Oct. 03

REGULARITY THEORY FOR WEAK SOLUTIONS

Recall that we have defined the weak solution u for the Poisson equation
Au=f, 1in u=g on 0 (1)

by a function u € W2 such that u — g € V[/Ol'r2 and

/Vu-Vv—i—/fU:O (2)

for all v € W, %(Q). We will discuss the regularity of  in this lecture. To do this, we need to survey the
theory of spaces similar to W2, that is, the Sobolev spaces.

1. Sobolev spaces.

Sobolev spaces are originally designed with the purpose of studying elliptic PDEs. In this section we
only sketch its major properties. For details, see J. Jost Partial Differential Equations, §8.1. For more
details, see L. Tartar An Introduction to Sobolev spaces and interpolation spaces, available online at
http://www.math.cmu.edu/cna/publications.html, or R. A. Adams Sobolev Spaces, Academic Press.

Definition 1. The Sobolev space W P(Q) contains all the distributions whose distributional derivatives
are LP integrable:

DoweLr(Q),  Ya|<k. (3)

Remark 2. The space LP(2) can be viewed from two perspects:
1. It contains distributions that are
a) (for p=1) integrable;
b) (for 1< p<oo) bounded in the following sense:

r<x( fo)” @

for all ¢ € C3°(Q2). Here g =—L (that is, %ﬁ: 1);

¢) (for p=o00) essentially bounded.
2. For 1< p< oo, L? is the completion of the space C§°(£2) (or C*°(£2)) under the norm

11=( [, fp)l/p- 5)

The space W*:P(Q) has the following properties.
1. WkP(Q) is complete with respect to the norm

1/p
ulhyrrey=( 2 [ 100al) (©)
o] <k 7€

The Sobolev space WgP(Q) is the completion of the set C§°(2) with respect to this norm.

Note. For general Q, W}P(Q) = Wk P(Q) only when k = 0. For other k’s the two spaces are dif-
ferent.

2. C%(Q) is dense in W*P(Q).

3. The most important properties of Sobolev spaces are the embedding theorems.



Theorem 3. (Sobolev embedding)

np
whr)ycd L op<n, 7
Moreover we have
11
lwll, oy im—p < C IIVU][ 03 Sléplul <O 7 ([Vu| e (8)

Scaling. Instead of proving the theorem, we present a “back-of-envelope” way of remembering the
formulas.
Denote by [ the length scale and h the height scale. Then we have

. h pn 1/p
fullyame )% Tl ((F) 1) sl 0
np

We see that when ¢ =

. (require p < n), the scaling of ||u||,;, and ||Vu||,, are the same, there-

fore we expect an absolute constant (in particular, the constant C' in
el upyrm—p SC IV 1o (10)
is independent of . It also works when Q2 =R".1); When p>n, we have

[Vl o~ R 122 (sup [u]) ()P~ (11)

the relation

3=
S

sup [ul SC Q" 7 [[Vulp (12)

is implied after realizing ™ is the scaling of the volumn |€)|.

Corollary. Iterating, we have

np

L=*(Q) kp<n

WyP(Q) C : 13
0" () cmQ)  0<m<k-—2 (13)
p
The same scaling argument can serve as intuition.
One can further refine the result and show that
Hy(Q)c o 7(Q) (14)

when 1 —% is not an integer.
2. L? regularity.

2.1. Interior regularity.

Our goal is the prove the following theorem, which justifies the intuition that w is twice more differen-
tiable than f. By “interior regularity”, we mean we do not deal with boundary data, and therefore the L?-
norm of w is necessary in the RHS.

Theorem 4. Let u € WH2(Q) be a weak solution of Au= f with f € L*(Q). For any Q' C C 2, we have
ueW?22(Q'), and
otz < C (Il ooy + 1 £l 2y )- (15)

where the constant depends on the distance between Q' and Q. Furthermore, Au = f almost everywhere

mn Q.

