Elliptic equations and QC maps- I Distribution,
Sobolev spaces and Partial equation

Miodrag Mateljevié
17. maj 2018

This is an addition materials to B. Jovanovic book [6](at this moment it is
a rough version); see also [8]. The material covered by the author in the course
Partial equation (elliptic of the second order) is roughly first 62 pages (including
Morrey’s inequality). In some parts we consider materials which reflects author’s
interest. (For example in Section 5 we consider Beltrami equation and Absolute
Continuity on Lines). We denote by * the parts which can be omitted in first
reading.

The basic idea in distribution theory is to reinterpret functions as linear
functionals acting on a space of test functions. Standard functions act by inte-
gration against a test function, but many other linear functionals do not arise in
this way, and these are the ”generalized functions”. There are different possible
choices for the space of test functions, leading to different spaces of distributi-
ons. The basic space of test function consists of smooth functions with compact
support, leading to standard distributions. Use of the space of smooth, rapidly
(faster than any polynomial increases) decreasing test functions (these functions
are called Schwartz functions) gives instead the tempered distributions, which
are important because they have a well-defined distributional Fourier trans-
form. Every tempered distribution is a distribution in the normal sense, but
the converse is not true: in general the larger the space of test functions, the
more restrictive the notion of distribution. On the other hand, the use of spaces
of analytic test functions leads to Sato’s theory of hyperfunctions; this theory
has a different character from the previous ones because there are no analytic
functions with non-empty compact support.

1 harmonic in R”

1.1 Stokes’ theorem, Green’s theorem, the divergence theorem-
Gauss’s theorem or Ostrogradsky’s theorem

Green’s theorem
Let C be a positively oriented, piecewise smooth, simple closed curve in a
plane, and let D be the region bounded by C. If L and M are functions of (x, y)



defined on an open region containing D and have continuous partial derivatives

there, then
M L
%(Ldm—&-Mdy // <6—8> dz dy
dy

where the path of integration along C' is anticlockwise.

In physics, Green’s theorem is mostly used to solve two-dimensional flow in-
tegrals, stating that the sum of fluid outflows from a volume is equal to the total
outflow summed about an enclosing area. In plane geometry, and in particular,
area surveying, Green’s theorem can be used to determine the area and centroid
of plane figures solely by integrating over the perimeter. In vector calculus, the
divergence theorem, also known as Gauss’s theorem or Ostrogradsky’s theorem,
is a result that relates the flow (that is, flux) of a vector field through a surface
to the behavior of the vector field inside the surface.

More precisely, the divergence theorem states that the outward flux of a
vector field through a closed surface is equal to the volume integral of the di-
vergence over the region inside the surface. Intuitively, it states that the sum
of all sources (with sinks regarded as negative sources) gives the net flux out of
a region.

The divergence theorem is an important result for the mathematics of physics
and engineering, in particular in electrostatics and fluid dynamics.

In physics and engineering, the divergence theorem is usually applied in
three dimensions. However, it generalizes to any number of dimensions. In
one dimension, it is equivalent to the fundamental theorem of calculus. In two
dimensions, it is equivalent to Green’s theorem.

The theorem is a special case of the more general Stokes’ theorem

Suppose V' is a subset of R™ (in the case of n = 3, V represents a volume
in 3D space) which is compact and has a piecewise smooth boundary S (also
indicated with 9V = S). If F is a continuously differentiable vector field defined
on a neighborhood of V, then we have:

Jf e =g foeemas

The left side is a volume integral over the volume V, the right side is the
surface integral over the boundary of the volume V. The closed manifold 0V is
quite generally the boundary of V oriented by outward-pointing normals, and
n is the outward pointing unit normal field of the boundary V. (dS may be
used as a shorthand for n dS.) The symbol within the two integrals stresses once
more that OV is a closed surface. In terms of the intuitive description above, the
left-hand side of the equation represents the total of the sources in the volume
V', and the right-hand side represents the total flow across the boundary S.

For admissible domains see [3].

Also we will use the notation D[¢,v] = [ [,(3° 0k Oxtp)dx and D[¢] =

D[, ¢].



Suppose that D is simple (more generally admissible) in R™ and S boundary
of D,u € C' and v € C? in D and 9/dn = D,, denotes differentation with
respect to the outer unit normal n.

Let dzy A doy, = dx, that is doy, = (—1)**day A ---dxg - A day,.

Then nido = doy,

s s
v
Dy (u—>)dx 2
> [ Dutuge) @)
Thus
ov
/u—da = Dlu,v] +/ uAvdz. (3)
s On D
Green’s indentity (which we need mainly in the special case when D is a
ball)

If u,v € C? in D, the second Green’s indentity

v ou
/S (uan - U@n) do = /D (uAv — vAu) dz, (4)

A twice differentiable mapping v = (u1,...,Umy) : & — R™ defined in the
open set {2 of the Euclidean space R" is called harmonic if the real functions u;,
i =1,...,m, are harmonic. By B = B" we denote the unit ball in R"™ and by
S"=1 the unit n — 1 dimensional sphere. for a € R" by B(a, R), B(a, R) and
S(a,r) we denote the ball, the closed ball and the sphere of radius r with center
at a.

For n = 2 we frequently write U, D(a, R) and K (a,r) instead of B?, B(a, R)
and S(a,r) .

7?7 Let m = m,, denote the usual the Lebesgue measure on R™. Sometimes
we use notation dx = dx; ...dz, and |A| instead of dm and m(A), where z =
(21,...,2,) € R" and A is a Lebesgue measurable set in R", respectively. By
do we denote positive Borel measure on S~ ! invariant w.r. to orthogonal group
O(n) normalized such that o(S"~1) = 1.

For a function h, we use notation 0h = 3(h}, — ih;,) and dh = 1(n, + ihy);
we also use notations Dh = h, and Dh = hz instead of Oh and Oh respectively
when it seems convenient.

Let f be of class C' on D(z,R) and let f and g = f= be continuous in
D(29, R). Then we have the representation

: &dg = /D(ZO,R) Cg(—oz

flz) =

=— dédn . 5
270 S (z0,r) C — 2 T (5)

‘We also use notation

Ty(z) = Tpy(z) = —%/D Cg<_<)zd£dn



if this integral exists in some sense.

Green’s formula

Suppose we want to find the solution u of the Poisson equation in a domain
D C R" :Au(z) = f(x),x € D subject to some homogeneous boundary condi-
tion. Imagine f is the heat source and u is the temperature. The idea of Greens
function is that if we know the temperature responding to an impulsive heat
source at any point xog € D, then we can just sum up the result with the weight
function f(xo) (it specifies the strength of the heat at point zg) to obtain the
temperature responding to the heat source f(x) in D. Mathematically, one may
express this idea by defining the Greens function as the following: Let u = u(x),
x = (21, ...T5), be the solution of the following problem: Au(x) = f(z),z € D
satisfies some homogeneous boundary condition along the boundary dD.

Set E(x) = Ey(z) = 22l 2 e R2\ {0}; E, (z) = |z[>™", and E,, = (25{‘)%,

2w

z € R™\ {0}, n > 3. We also use I instead of E,, and I'y(z) = I'(z — y).

In order to get Greens representation formula [16], it is convenient to intro-
duce Greens function.

We define the Greens function G on a domain €2 with Dirichlet BC by
(1) G(z,x0) =0, x € 9Q and
(ii) G(z,x0) = En(x — 20) + h(z,z0), where h(x,x0) is a harmonic function in
x.

We also use notation G, () = G(z,z¢). For given zy € Q, let h,, be
harmonic in Q and —I';, on 9€2. Then G,, =I'y,+.

In the distribution notation (ii) means AG(x, o) = 0y, -

GREENS FUNCTION FOR LAPLACIAN XX. Greens function for the up-
per half plane H = {y > 0}. We first construct the Greens function in the
upper half plane with the Dirichlet boundary condition:

G(z,20) =T(2—20) —T'(z — %) = &= In iz:;gii
The outward unit normal to the boundary of the upper half plane is in the

—y direction. So we calculate

1 2(y—yo) 2(y+ o)

D - -
)= Ll e T o
Since |z — 2| = |z — %] for z = (2,0, Dy(z,0,2) = -1 |I_ygo‘2

At point (z,0), n = n(z) = (0, —1) and therefore D, (z, 0, z9) = —Dy(z,0, 29) =
1_ Yo
m Je—20]%"

Greens function for the unit disk
2*=Jz=z/|z|%.

If 29 = r9e' then 2§ = €'®/ro. Hence, for z = €%, ro|lz — 2| = role* —
e [ro| = |roet — | = |e®t — roe’®|. Thus |z — 20| = |20|]2 — 2§
G(z,20) = [In|z — 20| —In |z — z§| — In|zo]]

For z = €, n =€ and D, G(z, 2) = D,G(z, 20)

|z — 20]2 = 12 — 2rrg cos(0 — Op) + rd

D,|z — z|? = 2(r — 19 cos(0 — 0y)) and D,|z — zo| = %z(fl—%)
r—rg cos(0—0p)

and D, In|z — z| = =t



7‘—% cos(6—0p)

lz—z5?

D,ln|z— 2| = . Hence for z = ¥

1 —rgcos(d — 6y)

(DrIn|z = 20]) y—eio = et — 2|2

18 — 1o cos(f — o)

(Drln |z = 2g])o=cie =

‘eie _ 20‘2 ’
1—r3
D'I‘G(zvzo)|z:eie = m

Hence for boundary data f we have solution of Dirichlet’s problem u(zy) =

o fO ZO? f( zO)da
To(2) =T(a,z) = == is aut U.

l1-az

Using Green’s formula under some conditions we show that f = T(Df).
Then G(a,z) = —5= In|T'(a, z)| is Green’s function for U.

Suppose that D is simply-connected domain in C different then C and ¢
conformal mapping of D onto U. Then by

Gp(b,w) = —5=In|Tp(b,w)|, b,w € D, where Tp(b,w) = T($(b), p(w)), is
given Green’s function for D. In particular A(w) = w/R maps D(0, R) onto U

and T'(b,w,R) = T(b/R,w/R) = R(biljl;) and

G(b,w,R) = —5=In|T(b,w, R)| = 7= In |R(b*bw“’)| b,w € D(0, R), is Green’s
function for D(0, R).
B(w) = w — wp maps D(wg, R) onto D(0, R) and

1 R?—b—wo(w—w
G(b, w;wo, R) = — In | R(b_‘)(w) O)|,

o b,w € D(wo, R),

is given Green’s function for D(wq, R).

In particular, for b = wg, we have
(1) G(wo, w;wo, R) = G(wo,w) = %h”(wo_w) |

Fix b € D(0,R) and set A(b,e) = A(b,0;¢,R), P = R*> —bw and Q =
R(b—w). Then G(b,w, R) = 5= In|X|, where X = P/Q.

Apply Green’s formula v = f and v = G(b,w, R) on A(b,e). Compute
Dpv(w) for w € K(0,R) and w € K(b,¢). For a w € K(0, R) locally v is real
part of function iF, where F'isabranchIn X and X = (P/Q). Y = F' = %X’,
Y R2_|p|? y 1 R2—|b\27 .

(b—w)? R (b—w)(R2—bw)

For w € K (0, R) we write w = Re'; then ds = RZ% and (b— w)(R? —bw) =
Re' (b—w)(w —b) = Re®|b—wl|? Since n = n(w) = €™ is the outer unit normal
at w on the circle K(0, R)

D,g = Re(e'F') = D _u|1b|‘2 = Ret? and therefore
Dpgds = Retbdw,



Set J(e) = [g (ude —v34)ds, Ji(e) = fseug—;’lds, Jo(e) = fsev%ds and
I(R) = [, (w2 —v9%) ds. Then
(2) I(R) = [y, ugtds.

(3) Ja(e) = 0if e — O,

Using polar coordinate z — b = pe®, we have

v=—In|z —bl+ h(z) = —Inp+ h(z), where h is a harmonic function.

If n = n(w) = —e is the outer unit normal at w on the circle K(0,¢),
D,v=—1/p+c+o(l) when p — 0. Hence, since ds = 2mpdt, we first ug—;’lds =
2wp(—1/p + ¢+ o(1)) when p — 0 and then
(4) Ji(e) = —u(a) if € = 0.

Now by Green’s formula

I(R) — J(e) = / /D o (0 =) ddy = / /D o V) drdy

If € — 04, using (2), (3) and (4), we get
f(0) = [, DaG(b,2)f(2)ds — ffD(QR) G(b, z) Au(z) dz dy.
An immediate corollary is if p € C2(R?) and suppp C D(0, R) , then

/ /D o) In|2]Ap(2) da dy = — / /D o G(0,2)Ap(z) da dy = 2mp(0).  (6)

In the distribution notation (In|z|) = 27d.
solutions of equation Af =g
Green’s function )
1 R?—7Z(¢
G((,z,R)= — In|————=|.
(€2 ) = 5l e
The representation of function and partial derivatives by Green’s function
and Laplacian: We have

11 15 1 1 I

w = E(g_w - Rz—wz)’wa:E((C—w)Q - (Rz—wz)Q

) ()

1 1 1 1
< (— L —
|Gw|— 2ﬂ_(|<_w|’|wa| 2ﬂ_\<_y}|2 (8)

Let f be continuous on D(0,R) and let f be of class C* on D(0, R) and let
g = Af =4f. be continuous on D(0, R). Then for z € D(0, R),

1 e fQO,, 1

10 =g fo B L [ 61 Rg(Qain )
1 QgL

O =g o T g o GG RlaCean ()

Set fi(2) = 55 $reo.py Re(E2) ¢ and V(z) = L[5 5 G(¢ 2 R)g()
dédn .



