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ASYMPTOTIC ANALYSIS OF THE LINEARIZED
NAVIER-STOKES EQUATIONS IN A CHANNEL

ROGER TEMAM!2 AND XI1AOMING WANG!
Hnstitute for Scientific Computing & Applied Mathematics, Indiana University, Bloomington, IN 47405
2Laboratoire d’Analyse Numérique, Université Paris-Sud, Batiment 425, 91405 Orsay, France

Abstract. In this article we study and derive explicit formulas for the boundary layers occurring
in the linearized channel flows in the limit of small viscosity. Our study is based on classical
boundary layer techniques combined with a new global treatment of the pressure term.

Introduction. In the limit of large Reynolds numbers (or small viscosity), the
solutions to the incompressible Navier-Stokes equations display a turbulent behavior
whose understanding is still a major open problem in mathematical physics.

It seems that there are at least two important aspects of the problem; on the one
hand the role played by the nonlinear terms which tend to mix the modes and propa-
gate energy among them. On the other hand for physically realistic flows which involve
boundaries, it is known that important phenomena occur at the boundary in a thin re-
gion called the boundary layer; in particular, the generation of vortices which propagate
in the fluid and contribute to generate the motion.

Although much remains to be done, there has been recently some progress in the
mathematical aspects of nonlinear dynamics, in relation with the point of view of
attractors, based on the dynamical system approach to turbulence of Smale and Ruelle-
Takens.

Concerning the mathematical study of boundary layers, a thorough study is available
in the long article of M.I. Vishik and L.A. Lyusternik ([15]) and in the book of J.L. Lions
([6]); see also W. Eckhaus ([2]) and P. Lagerstrom ([5]) at the interface of mathematics
and mechanics. All these references contain a thorough study of boundary layers; in
particular, for time-independent problems. For time-dependent problems partial results
appear in [5] and [6]; let us mention also the work of O. Oleinik ([8]) who studied the
mathematical theory of the Prandtl’s equations ([9]) independently of their relation
to the Navier-Stokes equations and the work of P. Fife who studied the validity of
Prandtl’s equations in the stationary case with special type of pressure ([3]).

Although the full study of the convergence of the Navier-Stokes equations to the
Euler equations is an outstanding problem which may still be out of reach, we would
like in this and in forthcoming articles ([13, 14]) to develop some tools for the study
of boundary layers in flows. An essential aspect of our approach as compared to the
classical studies on boundary layers in the references above is that we treat the pressure
in a global manner, and not only locally. The global treatment of the pressure is
an essential aspect in the numerical treatment of the Navier-Stokes; it plays also an
important role for a different problem in [12].

Received for publication March 1995.
AMS Subject Classifications: 35B25, 35B40, 35C20, 35Q30, 76D03, 76D07, 76D10, 76D30.

1591



1592 ROGER TEMAM AND XIAOMING WANG

The type of problems that we treat here is physically simple and perhaps physi-
cally irrelevant, but we feel that the techniques introduced here will be necessary for
physically more relevant problems. We study the boundary layers for a channel flow,
dropping furthermore the nonlinear terms of the equations; hence we study an evo-
lution Stokes equation in a channel with two fixed boundaries and periodicity in the
directions parallel to the walls. The simplifications due to the flat wall will be overcome
in a subsequent article ([13]) where we will consider curved boundaries.

The article is organized as follows. In Section 1 we study the boundary layers for the
heat equation first in space dimension one, then in space dimension two (or higher).
Although these results may not be new, we did not find them available in the literature
in the form in which we present and use them. Section 2 is devoted to the linearized
channel flow. Section 3 concerns some results on the behavior of the solutions for
large time and small viscosity parameter. Finally the Appendix contains the proof of
technical results.

1. Boundary layer for the heat equation. In this section we shall study the
corrector problem for the heat equation in a 2D periodic channel. This is one of the
necessary ingredients for describing the corrector for channel flows. In Section 1.1 we
shall study the 1D case, derive some explicit expressions for the solutions and for the
boundary layers and then in Section 1.2 we present the corrector for the heat equation
in the 2D channel.

1.1. A preliminary result: The heat equation in space dimension one.
As indicated before we want here to derive suitable expressions of the one-dimensional
singularly perturbed heat equation and its corrector. Although some form of these
correctors may be found perhaps in the engineering literature, we did not find them
available in the mathematical literature (see e.g. M.I. Vishik and L.A. Lyusternik ([15]),
J.L. Lions ([6])) and to the best of our knowledge the mathematical results given in
Section 1 are new.

We need to start with the classical heat equation

o,
ot oyr
ult=o = g, u(0)=u(l)=0.

O<y<l, t>0,

(1.1)

for which we give an explicit formula of the solution of (1.1) using the heat kernel.
More precisely, let us define the extension operator 7 : L?(0,1) — L? (R1),

loc
g(y)v ye (0’1)’
T =
(7(9)(y) { T y € (—1,0), geL*0,1)

and 7 (g) is extended periodically outside (—1,1), with period 2.
We then define

it y) = / T L (1) () do, (1.2)

_ oo VATt

and we have the following result:
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Lemma 1.1. Suppose g € L?(0,1). Then |1y defined in (1.2) solves the 1D heat
equation (1.1) with initial data ug = g and zero forcing term (f = 0), in the sense that

fL(t, ) - T(g) in L?OCGRI)? or Hﬂ’(tv ) - gHLQ(O,l) —0 ast—0, (13)
and
il € Hy(0,1), or a(t,0)=a(t,1) =0, forallt>0.

For the sake of completeness we recall the proof of this well-known result in the
Appendix.

Similarly by applying Duhamel’s principle we can show that the solution to (1.1)
(with general ug and f) can be expressed as

1l _@w?
u(t’y):/_oo i (T (uo))(x) da -

¢ o0 1 _(@—p)?
T / e AU @) deds,

Now let us consider the boundary-layer problem for the singularly perturbed heat
equation on (0, 1):

ous  O%uf
_ZY o<y <,
o o Y (1.5)
uli=o = ug, u°(t,0) =u(¢,1)=0.
The corresponding “inviscid” equation (¢ = 0) reads
o 0
a—u;f = fv uo‘t:O = Uo, (16)

whose solution is

0= ' fs) ds.
u uo—i-/of(s)s

We will assume as much regularity as needed from vy and f but, however, u° will not
vanish in general at z = 0 and 1 (u® ¢ HE(0,1)), unless both uy and f do, which is not
a necessary requirement for the data in (1.5).

Consequently, as € — 0, u° can not converge to u" in L?(0,T; H*(0,1)) if either
f or u0 lies outside H}(0,1). Thus there is a boundary layer near y = 0 and y = 1
due to the disparity of the boundary conditions for u¢ and u°. Therefore a corrector
(boundary layer-type function) 6¢ is needed to ensure the H! convergence. A heuristic
argument or an approximation to the equation satisfied by u® — u° suggests that 6¢ be
the solution of

06 26° i ) .
ot o =0, 0%=0=0, 090 =—u"|on.
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Using straightforward energy estimates we verify that 6° is a corrector in the following
sense:

|u‘E - (UO + 95)|LOO(O’T;L2(Q)) < RE, ]ua - (UO + GE)ILQ(O,T;Hl(O,l)) < /£51/2. (17)

Here and after & is constant depending on u° and T but not on ¢; it may be a different
one at different places.

