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The main contribution of this paper is the homogenization of the linear parabolic equation 0,u®(x,t) — V - (a(x/eT, ..., x/eM,
t/e", .., t/e€m)Vuf(x,t)) = f(x,t) exhibiting an arbitrary finite number of both spatial and temporal scales. We briefly recall some
fundamentals of multiscale convergence and provide a characterization of multiscale limits for gradients, in an evolution setting
adapted to a quite general class of well-separated scales, which we name by jointly well-separated scales (see appendix for the
proof). We proceed with a weaker version of this concept called very weak multiscale convergence. We prove a compactness result
with respect to this latter type for jointly well-separated scales. This is a key result for performing the homogenization of parabolic
problems combining rapid spatial and temporal oscillations such as the problem above. Applying this compactness result together
with a characterization of multiscale limits of sequences of gradients we carry out the homogenization procedure, where we together
with the homogenized problem obtain 7 local problems, that is, one for each spatial microscale. To illustrate the use of the obtained
result, we apply it to a case with three spatial and three temporal scales with g, = 1,9, =2,and 0 <, <1,.

1. Introduction this sequence as its unique solution. The main contribution
of this paper is the proof of a homogenization result for (1),
that is, for parabolic problems with an arbitrary finite number

of scales in both space and time.

In this paper, we study the homogenization of

ou’ (x,t) — V- (a (i, U L, e i) Vu® (x, t)) Parabolic problems with rapid oscillations in one spatial
&t eh en & and one temporal scale were investigated already in [1] using

= f(xt) inQp asymptotic expansions. Techniques of two-scale convergence
type, see, for example, [2-4], for this kind of problems were

u® (x,t)=0 on 0Qx(0,T), first introduced in [5]. One of the main contributions in

[5] is a compactness result for a more restricted class of

0 : . .
U (x,0)=u (x) inQ, test functions compared with usual two-scale convergence,

1) which has a key role in the homogenization procedure.
In [6], a similar result for an arbitrary number of well-
where 0 < q; < -+ < g,and0 < r; < --- < r,. Here  separated spatial scales is proven and the type of convergence

QIT\] = Q x (0,T), where Q is an open bounded subset of
R™ with smooth boundary and a is periodic with respect to
the unit cube Y = (0, 1)~ in RY in the # first variables and
with respect to the unit interval S = (0, 1) in the remaining
m variables. The homogenization of (1) consists in studying
the asymptotic behavior of the solutions u® as ¢ tends to zero
and finding the limit equation which admits the limit u of

in question is formalized under the name of very weak
multiscale convergence.

A number of recent papers address various kinds of
parabolic homogenization problems applying techniques
related to those introduced in [5]. [7] treats a monotone
parabolic problem with the same choices of scales as in [5]
in the more general setting of Z-convergence. In [8], the case
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with two fast temporal scales is treated with one of them
identical to a single fast spatial scale. These results with the
same choice of scales are extended to a more general class of
differential operators in [9] and in [10], the two fast spatial
scales are fixed to be &, = &, & = &, while only one fast
temporal scale appears. Significant progress was made in [11],
where the case with an arbitrary number of temporal scales
is treated and none of them has to coincide with the single
fast spatial scale. A first study of parabolic problems where
the number of fast spatial and temporal scales both exceeds
one is found in [12], where the fast spatial scales are ¢; = ¢,
&, = & and the rapid temporal scales are chosen as si =&,
g, = €, and & = €. Similar techniques have also been
recently applied to hyperbolic problems. In [13] the two fast
spatial scales are well separated and the fast temporal scale
coincides with the slower of the fast spatial scales and in [14]
the set of scales is the same as in [8, 9]. Clearly all of these
previous results include strong restrictions on the choices of
scales. Our aim here is to provide a unified approach with the
choices of scales in the examples above as special cases. The
homogenization procedure for (1) covers arbitrary numbers
of spatial and temporal scales and any reasonable choice of the
exponents ¢,...,q, and r,,...,r,, defining the fast spatial
and temporal scales, respectively. The key to this is the result
on very weak multiscale convergence proved in Theorem 7
which adapts the original concept in [6] to the appropriate
evolution setting. Let us note that techniques used for the
proof of the special case with &, = & & = & in [10] do
not apply to the case with arbitrary numbers of scales studied
here.

The present paper is organized as follows. In Section 2
we briefly recall the concepts of multiscale convergence and
evolution multiscale convergence and give a characterization
of gradients with respect to this latter type of convergence
under a certain well-separatedness assumption. In Section 3
we consider very weak multiscale convergence in the evolu-
tion setting and give the key compactness result employed in
the homogenization of (1), which is carried out in Section 4.
In this final section, we also illustrate how this general
homogenization result can be used by applying it to the
particular case governed by a(x/e, x/ et/ t/e?) where 0 <
Ty < 1y

Notation. Fy(Y) is the space of all functions in F,.(RY) that
are Y-periodic repetitions of some function in F(Y). We
denote Y, = Yfork = 1,...,n,Y" = Y x--- XY,
Y=y Yp @y =dy.dy,, S; = Sfor j=1,...,m,
§" =8, x---xS,,s" =s,...,8,,ds" =ds,...ds,, and
Y um = Y'xS™ . Moreover, welet g (¢), k = 1,...,n,and s;.(s),
j =1,...,m,be strictly positive functions such that ¢ (¢) and
e}(e) go to zero when & does. More explanations of standard
notations for homogenization theory are found in [15].

2. Multiscale Convergence

Our approach for the homogenization procedure in Section 4
is based on the two-scale convergence method, first intro-
duced in [2] and generalized to include several scales in [16].
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Following [16], we say that a sequence {u°} in L2(Q) (n+ 1)-
scale converges to u, € LX(QxY")if

J us(x)v<x,£,...,£)dx
Q 81 sn
(2)
— J J ug (%, y")v(x, y") dy" dx
a Jy
for any v € L*(Q; Cu(Y")) and we write
U () ug (x,y"). ©)

This type of convergence can be adapted to the evolution
setting; see, for example, [12]. We give the following definition
of evolution multiscale convergence.

Definition 1. A sequence {u}in LZ(QT) issaid to (n+1,m+1)-
scale converge to uy € L*(Qp x ¥,,,,) if

X x t t
J us(x,t)v(x,t,—,...,—,—,,...,—,)dxdt
o, & &, € £

oy :

Uy (x,t,y", ™) v (. t, ", s") dy" ds" dx dt

nm

(4)
forany v e LZ(QT; Cn(?n,m))- We write
u G t) " (ot s, (5)

Normally, some assumptions are made on the relation
between the scales. We say that the scales in a list {e;, ..., ¢,}
are separated if

]
1 _— =
Jim ot =0 ©
for k = 1,...,n — 1 and that the scales are well-separated if
there exists a positive integer [ such that
1/(¢ !
lim — ( ﬂ) =0 @)
eo0g \ &

fork=1,...,n-1.
We also need the concept in the following definition.

Definition 2. Let {¢,,...,¢,} and {s;, . ,s:n} be lists of well-
separated scales. Collect all elements from both lists in one
common list. If from possible duplicates, where by duplicates
we mean scales which tend to zero equally fast, one member
of each such pair is removed and the list in order of
magnitude of all the remaining elements is well-separated,
the lists {¢, ..., &,} and {e],..., & } are said to be jointly well-
separated.

