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Abstract. This note considers the elliptic-elliptic singular perturbation problem:
—2Au+u=f,inQ,
u =0, on 99Q.

We trace through elliptic regularity theory to find conditions under which solutions are regular
uniformly in the singular perturbation parameter. This uniformity result is important for differential
filters and approximate deconvolution models.
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1. Introduction. Let Q be a bounded, regular domain in R?,d = 1,2,3 with
C**+2 boundary and 0 < & < 1 a small parameter. Consider the elliptic-elliptic
singular perturbation problem

—2Au+u=f,inQ, (1.1)
u =0, on 9.

Let H* = H*(Q) denote the Sobolev space of all functions with derivatives of
order < k in L?(Q2) = H® with associated norm || - || and semi-norm | - |. If k =0
we drop the subscript 0 in the norm and write simply ||-||. The Sobolev space Hg(£2)
is H :=={v € H' :v=0o0n 90} . For (1.1) we assume

f e HH Q)N Hy(Q). (1.2)

In particular, we stress that this implies the important condition
f=0o0n00Q. (1.3)

This condition precludes simple boundary layers in « but does not imply higher deriv-
atives of u are free of layers. From (1.1) it also implies that Au = 0 on 9.

The shift theorem, e.g., GILBARG AND TRUDINGER [GT], implies that the solution
of (1.1) satisfies

uwe H2(Q) N HAQ) , and ||ul|rs2 < CE)|| ]k,

where C(e) — oo as € — 0.Herein we investigate the question of wniform in e
regularity theorem. Is there a C' = C(k, ), independent of ¢, such that the solution
of (1.1) under (1.2) satisfies

lulle < ClIf k- (1.4)

This simple question has turned out to be more delicate than it appeared at first. We
prove the following in Section 2.



THEOREM 1.1. Suppose f € H?(Q) (" H(Q). Then
lulle < ClIfll: , for 1 =0,1,2. (1.5)
If f € HYQ) N BL(Q), Af € BY(Q). Then
ulle < Cl[f]le , for 1=0,1,2,3,4. (1.6)

In general, suppose f € H**(Q)NHL(Q), NI f € HY(Q),j =1,-- -,k — 1. Then for
l=1,---2k

[ulle < CI ]l (L.7)

The assumption that powers of Af vanish on the boundary can be weakened in
appearance to read that normal derivatives of the same order vanish on the boundary,
Section 3. However, examples in section 4 show that some extra condition is necessary.
Without it we have the following (Section 3).

COROLLARY 1.2. Suppose f € H3(Q) (N H(Q). Then

lulls < C(l[flls + 71 f1l2)

It seems likely that all the results herein are in the published literature, explicitly
or implicitly, somewhere (e.g., LIONS [L73]). No claim of novelty is made. This report
is just a (not to be published) technical note/white paper that presents a result useful
for some applications.

Uniformity in the parameter is critical in some important applications, some of
the authors and collaborators papers touching on these applications are given in the
reference list; this note is motivated by one such application. Simple examples in 1d
show that Theorem 1.1 cannot be true if (1.3) does not hold and that local versions
of Theorem1.1 cannot hold as well.

2. Regularity by direct estimation of derivatives. We consider first the
cases where it may be proven by a direct argument. The estimates in Lemma 1.1
likely appear in every paper on regularity of (1.1). The estimates in Lemma 1.3
appear in TARTAR [T93] . All constants are uniform in e.

LEMMA 2.1. Under (1.2) we have

&?||Aull + el [Vul| + [[ul] < ClIfI], (2.1)
ellAull + [[Vul| < CIIVI.

Proof. Multiply the equation (1.1) by u and integrate over the domain Q. This
gives

1 1
e[Vl + [Jull* = (f,u) < Sl + 5l

and the first estimate follows. For the second estimate, the equation (1.1) implies
-e2/Au = f — u and thus

2| Aul| <111+ [full < CI£]]-
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The gradient bound in (2.1) is improvable. Indeed, if f € H}(Q) then
u € H3(Q)N Ha(Q).

Multiply by —Awu and integrate. This gives
2 2 2 1 2, 1 2
| Lull” +[[Vull® = (V£, Vu) < SIIVA® + S lIVall,

and the second estimate (2.2) follows. O
Next we use a reformulation of (1.1) in TARTAR [T93]. This reformulation is criti-

cal for the next step and the regularity question can be restated for the reformulation.
Since f € H(9Q),

(u—f) € Hy().
Subtraction gives the equation

—&2A(u—f)+ (u—f) =2Af ,in Q, (2.3)
(u—f)=0, on 0.