Our next step is to get a nice representation and a good approximation of #°. To do
that, we transform the boundary conditions to the homogeneous ones by setting

P (ty) = 0°(ty) + (1 — »)u’(t;0) + yu' (1) (1.8)
Then ¢* satisfies the equation

dp° 02 € ou(t; 0) d o,

¢ |10 = ( y)u’(0;0) + yu’(0;1); ¢ (t;0) = °(t;1) = 0.

According to formula (1.4) with ¢ replaced by et, we see that ¢° has the following
representation:

o (tyy) =I1(t;y)u’(0; 1)+Io(t y)u’(0;0)

w0 1.10
b [ s s e ne- sl woyas,

where

o 1 _(y—m)? .
Iity) = ¢ T(g;)(z)dz,  j=0,1,
— 0o

and go(y) = 1 — vy, 91(y) = y. By inserting (1.10) into (1.8) and utilizing the fact that

1 _@-w?
e & =1, Yy € R,Vt > 0, (1.11)
4t

we deduce that
0°(t,y) = (I(t;y) — g1(y) u®(0;1) + (Lo(t;9) — go(y)) u®(0;0)

U
b 0= 50— ) i 651) + (ol = s10) — sule) S (5100} s,

At this stage the expression of 6 is not yet simple and the boundary-layer phenomenon
is not obvious from the expression. Thus we will approximate 6¢, and we shall do this in
two steps. In the first step we shall approximate the integral by a finite one introducing
in this way an exponentially small error and in the second step we shall approximate
the finite integral using the standard error function to get an explicit form for the
boundary layer.
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For the first approximation let us observe that

(w—o)? 2
e At T(g)(x)dx—/

I/

To prove (1.12) let

1
Vet

A = LHS of (1.12) inside the norm

o 1 (y—x)2
f— - 4et T
/2 — (9)(

-1
x)dx—i—/

1595
1 (y—=z)2
e At T z)dx
1 VAmet @@zl 0,1 (1.12)
< dem 5 || g]| 12 (0,1).
(1.13)

_(w—=)?

=t T(g)(z)de = A1 + As.

1
e
VAamet

To estimate the L? norm of Ay, let h € L?(0,1),
_(w—=)?
= T(g)(x)dwdy

/01 Al(y)h(y)dyZ/oo Tt ), h(y)e o
<o / / m (9)(2)| dy dz

/ /1 |h(y)| _w=o?
< e 85t 8et
47r5

To estimate the H' norm of A;, we notice that

(by Fubini’s theorem)

(since |y — z| > 1)

1T (9)(2)| dy dx < V/2e™ 5 ||l 12(0,1) - 19l 22(0,1)-

0 * (y—z) 1  _w-w?
—A = — 4et T d
soti) = [ U e S T (g @) e
and hence
(y—=z)2
_A d — 4t T dx d
/ 1(y)h(y) dy = m\/m/ / h(y)e (9)(z) dz dy

i e s ly — x| o2
—zl>1<
(since [y —z| >1) < 2%t / / et |h(W)| |T (g)(z)| dy dz:
€ é |y SU‘ _ v z)
2¢t / / NeE=, (R 17 (9)(x)| dy dz

< (change of variable z = y — x)

efsit
o [ e mwimow - 2lazay
e_siz oo |’

- 2et

h "L~ d
e 8st (z

Il g2 o / =

2

g\/_te_ﬁHhHL2(0,1)||9||L2(071)'

e
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Hence .
AL 10,1y < 2e7 T ||g]l £2(0,1)-

Similarly we show that
_1
A2l m10,1) < 2e7 754 ||g| 2(0,1),

I(y) = I;(t;y) and we first

and (1.12) follows.
For the second approximation, we write temporarily

consider the case j =1, g1(y) = v, so that

Y, =
Tww-{" , '35

Thus
2 1 _(y—n)?

2 1 9
e == zdr —2 e
_1 VAmet 1 V4met
2 2 1 (y—=)? S | —(y—2)?
dzx + / T et dx‘—Q/ ———e 4t dx
( ) Y 1 \/47T€t

2 1
—(y—=)
f— e 4et
/1 Vet _1Vdmret

:I1+y-12—2-.73.
Before we estimate I, we recall the definition of the standard error function, erf

erf(y \/ﬂ /

T—y

T V4et

For I, we make the change of variable z =

2—y

et Vet 2
I = Aet detd _,/ - 2
1 /_1_y rm etz - Vdetdz /_14?)2 d(z7)

Vet
et _a+w)? _(2-y)?
frg —(e 4et — e 4et
™
Thus
I < 21/— 4et fi 0,1
—5s fore<landt<T.

HIl”Hl(O,l) < H(\/g-i- 1)67é < ke~ Bt
Here and after we denote by k an absolute constant which may be different at different

(w—=)?
e y4et d:p

places. For I, we observe that

—1 ')
1 (z—1)? 1
I — 1| = e~ aet da:—{—/
[2(y) — 1] /_Oo . i

Aret
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and hence, from (1.12) with ¢ = 1 and (1.11)

1 1
’IQ(:[/) - 1‘H1(0,1) S Re 165t7 HyIQ(y) - y”Hl(O,l) S Ke 16et |

For I3 proceed as follows:

. r—Yy
I = (change of variable z =
2—y 1 ) 1 2—y
4et 2z et z2
:/ 6_7\/26tdz:—/ e T dz
-y \/4met 2m J 1=y
V2t 2et

Notice that

Thus for y € (0,1)

2—y. 1 R B e V2
f | < e we T ody < Yo wet
ol ) Tl S T fa, ¢ TS T
2e
and 5 )
—y e
|[er (ﬁ) - §||H1(0,1) < ke set

and therefore )

1—
|a(y) = 5 + erf (5=

— 1 < ﬁe_ﬁ.
\/2_€t)||H (0,1) >
Combining together (1.15), (1.16) and (1.14) we find

-y
2¢et

[
111 (t;y) — g1(y) — 1+ 2 erf ( Wi o.1) < ke~ .

ﬁ

Similar results hold for Iy(t,y) when g = go(y) =1 — v,

) 1
Io(t;y) — —2ef| — < KeTéet,
I159) = 0o) ~ 2 et (2= o

Combining (1.17), (1.12) and (1.13) and setting

6 () = u0(0; 1)(1 — 2 ext( > ;i)) +u°(0;0)(1 -2 erf(\/;/_gt))

ﬁ

1597

(1.15)

(1.16)

(1.17)

! 1—y | 0u(s;1) ' y
+/0 (1 —2 erf( i 8))) 5 ds —i—/o (1 —2 erf( ) Y

~~
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we conclude that 6° is a corrector for the problems (1.5)-(1.6) in the sense that (1.7)

holds with 6¢ replaced by 6¢. To see this we simply notice that
16° (¢ ) — Be(t, )| 0, < we™ 97 - (Jul (03 1)] + [u (05 0) )

t . o 1.19
+,{/ e_mﬂﬁu (3,1)|+|8u (S’O)Ddséme_ﬁa )
0

ot ot
x depending only on T
1.2. The heat equation in space dimension two. In this subsection we shall
give an explicit form for a corrector to the heat equation in a 2D channel Q. =
R x (0,1), Q = (0,27) x (0,1). The equations under investigation are
ou’
ot
uli=0 = uo, u°|y=0,1 =0,

—eAu® = Q007
eAu =f, (z,y) € (1.20)

u®, ug, f periodic in x with period 27. In the limit ¢ — 0, u® converges to the
“nonviscous” limit u® = ug + fot f(s) ds, which is the solution of

ou® 0

— =f, ul|i=0 = up.