If fis C% on D(w',r], since G(w',w;w’,7) = 0 for w € K(w',r), an appli-
cation of the above formula and (1) yield

L) =g § (e = flar= [

(w’;r)

" Afdudv. (11)

n
w —w'|

Example 1. If A2u =0, u=0 and % =0 on S, then u is harmonic.
If we set v = Au, then

B ov ou B _ B 9,
0_/3<u8n v%>do—/D(vAu uAv)dx—/Dv dr =0. (12)

Hence v =0, ie. u is harmonic.

Green’s indentity follows easily from the familiar divergence theorem of
advanced calculus.

1 T 2—n ifn )
I(x) =Tp(z) =T(z|) = { n(27n)sln| |

iln|m| if n =2.
DT(z —y) = —— (i — )|z — 4| ™" (13)
i Yy —an i — Yi Y
1 -n
IDID(x — ) = —— |z — g (14)

NWy,

It is convenient to use notation f¥(x) = f(x,y). Suppose that D is admissible
domain and u € C?(D). For y € D and v = I'V we wish to apply the second
Green'’s identity, but the function I'Y has a singularity for z = y. If B, = B:(y)
is the ball B(y,¢), Sc = S(y;¢) and D. = D \ B(y, €], then an application of
the second Green identity by v =T'Y on D, yields

ou or ou or
/DE I'Audx = /S (Fan - u@n) do + /SE (Fan - uan> do. (15)

Next I'Y(z) = T'(¢), for x € S;, and therefore

ou ou
I = I'—do=T —
() [3 o =10 /S i

Hence |11 (¢)| < nwne™ *|T(e)| supp, [Du| — 0 when & — 0.
Since I'(r) = -Lr!'=" and D, (z) = — &', for x € S, we have

n

when € — 0.



Set I(g) := sz (%% —u9L)do. Then I(c) = I1(c) — I»(¢) and therefore
I(e) = u(y) if ¢ — 0. Hence, when € — 0 in (15), we get

or ou
u(y) = /s <u8n - F@n) do + /D I'Audz, ye D. (18)

Thus v =V + V% + V1, where
V is the Newtonian potential of a integrable function f = Awu, which is
defined as the convolution

V() =T s u(w) = (Cx w)p(a) = [ Tl = )f)dy,

D

VO potential of simple layer:

V(@) =~ gsle) = = [ Mo =) ety (19)

and V1! - Double-layer potential:

1x:a—r*u )= [ u
Vi(a) = ( () /S<y>

on,

'(z —y)

oo () (20)

In particular, if u € C§(D), then u(y) = [, TyAudz. Thus (AL'y) = 6,,.

Repeat

If D is admissible domain, S the boundary of G and v € C*(D) N C?(D),
then for x € D

ou ol (x —
uw) = [ v —pauw s+ [ 1 -y griow)+ [ e Dao)
D s n s Ty (1)
Suppose that h € CY(D)NC?*(D) and g =T +h
oh ou
ar - _ A
/S<u3n han)da /Dh U
B dg ou
u(y) = /S (u@n —gan> do + /DgAu.
If g=0on S, then
_[,9%
u(y) = /Su% do + /DgAu. (22)

In particular if u € C§(D), then u(y) = [, gYAudz = (GY,Au). Since
(AGY,u) = (GY, Au) = u(y) we find (AGY) = J,,.

Representation of harmonic function by boundary values. If u is harmonic
in C*(D) N CY(D), then



u(y):/u@ do . (23)

San

Forn e S, g—Z(x, n) is har in x as a limit of har functions ??
Embedding theorems have important role, cf. $ 2.7 Theorem 3 [6].
WyP(G) c CO(G), for p > n, [2], p.154.

Let m = [n/2]+ 1. If f € C§*(G), then

|f|c(6) < C‘f|Hm(G)- (24)

By passing to the limit we conclude that this estimate holds for f € Hy"(G).
Hence H'(G) C G.

Theorem 1.1 ([4], p.155,% 2.7 Theorem 3 [6]). Let k = [n/2] +1+1 (I =
k—[n/2]—1>0).

If G be of class CF, then H*(G) C CY(G). Forn = 2,3, [n/2] = 1, and we
have H**Y(G) c CYG). In particular, H*(G) C C°(G) and H?(G) c C1(G).

Dokaz. For f € H*(G), G C G’ there is F which is an extension of f and finite
in C G’ such that F € H*(G"). O

(25)

The Newtonian potential w of f is a solution of the Poisson equation

Aw = fa

which is to say that the operation of taking the Newtonian potential of a
function is a partial inverse to the Laplace operator. The solution is not unique,
since addition of any harmonic function to w will not affect the equation. This
fact can be used to prove existence and uniqueness of solutions to the Dirichlet
problem for the Poisson equation in suitably regular domains, and for suitably
well-behaved functions : one first applies a Newtonian potential to obtain a
solution, and then adjusts by adding a harmonic function to get the correct
boundary data.

A Green’s function g(x,&) in D is a function which is

harmonic in = in D except for x = £,

continuous in D except for x = &, g = 0 on 9D

and

g — |x — £]™~2 harmonic for z = &.

The Mean -Value Property

If u is harmonic on B(a,r), then u(a) equals the average of u over S(a,r)

o) = [ uta-+rdae)

we applied Green’s identity with A = {z : e < |z| < 1} and v(y) = |[y|*™"



/Suds=61_” /Esuds
/Sudaz/su(gg) do(§)

~ The Mean -Value Property, Volume Version If u is harmonic on
B(a,r), then u(a) equals the average of u over B(a,r)

1
— dv.
(o) = 5 /B e

Let ©,, be volume of unit ball in R™ and o, of unit sphere, then o, = nf,.

?? we applied Green’s identity with v(y) = |y|>~", ['(z) = mm%”,
n > 2
1
u(z) = uDpvdo
2—n S
A computation of D,v yields
1—|zf?
P(a,n) = Pg(w,n) = (26)
|z —n

For n € S, P(x,n) is harmonic in x as a limit of harmonic functions ??

the maximum principle Let G be connected, and let u : G — R be harmonic.
If w has either a maximum or a minimum in G, then u is constant.

Symmetry lemma

[yl ™ty = lyle| = [lo] 7 e — |aly|

illustration A = |z|7tz, B = |y|~ty, A1 = |y|lz, B1 = |z|y triangles OAB;
and OBA; are equilateral.

Fory €S, |y — 2| = ||z| ' — |z|y| = |2||Jz — y| and L(y) = R(y), where

—-n —n 2—n

L(y) = ly — =P, and R(y) = [2>~"[Jz — y[*™".

Denote £ with A, J¢ with A" and arbitrary point z with Q,

0OQ =1,0A = p and 0 angle QOA. Then

4 2
AQ2 =r2 4 p2 — 2rpcos 97A/Q2 =r?4+ R—2 — QT’Rf cosf (27)
P p
R2
A'QoAQ=r——cosd (28)
P

for @ € S(0,R), A’Q = AQR/p
form > 2

10



R (me®-
AQm—Z pAQnL—Q ]T - R(AQ)m

Dng = | (29)

Hence

((R* = p?)
R(R? + p?2 —2Rpcosb)’
(m— 2)(R? — )

D,g = 7 2. 1
g R(R? + p? — 2Rpcos §)™/2 "= (31)

D,g =

m=2 (30)

e —0on S(&¢)

u(x) = u(§) + O(e), Dpu = O(1), (32)
g(x) = o(e'™™), Dpu = — 1 + O(1),m = 2; (33)
Dpu=—(m—2)e'"™ 4+ 0(1),m > 2, (34)
/ ds = cppe™ ! (35)
S(&e)
Hence
/ u@— du do — —cou(§) ifm=2
See) \ On Yon |l —(m=2)cpu(§) +o(l) if m > 2.
" 1 (7~ p)ula)
— p?)u(z
- ds,, 36
ul©) Cm /S(O,R) R(R?+ p? — 2Rpcos )2 (36)
Let t € Sg, n=1t/|t|, L(t) = |x — t|* ", and M = t. Then
K(z,t) = Dv(M) = (2 — n)|z — t| " (xp — tg),
[t|DL(M) = (2 —n)|z — |7 Y p_, (xx — ti)tx and
for fixed ¢ function |x — ¢|~"™(x — ¢, t) is harmonic in z ?7.
Since |z|? = |z — t|? + 2(x — t,t) + [t|?, hence K (x,t) is harmonic in z.
If v(t) = L(t) — R(t), then K(z,t) = D,v(M).
Poisson kernel for ball B(a, R)
R% — |z — af?
K(z,n) =K S S )
(%77) B(mﬂ?) nwnRIx—M”
and in particular Poisson kernel for ball B(0, R) is
R2 _ |$|2
K =K =
(30’77> B(mvn) nwnR|:c—n\”
If w is harmonic on B(a, R), then
uw)= [ Kz mutidon) (1)
S(a,R)



for every = € B(a, R).
Solution of Dirichlet problem for the ball: -
Suppose f is continuous and bounded on S. Define u on B by

[ Pg[f)(x) ifzeB
u( )_{ ffm) if 2 € SPL.

Then u is continuous on B and harmonic on B.

Check that for t € S, P(-,t) is harmonic on R"™ \ {t}. Namely,

o —t2?=1—-22-t+|z|? and sincet € S, 1 —x-t=(t —x)-t, 1 —||z]|* =
2(t —x) -t — |z — t|?, and therefore P(x,t) =2(1 —z -t)|z —t|™" — |z — t|>~".
Since functions Py (z,t) = (t—x)-tlz—t|™" = Y (t; —z;)t;|z —¢t|~™ and |z —¢|>~"
are harmonic in z, P(z,t) is harmonic.

Let f: 8”1 — R™ be a bounded integrable mapping defined on the unit
sphere S”~!. Then the function v defined by

1—||a?

-1 |z —nl|n

u(z) = Pf)(z) = /S F(n)do(n), (33)

is a bounded harmonic mapping on the unit ball B™.
It is known that o satisfies the condition:

1— |||
————do(n)=1, z¢€B. (39)
/SH |z —nl|™

If «w is harmonic in 2, then w is real analytic in . It follows from

1—|azf? _

= (1~ |2*) Y eillal® —22-m)"  (40)

P(xvn) :PB($777) = |x_n‘n

and t"/2 = 3" ¢;(t — 1) on (0,2).

Example 2. Laplacian in polar and spherical coordinates
(a) Au = %UT(TU,«) + T%Ué’e
(b) Au= LU, (r?U,) + 2—U,(sin pUy,) + ==—-Up)

r2sin ¢ r2sin? @

Interior estimate
Suppose that fy : S"~!(a,r) — R" is a continuous vector-valued function,
and let f = P[fy] and

M = sup{|fo(y) — fola)| : y € §" 7 (a,)}.

Then
r|f'(a)] < nM; . (41)
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2 Distribution

21 AC

Definicija 1. Neka je I C R interval. Funkcija f : I — R je apsolutno ne-
prekidna na I ako za svako € > 0 postoji § > 0 takvo da za svaki konacan miz
(1,Y1), - -, (Tn, yn) medusobno disjunktnih podintervala intervala I takvih da

je

n

Z(yj — CEj) <46

j=1
vazi

Z |f(y;) — fz)] <e.

x

Stav 1. Neka je f € Li]a,b] i neka je F(z) = / ft)dt, z € [a,b]. Tada F
ima konadan izvod skoro svuda na |a,b] i vazi F’ Z f skoro svuda na [a,b].

Stav 2. Neka su f,g: I — R apsolutno neprekidne funkcije. Tada su f+ g i
—f apsolutno neprekidne funkcije na I.

Stav 3. Neka je I zatvoren interval i neka su f,g : I — R apsolutno neprekidne
funkcije. Tada je f - g apsolutno neprekidna funkcija na I.

Napomena 1. Sa f’ obelezavamo klasican izvod funkcije f a sa Df uopsteni
izvod funkcije f.

Stav 4. Neka je f € Ly]a,b] i neka je F(z) = [ f(t)dt, x € [a,b]. Tada

a

(1) Funkcija F ima konacan izvod skoro svuda na [a,b];
(2) F' = f skoro svuda na [a,b];
(8) Funkcija F je apsolutno neprekidna na [a,b).
Stav 5. Neka je f : [a,b] — R apsolutno neprekidna na [a,b]. Tada
(1) f' postoji skoro svuda na [a,b];
(2) [ € Lila,b];

(8) Za svako x € [a,b] vazi ff’(t)dt = f(x) — f(a).

Zadatak 1. Neka ja f € Lq[a,b]. Funkcija f ima uopsteni izvod Df € Li[a,b]
(izvod u smisly distribucija, slab izvod) ako i samo ako f € AC[a,b].
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Resenje.

Smer («). Neka je ¢ € Cl(a,b) proizvoljna. Tada postoji funkcija ¢ €
C'la,b] takva da je ¢(z) = ¢(z) za svako = € (a,b) i ¢(a) = p(b) = 0. Zbog
lakSeg obelezavanja u nastavku resenja umesto @ pisemo .

Kako je ¢ € C[a,b] sledi da ¢ € AC[a,b]. Otuda je fop € AC(a,b].

Kako su fo, f,p € AC[a,b] sledi da (fp),f’ i ¢’ postoje skoro svuda na
[a,b] ivazi (fo), f,¢" € Li]a,b]. Otuda

(fo) =flo+ fo

skoro svuda na [a,b].
Dalje, kako je ¢ € Cl[a,b] sledi da (fo)', f'¢, f¢' € Li|a,b].
Kako je fo € AC[a,b] i kako je p(a) = ¢(b) = 0 sledi

b
/ (fo)' (t)dt = (fo)(b) — (feo) (@) =0 — 0 = 0.

