale convergence of sequences of gradients we have the important Theorem 2.10
below.

Theorem 2.10. Suppose that the pair ({e;}7_,{€}}L,) of lists of spatial and
temporal scale functions belongs to Jyi,. Moreover, assume that {u.} is a bounded
sequence in H'(0,T; H(Q), H1(2)). Then, up to a subsequence, we have

u. — u in L*(Q7),

ue —u in L*(0,T; H}(Q)),

and

Vu, SN Gy 3 Y

k=1

yr Uk>

where u € L?(0,T; H}(Q)) and ui € L*(Qr X Yk—1ym; Wi) for all k € [n].
Proof. See Theorem 18 in [20]. O

When performing the homogenization later in this paper we will limit ourselves to
two spatial scales, n = 1, where the microscale is described by the single spatial scale
function 1. The scale function ¢; is, without loss of generality, assumed to coincide
with the scale parameter, i.e., £1(¢) = . Note that in what follows, the list {e} of
the single spatial scale function will be written as e for brevity. In the remainder of
the paper, let W = H;# (Y)/R. In this setting we have Theorem 2.11 below.

Theorem 2.11. Suppose that the pair (¢,{e,}™ ) of lists of spatial and temporal
scale functions belongs to j@;gp and assume that {u.} is a bounded sequence in
HY(0,T; H}(Q), H~Y(Q)). Then, up to a subsequence,

1
/ —uE(x,t)<p<x,t, E,tin) dx dt
Qr €

9
- / / u1 (2, t, Y, Sm) (T, , Y, Sm) dsp, dy dz di
Qr JY

1m

for all p € D(2) ©D(0,T) ® (CF(Y)/R) © [] Cx(S:), where uy € L*(Qr x S™; W)
i=1
is as in Theorem 2.10 with n = 1.

Proof. See Theorem 20 in [20]. O

197



Remark 2.12. Theorem 2.11 is a mere varant of Lemma 3.1 in [19] in the special
case of periodicity but generalized to include many temporal scales. In its turn, the
result in [19] is a mere variation of Corollary 3.3 in [9] generalized to the non-periodic
setting and with the sequence {¢"'u.} (as in Theorem 2.11 above) instead of the
slightly more complicated sequence {e~!(u. — u)} found in [8], [9].

The convergence mode in Theorem 2.11 can be regarded as a kind of feeble, or

Lu} since the heavily restricted set

“very weak”, (2, m —+ 1)-scale convergence of {e~
of test functions in question is more permissible compared to the larger set of test

functions employed in ordinary (2, m + 1)-scale convergence.

2.2. H-convergence of monotone parabolic problems. In 1967 Spagnolo in-
troduced the notion of G-convergence for linear problems governed by symmetric
matrices (see [21]). The name “G”-convergence comes from the fact that this con-
vergence mode corresponds to the convergence of the Green functions associated to
the sequence of problems. The G-convergence of symmetric matrices is defined via
the weak convergence of solutions to the sequence of problems.

The concept of H-convergence—“H” as in “homogenization”—is a generalization of
Spagnolo’s G-convergence to cover also non-symmetric matrices. It was introduced
in 1976 by Tartar (see [24]) and further developed by Murat in 1978 (see [15]),
and in 1977 Tartar defined H-convergence for non-linear monotone problems. Early
studies of H-convergence for non-linear monotone parabolic problems were conducted
by Kun’ch and Pankov in 1986 (see [12]) and Svanstedt in 1992 (see [22]).

We introduce a convenient set of flux functions in the following definition.

Definition 2.13. A function a: Qr x RN — R¥ is said to belong to M (Qr)
if the following four structure conditions are satisfied for some Cp,C; > 0 and
0<a<l:

e a(z,t;0) =0 a.e. (z,t) € Qr;

e a(-;k) is (Lebesgue) measurable for every k € RY;

o (a(z,t;k)—a(x,t; k")) -(k—k') = Colk—k'|? a.e. (x,t) € Q7 and for all k, k' € RY;

o la(z,t;k) —a(z, t; k)| < Cr(1 + |k| + [K'|)=2k — K'|* a.e. (z,t) € Qr and for

all k, k' € RV,

The important concept of H-convergence of monotone parabolic problems—coined
Hyip-convergence in this paper for brevity—is introduced in the definition below.