In the remark below, we give some further comments on
the concept introduced in Definition 2.



Journal of Applied Mathematics

Remark 3. To include also the temporal scales alongside with
the spatial scales allows us to study a much richer class
of homogenization problems such as all the cases included
in (1). For a more technically formulated definition and
some examples, see Section 2.4 in [17]. Note that the lists
{eI, ..., P} and {€",..., €} of spatial and temporal scales,
respectively, in (1) are jointly well-separated for any choice of
0<q <<quand0<r <--- <1,

Below we provide a characterization of evolution mul-
tiscale limits for gradients, which will be used in the proof
of the homogenization result in Section 4. Here WZI(O, T;
Hé (Q), L*(Q)) is the space of all functions in L%(0, T; Hé Q)
such that the time derivative belongs to L*(0, T; H'(Q)); see,
for example, Chapter 23 in [18].

Theorem 4. Let {u°} be a bounded sequence in WZI(O, T;
HS(Q),LZ(Q)) and suppose that the lists {e,...,¢,} and
{e],....e } are jointly well-separated. Then there exists a
subsequence such that
u® (x,t) — u(x,t)  in L (Qg),
(8)
uf (x,t) = u(x,t) inL? (0, T; H, (Q)) ,

n+l,m+1

n
Vut (x,t) = Vu(x,t)+ Zvyjuj (x, t, y],sm) > (9)
=1

whereu € W, (0, T; Hy (Q), L*(Q)), u; € L (Qp xS™; Hy (Yy)/
R) and u; € LX(Qp X ¥ ;1,3 Hy (YV})/R) for j=2,...,n.

Proof. See Theorem 2.74 in [17] and the appendix of this
paper. O

3. Very Weak Multiscale Convergence

A first compactness result of very weak convergence type
was presented in [5] for the purpose of homogenizing linear
parabolic equations with fast oscillations in one spatial scale
and one temporal scale. A compactness result for the case
with oscillations in 1 well-separated spatial scales was proven
in [6], where the notion of very weak convergence was
introduced. It states that for any bounded sequence {¢°} in
HS(Q) and the scales in the list {¢, ..., ¢,} well-separated it
holds up to subsequence that

J‘ u® (x) < x x > < x )
vix,—,..., ol — )dx
Q & & €n-1 €n (10)

— L Lﬂ uy (%, y") v (9" ) 9 (1) dy" dx

forany v € D(Q; C3°(Y"™")) and ¢ € C{°(Y,)/R, where u,, is
the same as in the right-hand side of

Vut (x) "™ Vu (x) + ZVyju]- (x, yj) , (1)
=

the original time independent version of the gradient charac-
terization in Theorem 4, that is found in [16]. In Theorem 7
below we present a generalized result including oscillations
in time with a view to homogenizing (1). First we define very
weak evolution multiscale convergence.

Definition 5. We say that a sequence {g°} in L Qp) (n+1,m+
1)-scale converges very weakly to g, € L' (Qp x %,,,,) if

J “(x l‘)v(xﬁ i)
QTg > )81)~-~)8n_1
xc(t,i,,...,i,>¢<ﬁ>dxdt
& Em & (12)

- J-QT J?

9o (%1, 5™) v (%, ")
xc(t,s") o (y,)dy" ds" dxdt

for any v € D(Q;C‘EO(Y"_I)), Qe C}’O(Yn)/[R and ¢ € D(0, T;
C3°(8™)). A unique limit is provided by requiring that

L 9o (x,t,y",s")dy, = 0. (13)
We write
g (x,t) nﬂv;;\nﬂ go (.1, y",s™). (14)

The following proposition (see Theorem 3.3 in [16]) is
needed for the proof of Theorem 7.

Proposition 6. Let v € D((Q; C‘;O(Y”)) be a function such that

J v(x,y")dy, =0, (15)

n

and assume that the scales in the list {¢,, ..., ,} are well-sepa-
rated. Then {s;llv(x, x/ep,...,x/¢e,)} is bounded in H Q).

We are now ready to state the following theorem which is
essential for the homogenization of (1); see also Theorem 7 in
[19] and Theorem 2.78 in [17].

Theorem 7. Let {u°} be a bounded sequence in W21(0, T;
Hy(Q),L*(Q)) and assume that the lists {e,,...,&,} and
{e],....e } are jointly well-separated. Then there exists a
subsequence such that

uf (.X, t) n+l,m+1

. = u, (x,t, ", 8™), (16)
n

where, forn = 1, u; € L*(Qp x 8™ Hul(Yl)/R) and, forn =2,
3,..,u, € L*(Qp x ?n_l)m;H;(Yn)/lR) are the same as in
Theorem 4.



Proof. We want to prove that for any v € D((); C‘u)0 Y"™),ce
D(0, T; C‘n’°(Sm)) and ¢ € C‘;O(Yn)/IR,

uf (x,t) x x
— vl x—,...,
Qr €n € En-1

xc<t,i,,...,i,)¢<ﬁ>dxdt
& En €, (17)

n o m n—1
—»LTI u, (x,t,y",s )v(x,y )

nm

xc(t,s") o (y,)dy" ds" dxdt

for some suitable subsequence. First we note that any ¢ €
C;’O(YH) /R can be expressed as

¢ (yn) = Ay,,w (yn) = VyH ' (Vynw (yn)) (18)
for some w € C;X’(Yn)/R (see, e.g., Remark 3.2 in [7]). Fur-
thermore, let

¥ (7.) =V, w(5,) (19)

and observe that

L v () dy, = J v, w(y,)dy, =0 (20)

Y,

n n

because of the Y,,-periodicity of w. By (18), the left-hand side
of (17) can be expressed as

u (x,t) x x
— X,
Qr €n & €n-1

t t X
XC(t,g—{,,g—,)(Vynl//)<a>dxdt

(21)
=J us(x,t)v<x,£,..., X )
Qr & €n1
t t
XC(t,—,,...,—,)V' <1//<£>>dxdt
81 'gm €n
Integrating by parts with respect to x, we obtain
—J Vus(x,t)-v<x,£,..., * >
Qr & €11
t X
xc(t, T .,7)1//<—)
1 Em &
+uf (x,t)va<x,£, = )
& €n-1
(22)

n—-1
e -1 X X
+Zu(x,t)£j Vij(x,—,...,e )

=
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To begin with, we consider the first term. Passing to the mul-
tiscale limit using Theorem 4, we arrive up to subsequence at

1.,

(Vu (x,t) + i v, u; (x, t, yj,sm)>
=

v (x, y"il) c(t,s")y (y,) dy" ds" dxdt,
(23)

n,m

and due to (20) all but the last term vanish. We have

_J- J v, u, (x,t,y",5™)
Qr JY um (24)

v (x, y’H) c(t,s")y (y,) dy" ds" dxdt.