=t w0 = ug
Concerning the convergence of u€ to u” we have the first result hereafter which is proved
in the Appendix.
Proposition 1.1. Suppose ug and f are sufficiently smooth. Then there exists a con-
stant k depending on ug, f, T but not on € such that

[Ju — U0||L°°(0,T;L2(Q)) < ket |luf — UOHLOO(O,T;Hfl(Q)) < ke,

Again there is a problem near the boundary y = 0,1 and the H!(Q) convergence
does not hold if f or ug lie outside
HYQ) = {v|v € H} (Do), v]y=0.1 = 0; v periodic in 2 with period 27}.
As in the 1D case we notice that 6° given by the following equation (1.21) would be a
good candidate for the corrector (boundary layer function):
00°
ot

Just as in the 1D case we may apply energy estimates on u — (u® + 6¢) to obtain

—eAl* = O, 66‘:&:0 - 07 05|y=0,1 = —U,O’yzoJ. (121)

Hus — (UO + 06)|’Loo(07T;L2(Q)) < ke, Hus — (uo + QE)HLQ(O,T;Hl(Q)) < l'i&%. (1.22)

In order to simplify 6° and to observe the boundary layer behavior we do the following
approximation to 6° based on the heuristic argument that the boundary layer is in the
vertical direction so the horizontal derivative should be negligible as compared with
the vertical one. Thus we may drop the horizontal (z) derivative in equation (1.39) to
get

00 02

W - €a—y20~€ = O, é€|t:() = O, é|2:0’1 = —U0|y:071_ (123)

The following lemma verifies our heuristic argument.
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Lemma 1.2. Suppose uo and f are sufficiently smooth; then the function 65 defined
in (1.23) is a corrector (or an approximation to 6°) in the sense that

~ ~ 1
Ju® — (u® + 0| Lo 0,152 () < ke, lu® — (u® + )| 20,1 () < KEZ.

k depending on ug, f and T, but not on €.

Proof. Since we have (1.22), we need only to verify that
165 = ]| L20.7:020)) < Ke, (|6 — 65| 201 () < KeE. (1.24)
Set w® = 6° — és, and observe that w® satisfies the equation

ow® d%6°
5 eAw® = EW’ w®|i=0 = 0; w[y=0,1 = 0.

We are left to prove that %sze is bounded (in L2(0,T; L?*(2))) since straightforward

energy estimates would imply the result (1.24) provided this is true.

Notice that %Q—f: satisfies the following equation obtained by differentiating (1.23) in
x twice,

a9 0%6° 02 9%0e 020 020¢ 920
a( Ox2 ) - 88y2( Or2 ) =Y W’tZO = Oa Wb:ﬂ,l = _szo,l-
Let
020 92u° 0210
€ = (1) (1 — ) (t: . 1.2
=g Ty gt )+ (1 —y) 55 (tz,0) (1.25)

Then ¢° satisfies the equation

0p® 0%p° B Bul(t;x,1) ul(t,x,0)

ot oz YT toaz e TrTCE

E 2u0 a2u0 .
©°lt=0 = yW(ﬂf, D+ (1—y) 57 (2;0),  ¢|y=0,1=0.

(1.26)

A simple energy estimate (multiply (1.26) by ¢°) yields [¢®|1(0,7;r2(0)) < constant,
and hence by (1.25)

020¢°
|—8x2 |

This ends the proof for Lemma 1.2.

Leo(0,T;L2(Q)) < constant.

Now we apply the result of Section 1.1., in particular (1.18), to derive an explicit
approximation of 6°.
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Proposition 1.2. Assume that ug and [ are sufficiently reqular and define 55(25; x,y)
to be

éa(t,m,y) = u?(0;2,1)(1 — 2 erf({/;_i)) +u®(0;2,0)(1 — 2erf(

t 1—y ou(s;x,1)
—|—/0 (1 —2erf( RO s))) o ds

¢ Y ou(s;x,0)
—|—/0 (1 —2erf( RO 5))) En ds.

Then 6° is a corrector for the problems (1.20) (or an approzimate solution to (1.39))
in the sense that

Y

2

= = 1
[u® = (u® + %) L2 0,mL2)) < me,  [[u® = (W 4 0°) || L2 0, m () < REE.

Proof. Thanks to Lemma 1.2, we need only to prove that

Héa — éEHLOO(O;T;L?(Q)) S KE, H@ — 9 ”L2(0 T;H(Q)) < KZE% (127)

By (1.19) with 6°(t,y) = és(t; x,y),éa(t,y) = 0°(t; x,y) we have, for fixed z,

16° (s 2, ) — 65 (5 2, ) || 112 0.1y < e~ 7 {[u0(0, 2, 1)] + [u(0; , 0)]

toou(s;x, oul(s; x,
o [P B0y gy

Integrating over z on [0,27] we deduce the first inequality in (1.27). To derive the

other one, we observe that 96° /O0x and D6¢ /Ox satisfy the same kind of equations with
corresponding initial and boundary data; thus (1.19) applies again which produces

o0° o0¢ u0
”a (t;w,-) — 837( )HH1(01) < ke~ wef(l—(O x, 1)!+| (0 z,0)]

2u 0 w0
/{|a 325 |Jr|8 T s;x,0)|}ds).

Integrating over [0,27] in z we obtain the other inequality in (1.27). This completes
the proof of Proposition 1.2.

Remark 1.1. Proposition 1.2 improves, for this geometry (Channel domain), a result
in J.L. Lions ([6]) (see Theorem 5.1, page 292 and page 294). The case of general
domain € will be considered elsewhere ([13]).

We conclude this section with the following technical result on the corrector #° (and

hence on ¢ ); this result is valid in dimensions 1 and 2.
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Lemma 1.3. There exists k = k(ug, f,T), such that the function 6° defined by (1.39)
satisfies

|9€|LOC(O’T;L2(Q)) < K€1/4, |9€’Loo(07T;H71(Q)) < Ii€3/4. (128)

Moreover, if ug = u®|;—o vanishes at y = 0,1, then we have

0% | oo 0,711 02)) < €A 10| Lo (0, B2 () < e (1.29)

Proof. Although this result could be derived from the estimates above on 65 — 55 and

from the explicit expression of ¢, we prove it here with Proposition 1.1.
Let v° = 6° + u°. Then v° satisfies the equation

ove ou®
€ 0 € 0 €
—eAv® = — —clAu’, V|0 = U |t=0 = uo, V°|y=0,1 = 0.

ot ot

Proposition 1.1 applies and (1.28) follows.

To prove (1.29), notice that the H' estimates in (1.29) follow by interpolation from
the L? and H? estimates. Hence there remains to prove the H? estimates. This is
equivalent to showing that

00°
’5A96|L°°(0,T;L2(Q)) = | ot |L°°(0,T;L2(Q)) < ret/4.