Definition 2.14. Suppose {a°} is a sequence of fluxes in M(Qr). We say that
{a®} Hyp-converges to the flux b € M(Qr) if, for any f € L?(0,7; H-*(Q)) and
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any u® € L?(€), the weak solutions u. € H(0,T; Hi(Q), H~1()) to the sequence
0 .
Eug(x,t) -V -a®(z,t; Vue) = f(z,t) in Qr,

(21) ue(x,0) = u¥(z) in Q,
ue(z,t) =0 on 09 x (0,7)

of evolution problems satisfy

Ue = U in L*(0,T; Hy(2)),
a®(-;Vu:) = b(Vu)  in L2(Qp)V,

where u € H(0,T; H}(Q), H~(Q)) is the weak unique solution to the evolution
problem

%u(m,t} =V bz, t; Vu) = f(x,t) in Qrp,
22) u(z,0) = u'(x) in ©,
u(z,t) =0 on 092 x (0,7).

Moreover, for brevity, we write this convergence a® Hap b, and b is called the Hyrp-
limit of {a®}.

It is Definition 2.14 above that demarcates what we mean by homogenizing a
problem. Let us introduce the following five structure conditions on the function
a: Qp x RPN+m o RN

(1) a(x,t,¥n,8m;0) =0 for all (z,t) € Q7 and all (y,,s,,) € R*N+™;
(1) a(z,t,-;k) is Yom-periodic for all (z,t) € Qr and all k € RY, and a(-;k) is
continuous for all k € RY;
(II1) a(w,t,yn,Sm; ) is continuous for all (z,t) € Qr and all (y,,s,,) € R*V™;
(IV) there exists Cy > 0 such that

(a(z,t,Yn,Smi k) — a(@, t,yn,sm; k) - (k = k') > Colk — K|

for all (x,t) € Qr, all (yn,8m) € R*™ ™ and all k, k' € RY;
(V) there exist C; > 0 and 0 < « < 1 such that

la(z,t,Yn,Smi k) — al@, t,yn,sm; K| < C1(1 + |k| + |k;'|)170‘|k; — K>

for all (z,t) € Qr, all (yn,sm) € R™™™ and all k, k' € RY.
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We introduce the oscillating fluxes

(2.3) a(z,t; k) = a(w, t,x5,t5,: k), (x,t) € Qp, ke RV,
Below we have a proposition governing some a priori estimates on the solutions to
the sequence of evolution problems.

Proposition 2.15. Suppose that a: Qp x R™+m x RN — RN fulfils the
structure conditions (I)~(V). Then the sequence {u.} of weak solutions to the

evolution problem 2.1 with {a®} defined through (2.3) is uniformly bounded in
HY(0,T5 HY(Q), H ().

Proof. See Proposition 31 in [20]. O

Remark 2.16. The problem (2.1) with {a°} defined through (2.3) is the same

s (1.1) but generalized to n + 1 spatial scales. Note that the weak formulation

of (2.1) is that, given f € X' = L?(0,T; H-*(Q)) and v’ € L?(), we want to find
us € HY(0,T; H(Q), H=(Q)) such that

0
2.4 o, te .2 fwtfn; e)’ )b dzdt
(2.4) <8t u v>X/’X + /Q a(x,t,x Vue) - Vo(z,t) dz

T

= / flx, t)v(x,t)dedt
Qr

for all v € X = L%(0,T; H}()).

3. HOMOGENIZATION

In this section we derive some homogenization results for monotone parabolic
problems with several temporal scales.

3.1. Historical background. The notion of homogenization of problems with
multiple microscales was introduced in 1978 by Bensoussan, Lions and Papanico-
laou (see [3]) who homogenized problems with two microscales characterized by the
list {e,e2} of scale functions. In 1996, Allaire and Briane (see [2]) succeeded to
generalize this to homogenization of linear elliptic problems with an arbitrary num-
ber of microscales—even infinitely many—without even assuming the scale func-
tions to be power functions using the notion of (well-)separatedness instead. This
was achieved by introducing the multiscale convergence technique. In 2001, Lions,
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Lukkassen, Persson, and Wall performed homogenization of non-linear monotone el-
liptic problems with scale functions {e,?} (see [13]), and in 2005 Holmbom, Svanst-
edt, and Wellander studied homogenization of linear parabolic problems with pairs
({g,€2},€") of lists of scale functions (see [11]). In 2006, Flodén and Olsson gen-
eralized to monotone parabolic problems (see [5]; see also [7] by Flodén, Olsson,
Holmbom, and Svanstedt for a related study from 2007), and in 2007 Flodén and
Olsson achieved homogenization results for linear parabolic problems involving pairs
(e,{e,e*}) of lists of scale functions (see [6]); this was actually the first time ho-
mogenization was performed for problems with more than one temporal microscale.
In 2009, Woukeng studied non-linear non-monotone degenerated parabolic problems
with the pair (g, {e,e*}) of lists of spatial and temporal scale functions (see [25]).