Moreover, (8) means that the second term of (22) up to a
subsequence approaches

n—1 m
_LTJ u(x,t)va(x,y )c(t,s )

n,m

-y (y,)dy" ds" dx dt

= —J J u(x,t) va(x,y"_l)c(t,sm)
Qr 1

n-1,m

: (J v (y,) dyn> dy" ' ds™ dxdt = 0,
Y,
(25)

where the last equality is a result of (20).
It remains to investigate the last term of (22). We write

n-1
_ x X
ZJ us(x,t)sjlvy_v(x,—,..., )
J
j=17Qr € €

1 n—1
t t x
xc(t,—,,.--,—,> 'W<_>dxdt
& En &n
(26)
n-1 € X X
= Z—"J- u® (x,t)s;IVy_v<x,—,--~, >
=1°%j Qr ! & En-1

t t X
XC(t,g,...,a)'l]/(;ﬂ)dxdt.

Clearly, {s;llVij(x, x/e, ..., x/e, ) w(x/e,)}isbounded
in H'(Q) for j = 1,...,n — 1 by Proposition 6. Observing

that {u°} is assumed to be bounded in L*(0, T; Hy(2)), this
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means that, for any integer j € [1,n — 1], there are constants
C,,C,,C; > 0 such that

I3 _ X X
(_"J. ue(x,t)snlvij<x,—,..., >
ej Qr & En-1
t t X g
XC<f,—,,...,—,)'l//<—>dth>
81 em €n
2
€n £ -1 X X
=| = u (x,t)e, Vyvlx—, ...,
& Qr ’ £ €11
t t x ?
xc(t,—,,...,7)~t//<—>dxdt>
81 sm en

. . . .
I3 Vy(-,—,...,—)-t/f(—)’
" & &1 &/ lE 1 ()

2
t t
uS(.,t)c<t,—l,._.,—,> )dt
& Em /N1 ()

T
2
J, s gt

X

. 2
&

2 2
& 2 &
(%) W <)

J

(27)

Hence, all the terms in the sum (26) vanish ase — 0O asa
result of the separatedness of the scales. Then (24) is all that
remains after passing to the limit in (22). Finally, integrating
(24) by parts, we obtain

L1,

u, (x,t,y",s")v (x, y"_l) c(t,s™)V,

nm

Y (y,)dy" ds™ dxdt
(28)
= LT J . u, (x,t,y",s")v (x, y"_l)
c(t:s") @ (y,) dy" ds™ dx dt,
which is the right-hand side of (17). O

Remark 8. The notion of very weak multiscale convergence is
an alternative type of multiscale convergence. It is remarkable
in the sense that it enables us to provide a compactness

result of multiscale convergence type for sequences that are
not bounded in any Lebesgue space. In fact, it deals with
the normally forbidden situation of finding a limit for a
quotient, where the denominator goes to zero while the
numerator does not. The price to pay for this is that we
have to use much smaller class of admissible testfunctions.
In the set of modes of multiscale convergence usually
applied in homogenization that we find in Definition 1 and
Theorem 4, very weak multiscale convergence provides us
with the missing link. As we will see in the homogenization
procedure in the next section Theorems 4 and 7 give us the
cornerstones for the homogenization procedure that allows
us to tackle all appearing passages to limits in a unified
way by means of two distinct theorems and without ad
hoc constructions. Moreover, Theorem 7 provides us with
appropriate upscaling to detect microoscillations in solutions
of typical homogenization problems, which are usually of
vanishing amplitude, while the global tendency is filtered
away as a result of the choice of test functions. See [12].

4. Homogenization

We are now ready to give the main contribution of this paper,
the homogenization of the linear parabolic problem (1). The
gradient characterization in Theorem 4 and the very weak
compactness result from Theorem 7 are crucial for proving
the homogenization result, which is presented in Section 4.1.
An illustration of how this result can be used in practice is
given in Section 4.2.

4.1. The General Case. We study the homogenization of the
problem

t t
atug(x,t)—V-(a(i,..., d ,—,...,—)Vua(x,t)>
e e gh &m
= f(xt) inQp,
u® (x,t) =0 on 0Qx(0,T),

U (x,0) =1’ (x) inQ,

(29)

where 0 < g, < +++ < g, 0 <7, < -+ < 1, f € L(Qp),

u° € L*(Q) and where we assume that
(AD) a € Cy(¥)V .

(A2) a(y", s™)E - & = afé|? for all (", s™) € R"™N x R™, all
& € RY and some « > 0.

Under these conditions, (29) allows a unique solution u® €
W21 (0, T; Hé (Q), L*(Q)) and for some positive constant C,

| ”w;(o,T;Hg @@ <& (30)

Given the scale exponents 0 < q; < --+ < g, and 0 <
r, < --- < 1, we may define some numbers in order to
formulate the theorem below in a convenient way. We define
d; (the number of temporal scales faster than the square of
the spatial scale in question) and p; (indicates whether there
is nonresonance or resonance), i = 1,...,, as follows.



(i) If 2q; < ry, thend; = m,ifr; < 2g; < rj,, for some

j=1,...,m—1,thend; = m— j,and if 2q; > r,,, then
di = 0.
(ii) If 2g; = r; for some j = 1,...,m, that is we have

resonance, we let p;, = 1; otherwise, p, = 0.

Note that from the definition of d; we have in fact in the
definition of p; that j = m — d; in the case of resonance.

Finally, we recall that the lists {¢7',...,&%} and {¢",...,
€'} are jointly well-separated.

Theorem 9. Let {u°} be a sequence of solutions in WZI(O, T;

H}(Q), L*(Q)) to (29). Then it holds that
W (x,t) — u(x,t)  in L (Qp),

uf (x,t) = u(x,t) in L? (0, T;H, (Q)) , )

1,m+1

n
€ ntLm j om
Vu® (x,t) Vu (x,t) + ZVyjuj (x,t,y »S )
j=1

where u € W, (0,T; Hy (Q), L*(Q)) is the unique solution to
Ou (x,t) =V - (b(x,t) Vu(x,t)) = f (x,t) in Qp,
u(x,t)=0 onoQx(0,T), (32)
u(x,0)=u’(x) inQ
with
b(x,t) Vu(x,t)

X <Vu (x,t) + Z v, (x, t,y, sm)> dy"ds™.
j=1
(33)

Here u, € L*(Q x Sm;Hul(Yl)/lR) andu; € L*(Q x Y i1
Hﬂ1 (Y)/R), j=2,...,n are the unique solutions to the system
of local problems

p,.asm_di u; (x, t, yi,sm) -v,

J J J J a(y",s")
Smfd,-ﬂ N Yi+1 Y,

m n

X (Vu (x,t) + Zn: v, (x, t, yj,sm)>
=

X dyn e dyi+1 dsm T dsm—d,-+1 =0,

(34)

fori=1,...,n, whereu, is independent of s,,_g 11> - ->Sp-
i

Remark 10. In the case d; = 0, we naturally interpret the
integration in (34) as if there is no local temporal integration
involved and that there is no independence of any local
temporal variable.
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Remark 11. Note that if, for example, u; is independent of
s,, the function space that u; belongs to simplifies to u; €
L*(QpxS™Y, Hﬂl (Y;)/R) and when u, is also independent of
s,,_1> We have that u, € L*(Qp x §"7%; Hul(Yl)/lR) and so on.