1. Compare with the Poincaré inequality!



Remark 5. The difficulty in proving the theorem lies in the fact that we have to show u € W22, Once
this is known, the estimate is relatively easy to establish.

1. We first show that
2 17 2 2
||vu||L2(Q’)<§||uHL2(Q)+52||fHL2(Q)' (16)

without any extra assumptions.
Let n(z) be a “cut-off” function defined by

1 zeq)
n@) =4 1 —%dist(x,Q’) 0< dist(z, ) <6 (17)
0 dist(z, Q') >0
and set the test function
v=n*uecWy (). (18)
Some calculation yields
[orvul 2 [ ava)-@on=- [ fu (19)
Q Q Q
Using Young’s inequality
€ 1
<= 2 - 2
|ab|\2a +25b a,beR, >0 (20)
on the 2nd term on the LHS and on the RHS we have
2 2_1 2 2 2 2 1 2,2, 0% [ 24
n?|Vul <§ n?|Vul"+2 [ u*|Vn] +W nu—i—? ne f=. (21)
Q Q Q
Moving the first term on the RHS to the left, we have
1 1
/ |vu|2<<5—§+§>/ N ) (22)
o’ Q Q

2. Note that [ |Aul* = Ik }V2u|2 + boundary terms. if we assume u € W32, Thus using Au as test
function we obtain

192u) 20y < 117200 (23)

Proof. Let Q'C CQ”C CQ, with dist(2”,0Q) > /4, dist(Q’,00") > 6 /4.
Now choose n € C3(Q") with n=1 on Q' and |Vn|<8/d, and set

v=n2 A (24)
where
A?u(x):u(:v—i-h(;z)—u(x) (25)
Then we have
/ V(A?u)~Vv = A?(V’UJ)'V’U
S " gl//
- —/ Vu- V()
S "
= f Ay
gl//
< ||fHL2(Q) ||VU||L2(Q”)' (26)

Recalling
v=n>AMu (27)



We have
/“ V(bu) -V (2 A0u) <y [V (02 200 o (28)

The terms can be expanded to obtain

/,, 2|V (Ak))? < Hf||L2(Q)HV(n2A?u)||L2(Q”)—2/9//(nVA?u)-(A?an)

1 1
< 2|\f||§2(m+g Hv(n2Afu)||iz(Q,,)—i—Z/Q“ |77VA?U}2+8/Q” (V)2 |Ak)® (29)

This gives
3 1
Z/Q// InVA?u|2<2Hinz(Q)+§ HV(mA?u)HiZ(Q,,)Jrs/ V| Ak, (30)
2

R 8/ |V77|2}A?u}2'

To proceed further, we need to study the two terms % HV(n2 A?u)”

o % HV(U2 A?u)||iz(9,,)~ We have

V0P 820y < 2I(TOR) [ AlllLa+2 7|V ALl

< 2(sup|V(2)]) [ Akul G+ 2|0V Alul| . (31)
Where we have used the fact that 72 <.

- 8 |V77|2|A?u|2. We have

2
H L2(Q”)

/|V77|2|A?“|2<(Suplvn|2)/ }A?u|2=(sup|Vn|2)||A?uui2. (32)
Thus we have
1 1
5/“ VAL <2 £ 30y + 5 (50 [V (02)]) [ A2u]) .+ 8 (sup [V ) | Al (33)

The following lemma then guarantees the existence of V2u and also gives the desired estimate.

Lemma. Let

A?uz“($+hz)_“($), h+0 (34)

with e; being the ith unit vector of R™. Let Q' C CQ and |h| <dist(€Y',00). Then
1. If ue L*(Q) and there is K < oo such that
[ Al

r2an S K (35)

then ue WH2(Q') and
||6ziuHL2(Q/) < K. (36)

2. Conversely, if u€ Wh2(Q'), then Alue L*(Q') with
h
HAZ’“HB(Q/) S Hawi“”L?(Q/)' (37)

Proof.