Otuda je
b
[ e+ e =o,
odnosno

b b
/ (bt = — / F(0 (1)t

Kako je ¢ € Cl(a,b) proizvoljna iz poslednje formule, a na osnovu definicije
uopstenog izvoda, sledi da Df = f' 1 Df € L1[a,b].

Smer (=). Neka je ¢ = Df. Kako je g € Li[a,b] korektno je definisana
funkcija

F(z) = /mg(t)dt, x € [a,b].

Stavise F € ACla,b] i F' = g skoro svuda na [a,b]. Na osnovu dokazanog
smera funkcija F' ima uopSteni izvod i vazi DF = g. Otuda funkcije f i F
imaju jednake uopstene izvode, pa postoji konstanta ¢ tako da vazi f = F + c.
Kako je konstantna funkcija apsolutno neprekidna i kako je zbir dve apsolutno
neprekidne funkcije apsolutno neprekidna funkcija sledi da f € AC[a,b]. A

Potrebno je dokazati da ako za f,g € Li[a,b] vazi Df = Dg onda postoji
konstanta c¢ takva da je f = g + c.
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2.2 Distribution

Let U be an open subset of R™. The space D(U) of test functions on U is
defined as follows. A function ¢ : U — R is said to have compact support if
there exists a compact subset K of U such that ¢(z) = 0 for all z in U \ K.
The elements of D(U) are the infinitely differentiable functions ¢ : U — R with
compact support also known as bump functions. This is a real vector space. It
can be given a topology by defining the limit of a sequence of elements of D(U).
A sequence (¢) in D(U) is said to converge to ¢ € D(U) if the following two
conditions hold: There is a compact set K C U containing the supports of all
Pkt

U, supp(er) € K.

For each multi-index «, the sequence of partial derivatives 0%y, tends uni-
formly to 0%y

With this definition, D(U) becomes a complete locally convex topological
vector space satisfying the Heine-Borel property.

Distributions

A distribution on U is a continuous linear functional 7' : D(U) — R (or
T :D(U) — C). That is, a distribution T assigns to each test function f a real
(or complex) scalar T'(f) such that

T(c1p1 + cap2) = c1T(p1) + 2T (p2) for all test functions ¢1, o and scalars
c1,ce. Moreover, T' is continuous if and only if

klim T(pr)=T <klim gak) for every convergent sequence @y, in D(U). (Even
— 00 — 0

though the topology of D(U) is not metrizable, a linear functional on D(U) is
continuous if and only if it is sequentially continuous.) Equivalently, T is con-
tinuous if and only if for every compact subset K of U there exists a positive
constant Cx and a non-negative integer nx such that
|T(p)] < Ck sup |0%p| for all test functions ¢ with support contained in K
K

and all multi-indices a with |a] < ng.

Why absolute values of Jacobians in change of variables for multiple integrals
but not single integrals?

Let I C R be an interval and ¢ : [a,b] — I be a differentiable function with
integrable derivative. Suppose that f : I — R is a continuous function. Then

@(b) b
[ swan= [ s a
»(a) a

One may also use substitution when integrating functions of several variables.
Here the substitution function (vy,...,v,) = f(uq,...,u,) needs to be injective
and continuously differentiable, and the differentials transform as

dv =dvy -+ -dv, = |det(D @) (uq, ..., uy)| duy - - - duy,

where det(Df)(uq, ..., u,) denotes the determinant of the Jacobian matrix
containing the partial derivatives of f. This formula expresses the fact that
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the absolute value of the determinant of a matrix equals the volume of the
parallelotope spanned by its columns or rows.
More precisely, the change of variables formula is stated in the next theorem:
Theorem. Let U be an open set in R™ and f : U — R" an injective dif-
ferentiable function with continuous partial derivatives, the Jacobian of which
is nonzero for every x in U. Then for any real-valued, compactly supported,
continuous function f, with support contained in f(U),

/ f(v)dv = / F(p(w)) |det(D ) (w)] du.
»(U) U

The conditions on the theorem can be weakened in various ways. First,
the requirement that f be continuously differentiable can be replaced by the
weaker assumption that f be merely differentiable and have a continuous inverse
(Rudin 1987, Theorem 7.26). This is guaranteed to hold if f is continuously
differentiable by the inverse function theorem. Alternatively, the requirement
that Det(D f) # 0 can be eliminated by applying Sard’s theorem (Spivak 1965).

For Lebesgue measurable functions, the theorem can be stated in the follo-
wing form (Fremlin 2010, Theorem 263D):

A weak solution (also called a generalized solution) to an ordinary or partial
differential equation is a function for which the derivatives may not all exist but
which is nonetheless deemed to satisfy the equation in some precisely defined
sense. There are many different definitions of weak solution, appropriate for
different classes of equations. One of the most important is based on the notion
of distributions.

Avoiding the language of distributions, one starts with a differential equation
and rewrites it in such a way that no derivatives of the solution of the equation
show up (the new form is called the weak formulation, and the solutions to it
are called weak solutions). Somewhat surprisingly, a differential equation may
have solutions which are not differentiable; and the weak formulation allows one
to find such solutions.

Weak solutions are important because a great many differential equations
encountered in modelling real world phenomena do not admit sufficiently smo-
oth solutions and then the only way of solving such equations is using the weak
formulation. Even in situations where an equation does have differentiable so-
lutions, it is often convenient to first prove the existence of weak solutions and
only later show that those solutions are in fact smooth enough.

2.2.1 Absolutely continuous

However, the function u(z) := z, € R, is absolutely continuous, but it is
unbounded and «'(z) = 1, which is not Lebesgue integrable. Also the function
u(z) :=sinz, x € R, is absolutely continuous, bounded, but u’ is not Lebesgue
integrable. These simple examples show that an absolutely continuous function
may not have bounded pointwise variation. Proposition XX below will show
that this can happen only on unbounded intervals.
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Example 3. Let u : I — R be differentable with bounded derivative, then
ue AC(I).
If u,v € AC([a,b]), then
(i) wtv e AC([a,b])
(i) uv € AC([a, b))

Example 4. Let I C R be an interval and let u : I — R be uniformly continu-
ous.

i) Prove that u may be extended uniquely to I in such a way that the extended
function is still uniformly continuous.
(ii) Prove that if u belongs to AC(I), then its extension belongs to AC(I) and,
u’ is Lebesque integrable on bounded subintervals of I.
(i1i) Prove that there exist A, B > 0 such that |u(z)| < A+ Blz| for all x € I.

Hint. For e = 1, there is 6 > 0 such that |u(z) — u(y)| <1 for |z —y| < 4.
Set k =1/6. Then |u(nd)| < [u(0)] +n. If nd <z < (n+ 1)d, then |u(z)| <
lu(nd)| +1 < |u(0)| + n+1 < |u(0)] + 1 + k|z|.

A real-valued function f on the interval [a,b] is said to be singular if it has
the following properties:

f is continuous on [a, b]. (**)
there exists a set N of measure 0 such that for all  outside of N the derivative
1/ (z) exists and is zero, that is, the derivative of f vanishes almost everywhere.
f is nondecreasing on [a, b].

fla) < f(b).

A continuous monotone function f is said to be singular with respect to
Lebesgue measure (written f 1 m) provided that f is non-constant yet f'(x) = 0
almost everywhere. A standard example of a singular function is the Cantor
function, which is sometimes called the devil’s staircase (a term also used for
singular functions in general). There are, however, other functions that have
been given that name. The Cantor function can be expressed in a ternary
expansion.

Absolute continuity (AC) is a smoothness property of functions that is stron-
ger than continuity and uniform continuity. The notion of absolute continuity
allows one to obtain generalizations of the relationship between the two central
operations of calculus, differentiation and integration, expressed by the funda-
mental theorem of calculus in the framework of Riemann integration. Such
generalizations are often formulated in terms of Lebesgue integration The fol-
lowing conditions on a real-valued function f on a compact interval [a,b] are
equivalent:

(1) f is absolutely continuous;

(2) f has a derivative f’ almost everywhere, the derivative is Lebesgue inte-
grable, and

f(@) = f(@) + [ 7(t) dt

for all  on [a, b];

(3) there exists a Lebesgue integrable function g on [a, b] such that
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f(@) = f(a) + [7 glt)dt

for all = on [a, b].

If these equivalent conditions are satisfied then necessarily g = f’ almost
everywhere.

Equivalence between (1) and (3) is known as the fundamental theorem of
Lebesgue integral calculus, due to Lebesgue.

For an equivalent definition in terms of measures see the section Relation
between the two notions of absolute continuity.

A f € BV]a,b] is singular if f/'(x) = 0 almost everywhere.

If f € BV]a,b], then f = f.. + fs where f,. € AC]a,b] and fs is singular.

Darboux’s theorem

Let I be an open interval, f: I — R a real-valued differentiable function.
Then f’ has the intermediate value property: If a and b are points in I with
a < b, then for every y between f’(a) and f’(b), there exists an z in [a, b] such
that f'(xz) = y. Consider the equation

y'(z) = sgnx, x e [-1,1], (42)

gde je y : [-1,1] = R nepoznata funkcija. Primetimo da funkcija sgn ima
prekid prve vrste u tacki 0.

A Darboux function is a real-valued function f which has the ”intermediate
value property”: for any two values a and b in the domain of f, and any y
between f(a) and f(b), there is some ¢ between a and b with f(c) = y. By
the intermediate value theorem, every continuous function is a Darboux func-
tion. Darboux’s contribution was to show that there are discontinuous Darboux
functions.

Every discontinuity of a Darboux function is essential, that is, at any point
of discontinuity, at least one of the left hand and right hand limits does not
exist.

By Darboux’s theorem, the derivative of any differentiable function is a
Darboux function. By Darboux’s theorem, sgn is not a Darboux function in
any nbgh V = (—a,a), a > 0, of 0. Therefore there is no differentiable function
w such that v/(z) = sgnx, x € V.

Hence equation (42) there is no solutions in class differentiable function on
[-1,1] ie. there is no function y : [-1,1] — R such that y'(z) = sgn« for every
xe[-1,1].

Instead of the equation (42) we can consider

/ o (@)p(e)de = / —y(@)¢ (@)dz = / senzp(@)dr = 1(g),  (43)

-1 -1 -1

where ¢ arbitrary function of class C'[—1,1] such that ¢(—1) = ¢(1) = 0. ??
Pri tome prirodno je resenje jednacine (43) traziti u klasi C[—1,1]. We can
check that u(z) = |z| + ¢ (c real constant) solutions of the equation (145) in

class C[—1,1]. Hence it solution we call weak solution of the equation (42).
By partial integration,
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f -~ (z)dx = f —(Jz| 4+ o)’ (x)dx = I + Iz, where
fo |x| +ec ( Ydz = cp(0) + fo sgnx p(x)dr and I, = f L — (=] +
c) ( Ydz = —cp(0) + f sgn x o(x)dx, and therefore

lu(p) = U(g).

Moral. By definition we express integral of u’¢ by means of integral of uy’,
and then by partial integraratio we return again to the integral of u’¢ plus the
jump of up at discontinuity point of u.

If f,¢ € Cla,b] and f, ¢ € C'(a,b), then

b b
/ y (@)p(@)de = fol? - / y(2)¢ (@)de, (44)

Show f € LY2if f, f' € L?; [f,g9] = [ fgdx + [ f'¢'dz is a scalar product.

If M is subset of L?(—m,7) such that f € M if f’ € L?>(—m,7) and |f'|2 < 1.
Whether M is compact in L?(—m,7)? A subspace of L!'? consisting of AC
functions we denote by W2

What is difference between L2 and W2? ACL property Whether W% C
L2 ? Cantor function

Solve uw”’ = fo on I =[-1,1].

fil v vdr = — fil w'v'dx, l(v) = fil vfodz = (v, fo)a-

If fo € Lo, [ is bounded linear functional on L*? and there is u € L'? such
that [u,v] = —1(v).

u' = 0 a.e. then u is a singular function and therefore L2 is not right space.

To justify partial integration we need to suppose that v is AC[-1,1]. A
subspace of L!'? consisting of AC' functions we denote by W12,

If we suppose that functions are AC then we have Sobolev space W2,

If u is AC and v’ = 0 then u = c.

Solve u” = g on I = [-1,1]. If v is AC[-1,1] and v(—1) = v(1) = 0, then
do(v) = v(0) and therefore |5g(v)| < fil [V (z)].

Hence 6y is a is bounded linear functional on W12,

Example 5. If f is of bounded variation on [a,b] and p = py measure defined

by p([z,y]) = f(y) — f(x), whether (f') = ps?
Hint. If ¢ € C§([a,b]), by partial integration f;’ folde = — f: odf.

Example 6. As an illustration of the concept, consider the first-order wave
equation

erdu—0 (1)

(see partial derivative for the notation) where w = u(t,x) is a function of
two real variables.

The function ug(x,t) = |z — t| has partial derivatives in classical sense on
G =R2?\ D, where D = {(x,t) : x = t} and satisfies this equation on D. We
will see that ug is so called a weak solution of equation (1).

Assume that u is continuously differentiable on the Euclidean space R2, mul-
tiply this equation (1) by a smooth function ¢ of compact support, and integrate.
One obtains
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/ / 8utx tm)dtder/ / 8utm) o(t,z) dtdx = 0.

Using Fubini’s theorem which allows one to interchange the order of inte-
gration, as well as integration by parts (in t for the first term and in x for the
second term) this equation becomes

// a@at dtdz // x)dtd =0. (2

(Notice that while the integrals go from —oo to 0o, the integrals are essentially
over a finite box because ¢ has compact support, and it is this observation which
also allows for integration by parts without the introduction of boundary terms.)