Proof of Theorem 9. Since {u°} is bounded in WZI(O, T;
Hé(Q),LZ(Q)) and the lists of scales are jointly well-
separated, we can apply Theorem 4 and obtain that, up to a
subsequence,

uE (x,t) — u(x,t) in L*(Q),

ut (x,t) = u(x,t) in L* (0, T; Hy (), 5)

n+l,m+1

n
Vu' (x,t) = Vul(x,t)+ Z v, u; (x, t, y],sm) ,
=

whereu € W, (0, T5 Hy (Q), L*(Q)), u; € L(QpxS™; Hy(Y,)/
R), and u; € L*(Q x Y o1 H;(Yj)/n%), j=2,...,n

To obtain the homogenized problem, we introduce the
weak form

J —u® (x,t) v (x) 0,c (t)
Qr

+ X x t
a\ —,... —.
ed’ P el g’

,%) Vut (x,t) (36)
&rm
Vv (x)c(t)dxdt = J f(xt)v(x)c(t)dxdt

Qr

of (29) where v € Hé(Q) and ¢ € D(0,T), and lettinge — 0,
we get using Theorem 4

J- —u (x,t) v (x) O, (t)
Qr

n
+J a(y",s™) <Vu(x,t)+zvyjuj (x,t,y],sm)>
y =

nm

Vv (x)c(t)dy" ds" dxdt

= J fxt)v(x)c(t)dxdt.
Qr
(37)

We proceed by deriving the system of local problems (34) and
the independencies of the local temporal variables. Fix i =
1,...,nand choose

v(x) = el (x) v, (ﬁ)"'%’ﬂ (i)’ p>0,

&4

(38)
C(t)=c1(t)r2< d )---c,\H(i), A=1,...,m

eh en

with v € D(Q),v; € CP(Y;_) for j = 2,...,0, vy, €

CBX’(YI-)/R, ¢ € D0, T)and ¢ € CBX’(SI_I) forl=2,...,A+1.
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Here p and A will be fixed later. Using this choice of test
functions in (36), we have

LT —u (x, 1) Py (x) v, (8%)-'%“ (ﬁ)

<0 () -an ()

A+1
+ Z € e (t)
=2
t P t t
X % 871 . 5171 Cl 8r171 “ e CA+1 STA
X x t t
+a<—,..., ,—,...,—)Vus(x,t)
e & ghn &m
x x
(o (Z)wa (F)
i+1
+ Zep_qf‘lvl (x)
=

« X v X X
V —_— Y V . —_— e ‘V —_—
2 eh Y-t T\ g1 i+l &4

t t
X ¢ (t)(;z(;)-uc)m <E>dxdt

= L)T_f(x,t)spv1 (x)l@(ﬁ)"‘vm (ﬁ)

t t
X ¢ (t)@(sTl)"'C;H_l (87/1>dxdt,
(39)

where, for | = 2 and ] = A + 1, the interpretation should be
that the partial derivative acts on ¢, and ¢, ,;, respectively, and
where the j = 2 and j = i + 1 terms are defined analogously.
Welete — 0 and using Theorem 4, we obtain

x x
lim J —u (x,t) ePv, (x) v, (—)mvm <—>
e=0 ), e &
A+l

_ t
X Yy e (t) e <7>
t t
a6 () e ()

N X x t
al —,... —>.
8‘11’ ,g%’ 57’1’

o %) Vu' (x,t)  (40)
&m

i+1

. Zsp_qf’lvl (%) v, (ﬁ)

j=2
X X
() (@)

t t
X ¢ (t)(}2<871>~--c/1+1 (E>dxdt:0,

and extracting a factor ¢ % in the first term, we get

lim J - 1yf (x,1)
Qr

e—0

A+1

+q; - X X
x Zsp T (x) vy (87)"'1’141 (g)
=2
t t t
<a06 () oa(g)aa ()

X x t t .
+a<—,..., ,—,...,—)Vu (x, 1)
eh & gn &em

i+1

. P=qj i .
Z;s Py (x) vy <£q1 ) Vy]q
=

" x x
Vi e Vit1 e

t t
X ¢ (t)oz<£71>--~cA+1 (Z)dxdt =0.

(41)
Suppose that p + g, —r, > Oand p — g; = 0 (which

also guarantees that p > 0 as required above); then, by
Theorems 7 and 4, we have left

. _ x X
lim —& Tyf (x,t) FTETy, (x)vz(—>~~vi+1<—>
Qr eh

e—0 &4
t t
a0 () a0 (L)

X x t t e
+al—,....,—,—,...,— | Vu (x,1t)
eh e gh &m

—a. X X X
-e? qlvl(x)vz(_>"'vi( . >Vy~vi+1<_,>
eh £9i-1 ! &4

t t
X € (t)(Q(eTl)”'C/HI <E>dxdt =0,

(42)

which is the point of departure for deriving the local problems
and the independency.

We distinguish four different cases where p; is either zero
(nonresonance) or one (resonance) and d; is either zero or
positive.

Case 1. Consider p; = 0 and d; = 0. We choose A = m and
p = g;. This means that p + q; —ry = 2gq; — r,,, > 0 since

d; =p,=0and p — q; = q; — q; = 0. This implies that (42) is
valid. We get

g _ X X
lim | —e % (x, ) €25y (x) v, (—) Vi ( >
Q el

e—0 Z
t t
<a 0 (5)- 2o (57)




0 ( ) X X v X
cEVIX)Vl — )V | — V; —
1 2 e P\ gl il &4

t t
xc (t)e (E)"'Cmﬂ <8Tm>dxdt =0,
(43)

wherewelete — 0and obtain by means of Theorems 7 and 4

n,m

JQT J a(yn,sm) <Vu (x, t)+j;Vyjuj (x,t,yj’sm)>

vy () vy (31) v (i) V) Vi (y)a @)

X (81) * Cuyy (5,,)dy" ds™ dx dt = 0.
(44)

By the Variational Lemma, we have

i n

JY e J; a(yn, sm) <Vu (x,t) + ; Vyjuj (x, t,yj,sm)>

: vyivi+l (J’i) dy,---dy; =0,
(45)

a.e.in Qpx 8" xY; x---xY;_, forallv,, € C;°(Y;)/R and by
density for all v;,, € Hul(Yl-)/IR. This is the weak form of the
local problem in this case. In what follows Theorems 7 and 4,
the variational lemma and the density argument are used in
a corresponding way.

Case 2. Consider p;, = 1 and d; = 0. We again choose A = m
and p = g;. We then have p + q; — r, = 2q;, — ,,, = 0 since
d;=0and p, = 1 and p — g; = q; — g; = 0 which implies that
we may again use (42). We get

lim J —& T (x, 1) €%, (x) v, (i> Vi (i>
Qr eh

e—0 &l
t t
xq ()¢ <871>"'asmcm+1 (E)

+ X x t
a\ —,... — .
e’ P e’ g’

0 X X X
cevi(xX)v, | — |-vi | — |V, v, —
1 (%) 2<s‘11> l<sqi71> i l+1<s‘1i>

e (t)Q(s%)-uchr1 (sé)dxdt =0

. %) Vu' (x,t) (46)
em
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and, passing to the limit,

JQT J —Uu; (x’t’yi>sm) V1 (x) %) (yl)"'vi+l (yl)

nm

X € (t) ®) (51) e asmcm+1 (Sm)
+a(y",s") <Vu (x.t)+ ) Vyu; (x.t, yj,sm)>
i1

v () vy (31) v (Vi) Vo v (1) € ()
X6 (81) " Cpyr (5,,) dy" ds™ dx dt = 0.
(47)

By the variational lemma

Jof ] (s ) v 03, (5)
S, JY; Y,

m i n

+a(y",s™) <Vu (x,t) + Z Vy,“j (x, t, yj,sm)>
j=1
V) Vin (9;) 6par () dyy -+ - dy; ds,, = 0
(48)

ae forallv,, € Hﬁ1 (Y})/R and ¢,,,; € C{°(S,,), which is the
weak form of the local problem in this second case.