1. We first show that Alu converges as distributions in D’(€2’) to the distributional derivative of w.

Check
[ (atwyo== [u(577) =~ [une) (38)

by Lebesgue’s dominated convergence theorem.
We have

(0z,u) () zlim/Q/ (Afu) p< ||A?u||L2(Q,) loll 2 <K (@]l 2 Vo e CFo (). (39)



Now recall that CG°(Q') is dense in L*(’), (9,,u) can be identified with a bounded linear operator
on L?, which means it can be identified with a function in L?(Q’).2

2. Since C™ is dense in W12, we only need to consider the case when v € C°° N W12, In this case we

have
1 h
Afu(m)zﬁ/ O (X1, ooy Tie1, Ti+ S, Tig1, -ory Tpy) dS. (40)
This gives 0
h
’A?u(w)fg%/o |8miu(x1,...,:Ci_l,xi+s,xi+1,...,xn)|2ds (41)

due to Holder’s inequality. Now integrate over 2’ and exchange the order of integration on the
RHS we obtain the result. 0

With the help of this lemma (part b) ) we have

1 2 2 1 2 2 2
3 [ 10V <201y 3 (50 (VO 0501t 8 (50 90 ) 000 (42
which is a uniform bound on
h R, |2
||Aiv“||L2(Q”)</QN [n VAl (43)
Now part a) of the lemma yields 9,,Vu € L*(2”) and also the desired estimate. O

When f has better regularity, we can differentiate the equation first and obtain the following interior
regularity result.

Theorem 6. Let u € W2(Q) be a weak solution of Au= f. If f € WF2(Q), then u€ WFT22(Q') for any
Q'ccQ, and

Hunk+2,2(Q/) g O ( ||u||L2(Q) + ||fHWk,2(Q)) (44)
Here the constant depends on d, h, dist(Q2', Q).

2.2. Boundary regularity.
We consider the Poisson equation with Dirichlet boundary condition:

Au=f in Q; u=g on Jf) (45)

where g can be extended to a function on the whole 2. Our purpose is to establish the following result:

Theorem 7. Let u be a weak solution with u— g€ Wy *(Q). If f € WE3(Q), g€ WFF22(Q), and Q be of
class C*1+2, then

ue Wr22(Q), (46)

and we have the estimate
ey sy < C (1 sy + 191l yges ey ) (47)
The constant C' depends on ).

Proof. The proof of this theorem is identical to the proof of a similar theorem for general linear elliptic
equations (we will see why soon). As we will not discuss details about the general case, we will only give
an outline here. For details see J. Jost Partial Differential Equations §8.3.

1. First note that since g € W**2.2(Q)), we can replace u by u — g and reduce the problem to

Au=f,  uweWy?*Q). (48)

2. Riesz representation theorem.



2. We first establish W12 bound:
[l <SC (N9 llyprz+ 111 12)- (49)

To see this, use v =u — g as the test function. We obtain

[ veve-g|=| [ru-9) (50)

therefore

/|Vu|2<\/Vu-v9'+\/f<u—g>\<§/ Valt+ [ oP+L [Pe [lu-gf o1

Apply Poincaré’s inequality to the last term and choosing £ to be small enough, we obtain the
desired estimate.

3. For any ' C CQ, we can estimate [, }Bmiwjuf SC([ @+ [ f)<C(lgllyyr2+1fll2)- There-
fore it suffices to establish the desired estimate in a neighborhood of the bondary 0f2.

4. We illustrate the basic idea by assuming part of the boundary is in z,, = 0. We try to show the
W22 bhound for u in a small half-ball B = Br N {x, > 0}. Note that once this is done, the
boundary, which is compact, can be covered by finitely many such balls.