We have shown that equation (1) implies equation (2) as long as u is con-
tinuously differentiable. The key to the concept of weak solution is that there
exist functions u which satisfy equation (2) for any ¢, and such u may not be
differentiable and thus, they do not satisfy equation (1). A simple example of
such function is u(t,z) = |t — x| for all t and x. (That u defined in this way
satisfies equation (2) is easy enough to check, one needs to integrate separately
on the regions above and below the line x =t and use integration by parts.) A
solution u of equation (2) is called a weak solution of equation (1).

Distributions are a class of linear functionals that map a set of test functions
(conventional and well-behaved functions) into the set of real numbers. In the
simplest case, the set of test functions considered is D(R), which is the set of
functions f : R — R having two properties:

f is smooth (infinitely differentiable); f has compact support (is identically
zero outside some bounded interval).

A distribution T is a linear mapping T': D(R) — R. Instead of writing T'(f),
it is conventional to write (T, ) for the value of T acting on a test function f.
A simple example of a distribution is the Dirac delta §, defined by

(6, 0) = ¢(0),

meaning that § evaluates a test function at 0. Its physical interpretation is
as the density of a point source.

As described next, there are straightforward mappings from both locally
integrable functions and Radon measures to corresponding distributions, but
not all distributions can be formed in this manner.

2.2.2 Differentiation of distributions

Differentiation
Suppose A : D(U) — D(U) is the partial derivative operator
o
If f and ¢ are in D(U), then an integration by parts gives
a _ oY
Jo st de = = [y ooz, du,
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so that A®* = —A. This operator is a continuous linear transformation on
D(U). So, if T € D'(U) is a distribution, then the partial derivative of T with
respect to the coordinate xy, is defined by the formula

Zog)y=—(T.22)  forallpe DU).

With this definition, every distribution is infinitely differentiable, and the
derivative in the direction xy, is a linear operator on D'(U).

More generally, if o = (a1, ..., @) is an arbitrary multi-index and 9% is the
associated partial derivative operator, then the partial derivative 0“1 of the
distribution T' € D'(U) is defined by

(0°T, ) = (—=1)|*I(T, 0%¢) for allp € D(U).

Differentiation of distributions is a continuous operator on D’(U); this is an
important and desirable property that is not shared by most other notions of
differentiation.

For a locally integrable function f defined on a domain G in R™ we define
It (p) = [o f(z)p(x)dz, ¢ € D(G). Tt is also convenient to use notation (f) (or
simply f if it is not confusing) instead of I;. For example, if G = R, we define
It(p) = [T f(@)p(x)dz. For a constant c, define I.(¢) = ¢ [*_ p(x)dz. It is
also convenient to use notation (c) (or simply c if it is not confusing) instead of
I.. We call distribution I, constant distribution.

7?7 f € D' (D™ f) distributional derivative

If for some function f defined on a domain G in R, D® f is locally integrable
on G, for classical derivative at x we use notation {D® f}(x) and for distribution
defined by this function notation {D*f}.

Then {D“f}

is different from (D®f) in general. Example H', where H is the Heaviside
function.

Bois-Raymond theorem. A distribution induced by a locally integrable func-
tion f is 0 at domain G iff f is is 0 a.e, G.

Example 7. For ¢ > 0 define, w.(x) = c. exp(—ﬁ), |z| < e, and O for
|x| > e.
Check w. € D and we(x) = e "wy (z/€).

Proposition 1. w. — 0 as ¢ — +0 in distribution sense.

I(g,) = [pa we(@)p(2)dz—0(0) = [, we(2)(p(2)—¢(0))dz = [} we(z)(p(z)—
©(0))dx. Hence

(e, )| < M(e) [, we(w)da = M(e), where M () = maxsek. [¢(x) —¢(0)].
Since M (e) — 0 as € — +0,

Sohocki formula.
Distribution Py = P% or principal vale of function % is defined by

I(p) = (PL,0) = vp [ #2dz, o € D(R).

Prove that zPy = 1

Set I(e) = I(yp,e) = 7 fgi dr.

Distribution Py = ﬁ is defined as lim.—, 4o I(¢, €).
Prove that Py = —imd + P.
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Then

R(e) =1I(e)—1 = [, f-(z)dz, where f.(z) = —;(Efifg)) and suppyp C [—a,al.

If ©(0) =0, then |p(z)| < My|x| and therefore |f.(z)| < My, = € R.

Since |fo(z)| < My, by Lebesgue dominated convergence thm R(e) tends to
0if e tends to 0. If ¥(z) = p(x) —¢(0), then I(p, ) = I(¢h,e) +(0)J(g), where
J(e) = [* 92 Since J(¢) tends to —i if € tends to 0, we find vpI(p) =

a T+1i.
I(¢) —imp(0). %sing I(¢) = vp.I(p), we get
. a dx . a _ . .
Hint. J(e) = [Z, ;9% = In(z +ie)|%, = arg(a + ic) — arg(a — ic), where

arg is branch of Arg defined by 0 < arg < 7.

Proposition 2. Denote by {D*f} ordinary (classical) derivative, and set [f]z, =
Flao +0) — f(g —0).

Suppose that f € C'(—o0,x¢] N C[xg,00) and that f has discontinuity of
first order at xg, then

7(2) = {12} + [Flayso, that i

(f's0) = =(f,¢") = [flaop(x0) + L1y ().

Resenje. (f',0) = —(f,¢') = I1 + I, where
I =— ff(o’o f(2)¢' (z)dx and I, = — f;: f(x)¢ (z)dz.

By partial integration, I; = —f(z)¢(x)|*%, + ff‘;o{f/(x)}cp(x)dx and

I = —f(x)(@)lgs + [ {f (@)}o(a)de

Hence (f',¢) = —f(2)p(2)[“%0 + [ 20 {f (@) Yo (2)dz—f(x)p(a) oo+ [ {f (2) }o(@)de =
[Flzop(@o) + Iipry () A

Sometimes, in the literature by {D*f} is denoted generalized derivative, see
[11]; by this notation {f'(z)} = f/(«) + [f]xe0z0-

If f € AC([a,D]), then the classical derivative f’(z) exist a.e. and {f'} = I
(@)} = f'(@) = Ip).

Proposition 3. More generally, if f € Ct(—o00,29)NCY (2, 00) and if f satisfy
reqularity condition with limit A at xq:
f(z)(x—x0) tends 0 if x tends to xo, f(xo+e)— f(xo—e) tends to A if € tends
to 0
and there is P{f'(2)}|s,, then

f(w) = P{f"(z)} + Adq,

if f has discontinuity of first order at isolated points a; then

P = 1f} + Sl Fa, b

F(@) = @)} + Slflay b,

22 Suppose that A = {a;} is discrete and that f € C*(R\ A). Suppose
further that f satisfies regularity condition at every point a; with limit A;. If
P{f'}|a exists, then f'(x) =) Ajda; + P{f'}|a.

Example 8. 1. If f(z) = |x|, then f'(z) = {f'(x)} = sgnx,  #0, in D'

Solution of equation u' = sgn in D' is u = |z| + I,

2. (In|z|) = PL
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10.

fo(z) = fla,x) = w limit in distribution sense if a — 0 and a — oo

Set v = (¢p(x) — ¢(0))/z. Since v € L', l(¢) = (fa,) = (sinaz,v) +
©(0)/2 then by RiemannLebesgue lemma l(p) tends to dom/2.

. Solve xu' = 1; u=c; + coH(x) + In |z

fo(z) = % — 5=, x € [0,27), 27m-periodic

Generlized solutions of z™u = 0, are given by u = ZZZOI 6k

1 o0
I\ -
1) ) =5+ 3 bam
Check that
2) Z enT — o Z O(x + 27k) = 2m Z Oork
n=—o00 k=—o00 k=—o0

as distributions.
2

Hint. F(x) = [ fo(t)dt = £ — 2, x € [0,2n), where fy is given in the
item b;

T 1l = 1
(3) Flo)=¢— 5 k_;m e
Differentiating (3) two times and using (1), we find (2).
Aln |z| = 270,
Az)>~" = (2 —n)onds

Show that the function

1
E(z,t) = —H (at —
(1) = 5 H(at |al),
where a > 0, H is the Heaviside step function, satisfies the equation

O0,E = 6,

where O, 1= % - a2% and &(z,t) is 5-function in D' (R?).
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2.3 The Heaviside step function

The Heaviside step function, or the unit step function, usually denoted by
H, is a discontinuous function whose value is zero for negative argument and one
for positive argument. It is an example of the general class of step functions, all
of which can be represented as linear combinations of translations of this one.

The function was originally developed in operational calculus for the solution
of differential equations, where it represents a signal that switches on at a spe-
cified time and stays switched on indefinitely. Oliver Heaviside, who developed
the operational calculus as a tool in the analysis of telegraphic communications,
represented the function as 1. The distributional derivative of the Heaviside
step function is the Dirac delta function: d%f) = d(x). Since H is usually used
in integration, and the value of a function at a single point does not affect its
integral, it rarely matters what particular value is chosen of H(0). Indeed when
H is considered as a distribution or an element of L> (see L, space) it does not
even make sense to talk of a value at zero, since such objects are only defined
almost everywhere. If using some analytic approximation (as in the examples
above) then often whatever happens to be the relevant limit at zero is used.

There exist various reasons for choosing a particular value.

H(0) = is often used since the graph then has rotational symmetry; put
another way, H_ is then an odd function. In this case the following relation
with the sign function holds for all z:

H(z) = (1 + sgn(x)).

H(0) = 1 is used when H needs to be right-continuous. For instance cu-
mulative distribution functions are usually taken to be right continuous, as are
functions integrated against in LebesgueStieltjes integration. In this case H is
the indicator function of a closed semi-infinite interval:

H(r) = 1jp,00)(2). The corresponding probability distribution is the dege-
nerate distribution.

H(0) = 0 is used when H needs to be left-continuous. In this case H is an
indicator function of an open semi-infinite interval:

H(z) = 1(g.00) ().

In functional-analysis contexts from optimization and game theory, it is of-
ten useful to define the Heaviside function as a set-valued function to preserve
the continuity of the limiting functions and ensure the existence of certain solu-
tions. In these cases, the Heaviside function returns a whole interval of possible
solutions, H(0) = [0, 1].

2.4 Primitive distribution

If ¢ € D(R), then [“_ o(t)dt is not distribution in general. There is a
distrubution v such that (i) ¢ = 9’ + Aw..

If (i) holds then ¢/ = ¢ — Aw.. Hence I1(¢') = I;(p) — A. For A = I1(y),
we have I1(¢') = 0.

Set D1(R) = {¢' : ¢ € D(R)}. f-1 € D'(R) is primitive distribution of
feDR)if
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(fEV "y = —(f, @) for every p € D(R). f(=1 is not defined on all D(R), but
we show that f(=1) can be extended on D(R).

¢ = ¢ — Aw,, where A = I1(p), and ¢(z) = [* _@(t)dt. Since ¢/ = §,
@ € D1(R).

If f(-1 exists (can be extended on D(R)) we choose ¢ =< (f~Y, w, > for
a fixed €. Note w, is not in Dy (R).

By additivity, (f("9,¢) =< (fCV. " > +A4 < (fCV w0, >= —(f, ) +
I.(), where ¢ =< (f(-1 w, >.

The converse holds.

In particular, (0=, @) = I.(¢)

(I) If v/ = 0 in distribution sense then u = I.

0= (u,¢) = (u,¢'). Hence 0 = (u, §) = (u, ¢) = I () (u, we).

We can choose a fixed € > 0 and set ¢ = (u,w,). Hence u = I,.

If F} and F5 are primitive distributions of f, then F} = Fy + I.. Usually in
the literature it is written c instead of ..

General solution of equation «’ = f in distribution sense is v = f(=1) 4 I...
If f is continuous, we define Fy(x) = [; f(t)dt. Here Fy is primitive function
and u = Fy + 1.

In this setting, is it correct to say that that every solution is reduced to
classical solution.

Since H' =6, 65 =H+1.= H +c.

Fourier analysis

Superposition of sinusoidal wave basis functions to form a sawtooth wave
Spherical harmonics, an orthonormal basis for the Hilbert space of square-
integrable functions on the sphere, shown graphed along the radial direction

One of the basic goals of Fourier analysis is to decompose a function into
a (possibly infinite) linear combination of given basis functions: the associated
Fourier series. The classical Fourier series associated to a function f defined on
the interval [0, 1] is a series of the form

0o .
Z an€2‘n’zn9

n=-—oo
where

an = [} f(B)e 270 g,

The example of adding up the first few terms in a Fourier series for a sa-
wtooth function is shown in the figure. The basis functions are sine waves with
wavelengths A/n (n=integer) shorter than the wavelength A\ of the sawtooth
itself (except for n=1, the fundamental wave). All basis functions have nodes at
the nodes of the sawtooth, but all but the fundamental have additional nodes.
The oscillation of the summed terms about the sawtooth is called the Gibbs
phenomenon.

A significant problem in classical Fourier series asks in what sense the Fourier
series converges, if at all, to the function f. Hilbert space methods provide one
possible answer to this question. The functions e, () = €>™"? form an ortho-
gonal basis of the Hilbert space L?([0,1]). Consequently, any square-integrable
function can be expressed as a series

f(@) = Zn anen(e), An = <f7 en>
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and, moreover, this series converges in the Hilbert space sense (that is, in
the L? mean).