This paper deals with monotone parabolic problems with an arbitrary number
of temporal microscales not necessarily characterized by scale functions in the form
of power functions but instead using the concept of (well-)separatedness in spirit
of [2]. Furthermore—for simplicity—we only consider two spatial scales of which one
is microscopical, i.e., henceforth we fix n = 1.

3.2. A special mutually disjoint collection of sets. Let k£ € [m]. Define
jvf,’sl;pk to be the set of all pairs (e, {z—:; }ity) in j‘;s"elp such that €}, ~ ¢, i.e., €}, asymp-
totically equals ¢; recall that this means that for some ¢ — 1, €} = ge. There is no
loss of generality to assume mere asymptotic equality rather than the ostensibly more
general asymptotic equality modulo a positive constant, i.e., g; ~ Ce, C € R. In
other words, JJloF consists of pairs (e, {e}}72,) for which the temporal scale func-
tions are separated and the kth temporal scale function coincides asymptotically
with the spatial scale function. This clearly explains the convenient notation “~ k”
which could be read “the spatial scale is asymptotically equal to the kth temporal

scale”.
Define the collection {JoF; iif(mfk) of 1+ 2(m — k) subsets of Jio" by
2
VA —{( {e)}my) € Tk E——>0}
wsep, 1 wsep g/ ’
m
Ty = { (e A1 Yi0) € Taanks e ~ 2},
Tirtiavin = {(e Ay € Tumks S — 0 but ;
wsep,2+i—k — &, Ej}jzl) wsep * 2 - u — Xy
and

mn~k _ rym mn~k ., 2
jwsep,1+m+i°72k - {(57 {Ej j:l) € jwsep P& YE }

for i € [k+1,m] and i" € [k + 2,m]. Note that if k = m, the collection of subsets

of Jyeep” reduces to merely {1} The sets jvf,’;(;kl, Twsep. *, and the collections
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mn~k m mn~k m .
{Twsenaviontimpyr and {Tge) i ok biek o correspond to slow temporal oscil-
lations, slow resonance (i.e., “slow” self-similar case), rapid temporal oscillations and
rapid resonance (i.e., “rapid” self-similar case), respectively.

Remark 3.1. It can be shown that the collection {jvy;(;,’g iif(mfk) of 1+

2(m — k) subsets of JyioF is mutually disjoint for every k € [m]; see Theorem 32
in [20].

Remark 3.2. In the “classical” case of temporal scale functions expressed as
power functions it can be proven that one does not merely have mutual disjointness
but that the subsets form a partition of the universe of “classical” lists. For more
details, see Proposition 33 in [20].

Example 3.3. Let m =5 and k = 3, giving the collection {753 ?:1 of five

wsep, j
subsets of 7223, and consider the following six pairs of lists of scale functions:

wsep?
0.2 _0.5 1.2 gl®
61:{67{5 ’ NS ’ 7676. 7|1Og5|}}’
0.5 1.2
€ €
€2 = {57 {50.25 €, 752}}5
flog ] Tlog ]
2.5 3
0.2 _0.5 € € }}
es3 =q€,9€ e, T, ——
3 { ’{ " 77 |logel loge| )T
0.2 _0.5 gl® 2.5
64:{67{5'a5'7€7Ma6.}}a
0.2 2.5
€ 0.5 2 €
65:{57{ , € yELET, }}a
floge| flog <]
0.2 _05 e 2.5
eg = {8,{6 “elE, |10g5|,€ . }}
We see that e; € jv‘;’;;j for every j € [5] but that eg does not belong to any 5;%7j,

j € [5], even though it belongs to Jo53.

3.3. The homogenization procedure. Let S = (0, 1) and define Hi# (S;V, V"),
V being any Banach space with topological dual V', as the space of functions u
satisfying u € L%(S;V) and (d/ds)u € L% (S;V’). In order to prove Theorem 3.6—
our preliminary homogenization result—we first need the lemmas below.

Lemma 3.4. The tensor product space (C3(Y')/R) @ C3(S) is dense in the space
HL(S; W),

Proof. This is just Proposition 4.6 in [19] in which £ and V correspond to the
present paper’s (C3°(Y)/R) ® C3°(S) and Hj (S; W, W'), respectively. O
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Lemma 3.5. Suppose that u,v € H%&(S; W, W'). Then

<3suvv>Li(s;W),Li(s;W) + <8SU7U>L3¢(S;W’),L;(S;W) =0

holds. In particular,
<8su7u>Li(S;W’),Li(S;W) =0.

Proof. This follows immediately from Corollary 4.1 in [19]. d

Introduce the following notation. We write Slivi2l = §; x ... x S;, and let
S[j1.52] € Slit72l be the corresponding local variable. The Lebesgue measures on the
introduced local set is written accordingly.