Under the assumption that ug € H?(£) and that it vanishes at y = 0,1, and by using
a classical result on the behavior at ¢ = 0 of solutions of semilinear evolution equations
in the simple linear case (see e.g. Temam, [12]), we have v* € C([0,T]; H*(2) N Hg (£2)).
Thus at t =0

e .ol o -
5 =cAv —i—ﬁ—gAu =f in L*(Q).
Then we observe that ° = 38—”: satisfies
o® 0
A = oAyt = T~ NS, Ylim = flimos Wlymon =0,

Hence we can apply to ¢¥° Proposition 1.1 in the form given in the Appendix, and we
obtain

. o6°
97 = fleomizz@) = I = 0mi22(2) < et/

The lemma is proved.

2. Boundary layers for channel flows.

2.1. Description of the problem. In this subsection we shall describe the prob-
lem under investigation; namely, the corrector problem for channel flows. In the sub-
sequent subsections we shall address the problem of L? and H' convergence. We shall
confine ourselves to the linearized Navier-Stokes equation since for the full equation
even L? convergence already requires technicalities beyond the scope of this paper.
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In this section we shall study the following linearized Navier-Stokes equation:

aus—aAu€+V5—f (x,y) € Q
8t p — J 7y o0y (21)
ulp=0 = up, divu® =0, uly=01 =0,
ans the corresponding linearized Euler equation
ou’ 0 0 c 0 0
B +Vp' =f, wli=o =1, divu’ =0, us|ly=01 =0. (2.2)

It can be shown via a straightforward energy estimate that u® converges to u° in
(L?(9))? as e — 0 (existence and uniqueness for u® and u° are easy; for u” see below).
Contrary to the case where €2 has no boundary; i.e., 2 is the whole space or with periodic
boundary conditions in both directions, see e.g. T. Kato ([4]) and the references therein,
the H'(2) convergence is not true due to the boundary layer phenomenon, even the
rate of convergence in (L2(£2))? is hindered by the dismatch of the boundary conditions.
This necessitates a corrector #. A naive choice of #° would be u® — u°, but this would
not provide us with any new information since we have to solve both the viscous and the
inviscid equations to find this corrector. Thus this corrector bears two disadvantages:
it is hard to calculate and it possesses no explicit formula. However, it does have an
advantage; i.e., u® — (u® + 0°) converges strongly in H'. We would favor a corrector
which has a nice representation and displays explicit boundary layer behavior and
is easy to calculate. As one could imagine the major difficulty of this problem lies
in the divergence-free constraint and the presence of pressure. We shall employ two
different techniques to attack the problem. The first one is to construct divergence-free
functions with prescribed tangential velocity at the boundary. This method turns out
to be successful to get the rate of convergence in (L?(£2))? spaces. The construction
of divergence-free functions seems to be new and it might have applications in other
areas. The second method we use is that of classical energy methods applied to the
Navier-Stokes equation. There are some technical difficulties in estimating the pressure
due to the fact that our corrector is not divergence free. At this stage we are only able
to have a weak corrector as in J.L. Lions ([6, page 29]). We shall address the problem
of strong convergence in a subsequent work.

Before we state our results, we introduce the spaces that we are going to use, which
are standard in Navier-Stokes theory. Let

H={ve (L1200 (Q00))? : div v = 0,va]y—0.1 = 0, v is periodic in = with period 27},

V={veH,  (Q))?:veH vl—1=0}

1
loc

The space H is well defined and is a closed subspace of (L?(£2))? by the standard trace
theorem for divergence-free functions.
Without loss of generality we may assume that

feL>~0,T;H), (2.3)



THE LINEARIZED NAVIER-STOKES EQUATIONS IN A CHANNEL 1603

since (I — P)f can be absorbed in the pressure term where P is the Leray projection
from (L?(2))? to H. It is well known (R. Temam, [10]) that the operator P is continuous
from (H*(Q))? to (H*(Q))2 N H for all k. Thus Pf is smooth as long as f is smooth
enough.

Assuming (2.3), (2.2) is equivalent to

du®

=1 fort>0inH, u’l—=uo,

so that u® = ug + fg f(s)ds and (p° = (I — P)f if f € L®(0,T;L?(Q)?). Our result
on L? convergence is the following:

Proposition 2.1. Assume that ug € H and f € L*>(0,T; H) are sufficiently regular.
Then there exists a constant k = k(ug, f,T) such that

1
u® — UO’LOO(O,T;H) < ke,

where u¢ and u® are given by (2.1) and (2.2).
Our result on H! weak corrector is

Theorem 2.1. Assume that ug and f are sufficiently reqular and that v®° € V and
f€L>®0,T;H). Let 6° be the solution of

00°

ot —eAl* = 0, 96’15:0 = 0, ee‘y:&l = —uo‘yzo’l. (24)

Then 6¢ is a zero'™-order corrector for the problems (2.1) and (2.2) in the sense that
1
[uf — (u® + 6°) || Lo 0,1522()2) < KE?, (2.5)

Ju® — (u° + O 220,75 (2))2) < K (2.6)

1
1

19" = 20l 20,11 () < ke,
u® — (u® +60°) — 0 weakly in L*(0,T; (H"(Q))?), (2.7)

where the generic constant k depends on ug, f and T but not on e (p° = 0). The same

is true with 0 replaced by 6¢ explicitly given by (1.3)

Remark 2.1. We call 6°, 6° a weak zero"™-order corrector, because of (2.6) and (2.7)
which are the same as in J.L. Lions ([6]) (see Theorem 5.1, page 292 and (2.91)). We
intend in a subsequent publication to derive strong zero**-order correctors as we did in
Proposition 1.1 for the heat equation (see also Remark 1.1).

Note however the following consequence of (2.5), (2.6):
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Corollary 2.1. Under the assumptions of Theorem 2.1,

[Ju® — (Ue + 0€)|’L2(0,T;HS(Q)2) < H60'5(1_S)7

Jor any 5,0 < s <1, where r depends uo, f andT' but not on € and s. The same is true

with 0¢ replaced by 0° explicitly given by (1.3).

2.2. Proof of L? convergence. In this subsection we shall prove Proposition 2.1.
Before we prove the result, we need to introduce the following lemma on constructing
divergence-free functions with given boundary tangential velocity. The details of the
proof will be presented in the Appendix.

Lemma 2.1. Let Q be a smooth bounded domain in R? and let ¢ be a smooth function
on 082 satisfying ¢ - n = 0 where n is the unit outer normal to 0S). Then there exists
a constant k = k() such that for each € > 0, there exists a smooth function ¢ € H
satisfying

1 _1
©loa =@, |0l < retlplwreaa), el Q) < ke Tlolwrepa),  (2.8)

and the mapping ¢ — ¢ is linear continuous from W1 (9Q) into H and from

W2°(99Q) into H'(Q).
Proof. See the Appendix.

Remark 2.2. Lemma 2.1 is valid also, with a similar proof, in the case of {0, ¢ given
periodic on 0€)o,. We use it in this context, but we will prove Lemma 2.1 in the more
general form in which it is stated.

Proof of Proposition 2.1. Using the linearity of the equation we may separate the
problem into two parts, where one part is the pure initial-value problem and the other
corresponds to zero initial value but nonzero forcing term. Let u® = u'® 4+ u?¢, where

8u18

ot

—eAul* +Vp'T =0, u'®|i—g=up, u'ccV,
3u10
— +
ot
It is easy to check that

Vplo =0, U10|t:0 = Ug, utf € H.

u® = ug, p? =0. (2.9)

Thanks to Lemma 2.1, there exists ¢° (corresponding to ¢ = u10|a§2 = uplan ) such
that (2.8) holds.