The problem can also be studied from the abstract point of view: every
Hilbert space has an orthonormal basis, and every element of the Hilbert space
can be written in a unique way as a sum of multiples of these basis elements. The
coeflicients appearing on these basis elements are sometimes known abstractly as
the Fourier coefficients of the element of the space. The abstraction is especially
useful when it is more natural to use different basis functions for a space such as
L?([0,1]). In many circumstances, it is desirable not to decompose a function
into trigonometric functions, but rather into orthogonal polynomials or wavelets
for instance, and in higher dimensions into spherical harmonics. Fourier series
on a square

We can also define the Fourier series for functions of two variables « and y
in the square [—7, 7| X [—7,7|:

L 1 4 4 . .
flz,y) = | Z cjreIme ey = ype) /_7r . f(z,y)e e da dy.
J,kE€Z (integers)

Aside from being useful for solving partial differential equations such as the
heat equation, one notable application of Fourier series on the square is in image
compression. In particular, the jpeg image compression standard uses the two-
dimensional discrete cosine transform, which is a Fourier transform using the
cosine basis functions.

Example 9. 1. Foru € C%*(G) and v € C}(G),
Jo Awvdr = — [, Du - Dvdz.
2. Check that div(fA) =5 Dp(fAr) = f Y. Di(Ax) + 5. Dy fAx = fdivA+
Vf-A, where A= (Ay,---,Ay,) vector field.

3. Set B(z) = Ey(z) = 32, 2 € R2\{0}; As(x) = (25 and E(z) = Bs(x) =

o
fﬁ‘zl, r € R3\ {0}; E,(z) = |2|>™, x € R*\ {0}, n > 3.8et A(z) =
An(x) = ﬁ We will prove, see Lemma 2.1 below, that AFEs = § and
AE, = c¢,0 in distribution sense, where ¢, = —(n—2)oy,, divA(z) = 0,00.
If we introduce E,, = (25{30" , then (AEn) = 0. Ezample 1

4. The negative of the Laplacian in R given by

d
—Au=— Z d?u
i=1

s a uniformly elliptic operator. The Laplace operator occurs frequently in
electrostatics. If p is the charge density within some region € in R3, the
potential ® must satisfy the equation

—A® = 47p.
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1
|z

If the unit charge is concentrated at 0, then ® =

2.5 Differentation of Distrubutions

Suppose u(x) and v(x) are two continuously differentiable functions. The
product rule states (in Leibniz’s notation): (uv)’ = v'v 4+ uv’ then applying the
definition of indefinite integral,

u(x)v(x) = /u’(x)v(m) dx+/u(x)v’(x) dx
/u(x)v’(x) dx = u(x)v(z) — /u’(x)v(a:) dx

gives the formula for integration by parts. Suppose u(x) and v(x) are two
contmuously dlﬁerentlable functlons on [a,b] and v(a) = v(b) = 0. Then
L (a)ote) de = — [Pu(e! () d

x = (xl,x ), @’ (xg,xg, . xn) If ¢ € D and suppp C I, I, = [—a,a]™. If
f € C\(1,), then f[ le@dm—fl dz’ f_ Dy f(x1, 2" )p(z1, 2" )dxy

Since f_a Dy f(z1,2")p(z1, 2 dx1 = —f f(z1,2")Dyp(z1,2")dxy1, by Fu-
bini’s theorem fI legodx = — fl fDipdx

f[ D% fopdr = ‘C“'f fDagodx

Let f € D'(R™) and o€ N” By D*f we denote functional on D(R™ defined
by

(1) < D%, p>= (71)‘0(' < f, D% >790€D(Rn)'

?? Suppose that o € N7 is a multi-index. A function f € L o.(G) has weak
derivative D f € L1 j0c(G) if (1) holds.
Example 10. 1. Check (In|z|) =

Set E(z) = Eo(x) = 212, eR?\{O} Ag(w) = 125 and E(x) = Es(x) =
e Bal@) = |2~ ”,weR?’\{O}-

" 4nlz|’
Check that AEy; = 6 and AE, = ¢, in distribution sense, where ¢, =
—(n—2)o,.
2. Recall
=4 +A46 -9, (45)

where | f is jump of f.
3. the Dirac delta function  on surface.

For a smooth hyper surface S, we define

(0s,¢) = /S pdo.

dg 1s not reqular distribution.
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Suppose that S smooth hyper surface, f is C* on R™\ S and for every
x € S there is limit from arbitrary side (locally) for all partial derivatives.

Difference between these limits we call jump we denote by |0;f. We asso-
ciate to 0;f distribution {0;f}

<{Of}p >= — < fo0up >= — / (f - i) da.

n

In sense of differentiation of distribution

0if =1{0:if} + (| f)s cosa; ds. (46)
Consider the case i = 1. For fized (22,---2"), by (45), we find
J(@?, - at) = = [7 fOipdat = [flso+ [T 0if pda!

Since dx?, - - - dx™ = cos a;do,

Il:/2"'\/n’[f]5<,0d5172,"'d17n: (47)
/S[f]sga cosag do = ([f]s cosa1ds)(p) (48)

Hence

@it = —(f00) = [ oo [ JPamdat e = (19)

Il + 81f (de?. (50)
Rn

4. Let D be a bounded domain in R™ with smooth boundary S. Suppose that
A = (A, ... A™) vector field continuous in D, and divA integrable in D.
Set that vector field A is 0 out of D. Applying (46) to each componet A°
of the field A and summing, we find

divA = {divA} + (A - n) dg (51)
If ¢ € C§° equals 1 on D, then

0 = (divA, ¢) = {divA} + ((A-n) s, )

and in classical notation it yields Gauss-Ostrogradski formula

Oz/ divA—/(A-n)da.
D S
1

5. E(x) = preps is fundamental solution of Laplace equation in R3.
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2.5.1 ACL-property & Sobolev spaces

If f € D'(G) is induced by a locally integrable functions g; and g2 onG, then
by Raymond lemma g, is equivalent with g; on G.

Definicija 2. For k € Ny we denote
HE (G) = {f € Laoc(G) : (D*f) € Lo 100(G), for every a: |a] <k},

H*(G) = {f € Lo(G) : (D*f) € Ly(G), for every a : |a| < k}.

If f € Lajoc(G), then (D f) is a distribution; f € Hf .(G) (res f € H*(G))
means that for every |a| < k the distribution (D®f) can be identified with a
function g € Hf .(G) (res g € H*(Q)).

H¥(@G) is a complex Hilbert space with Hermitian scalar product:

@ = Y [ 01Dl (52)

la| <k

and the norm

sy = (3 [ D fPdo) (53)
la|<k 7

For f € Lo(G), we define f. = [, w:(x —y)f(y)dy.

If f(z) = f(x) for z € G and 0 for z € R"\ G, then f. = f * w..

If f € H*(G), then |f — felur(ey — 0 if € = 0, for every subdomain G’ in
G. If f is finite in G, then |f — f|gr ) — 0if € = 0.

We denote R}™' = {z € R" : ;, = 0}. The projection P, given by
Pyx = x — x ey, is the orthogonal projection of R™ onto RZﬁl.

Let I = {x € R": a;, <z}, < bi} be a closed n-interval.

A mapping f : I — R™ is said to be absolutely continuous on lines (ACL)
if f is absolutely continuous on almost every line segment in I, parallel to the
coordinate axes.

More precisely, if Fj is the set of all € P, such that the functions t —
u(x + teg) is not absolutely continuous on [ag,bx]|, then m,_1(Fy) = 0 for
1<k<n.

If Q is an open set in R™, a mapping f : @ — R™ is ACL (absolutely conti-
nuous on lines) if f|I is ACL for every closed interval I C .

In general, if f : @ — R™ we say that f € W1P(Q) if f is ACL on Q and
Dyf € LP(Q).

Some authors consider only continuous mapping. For example in qc theory:

?2?7 If f: Q — R is continuous we say that f € WP if f is ACL and
Dy f e LP.

Note that there is unbounded function f € WH"(R") so in general we can
not consider only continuous function.

If O C R", we say that f: Q — R" is K-qc if f is continuous, f € W1™(G)
and |f'(x)|" < Jy(z) for ae. z € G.
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Proposition 4. Let Q = {x € R™ : a < x < by} be an open n-interval. If
f € ACL(Q) and ¢ € D(Q), then

/Dkfgodm:/kagodx.
Q Q

Absolutely Continuous on Lines (ACL) characterization of Sobolev functions

Theorem 2.1 (see for example Theorem 4.2 [8]). Let © be an open set in R™
and 1 < p < oco. If a function is in WYP(Q), then, possibly after modifying the
function on a set of measure zero, the restriction to almost every line parallel
to the coordinate directions in R™ is absolutely continuous (Note in general it
does mot mean that there is a modifying function which is continuous function);
what’s more, the classical derivative along the lines that are parallel to the co-
ordinate directions are in LP(QY). Conversely, if the restriction of f to almost
every line parallel to the coordinate directions is absolutely continuous, then the
pointwise gradient V f exists almost everywhere, and f is in WHP(Q) provided
f and |V f| are both in LP(Q?). In particular, in this case the weak partial deri-
vatives of f and pointwise partial derivatives of f agree almost everywhere. The
ACL characterization of the Sobolev spaces was established by Otto M. Nikodym
(1933); see (Maz’ya 1985, 1.1.3).

Note that in general for a function in W?(Q) there is no a modifying func-
tion which is continuous function on 2.

Theorem 2.2. Let u € WH(G), where G C R™ is an open set having the form
G={zx = (21,2") : ' = (22,...,2n) € G a(z)) < x1 < B(z')}. Then there
exists a function @ with & = u a.e.,such that the following holds: the functions
U defined by U* (21) = (x1,2'), are AC on I(x') = [a(z'), B(a')] for a.e.
¥ = (x2,...,2n) € G’ (w.r.t. the (n-1)-dimensional Lebesgue measure). Its

dertvative coincides a.e. with the weak derivative Dyu.

Resenje. There is up € C*(G), |w, — ulwraqy < 27F, wp(z) — u(z) and
Dyug(z) = Diu(z) a.e. G

f@) = lur ()] + 3202 [unsa (@) — un(2))],

9(x) = |Dyus (2)] F S22, Dyt (2) — Dy ()]

Choose a point y1 € (a(z'), B(x’)) where the pointwise convergence For every
a(z’) < x1 < B(a), since uy, is smooth we

T
up(x1, ') = ug(y1,7) —|—/ Dyug(t,z")dt (54)
Y1

hence f,g € Li1(G) and the series in (4.3) are absolutely convergent for a.e.
x € G. Therefore, they converge pointwise almost everywhere. Moreover, we
have the bounds |ug(z)| < f(x), |[Diuk(z)] < g(x) or all k > 1, z € G. By the
dominated convergence theorem, the right hand of XX thus converges to
w(z1,2’) = u(yr,x’) + Dyu(t,2")dt (55)
Y1
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Clearly, the right hand side of (4.7) is an absolutely continuous function of the
scalar variable z1. On the other hand, the left hand side satisfies

Wz, x") = limg o0 up (21, 2") = u(z1,2’) for ae. zq € I(z')

This achieves the proof. A

A stronger result holds in the case p > n. A function in WHP(Q) is, after
modifying on a set of measure zero, Holder continuous of exponent v = 1—n/p,
by Morrey’s inequality. In particular, if p = +o00, then the function is Lipschitz
continuous.

Let Q be an open set in R™. The Sobolev spaceW!:2(Q) is also denoted
by H'(Q). It is a Hilbert space, with an important subspace H}(Q) defined
to be the closure in H'(2) of the infinitely differentiable functions compactly
supported in 2. The Sobolev norm defined above reduces here to

nﬂm1<LUﬂZ+Vfﬂ)é

When 2 is bounded, the Poincar inequality states that there is a constant
C = C () such that

/m%&P/WW7f€%@)
Q Q

When  is bounded, the injection from H}(Q) to L?(€2) is compact. This
fact plays a role in the study of the Dirichlet problem, and in the fact that there
exists an orthonormal basis of L?(2) consisting of eigenvectors of the Laplace
operator (with Dirichlet boundary condition).

When Q has a regular boundary, H}(Q) can be described as the space of
functions in H'(2) that vanish at the boundary, in the sense of traces (see
below). When n = 1, if Q = (a,b) is a bounded interval, then Hg (a,b) consists
of continuous functions on [a, b] of the form

ﬂ@=/?ﬁﬂu z € o}

where the generalized derivative f’ is in L?(a,b) and has 0 integral, so that
f(b) = f(a) =0. If for a function f exists f”. Check f” = (f’)" in distribution

sense.

Example 11 (Example 20, Tao). The function |sinz| lies in W1>°(R), but
is not everywhere differentiable in the classical sense; nevertheless, it has a
bounded weak derivative of cosx sgn(sin(x)). On the other hand, the Cantor
function (aka the Devils staircase) is not in W (R), despite having a classical
derivative of zero at almost every point; the weak derivative is a Cantor measure,
which does not lie in any LP space. Thus one really does need to work with weak
derivatives rather than classical derivatives to define Sobolev spaces properly (in
contrast to the C* spaces).

Example 12. If f € D', then f" = (f'")" in distribution sense.
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It f € D', then (f, ) = (f,¢"), and ((f')", ) = =((f"), ¢") = (f,¢")

Proposition 5. If f is continuous on I = (a,b) and ?? f € WY2(I), then f’
is AC and f € C*(I).

Proposition 6. (i) If f is continuous on R and f € WY1(R), then f(x) tends
0 if x tends oco.

(ii) If f is continuous on R, g = f% and f € WY?(R), then g € WH1(R).

In particular, f(zx) tends 0 if x tends oco.

If f is continuous on I = (a,b) and f € WHI(I), then f has continuous exten-
sion on [a,b].

Set A = [~ f'(t)dt. Since f(z) — = [, f/(t)dt, f(z) tends f(0) + A if

x tends oco.

Proposition 7. Suppose that (a,b) is bounded interval and M a bounded set
in H'(a,b). Then M is compact in Cla,b] and in particular in La(a,b).