Let us now state the theorem.

Theorem 3.6. Let k € [m]. Suppose that the pair e = (¢,{e}7",) of lists of
14+2(m—k)
spatial and temporal scale functions belongs to  |J  JuioF,. Let {u.} be the se-
i=1
quence of weak solutions in H*(0,T; H}(Q2), H=(Q)) to the evolution problem (1.1)
with a: Qr x RNT™ x RN — R¥ satisfying the structure conditions (I)~(V). Then

(3.1) u. — u in L*(Q7),

(3.2) ue —u in L*(0,T; H}(Q)),
and

(3.3) Vue ) Gy 4 Vyur,

where u € H'(0,T; H}(Q), H1(Q2)) and uy € L*(Qr x S™; W). Here u is the unique
weak solution to the homogenized problem (2.2) with the homogenized flux

b: Qr x RY — RV
given by

(3.4) b(x,t; Vu) = / a(z,t,y,Sm; Vu + Vyur) ds,y, dy.
Vim

Moreover, we have the following characterization of u;:

o If e € j{,’;;,]fl then the function u, is the unique weak solution to the local

problem
(3.5) —Vy - a(z,t,y,Sm; Vu+ Vyur) =0.
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o Ife € Tyeop. k., assuming u; € L?(Q7 x Smfl;H#(Sm;W,W’)), then the func-
tion uy is the unique weak solution to the local problem
(36) asmul(xv ta Y, Sm) - vy : a(x, ta Y,Sm; Vu + Vyul) =0.
o Ife € JmNka_H . for some | € [k+1,m], provided k € [m — 1], then the
function wy is the unique weak solution to the system of local problems
(3.7) —Vy- fsiﬁ’mﬂ a(z,t,y,Sm; Vu+ Vyuq) ds[[l—am]] =0
Vie[lm] Osui(x,t,y,sm) = 0.

o Ife € Tl K miiap for some I” € [k+2,m], provided k € [m —2] and
assuming u; € L?(Qp x §'=2 x S, Hl 4 (Sr—1; W, W")), then the function u,
is the unique weak solution to the system of local problems

(3 8) 881"—1”1(1‘) t7 Y, Sm) - vy ) fSHl:"”H a(a:, t’ Y, Sm; Vu + VyU1) dSHl“}m]] - 0,
' \V’Z S [[107 m]] 881‘,’“1(337"'; Y, Sm,) =0.

Proof. Since a fulfils (I)-(V) we can use Proposition 2.15 for the sequence {u.}
of weak solutions; we have ensured uniform boundedness in H'(0, T; H} (Q), H~1(2)).
We can then employ Theorem 2.10 with n = 1 obtaining, up to a subsequence, ex-
actly the claimed convergences (3.1)—(3.3) where v € H(0,T; H}(Q), H~1(Q2)) and
up € L2(Qr x S™;W). Consider the sequence {a.} defined according to

ac(z,t) = a®(z,t; Vue) = a(x,t , m,VuE), (z,t) € Q.

We have that {a.} is uniformly bounded in L?(Q7)" which can be shown by using (I)
and (V), the triangle inequality and Proposition 2.15; see the proof of Theorem 37
n [20] for details. By Theorem 2.9 (with n = 1) we then know that, up to a

subsequence,

(3.9) a. 2

for some ag € L%(Qr X Yim)VN.
Recall the weak form (2.4) with n = 1 of the evolution problem, i.e.,

(3.10) (Gruet) o+ | aclant) - Vo dode

T

= [z, t)(x,t) dedt

Qr

for every v € L?(0,T; H}(Q)).
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Choose an arbitrary ¢ € H}(Q2) ® D(0,T). Then we can shift the weak temporal
derivative /0t in (3.10) from acting on u. to acting on 1 instead, i.e.,

(3.11) /Q (—us(x, t)% b(a,t) + ac(z,t) - Vi (a, t)) dz dt

= f(z, t)(z, t) dz dt.

Qr

Passing to the limit—using (3.2) and (3.9) on the first and second terms on the
left-hand side, respectively, and letting /0t to act on u again—we obtain, up to a
subsequence,

0
<E u, w>X/7X + /QT/ylm ao(z,t, Y, Sm) dsm dy - Vip(x,t) da dt
= flz, t)(z, t)dedt
Qr

for any ¢ € L?(0,T; H(Q2)) by density. We have obtained the weak form of the
homogenized evolution problem (2.2) with the homogenized flux given by

b(x, t; Vu) = / ao(z,t,y,Sm) ds,, dy.
Vim

What remains is to find the local problems for u; and to give the limit ag in
terms of a. We will first extract the pre-local-problems, i.e., the problems expressed
in terms of ag which become the local problems once ag is given in terms of a.
Introduce arbitrary

l
w € D(Q) OD(0,T) o CFY)/R)o[[Ccx(S), 1€ [m].

i=1

For each | € [m] we define
wi(x,t) =wi(x,t,x5;), (z,t) € Qp.