LEMMA 2.2. There is a C independent of € such that

[lulle < ClI Ik

if and only if

[lw = fllk < ClIF]k-

Proof. This follows from the triangle inequality:

lulle < [l = £llx +[1£1lk,
[l = Flle < 11 f1k + llullk-

Consider therefore problem (2.3).
LEMMA 2.3. Under (1.2) we have

IV(u = NI < IV
[lu— FIl < CelV 11,

IV (u—= £l < Cel|Af]l,
lu — fI| < C2[|Af]],

1A =PIl < AL

Proof. Multiply (2.3) by u — f and integrate. This gives, after the usual manip-
ulations,

2|V (u— PP+ llu — fI? = (2Af,u) < 2|V~ FIIVF]]
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This proves the first two estimates. On the above RHS we can also write (A f,u) <

%HAJCHQ + &[|lu — f||* , which proves the third and fourth estimate. Equation (2.3)
now implies

A= Il < ENAFI+[lu— fI| < C|IAf.
Thus,
1A = NI < CIIAL-
Since 0N is smooth, ||Au|| and |u|s are equivalent. Thus we have the following.
COROLLARY 2.4. For k=0,1,2 we have

[lullk < CIIf]l&-

These simple estimates can be continued and give precise information. If
f € H}(Q), then u € H3(Q) N H(Q)

and from the equation —e2Au = f —u € H(Q), so

Au € Hy(Q).
Thus Awu satisfies
—2ANu+ Au=Nf € HY(Q), in Q, (2.4)
Au =0, on 0.

Applying the above estimates to Au gives for k£ =0,1,2,3,4
[ulle < C[If][k- (2.5)

Clearly this can be repeated. Repeating this argument proves Theorem 1.1.
THEOREM 2.5. Suppose f € H**(Q)NHL(Q), N f € HY(Q),j =1,k — 1.
Then forl=1,---,2k

[ulle < ClI ]l (2.6)

3. The bootstrap argument. The usual path to regularity is via a bootstrap
argument. The section considers how the classical bootstrap argument applies to the
regularity issue. We give a different proof of the basic regularity result of the last
section. We return to the case:

fe HMNQ) N Hy(9). (3.1)

The case k = 3.

The usual procedure, GILBARG AND TRUDINGER [GT] is first to use a partition
of unity. Then, change variables to locally flatten the boundary. The sought estimate
is first proven for tangential derivatives through tangential difference quotients. Fi-
nally, the last derivative in the normal direction is bounded by tangential derivatives
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through the equation. This section uses an alternate but related strategy (which was
suggested to the author by L. TARTAR and used in [T93]) that simplifies the argument
considerably!. The key is the following observation.

Observation: Let L be a smooth, first order differential operator which acts
tangentially to 0S). Then, for any

v e H*(Q) N Hy(2)

we have

Lv € H) () , and
ALv = LAv + Av,

where A is a second order differential operator.
PRrROPOSITION 3.1. Suppose L is a smooth, first order differential operator which
acts tangentially to 9Q. Then,

IAL(w = I < Clflls

Proof. Applying L to the equation

—&2A(u—f)+ (u—f) =2Af ,in Q,
(u—f)=0, on 0N.

gives

—2AL(u— f)+ L(u— f) = 2LAf + 2 A(u — f) , in Q, (3.2)
L(u—f) =0, on 5.

Apply Lemma 2.3 to (3.1). This gives
|1 L(u— f)|| < C{ILAF] +[|Alu — P},
and since A is second order, Lemma 2.2 implies ||A(u — f)|| < C||f]|2. Thus,
|1 L(u = )| < C||f]3.
Next, apply the idea in the proof of Lemma 2.2 to equation (3.1). This gives
|AL(u— f)|l <[ flls + [|1L(u— f)I| < C2[| f]]s.
Thus we have
IAL(u = f)Il < ClIflls

for any first order differential operator acting tangentially to the boundary. O

There remains only to check the norm of the one third order differential operator
acting normal to 9. This is one additive term in VA(u — f) so that the theorem
will hold if [|A(u — f)[x < Cl[f][s.