Resenje. Let M be a bounded set of functions in H(a, b), ie. there is a constant
¢ such that |f|g <ec.

If g, 2 € (a,b), then f(x) f f'(t)dt, and therefore
F(@) — flwo)] < (2 — mo|>1/2|f'|2 < c(\x . xo|>1/2
If (a,b) is bounded and mg minimum |f|, then mqo < ¢(|b — a|)*/? and | f(z)| <
mo + ¢(|b — al)"/? < 2¢(|b — al)'/2.

Let a; < a < b < by. Then we can extend every function f € H'(a,b) by
f = fon (ab), f():f(b)forxe[bbl)andf() f(a+) for z € (ay,al.
The set M; = {f f € M} is bounded in H'(ai,b;) by a constant ¢;. By
Arzela-Ascoli, M; is normal in C(ay, by).

What happens if the interval [a, b] is replaced by an arbitrary interval I C R
(possible unbounded)?

For a C!' domain in space (even for a rectangle in the plane) the proof is
much more difficult (way 7). A

Proposition 8. Let R =1x(0,¢), I = (a,b), be an open rectangle in the upper
half-plane. Suppose that

f is continuous on R and f € WHI(R),

then, for almost every y € (0, c¢),

f(,y) belongs to f € WHI(T), and

limits f(a+,y) and f(b—,y) of f(x,y) exist if x tends a+ (respectively b—).

fis ACL on R and in particular [ I(y)dy < +oco, where I(y) = f; | D1 f(z,y)|dx <
+oo for almost every y € (0,c).

2.6 Newton potential and embedding theorems
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Recall: Let ,, be volume of unit ball in R” and o, of unit sphere, then
on = 18, and T'(z) = W If D is admissible domain, S the

boundary of G and u € C*(D) N C%(D), then for z € D

ou
ua) = [ Ta—pauw)dy+ [ T@-)Frio)+ [ u)

Ol (x — y)

any do(y).

(56)

If divA =0, then div(fA) =V f- A

Recall

Set E(z) = Ey(z) = In|z| and E(z) = Fy(z) = 27r ,xERZ\{O} Asz(x) =
m% and E(x) = E3(x) = — E(x) = Eg( ) = 4Tr1|$‘, r € R3\ {0}; E,(z)
|z|>~", 2 € R\ {0}, n > 3.

Check that AFEy = 27d and AE,, = ¢,0 in distribution sense, where ¢,, =
—(n —2)o,.

If we introduce E, = W’

Lemma 2.1. Set A(z) = A, () =

1
Bl

then (AE,) = 6.

Prove that divA(z) = 0,00.

- |$|”
An immediate corollary is (AE,) = 6.

Resenje. Let ¢ € D(R™). For e > 0, set A(e) = {z : ¢ < |z] < 1} and

I(e) = — fA(E) A -Vedz. Then I = (divA(z),p) = —lim._g fA(E) A-Vodr =

lim._, I(g). Since divA = 0, we have fA(g) A-Vodr = fA(s) div(pA)dx and by

the divergence theorem

I(e) = / div(pA)dx = / pA - ndx.
A(e) Se

For z € S., - n = —|z| and therefore A-n = ;. Hence I(e) =
it [, pde = opp(ze) , where z. € Se, and I = (divA(z), @) = —lime 0 Ja A
Vodr = lim. 0 I(e) = 0,9(0).

A

Example 13. 1. If f € C? and g € C?, then

A(fog) = f(9(2)[Vg(@) + f'(9(x))Ag(x).
2. Check

(a) Dy|z|* = 2|z|Dyla].
Since |x|* =Y 1_, x%, we find
Dy|z|* = 22y, and therefore Dy|x| = xy/|x|. Thus
(b) Dilz[P = pla|P~2zy.
Hence (c) V|z|P = p|z[P~2z.
Using Dyy|z|P = Dy(Dglz|P) = p((p — 2)|z[P~*aF + |2[P~?), we have
(d) Al =375 Dixlzl? = p(p+n — 2)[zfP~2.
In particular, forp+n—2=0, i.e. p=2—mn, Alz|>~" = 0.
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3. Set A(z) = z/|z|™™, we have V|z|>~™ = (2—n)A(z) and therefore divA =

0.

Hence |z|>~" is harmonic and divA =0

Forn=3andp=—1, |71\ and Dkﬁ = —Ifﬁ are harmonic.

V‘i‘ = ﬁ We will see later that this is related to potential of electro-

static and gravity field.

4. Set Ea(z) =1n|z|. Then (AE3)(= Aln|z]) = 276
Let ¢ € D and suppy C Ug.
Set I(e fA(” In |z|Apdz and J(e fS (In|z2|Dpyp — ¢Dy In|z|)ds.

Then by definition A = (AFEs, @) = fUR In|z|Apdz and A is limit of I(e)
when € = 0. By Green formula
= Ja(er InlzlApdz = J =[5 (pDnlnlz| - ln|z|Dng0) . Then
J( )—Il( V+1s(e), where[l fs (pD In|z[)ds and I (¢) = — [ (In[2|Dpp)ds
Since Ii(e) = [q (¢ L)ds = 1 < s ¢(z), where v = |z], Il( ) — 2mp(0)

when € — O and Il( ) —> 0, we conclude that J(€) — 2mp(0).

5. A(fg) = gAf+2> DrpfDrg+ fAg. Set f =ln|x| and g = E,. Then
Ag=0,Af = (n=2)|z|"2, Drg = (2—n)ak|z|™™, Vf Vg = (2—n)|z| "
and therefore A(fg) = gAf + 2> DpfDrg = (n — 2)E,|z|72 + 2(2 —
n)z[™" = (2 = n)lz[7".

Alln]e| B, (x) = (2 = n)le| .

2.7 Convolution

distribution
Set Py(z) = %xﬂTyz
If f:R — R continuous, bounded and u(x,y) = f * P,, show that
Au= f*(AP,), y > 0.
Suppose that ( ) f, g € L1 1oc(R™) and define
frg(@)= [ fl@—y)g(y)dy.
Set h = |f| *|g| and suppose that (ii) b € L1 j0c(R™).
We say that a sequence 7; € D(R™) converges to 1 in R™ if
a) For every compact K there is index ng such that n; = 1 on K for j > ng.
b) 1, together with D%n; are uniformly bounded in R”.
If (i) and (ii) hold, check that

(1) (fxg,0)= [ [f(x)g(y)e(z+y)dzdy

Rn

and
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(2) (fxg,0) = lim (f(2)g(v), n;(z,y)e(x +y))
for ¢ € D(R™), where n;(z,y) € D(R?") is an arbitrary sequence which conver-
ges to 1 in R?",

We take the formula (2) for the definition of convolution.

For f € D'(R™) and g € D'(R™) we define the direct product f - g by
(f-9,0) = (f(@)g(y), o(z +v)) = (f,(9,¢x)) for ¢(z,y) € DR™™™), where
P2 (y) = o(2,y)-

Lemma 2.2. Set ¢(z) = (9(y),p(x +y)). If g € D'(R™) and ¢(x,y) €
D(Rn—l-m)’ then w c D(R") and Do‘w = <g(y),Dg‘gp(x + y)> In particular,
Ap(x) = (9(y), Dap(z +y))-

Theorem 2.3. For f,g € D'(R™), if g has finite support, the convolution f *g
ezxist and

(fxg,0)=(f 9,0) = {f(®)g(y),ny)e(x+y)),

where 1 is an arbitray test function equals 1 on neighborhood (nbg) suppg.

dSet w(ﬂil) = (f(y),n(y)¢(z + y)), where n € D(R") equals 1 on nbg supp f
and note that
(@D »(0) = (f (), n(W)e(y)) = (f, ¢)-
Set Vi = Eyx f. Formally, Vi(z) = [p. En(z—y) f(y)dy = [5. EY(x)f(y)dy.
AVi(x) = [pa AEL(2) f(y)dy = cn [pa 02(y) f(y)dy = cnf ().

Theorem 2.4. Suppose that f € D'(R™) has finite support. Then (AVy,p) =
—(n=2)onf = (En, AY) = =(n = 2)0n(0) = —(n = 2)on(f, ¥)

Resenje. Let ¢ € D(R™). By Theorem 2.3, we can express the convolution by
the direct product

I = (AVy, ) = Vi, Dp) = (En x f,0p) = (En(2) f(y), 1(y) Dp(x + y)).
Further, by definition of the direct product and by Lemma 2.2, we have

I = (En(x),(f(y)n(y)D¢(z +y))) = (En, Av),

where ¥(x) = (f(y),n(y)e(x + y)). Now an application of Lemma 2.1 and (I)
yields I = I(¢) = —=(n — 2)o,9(0) = —(n — 2)o,. A

For f e D'(R™), fxd=0xf = f.
For examples see [11].

Example 14. Let G be bounded domain in R™ bounded by piecewise smooth
surface S . Define

ds by < ds,p >= [4pdA and for

p €D, <pds, o >= [gppdA.

Let A= (A, ..., A™) be vector field continuous in G, such that divA integra-
ble in G. If A is zero out of G
then divA = {divA} — (A - n)ds.
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Example 15. Here we will use physical notation and give physical interpreta-
tion of a three-dimensional delta function. In electromagnetism, charge density
is a measure of electric charge per unit volume of space, in one, two or three
dimensions.

Set A(x) = Ap(x) = raf - Recall that (1) divA(xz) = 0,00. The easiest way
to define a three-dimensional delta function is just to take the product of three
one-dimensional functions:

d3(r) = 6(x)d(y)a(z) ().

The integral of this function over any wvolume V containing the origin is
again 1, and the integral of any function of r is a simple extension of the one-
dimensional case:

/ f(r)ds(r — a)d3r = f(a) (2).
G

In electrostatics, there is one situation where the delta function is needed to
explain an apparent inconsistency involving the divergence theorem. If we have
a point charge q at the origin, the electric field of that charge is

1 ¢
E = =T 3),
47Teor2r (3)

where T =r/|r|.

By (1), V-E :0'3(50 :471'60.

Suppose that smooth surface is boundary of V.According to the divergence
theorem, the surface integral of the field is equal to the volume integral of the

divergence of that field:
j{E~da:/ V-Ed’r (4),
s 1%

where the integral on the left is over some closed surface, and that on the right
s over the volume enclosed by the surface. In electrostatics, the integral on the
right evaluates to the total charge contained in the volume divided by €q

/V~Ed3r:/ Lsomydr=L  (5).
\% Vv €0 €o

We only state,[6]:

Flel(y) = 2n) "2 [ (@) de, FHpl(y) = (27) 72 [ p(a)e” ¥ dx
DFlg)(y) = (2m) "2 [, (ix)“p(z)e™ *dx

Fourier transform is injective of .S onto itself.

F[f 9] = F[f]Flg].
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2.8 The Newtonian potential

the Newtonian potential or Newton potential is an operator in vector calculus
that acts as the inverse to the negative Laplacian, on functions that are smooth
and decay rapidly enough at infinity. As such, it is a fundamental object of
study in potential theory. In its general nature, it is a singular integral operator,
defined by convolution with a function having a mathematical singularity at the
origin, the Newtonian kernel I' which is the fundamental solution of the Laplace
equation. It is named for Isaac Newton, who first discovered it and proved
that it was a harmonic function in the special case of three variables, where it
served as the fundamental gravitational potential in Newton’s law of universal
gravitation. In modern potential theory, the Newtonian potential is instead
thought of as an electrostatic potential.

The Newtonian potential of a compactly supported integrable function f is
defined as the convolution

u(w) =T f(x) = / T'(@ - y)f(y) dy

Rd

where the Newtonian kernel I' in dimension d is defined by XX

The Newtonian potential w of f is a solution of the Poisson equation Aw = f,
which is to say that the operation of taking the Newtonian potential of a function
is a partial inverse to the Laplace operator. The solution is not unique, since
addition of any harmonic function to w will not affect the equation. This fact
can be used to prove existence and uniqueness of solutions to the Dirichlet
problem for the Poisson equation in suitably regular domains, and for suitably
well-behaved functions f: one first applies a Newtonian potential to obtain a
solution, and then adjusts by adding a harmonic function to get the correct
boundary data.

The Newtonian potential is defined more broadly as the convolution

[xp(z) = /Rd Iz —y)du(y)

when p is a compactly supported Radon measure. It satisfies the Poisson
equation

Aw=p

in the sense of distributions. Moreover, when the measure is positive, the
Newtonian potential is subharmonic on R

If f is a compactly supported continuous function (or, more generally, a
finite measure) that is rotationally invariant, then the convolution of f with T’
satisfies for x outside the support of f

fI(x) = AT(z), A= [ [f(y)dy.

Rd
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In dimension d = 3, this reduces to Newton’s theorem that the potential
energy of a small mass outside a much larger spherically symmetric mass distri-
bution is the same as if all of the mass of the larger object were concentrated
at its center.

2.9 Extension of functions

f € Lx(9), fe = [Jqwe(z —y)f(y)dy. Let f be an extension of f such that
f(m):(LxER"\Q. Then f. = f * w,.

Lemma 2.3. If f € H*(Q) and ' subdomain of €, then |f. — flar@y — 0,
e —0.

Lemma 2.4. If Q is a paralepiped then the set C*°(Q) (in particular C*(Q))
is dense in H*(Q).

For hypersurface S in R™ we say that of class C™ if for every xg € S there
is ball B = B(xg,r) and function ¢ = ¢, in C™(B) such that V(zg) # 0 and
{p(z) =0} =5NB.

pla,y) = 2? —y?