Consider the function w'® = u!® — (u!® — »°). Then w'® € V and it satisfies the
equation

6w15

T eAw' + V(p' —p'%) = cAu'® — A, w'|i—g = ¢°, w'* e V. (2.10)
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Multiply (2.10) by w®, integrate over €2, integrate by parts and apply the Cauchy-
Schwarz inequality. This yields

Ld
2dt
< S |Vw'€2, + (]Vu|L2 + |[V¢©|22) < (thanks to (2.8) and (2.9))

w16|%2 +5\Vw15|%2 S €|VU|L2 . ]leE\Lz +€|VQOE‘L2|VUJ1€|L2

A
™ol ™

Z|Vw'e |2, + ke?.

Applying Gronwall’s inequality, we find

1
4,

_1
|w'|| e 0,71y < ke |w' | p20,7v) < ke (2.11)

Similarly, we have

au26
ot - EAuzs + VPQE = f7 u2a|t:0 = 07 u26 € V7
I 20 20 20
o1 +V f, |t—O:0a u™ € H.
It is easy to observe that
t
:/ f(s)ds,p*®* =0, since f € H. (2.12)

We apply Lemma 2.1 to fo ds with the resulting function ° denoted ¢?¢. We let

w2 = u?* — (u?° — p?%); then w?® satisfies the equation

ow?* 0
g)t _ €AU}2€ + v(p2s _p20) — 8_(701: + 5Au20 6A<1026’ w2€‘t:0 — 0’ w25 cV.

Observe that if o°(z) is the function corresponding to f|sq in Lemma 2.1, then the
relation between ¢?¢ and ¢° is given by

t
o = / 5 (s) ds

and thus (2.12) can be rewritten as

t

aw% — eAw* + V(p* — p*°) = ¢°(t,z) + eAu?® — 6/ Ag©(s)ds. (2.13)

0

Multiply (2.13) by w?¢ and apply the usual integration by parts and Cauchy-Schwarz
inequality to obtain

1d

2 dt

t
| 2 [w*| 2 + €[ V| 12| V2 + 6(/ V|12 ds) [V e
0

‘w26|L2 +5’VU’2€‘L2

IN

IA

£ 1 1 b
§!Vw25\%z + §|w25liz + §|<P5!i2 +e| Va3, + 6(/ IV 12)?
0

IN

1
(thanks to (2.8) and (2.12)) < %|Vw2€|2L2 + §|w2€|%2 + Ke?.
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This implies, thanks to Gronwall’s inequality,

1 1
[w?|| o 0,150y < KET, W™ || L2(0,75v) < KT A (2.14)
Combining (2.11) and (2.14) the result of the Proposition 2.1 follows immediately. This
completes the proof of the proposition.

Remark 2.3. The estimates that we have here are somehow optimal. Indeed if we
consider initial data of the form ug = (uo1(y),0), f = (f1(y),0), then the Stokes system
reduces to the heat equation and we know by explicit calculations that €1 is optimal
in this case.

Remark 2.4. It is well known that the L? convergence of the full Navier-Stokes
equation to Euler’s equation is highly nontrivial. Using our Lemma 2.1 we may observe
that even the L? convergence is already related to the boundary-layer phenomenon.
Indeed, using Lemma 2.1 and standard techniques on energy methods for the Navier-
Stokes equation (see [9]) one may show that

u® — u® in L°°(0,T; H) if and only if there exist a constant x1 > 0
T
and o > 0 such that lim (6|Vu8|%2(omg(am))a dt =0,

e—0 0

where Oy, (092) denotes the points in 2 which are within a x1e distance from 0f.

2.3. Proof of Theorem 2.1. In this subsection we shall prove the theorem stated
in the previous section.

Before we prove our main result in this section, we need the following lemma which
gives an estimate on the distance of 6° to H.

Lemma 2.2. The assumptions on ug and f are as in Theorem 2.1 and 0° is defined
by (2.4). Then there exists a constant k (independent of €) such that

0
|(I — P)GE’LOO(OVT;(LQ(Q))Q) < ,‘4363/4, H(I — P)EGEHLOO(O’T;(LQ(Q))Q) < I£83/4, (2.15)

where P is the Leray projector; i.e., the orthogonal projection from (L*(Q2))? onto H.

Proof. It is sufficient to prove the second inequality in (2.15) since 6°|;—o = 0 and
hence we can recover 6° by integrating 68—9:.
We know (see e.g. R. Temam, [10]) that

-2 — vy / ¢ =0, (2.16)
ot o

where ¢° is periodic in x and satisfies the equation

AgE = div (%96), in Qu, %iyb:m =0, (2.31)
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since by (2.4) 265],—01 = — f2|y=0,1 = 0 and we take the inner product of (2.16) with

n, the unit outer normal on 0
Thus, according to the Agmon-Douglis-Nirenberg elliptic regularity results we have

£ : 8 15
16| 11 () < cf|div <§9 M e-10)- (2.32)

Hence it remains to prove that, for all ¢ € [0, T7,
: 9 € 3/4
|| div (ae -1 < re*/*. (2.17)

Notice that, in (2.4), the second component of §° satisfies the homogeneous heat equa-
tion with zero initial data and zero boundary condition, since

¢
uO:uo‘i‘/f(S?ﬂ?;y)dseHv as uo, f € H.
0

Thus 605],—0.1 = —u3|y—0,1 = 0. Hence 65 = 0, and therefore
0 0.9, 0,0
div (==6°) = —07 —(=69). 2.18

We apply % to (2.4); a% being a tangential derivative at y = 0,1 and since Af°|;—¢ =
0, we obtain

a9, 0%65 0205 0265 0265 0%l
A Ly = 1 bt § il W

2500 LG =0 G =0 =" Fias =01 = g0

Let
YT otor L otox

Then ¢° satisfies the equation

8908 . 83u0 aQUO . 82 0

g A = g ~ oy 0= giggleo Flimoa =0 (219)

Now we apply Proposition 1.1 from the Appendix to equation (2.19) and we obtain

Ul

0
HSDE_(at8x|t:o /0 020z ds_g/ Aataxds liwo 1oy

0%u
alla 8t8 /AatalHwaTH oy SR

which implies

0%l
otox

le® =

| oo (0,751 (02)) < Ked/4, (2.20)
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and therefore ,
0°05

”M”LW(QT;Hﬂ(Q)) < ket

or equivalently (by (2.18)) (2.17) holds. This completes the proof of Lemma 2.2.

Now we go to the proof of the main theorem in this section.

Proof of the main result. Multiply (2.1) by Au® and integrate over 2, where A is
the Stokes operator on {2 with the prescribed boundary conditions (Au® = —PAu®).
Then, | - | denoting the norm in H ( the L? norm ),

1d

5 g AT el Au? = (f, Awf) <

£ |fI?
Z1AuEl? + L
gl Aw T+ 5

which implies that
{ le? A2 uf || oo o,7:(22)2) < 1 FlL2(o.msz2@y2) + oy,
lleAu® || 120,752 (0))2) < [f|L20,75022(02))2) + [luollv

Thanks to the regularity results for the Stokes equation, we have

{ leuf || oo 0.mv) < |FlL2(oiz@2) + uolv, (2.21)

lew (L2 0, 150m2)2) < [flL20,322(2)2) + [uolv-
Let w® = u® — (u® + 0¢). Then w® satisfies the equation

owe®

5 eAw® +V(p° —p°) =e-g=cAu’, w|=9 =0, wly—01 =0, (2.22)

where p? = 0 and g = Au®. We multiply (2.22) by Pw® and integrate over Q:

1d

§$|Pw5]2 + e|Vws|]? = —(eAw®, (I — P)w®) + (eg, Pw®).