1 This considerable shortening of the proof motivated writing this note after checking the much
longer argument in Gilbarg and Trudinger [GT].
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To verify this estimate, recall that the equation

—2A(u— )+ (u—f)=2Af ,in Q,
(u—f)=0, on 9N

implies
EllAf =l < | Af]l + ClIV(u— £ (3-3)
At this point, the best estimate of the last term in Lemma 2.3 is
IV (u = )l < Cel|Af]l.

This gives the following.
COROLLARY 3.2. Suppose f € H3(Q)(H(Q). Then

lulls < C(I[flls + 71 £1l2)

To eliminate the ¢! it suffices that Af = 0 on 9.
LEMMA 3.3. Suppose Af € H}(Q) , then

IV (u— £l < C2 A (3-4)

Proof. Begin with the equation

—2Au—f)+ (u— f) =2Af ,in Q,
(u—f)=0, on 9N

Taking the inner product with —A(u — f) gives
A= P +IV(u = £l = E(Af, =Du = f)) < E2|IAFIL]IAw = fl|-1-

The key step depends upon the extra regularity Af € H}(2). With this we can use
the estimate

(Af,=A(u =) < [AfI[A = f)ll-1
Now (u — f) € H3(Q) so A(u— f) € H-1(Q) and
A = Fll-1 < ClIV(u— f)I].
Thus,
IV (u = £II? < CEAFILV (= I,

completing the proof. O

It is clear that all that is really needed is that the second normal derivative of the
RHS be well defined and vanish on the boundary.

COROLLARY 3.4. Suppose f € HF(Q)NH(Q) , and Af € HY(Q). Then, for
k=0,1,2,3 we have

[ullk < ClIfI]x-



4. Examples. EXaAMPLE 4.1 (When f # 0 on the boundary). This is an
example in which f € H(Q) from L1ONS [L73], page 133. First note that the
estimates derived imply that w — f as ¢ — 0 weakly in L*(Q). If the RHS does not
vanish on the boundary the gradients cannot converge strongly since H}(Q) is a closed
subspace of H* () .

The following example illustrates this. Consider the 1d problem

—2u” +u=e"", in (0,00),

u=0, atz=0.

The solution is
1 1 «

u(z) = 1_526_”” — 7 _526_?

It is easy to verify that on subdomains away from x = 0 there is no difficulty: u(z) —
f(z) . The derivatives do not converge near x =0 due to the layer at x = 0.
EXAMPLE 4.2 (Regularity is false in general). The second exzample is due to P.
RABIER and shows that (1.4) cannot hold for all k without extra conditions on the
RHS. Consider (1.1) in one dimension, which reduces to
—2u" +u=f,in(0,1),
u=0,atxz=0,1.

Pick f € C*°(0,1) with f"(x) #0 at all . In the equation let x — 0. This implies
[ (0)] = 2| £(0)] = 0.

Differentiate twice and repeat this argument. We have —e%u" +u” = f" | in (0,1).
Thus, at x =0

[W"(0)] = e=2|£7(0)] = o< , as & — 0.
By the Sobolev theorem we have
" (0)] < Cllulls £ CIIfllk

for any k (in particular k = 5) since the LHS blows up while the RHS is bounded.

ExXAMPLE 4.3. The following 1d example, due to XINFU CHEN, connects the
regularity question to results in asymptotic analysis. Suppose Q = (0,1) and I = [a,b]
is properly contained in (0,1) so that 0 < a < b < 1. Let f(z) =1 on I and — 0
smoothly off I. Consider (1.1) in one dimension, which reduces to

—2u +u=f,in(0,1), (4.1)
u=0,atx=0,1.

Differentiating (4.1) and setting x € I , we have

1
u" = _2ul7
g
u//// _ 5—2u// _ s_4u’

and thus



Now, if the Theorem 1.1 holds we must have the apparently impossible relation
e M| 2 gry = P21y < [[uP[ 1201y < CR)[[S |2 (4.2)

From (4.2) it appears that uniform in e regularity is impossible. However, the solution
to (1.1) (and thus (4.1)) is an approzimation to f(x) and thus since this particular
function satisfies f'(x) = 0 on I we should have u'(z) small there as well. As-
ymptotic analysis of (8.1) indicates that on I , u'(x) is, in fact, exponentially close
to f'(x) and thus is exponentially close to zero, e.g., [B75], [B79], [E79]. Thus,
supg.<1 & 2F|[u/|[2(ry < C(k) , which is consistent with the possibility of uniform
regqularity. Indeed, if f(x) is extended to have compact support then the regularity
result does hold while it fails for other smooth extensions by Example 2.