We say that a bounded domain 2 in R™ and its boundary belong to class
CFe 0 < a < 1if for every point zg € 9Q there exists a ball B = B(xg) and
mapping ¥ from B onto D such that ([2], p. 95)

$(BNQ)C R,

PY(BNoQ) C ORY,

Y€ CF(B), y~! € CH(D).

We say that domain is with Lipschitz boundary if ¥ and ¢ ~! are Lipschitz
functions.

the Schwarz reflection principle is a way to extend the domain of definition
of an analytic function of a complex variable, F, which is defined on the upper
half-plane and has well-defined and real number boundary values on the real
axis. In that case, the putative extension of F to the rest of the complex plane
is

F(%) or F(Z) = F(z). That is, we make the definition that agrees along the
real axis.

If f € C[0,1), define f(z) = f(0) + f'(0)z + f'(0)z?/2, x € (—1,0). See

A Vandermonde matrix, named after Alexandre-Thophile Vandermonde, is
a matrix with the terms of a geometric progression in each row, i.e., an m x n
matrix V: V; ; = o] ~! for all indices i and j. (Some authors use the transpose
of the above matrix.) The determinant of a square Vandermonde matrix (where
m = n) can be expressed as: det(V) =[], ;<,(aj — o).

See [6] $ 2.3 Lema 1.

Lemma 2.5 (Extension 1). Let Q, = {x € R" : |2;| < a} and Qf = QaN{r €
R" : x, > 0}. Let f € CK(Q, ™) (respectively f € H*(Q, ™)), then f can be
extended to F € C*(Q,) (respectively F € H*(Q,)).
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(I)If we set f(l'/7l'n) = f({L‘/7 _-rn)7 we have an(x’, xn) = —an({E/, _mn) )
and D, f(z,x,) is not continuous at points (z’,0). Set g(z’, z,,) = g;(2', zp) =
fl&',—x,/j), and F:= Ef = ZkH A;gi(z', ). Then

Dig(a',xn) = (<1/§)*D3f(a', ~an/f), DAF = Y74 A Dagy(e’,xn) =
2 A;(=1/5)" Dy f (2!, —n /)

and therefore D3 F(a',0) = 3 A;(—1/7)° Dy f(',0) = (SFH 4;(=1/5)*) D £ (2, 0),
s=0,1,...,k. Hence we get the system (1) ZkH Aj(-1/4)°=1,s=0,1,... .k
Since the corresponding Vandermonde matrlx is not singular, we can choose
A = (A1, Ag, ..., A,) to be the solution of system Zkﬂ Ai(-1/4)P =1, s =
0,1,... k.

Check that

E N mr@a) < ellf i) (57)

(i) If f € H*(Q, ), there is a sequence f, € C*(Q, ™) which converges to
fin H*(Q, ™). Denote by F, = Ef, extension of f,. By (57),

HFp - FqHH’C(QH) < C”fp - fq”Hk(QI)'

F,, is Cauchy sequence in H*(Q,) and since H*(Q,) is complete, it converges
toa F € HHQ,).

F,(z) = fy(z) and f,(z) = f(z), a.e. © € QF, p — co. Therefore F is
extension of f in H*(Q,).

The inequality (57) holds in this case.

Theorem 2.5 (Extension 2). Let Q and ' be domain in R™ and Q C . Then
for every f € C¥(Q) (resp f € H*(Q)) there is an extension F € C*(Q) (resp
F e H*(Y) ) finite in Q' such that

|| ey < Clflar0),

where the constant C' depends only on Q2 and ' .

In general, for f € H*(G) there is no equivalent function which is continuous
on GG. There we can not use this result to define trace of f on 99.

2.10 Trace

We say that u € CF(Q) if all derivatives of order < k have continuous
extension to Q.

Let C* (Q) denote family of functions (mappings) which belong C*(2) and
all derivatives of order < k have continuous extension to Q.

A bounded domain €2 in R™ and its boundary belong to class C**, 0 < o < 1
if for every point z¢ € 99 there exists a ball B = B(xy) and mapping ¢ from
B onto D such that ([2], p. 95):

() w(B Q) C R
(ii) (BN ON) C OR™;
(iii) v € CH*(B), v~ € C*(D).
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Chapter 3 Introduction to Sobolev Spaces

Orane Jecker, Sobolev spaces, Trace theorems and Green’s functions. Boun-
dary Element Methods for Waves Scattering Numerical Analysis Seminar. Octo-
ber 21, 2010, https://www2.math.ethz.ch/education/bachelor /seminars/hs2010/wave/Orane
A bounded domain €2 in R™ is a Lipschitz domain (or domain with Lipschitz
boundary) if ¢ and ¥ ~! are both Lipschitz continuous functions. Many of the
Sobolev embedding theorems require that the domain of study be a Lipschitz
domain. Consequently, many partial differential equations and variational pro-
blems are defined on Lipschitz domains. Domains with Lipschitz boundary are,
for example, balls or polygonal domains in two dimensions where the domain is
always on one side of the boundary.

Intuitively, a Lipschitz continuous function is limited in how fast it can
change: there exists a definite real number such that, for every pair of po-
ints on the graph of this function, the absolute value of the slope of the line
connecting them is not greater than this real number; this bound is called a
Lipschitz constant of the function (or modulus of uniform continuity). For in-
stance, every function that has bounded first derivatives is Lipschitz. In the
theory of differential equations, Lipschitz continuity is the central condition of
the Picard-Lindel6f theorem which guarantees the existence and uniqueness of
the solution to an initial value problem. A special type of Lipschitz continuity,
called contraction, is used in the Banach fixed point theorem.

We have the following chain of inclusions for functions over a closed and
bounded [xx] subset of the real line

Continuously differentiable C Lipschitz continuous C a-Hoélder continuous
C uniformly continuous C continuous, where 0 < a < 1. We also have

Lipschitz continuous C absolutely continuous C bounded variation C diffe-
rentiable almost everywhere

Given two metric spaces (X,dx) and (Y, dy), where dx denotes the metric
on the set X and dy is the metric on set Y, a function f : X — Y is called
Lipschitz continuous if there exists a real constant K > 0 such that, for all x;
and zo in X,

dy (f(z1), f(z2)) < Kdx (1, 22).

Any such K is referred to as a Lipschitz constant for the function f. The
smallest constant is sometimes called the (best) Lipschitz constant; however, in
most cases, the latter notion is less relevant. If K = 1 the function is called a
short map, and if 0 < K < 1 the function is called a contraction. Remark 1. In
general we can say that u Dirichlet Eigenfunction Q if u € C(Q), u = 0 on 052,
Au = Au on €. In this setting we do not suppose that u € Wol’ Q).

If w € WHP(Q) and u has a continuous extension on Q which is 0 on 952,
then u € W, P(R2). The converse is not true in general.

Lamberti: In order to guaranteed the validity of the converse, you need more
information on the boundary because if the boundary is ”thick” then you cannot
have pointwise control of the function ”far from the interior”. The condition €
has a Lipschitz boundary guarantees the converse. To be honest, I have never
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read a counterexample, but I am confident that such counterexample exists and
could probably be found either in the big book of Mazya (Sobolev spaces) or in
the smaller book of Mazya and Poborchi (Differentiable functions on domains).

It is interesting that that the direct implication does not require boundary
regularity. Simple proofs of these facts can be found in the book by Brezis
”Functional Analysis”.

Question (Lamberti). It would be interesting to see if it is true that given
an eigenfunction u in the broad sense (C? inside and continuous up to the
boundary) then u is in W12, T am not sure this is an easy question.

WyP(Q) € C°(Q) for p > n; in planar case for p > 2. A Lipschitz domain
(or domain with Lipschitz boundary) is a domain in Euclidean space whose
boundary is ”sufficiently regular” in the sense that it can be thought of as
locally being the graph of a Lipschitz continuous function.

Lamberti: This is true if 2 has the extension property, for example if {2
has a Lipschitz boundary. Indeed, if p > N then Morrey inequality holds in
RY, hence you have even Holder continuity. A simple discussion of this issue
can be found in the popular book in PDE’s by L. Evans. If you do not have
the extension property, then you can only conclude that if p > N then u in
continuous in the interior and is globally bounded.

Remark 2. It seems to me if we suppose that the Dirichlet eigenfunction
solution w € Wy ?(Q) and Q is convex, then we have that gradient of w is
bounded.

So the question is what we mean when we say that u is the Dirichlet eigen-
function (in particular, whether we suppose that w € Wol’Q(Q)?

Let G be a Lipschitz open subset of R?. There exists a unique continuous
linear mapping E : H*(G) — L2(0G) such that for all u € C(G), we have

E(u) = u‘aG .

In other words, the trace is the unique reasonable way of defining a boundary
value for H' functions, as the continuous extension of the restriction to the
boundary for functions for which this restriction makes sense.

Outline

Theorem 2.6. Let G be C' domain and S C* hyper-surface (compact) in G.
Let f € HY(G) and let f, be arbitrary sequence from C'(G) which converges to
[ in HY(G). Then fyls converges to fo in Lo(S).

Resenje. We call fy the trace of f on S.
Suppose that domain G is in first quadrant and first that f € C}(G).

Set ' = (z1,"-,¥n—1). Let S’ be simple part of S given by equation
r, = p(z'), p € CY(D), where D is a domain in hyper-plane z, = 0.
For z € §', f(z) = f(o, f“a 'D nwf (2, 2,)dr, and by Cauchy-

Bunyakovsky-Schwarz Inequahty \ f ( )|2 < p(a')A(z") < cA(z'), where A(z') =
fosa(x ) |Dpf (@', 2,)|2dz,. Hence
(AD) [f(a',p(2")? < cA(a'), ' € D

Set do = dg/o = B(2')da’, where B(z') = \/1+ |Dip(z/)[2 + -+ + | Dy_190(a")|2.
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Since B(z') < ¢y on D, we have I = [, |f|[?do = [}, |f(z/,p(z))?B(z')da’ <
e [plf(a’,o(2))Pda’, where do = dgro. Hence, using (A1) we find

(A2) I < ¢y [, A(z')dx’, where ¢ = ccy.

Set V ={a',2,) : 2’ € D,0 <z, < p(2)}. By Fubini’s I) = [}, Dy, f(2', zy,)|*dx

Ip( O“o(m D f(a!, ) |2dwy )da’ and therefore
I = fv D, f(2',x,)2dx = fD A(z")dz'.
Hence, I < cp1; and since Iy < |f|g1 () we have VI < el flae)-

Since S can be covered by a finite number pieces of type S’, we find by

summing
Ifleocs) < Clflaa), (58)

where the constant C' does not depend on the function f.

An application of Theorem 2.5, shows that this inequality holds for f €
(@)

For f € H'(G), there is a sequence of functions f, in C1(G) which converges
to f in the norm H'(G).

The sequence of traces f,|S is Cauchy, and there is a function fg to which
the sequence of traces f,|S converges. A

For f € HY(D,R?), we define E(f) = [y |df|*.

Lemma 2.6 (Courant-Lebesgue lemma). (i) Let f € H'(D,R?), E(f) < K,
0<1,peD.
Then there exists v € (5,\/8) for which f|T, is AC, where T, = S(p,r)ND, and

7o) = Flea)l < (K20 )2, 20,2 € T, (59)

Example of trace. The Dirichlet Space
The Definition. The Dirichlet space © is the Hilbert space of the functions
f analytic in the unit disc D for which the semi-norm

Flo. = / 1/(2)]dms (60)

is finite.

Proposition 9. The Dirichlet space sits then inside the analytic Hardy space
H?. In particular, Dirichlet functions have nontangential limits f* at a.e. point
on the boundary of D. If f € D, then

[flow =D IKIIful? < oo,
0

and f* is trace of f.
Hint. If v tends 1_, f, converges to f in D and to f* in Lo(T).
Construct a function f in D which has no continuous extension to D.
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For a function h, we use notation dh = h, = §(h}, — ih,) and Oh = hz =
%(hg +ih},); we also use notations Dh and Dh instead of Oh and Oh respectively
when it seems convenient.

Definition 2.1 (Quasiconformal mappings). A homeomorphism f: D — G,
where D and G are subdomains of the complex plane C, is said to be K-
quasiconformal (K-q.c or k-q.c), K > 1, if f is absolutely continuous on a.e.
horizontal and a.e. vertical line in D and there is k € [0,1) such that

|f2|§k‘fz‘ a.e. on Dv (61)
where K = %, YYie k= %
Note that the condition (61) can be written as
ALl +If
Dy =2 =2 VTR g (62)
P RTART
where A = ‘fz‘ + |f?|’ A= ‘fz‘ - |f?| and K = %} e k= %

Example 16. 1. The Cantor function K defines the measure p = pug by
wulz,y] = K(y) — K(x). Whether K' = ug inD'?

2. Let f(z) = 1{_‘2‘, z € U). Show that f € WyP(U), 0 < p < 2. Whether
f € HY(U)? Hint. I,(r) = fozﬂ mdt ~ (1—-r)P~t p>1, and
Li(r) =~ 1.

8. Fora € R, define f:R"™ — R by

1
fl)=—0"
||
Then f is weakly differentiable if a +1 < n with weak derivative
a Tl
Dyf ==— —.
S TR

4. 1If f is conformal mapping from the unit disc into C and f in The Dirichlet
space, then f has nontangential limits f* at a.e. point on the boundary of
D.

Define I(f,z) :== fol |f/(t2)|dt. If f conformal mapping from the unit disc
into C, then A = m(f(U)) = [, |f'(z)]Pdzdy. If A is finite then B =

Ju 1 (2)|dedy = 0271' I(f,et)dt is finite and by Fubini’s theorem I(f,e™)

is finite a.e. w.r. t.

Let f € HY(U) and define curve vo(p) = f(pe'®), p € [0,1).