Notice that (I — P)w® = —(I — P)#°, and thus

|(eAw®, (I — P)w®)| < |ew®|g=2|(I — P)6°| < (thanks to Lemma 2.2)
< ke®*|ew®| 2 < (thanks to (2.21)) < ke/4,

Notice also that )
1 €
|(eg, Pw)| < §\Pwsf2 + EWO F2

Thus we can deduce, thanks to (2.21),

|Pw6‘L<x>(0’T;H) S Ii€3/8, ||51/2w€||L2(O,T;(H1(Q))2) S I€83/8.
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Notice that
w| < [Pwf| + (I — P)w®| = [Pw®| + |(I — P)6°| < ke®/®,

and thus,

[10F| o (0. 74(z2 @)y < K",

Now we multiply (2.22) by —e PAw® and integrate over 2. Notice that

ow*® R w® R ow*® R
(W,—EPAU) )—(W,—EAU) )—f—(w,E(I P)A’UJ )
_ed 12 ow*®
= §a]Vw “+ (I -P) 5 ,eAwe)
_ed 12 00° R
> (with (2.15)) > %%\vwﬂ? — ke e Aws|.

Thus we have J
5a|Vw‘€|2 + [ePAWF|? < ce®/*eAw®| + c£2,
which implies

1/2

He’i w&:HLoo(O,T;(Hl(Q))2) < C€3/8, HEPAU)EHLz(O,T;H) < CES/S.

Notice that
lePAUS || p2(0,7;m) < [EPAW||L20,7,m) + HSPAUOHL?(O,T;H) + [lePAO®|[ L2(0,1;m)
<38 4 €01 L2 (0, 7: (2 (0))2) < Ce’/® + ||(9;§6”L2(0,T;(L2(Q))2)
< (thanks to Lemma 2.3) < Ce%/® + Cel/* < Cel/4;
hence

AU 2 (0.7 L2()2) < CeM/4, (2.23)

and thus

leAw® || L2(0,1(L2)2)

<lleAu|| 20,7522y + |eAU | L2(0,1y(L2)2) + I1EAO%|| L2 (0,75(22)2) < CE/™.

Next, we consider the equation satisfied by p* — p°. Since p° = 0 (we have assumed
f € H), p°—p® =p and it satisfies the equation (by applying div to (2.1))

) 8p5 aQui—:
Ap® = div f =0, a—y|y:O,1 = i€a—y2|y:0,1-
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Thus

19" = 20l 20,310 ()) = VPl L20,m3L2(0))2) < lleAw®|| 20,7172 (000 no0)2))
< (thanks to the trace theorem for divergence free functions)
< C||€Au€HLQ(O,T;(L2(Q))2) < 061/4 (by (223))
(2.24)
Finally we multiply (2.22) by w® and integrate over :

1d
5 g [P+ el Vet P < elgllwt| + [V (T = p") (I = Puf|
1
< (thanks to Lemma 2.2 and (2.24)) < §\w€|2 + Cel/At3/A,
This implies
[wflp= o 2@y < Ce2 iz @) < C (2.25)

It remains to show the weak convergence of w® and this follows from the fact that each
subsequence of w® has a weakly convergent subsequence in L?(0, T'; (H'(©))?) and they
all strongly converges to zero in L2(0,T;(L?(©2))?). Thus the whole sequence weakly
converges to zero. This completes the proof of the main result.

Remark 2.5. We can slightly improve the result (2.25). Indeed we can prove that
|w€|Loo(0’T;(H1(Q))2) < constant

with the extra cost of more regularity assumptions on «® and f of course.
To see this, we notice that

ow® 1d 0
Z— ePAwS) = =~ €12 Aws. (I — P)—=w¢
(P Py = 5 L Gurf? + (e, (1 - P) )
1d
> (thanks to Lemma 2.1 and (2.20)) > §£|Vw6|2 — Ce.

Thus instead of (2.25) we obtain
d €2 €2
5£]Vw | + [ePAW®|” < ke,

which implies our remark.

3. Large-time behavior. In this section we want to describe the behavior of the
solution of the channel-flow equation (2.1) for time ¢ large and ¢ small. In fact our
framework will be an abstract one so that the results in this section apply as well to
the heat equation in dimension one or more as in Section 1.

3.1. Position of the problem. The problem that we address here is the following.
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The boundary layer solutions that we have produced in Sections 1 and 2 are of the

form
2

_ Y _ 2 Vast _a?
we(y,t)=1-2 erf(\/2_€t) =1 \/%/0 e dx, (3.1)
and a similar function with y replaced by 1 — y. For fixed y and ¢, the expression ¢,
in (3.1) is equal to 1 at y = 0, is positive at y > 0 and equal to 0 at y = +oo. Thus
ve(y,t) — 0 as e — 0, for all t > 0 fixed, for all y > 0, with ¢.(0,t) = 1, which
corresponds to the expected boundary-layer structure, and ¢ is not too small as long
as 0 <y < O(V/e), Ve being called the thickness of the boundary layer.

Now if ¢ varies as well, the thickness of the boundary layer at ¢, fixed is O(v/et),
so that for ¢ large, t > 1/¢, the boundary layer region corresponding to (3.1) pervades
the whole region 0 < y < 1 and it is not, anymore, located near y = 0. Therefore the
asymptotic expansions that we have produced are valid only on a fixed interval of time,
0 <t < T as stated in Theorems. They are not valid anymore for large ¢, in particular
t > 1/e. We are not able to describe what happens for t = O(1/¢), but we will derive
some useful information valid for ¢ > 1/e.

Another preliminary observation is useful here. All equations that we have consid-

ered can be written as
du,

dt
UE(O) = Uop, (33)

+ cAu, = f, (3.2)

where A = —A with the appropriate boundary conditions in Section 1 (Dirichlet bound-
ary conditions at y = 0, 1, space periodicity in x); in Section 2, A is the Stokes operator
corresponding to the same boundary conditions.

In the limit ¢ — 0, u. converges in L?(0,T; H), to u°, where

d 0
— =" (3.4)

u®(0) = ug, so that

u®(t) = ug +/ f(s)ds =ug +tf.
0

In this section we assume, for simplicity that f is independent of time, f(t) = f € H,
for all t > 0.