Case 3. Consider p; = 0 and d; > 0. Let A be fixed and

successively be m,...,m —d; + 1. Choose p = r; — g; which

immediately yields that p +g; —r, = 0. Furthermore, p—g; =

ry — 2q; > 0 by the restriction of A and the definition of d,.
Thus we have from (42)

. —a, x x
lim | - % (x, 1) %, (x)v2<—>---vi+1(—>
£—50 Q e &9

t t
<a ()20 ()

X x t t .
+a(—,..., ,—,...,—)Vu (x,1)
e g gh em

24, x x x
cgn Ty, (x)v2<—>-~v,-<—_ )Vy.Vm(_.
e &9i-1 i &4

t t
X (t)cz<€71>"'C,1+1 <Z>dxdt =0.

(49)
We let € tend to zero and obtain
J J —U; (x, t, }’i75/\) vy (%) v, (71) - vin (1)
Q ?i,A (50)
x ¢ (1) (s1) 05,6001 (1) dy' ds" dxdt = 0

and we have left
[ oty aan s =0 6
A

a.e. forallg,, € C;X’(S 5)- This means that u; is independent
of s; thus, u; does not depend on s, ;.15 ..,5,,. Next we
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choose p = g;and A = m—d;. We have p+q;—r) = 2q;-1,, 4 >
0 and p — g; = 0 and we may again use (42). We have

: _ o9, ¢ 2‘1i—7m—d,- i YR i)
E11210 LT ety (xt)e vy (x) v, (8% ) Virl (8%
t t
(L) 0 erans (o)
X x t t
+a<—,..., ,—,...,—)Vus(x,t)
eh el gh &m
0 x x x
en (s‘h ) Y (s‘iH >Vy"vi+1 (s‘if )
t t
x¢ () o CGnd - dxdt =0,
(52)

where a passage to the limit yields

J J a(y",s" (Vu(x,t)+ivyuj (x,t,yj,smdi)>
QT j:1 J

vy () vy (31) v () V. Vi ()

nm

606 () g (s a) 5" dxd =0,
(53)

and finally
J e J a (yn, Sm)
v, Jy

J Smfd,-ﬂ '[ Sm i n

X <Vu (x,t) + i Vyjuj (x, t, yj,sm_d")> (54)
=1

' vy,-vi+1 (yz) dyn e dyz dsm '” dsm—d,-+1 =0,

ae forallv,, € Hul(Yi)/IR, which is the weak form of the
local problem.

Case 4. Consider p; = 1 and d; > 0. Let A be fixed and
successively be m, ...,m —d; + 1. Choose p = r) — g; directly
implying that p + g; — ry = 0. Moreover, p—q; =1, —2¢q; > 0
by the restriction of A and the definition of d; and p;. Hence
using (42), we obtain

lim J —£ T (x, 1) €%, (x) v, <i> Vi (i)
Qr eh

e—0 &l
t t
<a ()0 ()

X x t t e
+a<—,..., ,—,...,—)Vu (x,1)
e & g gm

—24; X X X
(2 ) ()5 (2)
e £4i-1 i &4

t t
X ¢ (t)cz<871>"’C)H1 <87A>dxdt=0.

(55)

Passing to the limit, we get
J J —U; (x, £ )’i>5A) v () vy (7)) vir ()
Or JYin
X6 ()6 (51) 05,6141 (52) dy' ds* dx dt = 0.

(56)
That is,

L —U; (x, t, }’ias/\) 0 i (52)dsy =0 (57)

A

a.e. forall ¢,; € C}°(S)), and hence u; is independent of s,.
Next we choose p = g; and A = m — d; in (42). Thus we have
p+qi—1y=29;— 1, 4 =0and p—q; = 0and we get

lim JQ —& T’ (x,t) 50"1 (x) v, <i> Vi (i)

e—0 e &4

t t
X ¢ (t) %) (E) U asm,dt, Cm—d,+1 (grm*di )

t t
+a<i,,,,, x,—,...,—)Vus(x,t) (58)
eh glm

0 X X X
cevi(x)v,\ — |- v. | — |V, v, —
1 (%) 2<s‘11) ’(sqiﬂ) i ’“(g%)

t t
X6 (t)cz (E) © Cnd,+1 <m)dxdt =0.

We let € go to zero obtaining

JQT J —U; (x) t, ,'Vi>5m_di) vy (X) v, ()’1) Vi (yi)

n,m

X ¢ (t) ) (sl) T asm,di Cm—d,+1 (Sm—di)

+a (y",sm) <Vu (x, t) + i Vy,-”j (x, t, y]" Sm—di)>
j=1

v () v, () v (vim) V) Vi ()

X6 (16 (51) G (Sma,) dy" ds™ dixdt = 0
(59)

and finally we arrive at

J J J J —ui(x,t,yi,sm_di)"i+1
Sm—d,- S Y, Y,

x (}’,) asm—d,- COm—d+1 (Sm—d,-)
+a (y”’sm) <vu (X, f) + i vyjuj (X, t y], SMd,-))
j=1

: Vyi Vit (yz) Cm—d;+1 (Sm—di) dyn e dyz dsm e dsm—di

=0
(60)

ae forallv, , € Hlil (Y;)/Randc, g1 € Cy°(S,,_g ), the weak
form of the local problem. O
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Remark 12. The result above can be extended to any mean-
ingful choice of jointly well-separated scales by means of
the general compactness results in Theorems 4 and 7 and
are hence not restricted to scales that are powers of &; see,
for example, [11] for the case with an arbitrary number of
temporal scales but only one spatial micro scale. To make the
exposition clear, we have assumed linearity, but the result can
be extended to monotone, not necessarily linear, problems
using standard methods.

Remark 13. The wellposedness of the homogenized problem
follows from G-convergence; see, for example, Sections 3
and 4 in [20]. See also Theorem 4.19 in [17] for an easily
accessible description of the regularity of the G-limit b. The
existence of solutions to the local problems follows from
the fact that they appear as limits in appropriate conver-
gence processes. Concerning uniqueness, the coercivity of
the elliptic part follows along the lines of the proof of
Theorem 2.11 in [16] and for those containing a derivative
with respect to some local time scale general theory for linear
parabolic equations apply, see, for example, Section 23 in [18].
Normally multiscale homogenization results are formulated
as in Theorem 9 without separation of variables and if we
study slightly more general problems, for example, those with
monotone operators where the linearity has been relaxed,
such separation is not possible. However, in Corollary 2.12
in [16], a technique similar to separation of variables of
the type sometimes used for conventional homogenization
problems is developed. Here one scale at the time is removed
in an inductive process and the homogenized coeflicient is
computed. We believe that a similar procedure could be
successful also for the type of problem studied here but would
be quite technical.