Let {r.} be a sequence of positive numbers such that r. — 0. We will now study
sequences of test functions {¢°} in (3.11) such that

e (@, 1) = rewp(2,t),  (2,1) € Qr,

with appropriate choices of {r.} and [ in order to extract the pre-local-problems.
For the sequence {¢]}, [ € [m], of test functions given above, (3.11) becomes in the
limit

Te

1
(3.12) lim (—ug(a:, t) Z Z—f Os,wi (z,t) + as(x,1) - —Vwa(x,t)> dezdt =0
Qrp

!
e—0 Pl Ek
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recalling that &) = e. For the pre-local-problems, (3.12) will be our point of depar-
ture.

Suppose that the real sequence {r./e;} is bounded, then the limit equation be-
comes

(3.13) lim ( ue(x, t) Os,wi (x,t) + ags(x,t) - Ie — Vi (z, t)) dzdt = 0.
=0 Jar €l €k

Choose 1. = ¢}, which implies that {r./e;} = {€./€]} is bounded for | € [k]. Then
(3.13) becomes

/

(3.14) lim (—ug(x, t)Sk
Qr €

e—0 1

Os,wy (x,1) + ac(x,t) - Vwa(x,t)) dzdt = 0.

If I € [k — 1], provided k € [2,m], the first term tends to 0, and we get in this case
lirr%) as(x,t) - Vywi(z,t)dedt = 0,
e=0 Jo,,

which after taking the limit can be written

(3.15) / / ao(x,t,Y,8m) - Vywi(z,t,y,s;) ds,, dydzdt = 0,
QrJ V1im

ie.,

/ / / aO(x7tay7sm) dsﬂl+1,mﬂ ' vywl(x7tay7sl)dsl dydﬂ?dt =0.
QrJ Yy Slt+1,m]

Suppose v1 € CZ(Y)/R is the factor of w; with respect to the y variable. Then,

(3.16) / /[[l+ : ao(2,t,Y,8m) dspi41,m] - Vyv1(y)dy =0
S 1,m

a.e. on Qp x S'. If [ = k the limit equation (3.14) instead reduces to

lim (—ue(z, t)0s, wi(z,t) + as(x,t) - Vywi(x,t)) dedt =0,

e—0 Qp
which in the limit becomes
/ / u(z, t)0s, wi(x, t,y, Sk)
QrJVim
+ aO(xa tv Y, sm) : Vywk(xa tv Y, sk)) dsm dy dzdt = 0.
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The first term gives no contribution, since wy is Sk-periodic in the s; variable.
Progressing like in the case [ € [k — 1] we finally arrive at (3.16) which now also
includes I = k, i.e., (3.16) holds for all [ € [k]. But it is clear that (3.16) holding for
I = k implies that it holds also for any [ € [k — 1] provided k € [2,m]. Thus, we
only have to consider (3.16) for [ = k, i.e., we have so far obtained

(317) / / GO(J%ta%Sm) ds[[k+1,mﬂ ' Vyvl(y) dy =0
Y J Slk+1,m]

for all v; € C3°(Y))/R. It should be emphasized here that this equation is always true
for Jm>* and is not confined to any particular subset Jm>k 5 € [1 +2(m — k)].

wsep wsep,j?

—1

If we study the limit equation (3.12) extracting a factor e ! in the first term we

obtain
1 Lo r
lim (—— ue(x, t) Z k£ 95,wf (2, 1) + ac(z,t) - — Vi (w, t)) dzdt =0,
=0 Qr € i=1 2 Ek

where we have recalled €}, = €. Suppose that {r.e}./e]} is bounded (in R), it is then

clear that the limit equation above reduces to

o€},
/!

(3.18) lim (—%ue(x,t) -

1 Os,wi (x,t) + ac(x,t) - ;—fvwa(x,t)) dzdt =0.
=0 Jo,

l k

e Suppose (g, {e}}72)) € JiaF,. By definition this means that (e, {e/}) € TumaF
and £}2 /e, must tend to zero. Consider first €/, ~ ¢}, i.e., k = m. We have

already extracted (3.17) which in this case, k = m, is merely

(3.19) / ao(x,t,y,8m) - Vyvi(y) dy = 0;
Yy

this is the pre-local-problem. Consider now the situation €/, ¢ ¢}, ie., k €
[m — 1] requiring m > 1. We first note that we have already extracted (3.17).
We want to employ (3.18) for [ € [k + 1, m]. Choose r. = ¢},, and we get that