Now we observe the following: for fixed e, the solution u.(t) of (3.1), (3.2) converges,
ast — oo; i.e., p. = LA7!f. Similarly, the solution of (3.3), (3.4) becomes infinite as
t — oo

tfla — ol < |W@)|g < tfla +luolm; e, [W@®)|u ~tflu, ast— oo

Hence for ¢ > 1/¢, ¢ small and ¢ large, we expect the solution u. of (3.1), (3.2) to be
large in norm, and we are going to give some indications on this behavior.
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3.2. The main estimate. We assume that ug € H (and f € H as usual). Letting
Ve = Ue — %gp, where ¢ = A7 f, we have

dv, 1
7 +eAv. =0, v:(0) =wup— R (3.5)

Consider the eigenvector and eigenvalues of A,
Aw; = Njw;, w; € D(A), 0<A <A<, —o00 asj— oo,

where D(A) is the domain of A in H (D(A) = A~'H). They constitute an orthonormal
basis of H, an orthogonal basis of V' and D(A). Any v € H can be expanded as

o
v = g VR Wi and
k=1

o oo o0
1 1 1
ol = O vi)% ollv = M) vllpay = [Avle = O Awi) *.
k= k=1 k=1
The solution of (3.5) can be written
1 1
Ve = Ue — —p = e Ay — e, (3.6)
€ €
Here e *4ug and e~ %4y stand for

[M]¢

o0 o0 o0

—sA —sA

e rugpwy,  Yug = E UopWg, and E e ropwy, Vo= E PrW-
k=1 k=1 k=1

i

1

Now we want to estimate the terms in the right-hand side of (3.6) and show under
what conditions they are small, so that we conclude that u. = %go +s.0.t.] 'We have

1 1 & 1 >
ng_sAtW”%/ ) D e PR < 6—26_25M1 > i
k=1 k=1 (3-7)
1

1
= e N lpll} = e AT < e g

The estimate (3.7) is sharp in some sense since, for e.g. f = fi, wg,, we have

——e M| fly

1 —eAt 1 —eAt 4 —1
—e =|-e A =
Ze= Ay =12 v = o

and for f = fiw,

1 _ 1 _
ng EAt@HV:Ee A f

1Smaller order terms
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Similarly, we write

o
e Mugll? = D7 Ae
k=1

Setting g(s) = se™*, we observe that g(s) < g(1) = e~ 1, for all s > 0, and we write

1 1
Ak672£t>\k — _efstkkg(EtAk) S _676t>\1 .
et ete

Therefore
c
||€_5Atu0|| < ﬁe_gt)\l/zhmhq. (38)

If ug € V instead of ug € H, we write more simply |le™4tug|| < e~ ||lug||v. For fixed
small ¢, because of (3.6), (3.7) and (3.8), we can have

L _
loe(®)llo = llue(t) — ZA v <,

provided
L —8tA1/2 < é 3 9
\/ge |u0|H = 97 ( . )
and 5
C —et)

These inequalities can not be achieved if et is too small; so let us consider the case
where et > 1;ie.,t > 1/e.

Observing that (1/y/et)es*1*/* is bounded for ¢t > 1/e, it suffices, for (3.9), to have
t > ¢log(lel); similarly, (3.10) holds if ¢ > ¢ log(LlL).

Finally, we have the following result:

Theorem 3.1. Fore — 0 andt — oo, t > 1/¢, the solution u. of (3.1), (3.2) is of the
form

1
Ue = gAilf + I + Lo,

with
C C
I < — —etA1/2 Il < Ze—&th
IS e o, 1] < e,

for § >0 fized, ||I||v + ||I2|lv <0, whent > C;/(log(é) +1log(3) +¢), for some suitable
constants ¢, c'.

Appendix. In this appendix we give the proofs for the three technical results used in the main
body of the article, namely Lemma 1.1, Proposition 1.1 and Lemma 2.1.

Proof of Lemma 1.1. It is easy to see that @ given by (1.2) is well-defined and smooth C* for ¢t > 0.



1614 ROGER TEMAM AND XIAOMING WANG

Indeed, according to (1.2) and the Cauchy-Schwarz inequality

- > BHL 1 42
'”(t’y)lgkzz_w(/k L 5) gl ooy VE
1 k2 B
<2v2) A 190l .2 (0.1) < 2V2llgll 20,1/ (VATE(L — e 1/41)).
k>0

Taking formal derivatives in ¢ and y of @ in (1.2), applying the same kind of estimates and the Lebesgue
dominated convergence theorem, we obtain that 4 € C*°((0,00) x R!) and that it satisfies the heat
equation
ou 0%
ot Oy?
It remains to prove that @ satisfies the initial and boundary conditions.
Let us investigate the initial data first by considering the quantity @ (¢, y) — g(¥)l2(0,1)- We first

=0, fort>0.

prove that
et )z20,1) < 2ll9llL2(0,1)- (A1)

To see this, let us notice that

ity = [ e TG

and thus for any h € L210c (R1)

1~ _ 1 oo 1 67% . .
| atorwa= [ " e T T - 2w drdy

o 1 22 1
thanks to Fubini’s theorem) = Tar T —x)h(y)dy)d
(thanks to Fubini’s theorem) = [~ ——e~ % (| (T(9)(y ~ a)h(v) dy) d
oo 1 )
SL@ W/ |1 T(9) 20,1y 1hllL2(0,1) 42 < 2|9l L2 0,1y II2ll L2(0,1)-

This implies (A.1).
Now we prove (1.3) via the following argument. Consider h € L2lOC (R1) and write:

1 _ B 1 proo 1 7% o .
| e =gy = [ [ e F (@) - 2) - T drdy (A2)

e’} 1 1 22
= (with Fubini’s theorem) = /7 /0 \/ﬁe_ﬂ (T(9)(y —x)) — T (9)(y))h(y) dy dx

1 22 1 22 (1
< e 4t 3 h +/ 6_4_t/ T —x)—T h(y) dy dx
/IMM lallzon blzon + [ 7= | (T(9)y—2) = T(9)W)h(y) dy

1 z2
<3lgll 12 hl| 12 / ——¢e" 4t dx + ||h]| 12 Sup |, T(g)(y—x)—T(9)(y)| 12
gl L2 0,1yl L2 (0,1 oo VARE 1Al L2 (0,1)5uP |2)<sl17 (9)( )= T(9)W)lL2(0,1).

Therefore we obtain a bound on ||%(t, ) — g(-)||L2(0,1) Which converges to 0 as ¢ — 0. To check that
the boundary conditions are satisfied, we observe that

o 1 22
u(t, 0 :/ ——e @ (T —x)dxr =0, since 7 (g) is odd.
(t,0) Vi (7(9))(—=) (9)
Similarly @(¢,1) = 0 and this completes the proof of this lemma.
Remark A.1. We can refine the proof of (A.2) and obtain the convergence rate of 4 to g as t — 0,
which is of the order t1/4. But this depends on the explicit expression of the solution given by (1.2).
Thus we shall prefer a more general proof which will be given hereafter.
Now we prove Proposition 1.1 which gives the convergence rate for a singularity-perturbed heat
equation. In fact we prove it in the slightly more general form hereafter.
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Proposition A.1. For vg,g smooth enough and v¢ being the solution of

ov®

o —eAv =g, (2,y) € Qoo =R x(0,1), v°|4=0 = w0, v°|y—0,1 =0,

there exists a constant k = k(vo, g,T), such that,
K 1/4 ¢ 3/4
Io® = (v0 + /O 9(5) ds)l| oo (0.7 12(c2y) < KV, IIoF = (w0 + /0 9(5) d8)l| e (0 3111 2y < RV,

Proof. We observe that v® = v{ 4 v5, where v{ and v§ solve the equations

vi AvE = 5 _ € —
5 —eAvi =0, vf|t=0 =wv0, vi|y=0,1 =0,
and P
v
2
5 eAv; =g, v5lt=0 =0, v5|y=0,1 =0,

respectively. Now we use introduce a cut-off function of the form

p € C*®[0,00), p(0)=1, supppC]J0,1/2],
p'(y) = ply/n*'?), ¥y >0,
p'(y) =p"(y) +p"(1—y), 0<y< 1L

It is easy to verify that, for n < 1, the following hold:

15" o) < 20 %Plplecey, P21,

0 1_19

— " < 92n2wp 2| — ,

|8yp lLr(o) <27 |6yP|LP(Q)

~ 3/4

16" 10,1y < 21 / Pl L2 (q)-
Now we use the cut-off function p° to further decompose v{, using the linearity of the equation.