4.2. Illustration of Theorem 9. To illustrate the use of
Theorem 9, we apply it to the 3, 3-scaled parabolic homog-
enization problem

atus(x,t)—V-(a(i%,é,é)Vus(x,t))
e et en’ en
= f(x,t) in Qp,
f T (6D
u®(x,t)=0 on 0Qx(0,T),

u (x,0)=u’ (x) inQ,

where 0 < 7, < 7, f € L*(Qp), u’ € L*(Q), and the
structure conditions

(BI) a € C{(¥,,)""

(B2) a(y2,52)€ & > alE)? for all (yz,sz) e RN x R?, all
& e RN and somea > 0

are satisfied.

Journal of Applied Mathematics

TaBLE 1: d; and p, fori = 1.

r, and r, relative to 2q, = 2 d, P
0<r <r,<2 0 0
O<r <r,=2 0 1
0<r <2<, 1 0
2=r <1, 1 1

2<r <1, 2 0

TABLE 2: d; and p; fori = 2.

r, and r, relative to 2q, = 4 d, P,
O0<r <r,<4 0 0
O0<r <r,=4 0 1
O<r <4<r, 1 0
4=r<r, 1 1

4<r <r, 2 0

We note that the assumptions of Theorem 9 are satisfied
in this case. Hence the convergence results in (31) hold and,
for the homogenized matrix,

b(x,t) Vu(x,t)
= J’? a (yz,sz) (Vu (x,t) + Vylul (x, t, yl,sz) (62)

+V,,u, (x, t, v’ sz)) dy* ds’.

Furthermore, u; € L*(Qp x 8% Hlll (Y,)/R) and u, € L*(Qy x
?1,2;H£(Y2)/ R) are the unique solutions to the system of
local problems

piaSZ—d,- Uj (x’ t, yi’ 52) - v)’i

Lo oL et

i+1
% (Vu (x5, t) +V, 1, (x, t, V1 52) (63)

+V},2u2 (x, t, yz, 52))
Xdy, -+ dydsy--dsy g4 =0

fori = 1,2, where u; is independent of s,_; ,1,...,5,.

To find the local problems and the independencies explic-
itly, we need to identify which values of d;, and p; to use. To
find d;, we simply count the number of temporal scales faster
than the square of the ith spatial scale for different choices
of r, and r,. Moreover, resonance (p; = 1) occurs when
the square of the ith spatial scale coincides with one of the
temporal scales.

First we consider the slowest spatial scale; that is, we let
i = 1. Note that 2q; = 2.1f2q; =2 < r|, thend, = 2,if r, <
2 < rythend;, = landif2 > r,, then d, = 0. Regarding
resonance, if r; = 2 or r, = 2; then p; = 1; otherwise, p, = 0.
For lucidity, we present which values of r; and r, that give the
different values of d; and p; in Table 1.

In a similar way as above, we get for i = 2 Table 2.
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We start by sorting out the independencies of the local
temporal variables. As noted, for i = 1,2, u; is independent
of S, 4 .1>---»>$,, which means that if d; = 1, then u; is
independent of s, and if d; = 2, then u; is independent of
both s, and s,. In terms of r; and r,, we have that for r, > 2,
u, is independent of s, and for ; > 2 also independent of s,
for r, > 4, u, is independent of s, and moreover, for r; > 4 it
holds that u, is also independent of s,.

To find the local problems, we examine all possible
combinations of (d,, p;) and (d,, p,), where 13 are realizable
depending on which values r; and r, may assume. Each
row in the tables gives rise to a local problem via (63). This
means that each combination gives two local problems. If a
row occurs in several combinations, the same local problem
reappears. If we start by choosing the first row in the second
table, that is (d,,p,) = (0,0), this can be combined with
all five rows from the first table, which means that the local
problem descending from (d,, p,) = (0,0) is common to
these combinations. By (63), this common local problem is

—V},2 . (a (yz,sz) (Vu + Vy1”1 + Vyzuz)) =0. (64)

If we combine (d,, p,) = (0,0) with (d;, p;) = (0,0) we have
in terms of r; and r, that 0 < r; < r, < 2. The other local
problem in this case is

_Vy1 . JYZ a (yz,sz) (Vu + Vylul + Vyzuz) dy,=0. (65)

In combination with (d;, p;) = (0, 1), thatis,0 < r; <1, =2,
we obtain instead

Og,uy =V, - JY a (yz,sz) (Vu +V, up + Vyzuz) dy, =0,
2 (66)

and for (d,, p;) = (1,0), which means that 0 < r; <2 <r, <
4, we have

-V, J J a (yz,sz) (Vu +V, up + Vyzuz) dy,ds, = 0.
s, Iy,
(67)

The fourth possible combination, that is, with (d,,p;) =
(1,1), thatisr; =2 < r, < 4, gives

o, u, —V J J a(y’s
11 N s, Jy, (y )
X (Vu +V, up + Vyzuz) dy,ds, =0

(68)

and finally for (d;, p;) = (2,0), thatis 2 < r, < r, < 4, the

second local problem is

-V, - LZ JY a (yz,sz) (Vu +V,up + Vyzuz) dy, ds* = 0.

(69)

Next we consider (d,,p,) = (0,1) in Table 2, which
corresponds to 0 < r; < r, = 4 and gives the local problem

O,y =V, (a (yz,sz) (Vu +V,u + Vyzuz)) =0. (70)

1

Here we have three possible combinations, namely with
(dy,p) = (1,0), (1,1), and (2,0). We note that we have
already derived the local problems corresponding to these
rows. Thus, the second local problem forr, = 4and0 < r; < 2
is given by (67) for r, = 4 and r;, = 2 by (68) and for
2<r <r,=4by(69).

We proceed by choosing (d,,p,) = (1,0) in Table 2,
yielding

-V, <<Lz a (yz,sz) d52> (Vu +V, up + Vy2u2)> =0.

(71)

The choice (d,,p,) = (1,0) can be combined with three
different rows from Table 1, (d;, p;) = (1,0), (1, 1), and (2, 0).
In combination with (d,, p;) = (1,0), which means thatr, > 4
and 0 < r; < 2, we have

~Vn L@ <Lz aUz,SZ)dSZ)

X (Vu +V, up + Vyzuz) dy, =0,

(72)

which is essentially the same as (67) but with the integration
over S, directly on a(y*s*) since both u;, and u, are
independent of s,. For (d,,p;) = (1,1), thatis, r, > 4 and
r; = 2, we have

o, u, -V

. N .L’z <JSZ a(yZ)SZ)dSZ)

X (Vu +V, u; + Vyzuz) dy, =0,

(73)

which is the same as (68), but where we may integrate directly
on a(yz,sz) in the same manner as above. For the third
possibility, (d;, p;) = (2,0),2 < r; <4 < r,, we get

5[ J ([ 202 a)

X (Vu +V, up + Vyzuz) dy,ds, =0,

(74)

the same as (69), except for the position of the integration
over S,.