/! 12 2
Te€ € [y
(320) £k /k = —Ij — —/k _7:7‘ — 0
S 19 € 19
l l m <l

We can now use (3.18) yielding
1 2
lim (—— ue(z, 1) £ Oy wf (2, 1) + ac(z,t) - Vywi (z, t)) dzdt =0,
e—0 Qr 13 El
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which in the limit becomes (3.15) due to Theorem 2.11 and (3.20). Hence, we
have again (3.16) but for [ € [k + 1,m]. Apparently we end up at the pre-local-
problem (3.19) again since (3.16) in the case [ = m implies that (3.16) holds
automatically for any [ € [m — 1].

e Suppose (g,{e}}]L;) € Tk, By definition this means that (e, {ei}) € Tk
and £/, ~ 2. Let | = m in (3.18). Choose r. = ¢}, again, giving r.c}/e] =
ef?/el,. We can then write (3.18) as

1 €/2
lim (—— ug(x,t)ETk Os,wi (x,t) + ac(x,t) - Vwa(x,t)) dzdt =0,
Qr

e—0 £ m

and by Theorem 2.11 together with the assumption &}, ~ 622 we arrive at the

pre-local-problem, a.e. on Q7 x S™71,

/Y/S (—ur (2, 4, $m)01 () Ds. o (Smm)

m

+ aO(xa t,y, sm) ' Vyvl (y)cm(sm)) dsp, dy =0

for all v1 € C3*(Y)/R and all ¢y, € CZ2(Spn)-

e Suppose (¢, {e}}72;) € jv:;(:plfQ-i-z—k for some [ € [k + 1, m] where k € [m — 1]
is required. By definition this means that (¢, {e/}) € Ju5F and &1/ e — 0 but
&,/ e — oo. We first note that we have already extracted (3.17) which at
this point carries at least one integral, independent of I. Choose 7. = €}/
i € [Il,m]. Apparently, 7. — 0 is guaranteed since i € [k + 1,m]. Trivially,
{ree},/e;} is bounded. Finally,

. &

!
€

~~

(3.21) fe _

! —>0
€k

YLK

~~
35}

by assumption and separatedness. Hence, we can utilize (3.18) with | = ¢ giving

e—0

1 /
lim (—— ue (2, )05, wi (2, t) + ac(x,t) - %Vwa(a:, t)) dxdt =0,
Qr g Ek

and taking the limit by using Theorem 2.11 together with (3.21) we arrive at
the pre-local-problem

(3.22) - /S u1(z,t,9,8m)0s,¢ci(si)ds; =0 for all ¢; € CF(S;), i€ [7,m].

Choose now 7. = ¢} and let i € [k+ 1,] — 1] which requires [ € [k + 2,m],
which in turn requires k € [m — 2]. Then, by assumption and separatedness,

/ 2 gl
Te€, €5 Sl
rT /
e; €., &

(3.23)
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We have shown that we can employ (3.18) with [ =4, giving

1 e 6%—1
lim A (—— ug(x,t)g b =2 05w (z,t) + ac(z,t) - Vywi (z, t)) dzdt=0
T

0 ! 4
e € -1 Si

for i € [k+1,] —1]. Taking the limit by using Theorem 2.11 and (3.23), we
get the second pre-local-problem

(3.24) // ~ao(x,t,y,Sm) ds[[i,m]] - Vyvi(y)dy = 0,
yJ slm]

since the case [ = k + 1 is taken care of by (3.17). The extracted pre-local-
problems are (3.22) and (3.24) in this case.

e Suppose (e, {}}71;) € jvz’;;)’fprm“;% for some " € [k+2,m] where k €
[m — 2] is required. By definition this means that (e, {}}) € JoieF and €)._; ~
ef?. Choose r. = g}/e}, i € [I;m]. It is clearly guaranteed that r. — 0, since
i € [k +2,m]. Moreover, it is trivial that {r.c},/e;} is bounded. Finally,

! !