First note that 9,,u is well defined in B}, and belongs to LQ(BE). Now let 1 be a cut-off func-
tion in C§°(Bg). For all j # n, AT u is well-defined and we can use the test function A%(n? Alu)
as we did when proving the interior regularity, and obtain the desired bound for all 0., ,u except
Oz, 2, U-

Now notice that the equation implies

n—1
Oppwtt=f =Y Onat (52)
i=1

and therefore this term enjoys the same bound as other double derivatives.

5. For general 2, we need to first cover 92 by small balls, and then do a change of variable on each of
the balls to “straighten” that part of the boundary. After doing this, however, the equation does
not have the simple form

Au=f (53)
anymore and proving the estimate becomes as difficult as proving similar estimates for the general
case. g

Remark 8. It turns out that when the boundary is smooth, one can actually extend the regularity to Q.

Theorem. Let @ C R"™ be a bounded domain of class C*°, and let g € C>®(0Q), f € C(2). Then the
Dirichlet problem

Au=f in §; u=g on 09, (54)

possesses a unique solution u which is C‘X’(Q).

The key to the proof is the embedding W*?(Q) C C’”(Q) for0<m<k— %. For details, see J. Jost
Partial Differential Equations, §8.4.

3. LP regularity.
The regularity theory can be extended to spaces W¥*P. We will only sketch the results here. For
details, see J. Jost Partial Differential Equations, Chap. 9.
For fe L?(f2), we can extend it by 0 to obtain f € LP(R™). Recall the fundamental solutions:
1
EP log|z — y| n
INz,y) = 1
n(2—n)a(n)

2

o . (55)
|z —y] n>=3



We can define the Newton potential

w(@)= [ T(e.0) £ dy. (56)
which solves
Au=f (57)
almost everywhere.

The basis for the L? theory is the following Calderon-Zygmund inequality.

Theorem 9. Let 1 < p < oo, f € LP(Q), and let w be the Newton potential of f. Then w € WP(Q),
Aw= f almost everywhere in 2, and

HvszLP(Q) <C(n,p) ||f||L”(Q)' >

Using this theorem, we can obtain the following interior regularity result.
Theorem 10. Let u € WH1(Q) be a weak solution of Au=f, f € LP(Q), 1 <p<oo. Then ue€ W*P(Q)
for any Q' CCQ, and

ltlpangery < C (Il oy + 15 ey ) (59)
Here C=C(n,p,,Q).

Further readings.
e J. Jost, Partial Differential Equations, Chap 8§, 9.
Exercises.

Exercise 1. Let

f(z)=|=z|?, s€eR. (60)
Consider the domains

Q=Bgr, Q'=R"\Bg. (61)

For which values of p,n,sis f € WHP(Q) or WLP(QY)?
(Optional) How about W*:P(Q), Wk P(Q)?

Exercise 2. Write down a proof of the higher regularity result.

Theorem. Let u€ WH2(Q) be a weak solution of Au= f. If f € WF2(Q), then u € WEt22(Q') for any Q' C CQ, and

lllygis ey SC (Il oy + 1F ez ) (62)
Here the constant depends on d, h,dist (2, Q).

Exercise 3. (Optional)Use the L2 version of the Calderon-Zygmund inequality:
2

where w is the Newton potential of f, to prove the inner regularity estimate on a ball: for any weak solution u of Au =
f, we have

g,y C (Il pagmy + 15 L2y )- (64)

Where r < R. For simplicity, you do not need to worry about the regularity of u, that is, work as if u € C°.
Hint: Follow these steps.

1. For any v€ C§°(BRr), v=[ I'(z,y) (Av)(y)dy. That is, v is the Newton potential of its Laplacian.
2. Use a cut-off function n whose support is in B, with » <r’ < R, apply C-Z inequality on v=mnwu to obtain
1920 s,y SC (Il gy + 1F g,y + 192 o, ) )- (65)

3. Use another cut-off function £ whose support is in Bp, to obtain

1Vl oy <O (Nullpagmy + 1l pags )- (66)