The next row in Table 2 to consider is (d,, p,) = (1,1),
which can be combined only with (d;,p;) = (2,0). This
combination corresponds to 4 = r, < r, and gives

asl U = V)’z

' ((L “(yz’sz)d52> (Vi + V4 vy2u2)> =0

(75)

and again (74).
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FIGURE I: The 13 cases depicted in the r,r, plane in the order of
appearance.

Finally, for the row (d,,p,) = (2,0) together with
(dy,py) =(2,0), thatis, 4 < r; < r,, we get

-v,, - ((LZ a(yz,sz) dsz> (Vu+ v, u + Vyzuz)) =0,

-V, JYz <LZ a (yz,sz)d52>

X (Vu +V, up + V},zuz) dy, =0,
(76)

where the latter is essentially the same as (69) and (74).

Thus, having considered all possible combinations of r,
and r,, we have obtained 13 different cases, A-M in Figure 1,
governed by two local problems each.

In the figure, cases B, D, F H, J, and L (straight line
segments) correspond to single resonance, whereas in the
case G (a single point), there is double resonance. In the
remaining cases (open two-dimensional regions), there is no
resonance.

Remark 14. Note that for a problem with fixed scales the
finding of the local problems is very straightforward. For
example, if we study (61) with r; = 2 and r, = 17, we have
m=2n=2d =1p =1,d, = 1,and p, = 0. We
obtain that both u; and u, are independent of s,. Inserting
d, =1, p; = 1in (34) immediately gives the problem (73) and
d, = 1, p, = O results in (71). The example chosen above with
variable time scale exponents reveals more of the applicability
and comprehensiveness of the theorem.

Remark 15. The problem (61) was studied already in [17, 19],
but using Theorem 9, the process is considerably shortened.
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Appendix

Proof of Theorem 4

This section is devoted to the proof of Theorem 4. The
theorem was first formulated and proven in a detailed
preprint version from 2010 of [11]. It was also given as
Theorem 2.74 in [17] together with the proof. We first need
the following fundamental compactness result; see also, for
example, Theorem 2.66 in [17]. Observe that the concept of
jointly separated scales amounts to the obvious modification
of jointly well-separated scales.

Theorem A.l. Let {u°} be a bounded sequence in LZ(QT) and
suppose that the lists {e,,...,¢,} and {],..., € } are jointly
separated. Then there exists u, in L*(Qp X Y um) such that,
up to a subsequence,

n+1,m+1

u (x, 1) = (A)

uy (x,t, 9", ™).

Proof. Introduce the spatiotemporal variable X = (x,t) in
O = Q; and let the corresponding local variable 7" ¢
yrmek = (v x S)™™* where k is the number of pairs of
duplicates, that is, scales which tend to zero equally fast (see
Definition 2), be defined in the following manner. Suppose
that the resulting combined spatiotemporal list generated
from the lists {e;,...,&,} and {e],..., &, }is {€,.. ., &l
Fix] = 1,...,n+m—k; then, we have three mutually exclusive
possibilities for the spatiotemporal scale &. Firstly, if & tends
to zero equally fast as ¢; for some i = 1,...,7n but not equally
fast as 8;- for any j = 1,...,m, then 3 = (y;s;) where

*

s; € S8 = Sis atemporal “ghost” variable. Secondly, if g

tends to zero equally fast as s;. for some j = 1,...,m but not
equally fast as ¢; foranyi = 1,...,n, then y; = (y;f, s;) where
y; €Y =Y is aspatial “ghost” variable. Finally, if & tends
to zero equally fast as both ¢; and s} forsomei=1,...,nand
j = L...,m, then yy = (y;s;). We collect the introduced
n + m — 2k “ghost” variables in the total “ghost” variable
7* € Y* where Y* is a Cartesian product of n — k copies of S
and m — k copies of Y.

Within the framework of spatiotemporal quantities as
introduced above, let

7 (%) = u® (x,1),

(A2)
v (55, )7"+m_k) =v(xty",s")
for any v € L*(Qp; Cy(¥ ). Note that the sequence {7}
is bounded in L*(Q) and that ¥ € L*(( Cn(f’mm_k)) is
independent of the local “ghost” variables.

We have by definition

X x t t
J u (v Xt =, .., = .., | dxdt
Qr & g, & e

(A3)

e X x _
=J‘~u£(x)v<x,~—,...,~ )dx.
Q & Entm—k



Journal of Applied Mathematics

Since {g,...,€,, .1} is separated, Theorem 2.4 in [16]
ensures that, up to a subsequence the sequence {&i°} does
(n+m -k + 1)-converge to &, € L*(Q x Y""%); that is,

e - X X _
J~u£(x)v<x,~—,...,~ >dx
Q & Enrm—k

— [ L mr s ayas

1, (fwermer)

xv(x,t,y",s")dy" ds" dx dt

= J J- uy (x,8,y", ") v(x,t, 5", s") dy" ds" dx dt
Qr

nm

(A.4)
as ¢ tends to zero where
nom ~ (= ~ntm-k ~%
ug (x,t,y",s") = L;* oA (x,y )dy (A.5)
belongs to L*(Q x %,,,,) due to the fact that
”“OHLZ(QTX%M) S "ﬁOHLZ(ﬁx?””’"") <o (A.6)

by Jensen’s inequality. To conclude, we have shown (A.1) and
we are done. O

Remark A.2. In the proof above in the case when all spatial
and temporal scales can be matched into pairs, we naturally
interpret the formal instances of integration over the empty
setY" asif there is no local spatiotemporal “ghost” integration
involved.

We are now prepared to give the main proof of the
appendix.

Proof of Theorem 4. Since {u} isbounded in Wzl (0, T; Hé (Q),
L*(Q),

ut (x,t) = u(x,t) in L* (0, T; Hy () (A7)
for some unique u € L%(0, T; Hé (Q)) and, by Lemmas 8.2 and
8.4 in [21],

u® (x,t) — u(x,t) in L*(Qy). (A.8)

From Theorem A.1 and again using the boundedness of {u}
in WZ1 (0,T; Hé(Q), L2(Q)) we have, up to a subsequence,

n+l,m+

Vit (x, 1) " wy (x,8,5",5™) (A.9)
for some w, in L*(Qy X ?n,m)N.

We will now characterize w, in terms of gradients. Let
v e DQ;CP(Y"N) n % and ¢ € D(0,T;C°(S™)) where
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Z is the subspace of generalized divergence-free functions
in L2(Q x YN defined according to

#={y el (Ly(r")")

:J J V}’k.y/(x’yn)dyn"'dykﬂ=0)
Yk+1 Yn
k=1,...,n-1}.

(A.10)

Using vc as a test function in (A.9) we get, up to a subse-
quence,

X X t t
J Vus(x,t)-v(x,—,...,—)c(t,—,,...,—,)dxdt
o & e, €l £

— | ] woleny ey
Qr S m
xc(t,s")dy" ds™ dx dt.