!/
Te e’ gl El“—l

_ o Si i
a2 /2_>0

3.25 —
( ) €k -1 €k

by assumption and separatedness. Hence, we can utilize (3.18) with | = ¢ giving

e—0

1 !
lim (—g Ue(x,1)0s, wi (x, 1) + ac(x,t) - E%Vwa(x, t)) dzdt =0,
Qr k

and taking the limit by using Theorem 2.11 and (3.25), we arrive at the pre-
local-problem

(3.26) — /S u1(7,t,Y,8m)0s,¢i(s;)ds; =0 for all ¢; € C3(S;), i€ [l;m].
In particular, the s, independence property (3.26) implies that

(3'27) /[[l” ! U1($, t,y, Sm) ds[[l“,m]] = ul(x, t,y, Sm)
Shim

holds a.e. on Q7 x Y x S™. For the second pre-local-problem, choose 7. = ¢},
and let 4 = [°— 1. Then, by assumption,

re€), | €R
/

&

(3.28)

= — 1.
€1
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We have shown that we can employ (3.18), giving

1 12
lim (—— ue(x, t)f—k Os;_wi—q(x,t) + as(z, t) - Vwall(x,t)) dzdt = 0.
e=0Jar € €1

Taking the limit by using Theorem 2.11 and (3.28) and then utilizing (3.27), we

(3.29) / / —u1(z,t,y, Sm)v1(y)0s,-_, cr—1(s1—1)
Sie—1
/ ao(,t,Y,8m) dsprm) Vyv1(y )cl,l(sl,l)) dsp—1dy =0
glisml

a.e. on Qp x §'=2 x Sl which is our second pre-local-problem. Concluding
the present case, the extracted pre-local-problems are (3.26) and (3.29).

What is left to do is to characterize ag in terms of a such that the pre-local-
problems become true local problems, i.e., to show that

(3.30) ao(x,t,Y,8m) = a(x,t,Y, Sm; Vu+ Vyur), a.e. on Qp X Yip,.

The characterization (3.30) would clearly follow from the inequality

(3.31) / / ((—ao(z, t,y, 8m) + a(z, t,y,Sm; Vu + Vyuq + dc))
QrJVim

x dc(z,t,y,8m))dspy dydedt > 0

holding for every § > 0 and every ¢ € D(Qr;CE (Vim)Y), by first dividing (3.31)
with respect to J, then letting § — 0, and finally using the Variational Lemma.
Equation (3.30) establishes an Hyrp-limit b of the form (3.4). Since w is the unique
solution to the homogenized equation and w; is the unique solution to the local
problems, the convergences (3.1)—(3.3) hold not only for the extracted subsequence
but for the whole sequence as well.

In order to prove (3.31) and thus complete the proof, we introduced a se-
quence {p,}%; in D(QT;C;EO(ylm)N) of Evans’s perturbed test functions (see [4])
according to p, = m, + w1, + dc, p € Z, where § and c are as above. For each
p € Z4, the functions m, and 1, belong to D(Qr)" and D(QT;C;&"(ylm)N), re-
spectively. The sequences {m,}72; and {m,};2, are assumed to tend to Vu and
V,u1, respectively, both in L? and pointwise. We then consider {p,‘i} defined by
pp(x,t) = pu(x,t,z/e,t5,). By structure condition (IV),

(3.32) (a(x,t, g,tfn; Vug) - a(a:, t, g,tfn;pli)) (Vue(z,t) — pp(2,t)) =0
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for (z,t) € Qp. By first integrating (3.32) over Qp, then utilizing (3.10) followed by
letting € — 0 and using the inequality

<% s u>X’,X < hgnjglf<% Ues UE>X’,X

(see, e.g., the end of the proof of Theorem 3.1 in [18]), then letting 1 — oo and finally
employing Lebesgue’s Generalized Dominated Convergence Theorem, we arrive at

(3.33) / / —ao(z,t,y,8m) - Vyui(2,t,y,8m) — ao(z,t,y,8m) - 6c(x,t, Y, Sm)
QrJYy

1m

+a(z,t,y,8m; Vu+ Vyui +6c)dc(z, t,y, Sm)) dsy, dydz dt > 0.

In order to lose the first term in the integrand of (3.33), we simply employ the
pre-local-problems. Note that in the resonant cases we need to employ the density
result of Lemma 3.4 and the duality pairing result of Lemma 3.5 using the special
assumptions on u;. Hence, we have shown (3.31) and the proof is complete. (]

For the details that have been left out in the proof above—mainly in the charac-
terization of ag in terms of a—see the proof of Theorem 37 in the detailed e-print
version [20] of this paper.

Remark 3.7. We have two remarks concerning the theorem.

(i) The assumption u; € L?(Qp x Sm_l;H#(Sm;W,W')) in the slow resonant
case merely amounts to the hypothesis 95, u; € L?(Qr x S™1; Li (Sm;W')), since
we already know u; € L?(Qr x Sm’l;Li(Sm;W)) as a fact due to Theorem 2.10
(with n = 1). Of course, we can make a similar remark concerning u; in the rapid
resonant case Jyio®, e o 1€ [k +2,m].

(ii) Note that in the formulation of the theorem we employ strongly rather than
weakly formulated versions of the local problems. This convention will be used in
the remaining homogenization result, Theorem 3.8, as well.