Let v = v]; 4+ vi, where v{; and vi, satisfy
ov§,
ot

—eAvf; =0, viilt=0 = p°-vo, viily=0,1 =0, (A.3)

and R
Oviy

ot
We multiply (A.3) by vj; and integrate over §2; we find

—eAvf, =0, vialimo = (1= ) -vo, vSsly—01 = 0.

1d
5 E|U§1|i2(g) + E|v1}i1|%2(9) =0
which implies
Hvil”LOO(O,T;L?(Q)) < [pvolp2 < K|p%|L2 < rel/4. (A.4)

We then multiply (A.3) by A_lv‘fl, where —A is here the Laplacian operator with homogeneous
boundary condition in the y direction and periodic boundary condition in the x direction; this yields

1d 2 2
§£\U§1|H—1 +elviili2 =0,
which implies
. . 3/4
0511l Loo (o0, -1 () < 18500l -1 < 8lp%| -1 < Ke®/4 (A.5)
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To estimate v§,, notice that (1 — p%)vgly=0,1 = 0; thus we can subtract (1 — 5%)vg from v, to obtain
the following equation:

%(Ufz — (1 =p%)vo) —eA(vip — (1 = p%)vo) = eA((1 = p%)vo)

vig — (1 = p%)volt=0 =0, wis — (1 —5%)voly=0,1 = 0.

(A.6)

We multiply (A.6) by vj, — (1 — pe)vg and integrate over £

1d 5 ~ £ -
5 351052 = (1= 7)ol + eV (5 = (1= 7)00)l 3 ) < SIV (i — (1= 5)00)l3a ) + /2,

This implies that
lviz = (1 = A%)voll Loo (0,152 (02)) < re'/4, (A7)

Similarly we multiply (A.6) by A~!(v$, — (1 — p%)vg) and obtain

o2 = (1= 5%)voll Loe 0,7, -1 (2y) < E®/*. (A.8)
Combining (A.8), (A.7), (A.4), (A.5) we conclude that

[0l oo 0,722 (0)) < 8% 05l poo (0,1 1162y < KD (A.9)

By the same kind of techniques applied to v§ we obtain

051l oo 0,722 (0y) < Y% V5l Loo (0,1 -1 (0)) < KEY/4, (A.10)

and the proposition follows from (A.9) and (A.10).

Remark A.2. This proposition can be generalized to smooth bounded domains in R™ giving us a
convergence rate for the singularly perturbed heat equation in general domains.

Now we present the proof of Lemma 2.1 which gives an explicit formula for constructing divergence-
free functions with prescribed tangential velocity at the boundary and of boundary-layer type.
Proof of Lemma 2.1. Let p € C°°[0, 00) be an even cut-off function satisfying

1
PO =1 swppc -1, [ pd=0. @) <1, Ve
0

Since 2 is smooth and bounded, there exists o > 0, such that all unit normals from 9 do not
intersect in the 209 neighborhood of 92 (denoted Oa5,(9£2)). Let d(x) be the unique point on 92 such
that the line segment joining x to d(x) is parallel to the normal at d(x) for x € Oz5,(09). Let Ty
denote the clockwise unit tangent vector for 9Q at the point x. Since 2 is smooth, we see that d(z),
Ta(a), dist(z, d(x)) = dist(z, Q) are all smooth functions.

Now for € > 0, we define

- dist (z,d(x)) s
o) Tace) [ p(p)ds, ifa € 05, (09)

0 else.

Pe(z) =

It is easy to verify that our function is smooth for € < §p by our choice of Jg, p. Next we set

oy®
o (z) = curl ¥* = agj)g . (A.11)

I
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Obviously div ¢p® = 0, ¢° is smooth and the mapping ¢ — ¢°. Thus we need only to show that the
inequalities (2.8) are true and that ¢° matches ¢ on the boundary.

Let 2o = (w01, z02) be a given point on 9. Since our construction is translation and rotation
invariant, we can assume that 7T, is the positive x direction, without loss of generality. Thanks to the
implicit function theorem, there exists a smooth function defined in a neighborhood of zg such that

(z1, f(z1)) € 9Q  for z1 near o1,
f'(xo1) =0, =mo2 = f(wo1)-

It is easy to check that

9 dist (@,0Q)]eg =0, 2 dist (2, 09)|sg = 1.
oz Ox2

Thus di

e 9 st (zg,d(zg))

s =5 ((dla)) - Tl | pls/eV/?) ds

8%1 8m1

dist (zo,d(x0)), O .
+ ¢(d(z0)) 'Td(mo)P(T)a—xl dist (z,0Q)[z, =0
aws o dist (zo,d(zg))
sy = (dl)) - Taw)leo | pls/</?) ds
o Oxo
dist (xo,d(z0)), O ..
+ L;O(d(ﬂﬂo))Td(zo)/J(81#)3—322 dist (z,00)|zq = ©(z0) * Ty(2q)P(0) = ¥1(x0);

(A.12)
i.e., ¢° matches ¢ at zg and hence ¢° € H.
To show the bounds on ¢° in the H and H' norms we observe that for €1/2 < §y and = € Q\Oj, (0)

dist(z,d(x)) e [©
/ p(s/e'/?)ds = 5 / p(s)ds =0 and thus ¥®(x) = 0, which implies ¢°(z) = 0.
0 0
In fact (A.12) is true for x € O_1/2(99). Now by (A.11) we have

lo% () oo () < IVYE Lo ()
1
<|V(e- T)|Lo<>(an)/0 lplds - €'/ + |- T| oo (90 |V dist (@, d(x))[ Lo (05, (902)) Pl Lo

<k(IVelpea0) + [#lLee(a0)) = Elelwi. (a0)

and hence
|20y = (/ |908|2)1/2 da < (measure (O_1/2(92)))/?|¢%| oo () < 551/4|§0|W1v°°(89)'
0 1/2(99)
Similarly
[V ()| Loe () < IV(VY)| Lo () < ke 2@l 2,00 (90 -
Thus

0% |11 () < (measure (O_1/2(0)) /2 (IVeT| Lo + || 1) < me™ 4 plyr2,00 (90

0%l r-1(0y < BI¥°IL2(q) < Ke¥ ol Lo (a0 -

This completes the proof of Lemma 2.1.
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Remark A.3. 1. The lemma is stated and proved for general 2D bounded smooth domain. But the
result is easily adjusted to the 2D channel with one direction periodic one direction Dirichlet as shall
be used in this paper.

2. The lemma is basically an improvement of E. Hopf’s construction of a divergence-free function
with prescribed boundary velocity in the special case of tangential flow on the boundary (see [10]).
We think this lemma could be applied in more contexts (see for example [7]).
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