(A1)

Using partial integration on (, the fact that 4° and v vanish
on 0Q) (we only need that one of them does, though) and that

v, v=0, the left-hand side of (A.11) may be written

n—1
_ J W (1) (v £y s};lvyk>
Qr k=1

(A12)
-v(x,ﬁ,...,£>c(t,L,,...,L,)dxdt.
& €, £ e
We claim now that V,, -v € &, where
& = {¢ e D(;C (Y"))
(A13)
Y’ YYI
r=1,...,n Indeed, foranyk = 1,...,n—1, wehaveV, -v €
D(Q; C;’O(Y”)) and
J J Ve v(ey ) dy, o dyen =00 (AL4)
Yk+1 Yn

where we have simply employed the definition of v being
in # making the multiple integrals to vanish, so V,

v € &y Thus, by Corollary 3.4 in [16], we have that
{s,:lVyk - v(x, x/€5. .., x/¢,)} is bounded in H'(Q) for all

=1,...,n— 1. This boundedness yields an estimation
n—-1 x x
J u® (x,1) Z‘Sl;lvyk ‘v<x,—,...,—>
Qr k=1 & &
2
t
xclt,—,....,— |dxdt
€ g,
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T
STJ Jug(x,t)
o |Ja
n—1
1
X Zsk V}’k
k=1
t t 2
x
V<X)_) >_>C(t,_,,-- ,_,)dx dt
& &, 4 e
T n—1
STJ &'V -v(-,—, ,—>,
o | \4o kT & e,
2
t
u( t)c(t, ,—,>> dt
& En /[ H(@.HLQ
T {|n—1 . 2
TJ € 'V<')_; )_>
0 kz; kY & n L
= H(Q)
t t\|*
x us(-,t)c(t,—,,...,—,> dt
& Em /Hi )
n—1 X . 2
SCI 8k1 <'7_’-'~a_>'
<k21 A e & & /1)
T
& 2 t t
X u (-t clt,—,...,— ||dt
[} ol ()
n-1
Ekt1 £)12
(Z B ) "“ “LZ(O,T;Hg(Q))
k=1 “k
n—1
Er+1
k=1
(A15)

where we in the first inequality have utilized the Hoélder
inequality and in the last step have used that the scales are
separated. We thus conclude that the left-hand side of (A.9)
converges to

- JQT I?

= J J' Vu (x,t) - v(x, y")c(t,s")dy" ds" dx dt
Q n,m
(A.16)

u(x,t)V-v(x,y")c(t,

nm

s§")dy" ds™ dx dt

for all v € D(Q; C°(Y")™) N % and all ¢ € D(0, T; C;(S™)).
Hence, from the right-hand side of (A.11), we obtain

LT Jm <J;2 J n (wy (x,, y",s™) = Vu(x,1))

v(x,y")dy" dx) c(t,s™)ds™dt = 0.
(A7)
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By the Variational Lemma and utilizing the density property
(i) of Lemma 3.7 in [16] it holds for every v € # that

J J (wy (x,£,y",5™) = Vu(x,1)) - v(x, y")dy" dx = 0.
oy
(A.18)

that is wy,—Vu is in the orthogonal of # almost everywhere in
(0, T)xS™. By property (ii) of Lemma 3.7 in [16], We conclude
that

wy (x,1,9",8™) = Vu (x,t) = Z V), Uk (x, t, y", sm) ,
k=1
(A.19)
where u; € LZ(Q;H;(YI)/[R) and u; € LXH(Q x Y-
Ht} (Y,)/R) for k = 2,...,nalmost everywhere in (0, T) x S™.
What remains is to prove that u, € L*(QxS™; Hul(Yl)/IR)
and uy € LX(Qp X Yy Hul(Yk)/[R) fork =2,...,n. Wewill

perform a proof by induction accomplished in two steps: the
Base Case followed by the Inductive Step.

Base Case. We show that u, € L*(Q; x S"‘;H; (Y)/R). We
have, almost everywhere in QO X %,

v, 1, (5.8 3y,5")

J Y, Y,

I Vyuy (%1, 1,8") dy, - dy,
-1,

n i
JYZ

=J J wy (%, 8, ", 5™ ) dy, -+
Y, Y,

™M=

Vy,”z x,t, ¥, s )dyn-‘-dy2

1

J (wy (x,£,9",8™) = Vu(x,1)) dy, - dy,

YVI

- Vu(x,t),
(A.20)

where the second equality follows from the fact that u; is Y;-
periodic. Thus,

"”1 ”LZ(Qszm;H; (Y))/R)

" 7t L Qpx¥Y )N

J J wo (x5 ", 5™) dy,, - dy, - Vu
Y, Y,

n

L(QrxY 1)

<

L J w (., ", 8™) dy, - dy,

n

LZ(QTX?l,m)N
IVl 2y,

(A.21)

Clearly, Vu € L*(Q;)Y, and since w, € L*(Q x ?n)m)N, we
have that

J 5 J wo (x.8, 9", 8™) dy, - dy, (A.22)
Y, Y,

n
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belongs to L*(Q; x ?I’M)N by the Holder inequality. We get

sy "LZ(Qsz'";H;(YI)/R) < 0o, (A.23)

and the Base Case is verified.

Inductive Step. Fix r = 1,...,n — 1 where n > 1. Assume
that u; € L*(Qp x Sm;H; (Y,)/R) and, provided that r > 1,
that u; € LX(Qp X ¥, Hy(Y))/R) forall j = 2,...,r.
We must show that this assumption implies that u,,, €
LX(Qp X Y s Hlil (Y,,1)/R). We have, almost everywhere in
Qrx¥

r+1,m>

r+l m
st (8 5")

-,

r+2

),

r+2 ni

o J-Y Vyr+1ur+l (x> £, errl’ Sm) dyn e dyr+2

n

V., u; (x, t, yi, Sm) Ay, Ay,

n
=1

n i=1
JYM

r

S50 )

i=1

:JY ..J- wo(x’t)yn,sm)dyn"'dyr+2

r+2 n

j (wO (x’ t’yn’ Sm) -Vu (x’ t)) dyn“'dyr+2

n

- Vu (x,t) — i V,.u; (x, t, yi,sm) ,
i=1

(A.24)

where the second equality follows from the fact that u; is Y;-
periodic. We get the estimation

||u1'+1 "L2 (QTX?MMH; (Yr11)/R)

= ||Vyr+1 Mr+1

)

LZ(QTX?HI,m)N

. J wo (.6, Y8 ) dy, - Ay,

r+2 n
r
-Vu-) V,u
i=1 LZ(QTX?/Hl,m)N
< J J wo (%,1, "5 ) dy, - dy,,
Yri2 Y, QXY pir )™
r
IVl *+ D |Vl o
i=1 ’

15
< J J wy (%1, y"5") dy, Ay,
Y2 " QXY i)
.
IVl a0+ 2 Wil ey oy
i=1
(A.25)

Using the same arguments as in the Base Case, Vu € L*(Q)
and

J J wy (.6, ", 8") dy, -y, (A.26)
Yr+2 Y,

n

belongs to L*(Q x ?/l,m)N' By the inductive assumption, we

have that u, € L*(Qp x S";H,(Y;)/R) and u; € L*(Qp x

Y i1 Hy (Y))/R) forall j = 2,...,r. Thus
"ur+1"LZ(QTX?YM;H;(Y,H)/R) <o, (A.27)
and the Inductive Step is complete and we are done. O
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