Fix k € [m]o. Let JJ5F be the set of all pairs (e, {e/}7-,) of lists in J2, such
that it either holds that €}, ~ ¢ as before, or that

{e,e},...,el} if k=0,
{eh e Ehnts - Em) if kem-1],
{el,...,el..e} if k=m

is a well-separated list of scale functions. Hence, in the latter case ¢}, % ¢, € < ¢}, for
small enough e, motivating the notation “< k”. This could be read as “the spatial
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scale is asymptotically equal to or less than the kth temporal scale”. Introduce the
collection {j‘,’v’;jp]fi}iif(mfk) of 1+ 2(m — k) subsets of JJis} according to

2

<k k. 3
jv:ge\p,l = {(65 {59};”:1) S j‘;rsbjp : ? — 0},
m
k L
Tty = {(eAeib) e Tugk: o, ~ e,

~

/
m=k _ /ym m=<k. i €1
jwsgp,2+i—k - {(E’ {gj}j=1) € jws;p : 5_2 — 0 but )

~

)

and
m=<k _ rm m=<xk. _/ 2
jws;p,1+m+i°72k - {(6’ {5]‘}3':1) € jws;p D€ YE }

for i € [k + 1,m], (k,i) # (0,1), and i" € [k + 2, m]; for (k,i) = (0,1) we define
m m m 6/
(3.34) jwsia% = {(Ea {53}j=1) € jws;i)o: 5_5 - 0}~

Actually, j{,’;;@ does not really need the second condition, i.e. the non-convergence

to 0, since it is already implied by the fact that we are in JJI5F. Since there does not

1PN}

exist any “e(,”, we note that we need to impose a special definition (3.34) for jvcrsl;%

without the extra condition. The collection {jvcgjpkl}llif (m=k) of subsets of Tansk is
clearly mutually disjoint. Note that if ¥ = m, the introduced collection of subsets
of Jyis™ reduces to merely {jvrv';jpﬁ .

In Theorem 3.8 below, the main result of this paper and appearing as Corollary 40
in [20], we have a straightforward generalization of Theorem 3.6 where k may be zero
and the rather restrictive assumption of asymptotic equality is everywhere replaced

by the relaxed assumption of asymptotic inequality as defined above.

Theorem 3.8. Let k € [m]o. Suppose that the pair e = (g, {e}}L,) of lists of
14+2(m—k)

spatial and temporal scale functions belongs to j‘:;;)kz Let {u.} be the se-

i=1 ’

quence of weak solutions in H'(0,T; H}(Q), H~1(Q)) to the evolution problem (1.1)

with a: Qp x R¥+™ x RN — R¥ satisfying the structure conditions (I)~(V). Then

convergences on the form (3.1)—(3.3) hold, where u € H*(0,T; H}(2), H~(Q)) and

uy € L?(Qr x S™;W). Here u is the unique weak solution to the homogenized

problem (2.2) with the homogenized flux b: Qr x RY — RY given in the form (3.4).
Moreover, we have the following characterization of u;:

e Ifee jvﬁjp]fl then the function wu; is the unique weak solution to a local problem

of the form (3.5).
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elfec jvrvsz]fz, assuming u; € L?(QpxS™~ 1, H#(Sm; W, W')), then the function u;

is the unique weak solution to a local problem of the form (3.6).
o Ife e g"F for some | € [k+ 1,m], provided k € [m — 1]y, then the

wsep,2+1—k
function w; is the unique weak solution to a system of local problems of the
form (3.7).
o Ife e jvzifprm“;% for somel” € [k + 2, m], provided k € [m — 2]jp and assuming

up € L?(Qp x S'=2 x S[[l:m]];H#(Slo_l; W, W')), then the function u; is the unique
weak solution to a system of local problems of the form (3.8).

Proof. To prove the theorem we first have to consider the case of strict asymp-
totic inequality. We then introduce an extra temporal scale function coinciding with
the spatial scale function € in order to transform the problem to the same form as
in Theorem 3.6 which is then applied. For details, see the proof of Theorem 39
in [20]. Theorem 3.8 follows directly from this result by taking into consideration

also asymptotic equality employing Theorem 3.6 again. ]
14+2(m—k) <k

Remark 3.9. Theorem 3.8 can only handle the subset U jvysb;p_i of jvf,’;;;k.
= ;

1=
The conclusion of Remark 3.2 is true also in the setting of Theorem 3.8 though,

i.e., the collection {Pim%k}gf(mfk) forms a partition of P<* where P™<* is the

subset of jvf,’sl;;k with temporal scale functions expressed as power functions, and

,Pm-\<k

i is the corresponding subset of jvfsl;)kz for every i € [1+2(m — k)].
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