Indeed, this last example cannot be a counterexample because the same local
argument leading to (4.2) would apply to the same problem under periodic boundary
conditions (where the RHS is extended periodically). In the periodic case we can
verify uniform regularity by direct calculation. Indeed, we calculate

1 3
u(z) = Z 7fjeljx/2”,

S (L)

where f; are the Fourier coefficients of f(x). We calculate further that in the periodic
case uniform regularity holds with C(k) =1 trivially since:

2
1 J
B2 =37 | e | ()5 <
e = 1+a2(L2ﬂ)21 Qe il =

<SG = P

JEL

5. A nonlinear singular perturbation problem. We consider some simple
extensions to a nonlinear elliptic-elliptic singular perturbation problem involving the
p-Laplacian. It is well known that the p-Laplacian operator is strongly monotone
and locally Lipschitz and thus many global estimates extend from the linear case to
the p-Laplacian with very little modification. To begin, consider the elliptic-elliptic
singular perturbation problem

—ePV - (|[VulP~2Vu) +u = f , in Q, (5.1)
u =0, on 9.

We assume that f is as smooth as desired (and will be specific as such assumptions
occur) and f = 0 on 9. The scaling of the small parameter is changed for dimensional
reasons. Indeed, if the dimensions of length is L and of u is denoted by [u] = U.
Then in (1.1) [¢] = L. In the above nonlinear problem we calculate

£V - ([VulP2Va)] = [¢]F - [V - (IVul2Vu)] =
1.U U
— [P (2L
()2
so that scaling by P instead of €2 retains the dimensions [¢] = L and thus the meaning
of the small parameter.



Proceeding informally, the first estimate of Section 2 is proven by multiplication
by u and integration. Following the same path, we have

||V - (IVulP 2 Vu)|[2: + || Vaullf, + [[ull2: < Ol f]|7-.
For the second estimate, since f is smooth and vanishes on the boundary, we may

multiply by e?V - (|Vu|P~2Vu). This gives

||V - (Va2 | 2a + [V, < / VF - [VulP~2Vude <
Q
<[Vl el|Vul[5,
Thus,
[IVul[e <[V f]|Le.

The estimates in Lemma 2.3 can also be extended directly. Indeed, for compact-
ness, let

N(u) := =V - (|Vu|P~2Vu).
With this u — f satisfies the equation

P {N(u) = N(f)} + (u = f) = "N(f).

Multiplying by u — f, integrating and using strong monotonicity for the first term
gives

C)|IV (= f)llgs + llu = flI7: < (N (f),u—f)
<cer [ Ve Vu— s
Q
< C|V AT IV (= f)l o
This gives an alternate proof of the above estimate:
IV~ fller < ClIV Lo

6. Application to differential filters. As noted in the introduction, this note
was motivated by an application to Germano’s idea of using differential filters as a
basic for large eddy simulation , LES. In LES almost universally the cutoff length scale
is denoted ¢ rather than e (while in singular perturbations it is denoted e also almost
universally). Thus, for this section we shift notation slightly with this replacement.
Given (typically a fluid velocity) ¢ € H*(Q) [ HA(), its differential filter ¢ is the
unique solution of

Ap : = -3Np+d=¢,inQ, (6.1)
¢ =0, on .
The following question occurs in the analysis of the accuracy of approximate

deconvolution operators:
For what n and k do we have

AT ¢||k < Cll¢|[
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uniformly in 07
We trace through now some answers provided by Theorem 1.1. For n = 1 Theorem
1.1 implies

l[¢]|x < C||¢||x , for E=0,1,2 and that
A¢p =0 on 0.

Since A¢ = 0 on J9, we can apply a higher estimate to the case n = 2. Indeed,
A=2¢p = A1) = ¢ so that
1 8llx < C|[B]|k , for k=0,1,2,3,4 and that
Np= NG =0 on 9.

Further, the equation for 3 is
—’AG+p=¢ ,in Q. (6.2)
Taking the Laplacian of this equation gives
—52N2p+ Ap = A, in Q. (6.3)
Now, let x — 0 and use Az = A¢ =0 on 9. This implies
A3 =Ad=¢=0ondQ
so that even higher uniform regularity can be inferred for i

15 < C|lol| , for k=0,1,2,3,4,5,6.

This argument can be continued.
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