If L(0) is the length of curve 7y, then L(0) < fol |V f(pe'®)|dp. By Cauchy-
Schwarz, L*(0) < S(0) := fol IV f(pe'®)|?dp and therefore

[2TL2(6)de < [77 S()d6.
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10.

11.

12.

If for a fived po, we define curve vo(p) = f(pe'®), p € [po, 1), then
2
Jo T LA()do < lnpiopr0 |V f(2)Pdzdy < oo, where A,y = {po < |z| < 1}.

Let f =Y fxz" be holomorphic function onU and A(f) = [;;|f'(2)|*dzdy.
Then B(f) = fy|f(2)Pdady 35720 25

A(f) = Yo, W el — 5700 k| ful?, and [T 1 £ ()Pt = 21 Y7 | ful
IfA(f) = [y |f'(2)]Pdady < oo, then f € WH2(U) and f* =Tf onT.

If f is a harmonic in U, f € HY(U) and trace of f|T =0, then f = 0.

onto

If f : U —= G C C is a K-qc mapping and my(G) < oo, then f € H'(U).
If G is a Jordan domain, whether f has continuous extension to U.

If f is injective (homeomorphisam) and G = f(D) a Jordan domain in C
and f € H*(D) , whether f has continuous extension on D?

If u € WHP(Q) and u has a continuous extension on Q which is 0 on 99,
then u € WyP(Q). The converse is not true in general.

Lamberti: In order to guaranteed the validity of the converse, you need
more information on the boundary because if the boundary is “thick”then
you cannot have pointwise control of the function ”far from the interior”.
The condition Q0 has a Lipschitz boundary guarantees the converse. To be
honest, I have never read a counterexample, but I am confident that such
counterexample exists and could probably be found either in the big book
of Mazya (Sobolev spaces) or in the smaller book of Mazya and Poborchi
(Differentiable functions on domains).

It is interesting that that the direct implication does not require boundary
reqularity. Simple proofs of these facts can be found in the book by Brezis
” Functional Analysis”.

Question (Lamberti). It would be interesting to see if it is true that given
an eigenfunction u in the broad sense (C? inside and continuous up to the
boundary) then u is in W2, I am not sure this is an easy question.

Whether there exists a function f such that f € Wol’p([U) , for every p <2,
and f 1is injective and it has no continuous extension to U?

Yes. Hint. For z = re't, define f(z) = R(t)(1 + r)e’, where R(t) =t for
0<t<7/2and R(t)=m—1t form/2 <t <.

Check that f is injective on HY and that f has no continuous extension
to 0.

Set g(z) = (1 —r)f(2). Then f is 2-to-1 and g € Wy P(UT) for p < 2,
and it has no continuous extension to 0.

Let G = B be the open unit ball in R™, with n > 2. Prove that the
unbounded function f(x) = Inln(1+ %) is in WH™(B).

||
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Whether f € WH™(R™)? Yes.
Hint. If A= {z:7 <|z| <o}, 0 <1 <1y, then f € Wy ™(A).
Set A(r) = 1+2 = L and g(r) = Inln(A(r). Then ¢'(r) = = 155 A’ (r),

n(A(r) A(r)
where A'(r) = —1/r%, and therefore (i) ¢'(r) = WT(T{H)'
Then f(x) = g(r), where r = |z|. Since Dyr = xy/r, |Dpr| = xg|/r < 1

and Dy f(z) = ¢'(r)xx/r, we have |Dif| < cm%. Hence |Vf|™ <

cM (r), where M(r) = T Al(r)n T"(Tlﬂ)n , and therefore r" 1M (r) <

Set 0 <rg < 1. Since r"*M(r) < cm forr > rg, we find

(1) I = [~ IM(r)dr < oo.

To

Since for 0 <r <1, In A(r) > —Inr, we find |¢g'(r)| <

1 1
(In A(r)™ r(r4+1)" °

l—r’l, and then
—itnr

n—1 1 1 1 1 ro 1 rml
M (r) < WA r = iy r 0 (“inr)m dr

Using the substitution t = —Inr, we find Iy = f:oo % < oo forn > 2.
Hence I = [o, |V f|"dx < I 4+ I < 0.

. Setag = —Inrg and Iy =

13. Whether there exists a function f € Wol’"(IB%) which has no continuous
extension to B?
Yes.Hint. Set xp, = e, /k, ri(x) = |z — x|, fu(z) = f(rrz), we(z) =
wi o (1(2)), gr(@) = fre(@)wi(@)/k?, and g(x) = 3237, gr(@). Show that
g€ W()l’p(IB%+) and that the trace of g is 0, but g has no continuous exten-
sion at 0.

The same function works for B(en;1); take h(x) = g(x + e,) on B.

14. Wol’p(Q) C C%Q) for p > n; in planar case for p > 2,see for example [2].
A Lipschitz domain (or domain with Lipschitz boundary) is a domain in
Euclidean space whose boundary is Sufficiently reqular”in the sense that
it can be thought of as locally being the graph of a Lipschitz continuous
function. Lamberti: This is true if Q has the extension property, for
example if  has a Lipschitz boundary. Indeed, if p > n then Morrey
inequality holds in R™, hence you have even Holder continuity. A simple
discussion of this issue can be found in the popular book in PDE’s by
L. Fvans. If you do not have the extension property, then you can only
conclude that if p > n then w in continuous in the interior and is globally
bounded.

Remark 2. It seems to me if we suppose that the Dirichlet eigenfunction
solution w € Wol’Q(Q) and ) is convex, then we have that gradient of w is
bounded.

So the question is what we mean when we say that w is the Dirichlet
eigenfunction (in particular, whether we suppose that w € Wol’2(Q))?

Theorem 2.7 (see [4]). For a function f € La(T) to be the trace on the circle
T of the function belonging Sobolev space H'(U) it is necessary and sufficient
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that

oo

> Ikl fxl* < 00,

— 00
where i are Fourier coefficients of f on T.

(.3
The function f(8) = > 7o, COSI(J; 9 is continuous, but it is not the trace of
any function belonging to H*(U).

Hint: If u = P[f], then u € H'(U).
For the next result see [10] and comments there.

Theorem 2.8. Let R = (a,b) x (0,¢) be an open rectangle in the upper half-
plane. Suppose that
(a) F : R — C is bounded C' function, and
(b) DF € LP(R) for some p > 1.
Then Fo(z) = lim F(x 4+ iy) if y \, 0 ezist a.e. for x € (a,b).
Whether Fy is a trace of F on (a,b)?

Note that (b) is significant generalization of classical assumption that F' €
H*(R), ie. DF = 0. It is not known whether the theorem is true if p = 1.

Whether the function belonging to Sobolev space W1P(U) have trace?

Erich Miersemann, Linear Elliptic Equations of Second Order Lecture No-
tes,Version October, 2012 http://www.math.uni-leipzig.de/ miersemann/pde2book.pdf

2.11 Embeddings

We are reduced to evaluating a 1D integral, improper at 0, whose integrand
behaves like p"~1g(p). By virtue of the assumptions about g, this is bounded
above by a multiple of p"~17%. Provided n — 1 — s > —1, this converges (at
a rate proportional to p"~*®). In the example, n = 2, s = 1, so convergence is
assured.

In one space dimension, a solution of the ODE —u” = f is given in terms of
the potential u(z) = —3 [ |z — y|f(y)dy.

If f € C.(R), then obviously u € C?(R) and max |u”| = max|f|. In more
than one space dimension, however, it is not possible estimate the maximum
norm of the second derivative D?u of the potential v = I'* f in terms of the ma-
ximum norm of f, and there exist functions f € C.(R™) for which u ¢ C?(R").
In particular, if we measure derivatives in terms of their Holder continuity, we
can estimate the C%®-norm of u in terms of the C%%norm of f.

Example 17.

dx Lypn=1gp Lar
I&:z/ —z/fﬁdﬁ/ :cJes::c/i,
( ) B(e) |x‘o¢ S ( ) € re ( ) € ro-ntl

where ¢ = [4 f(0)d6. If e — 04, I(€) has finite limit if o < m.
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Consider equation Aus; = |z|*. Roughly speaking we try to guess us(z) =
clz|*T2, ¢ = c(s,n).
But, we have two exeptions:
2
1. Dglnlz| = \70\2 Dy In|x| = |:1:\2 — 2%
Aln|z| = (n—2)|z|~2
2. A(ln |z|E,(x)) = (2 — n)|z|™™; see Example 13.
Check |V, In |z —y|| < ¢z —y[",
Vylz =y~ <slz -y s> 1.

Lemma 2.7. If we set for n > 3, us(x) = c|z|*T2, ¢ = ¢(s,n) = 512 s #
-2, 8 # —n, u_o(x) = In|z|/(n — 2) and u_,(x) = —E,(z)In|z|/(n — 2) =
—E,(z)u_o(z) then Aug = |z|* for all x € R"™, x # 0.

In order to prove the embedding theorem we first prove:
Let m = [n/2] + 1. If f € CJ"(G), then

[fle@) < dflame)- (63)

Let us first test this result for n = 3,4,5. The idea is to use the representation
theorem and Cauchy-Shwarz inequality.
Recall if f € CZ(D), then for all x € D,

/Af (r—y dy—/ AP f(y) Tz — y)dy. (64)

Set U¥(y) = | —y|~*. By definition us in Lemma 2.7, when we apply this result
we need to pay attention to the case —s,, = 2 —n equals —n and —2. Note that
—S$p,=2—n>-nand —s, =2—n=-2iff n =4.
a) For n =3, f(z *chAf o —y|tdy.
Since U¥ is in L2 (D) we can prove (63).
b) For n =4, f(z) = ¢ [, Af(y)|z —y|~2dy. If in addition f € C§(D), then
z) =c [ Af(y)Ay 1n |z —yldy = ¢ [, V(Af(y))VyIn |z — y|dy.
By Bunyakovskii— Cauchy-Shwarz inequality, Then

|f (@) < [flas(D)-

¢) Whenn =5, f(z) = ch Af(y)|lz—y|3dy (note that U¥ is not in L?(D))
and by Lemma 2.7 A |:v yI ™t =cla—y|73, fla) =c [ Af(W)Ay|lz—y|tdy =
c/pV NVylz =y~

Here m = m( )=3 and |Vylz —y|™'| < U (y) = |z — y|~2. Since UY is in
L?(D) we can prove (63).

So our strategy is to find minimal p such that u, € L?(D), where APug = T,,.
If Vus ¢ L?(D), we use f = Af(y) * us, but if Vu, € L?(D), we can use the
formula f = V(Af(y)) * us.

Ifue CZ,veC?in D,

/uA'Udm:/ vAudzx. (65)
D D
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If an integer p > 2, u € C}, v € CP in D,

/uApvdx:/ vAPudz. (66)
D D

Set I's(z) = |z|7°. For s =2p—2, s’ =s+2p=4p — 2, APT, = ¢,I'y

Suppose that f € Cl,n=4p—2,n>2 and z € D.

Suppouse that n > 2. Set U7 (y) = |z —y| *, m=mp = (n—2)—-2(p—1) =
n—2panda=oap,=2m=2n—4p and = B, = 2(mpy1+1) =2(n—2p—1).
Then

For f € C}, we have
(1) f(.T) = C<Af’ 7957 > = C<Apf7 UJC > and
(2) for f € CF*Y, f(x) = c(APFf, mp+1> = (VAPf,VUE ).

For n we choose a convenient p. We will use that U’” € Ly iff a < n,
ie. n < dp and since VU7, | < Uy, 11, VUS| € "Ly if B < n, ie.
n < 2(2p+1).

For n we choose a convenient p. There are four possibilities n = 4p — 2,
n=4p—1n=4p and n = 4p+ 1. We will use (1) if n < 4p and (2) if n > 4p.

- / Af(y) Tl — y)dy = / APF)T(z — y)dy.  (67)
D D

By Cauchy-Shwarz, |f(2)|* < A [, |AP f]2dy, where A = [, Ty (z — y)2dy.
By Example 17, A is finite, if @ = 2n — 4p < n, i.e. n < 4p. Then

|f (@) < |flm2e-
/ V(AP f(y (‘ y|2p 5)dy, n=4p (68)
1
f@) = e /D V)T (). n= L (69
Let m = [n/2] + 1. If f € CJ"(G), then
fle@) < dflame)- (70)

By passing to the limit we conclude that this estimate holds for f € H*(G).
Hence

Theorem 2.9. H'(G) C C(G).
Namely, for f € Hg*(G) there is a sequence f, € Cf*(G) which converges to
fin H"(G). But, by (77) it follows that f € C(G).
Theorem 2.10 ([4], p.155,% 2.7 Theorem 3 [6]). Let k = [n/2] +1+1 (I =
—[n/2]—=12>0). B
If G be of class C*, then H*(G) € C'(G). For n =2,3, [n/2] =1, and we
have H**Y(G) € CY(G). In particular, H*(G) C C°(GQ) and H3(G) c C*(G).

Resenje. For f € H*(G), and G’ such that G C G’ there is F' which is an
extension of f and finite in G’ such that F € HE(G"). A
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2.12 Equivalent norm

Set Lou = aij(a:)DZ-qu, Liu = b(z)Dsu, Lou = cu, M = Lo + L; and
L = Ly + L1 + Ly; consider the equation Lu = f. Let G be a bounded C*
domain in R, a € L*®°(G), c € L=(G), d € L>(S), where S = 0G.

The Ermite form is

W, v) = / (3" 0 () DyuD;dz) + / o(@)u(z)v(z)dz + / d(z)u(z)T(x)dA.
G G S
(71)
Further, let the matrix A = (a*) uniformlly elliptic with constant ¢y > 0, and
in addition ¢ > 0, a.e. in G, d > 0 a.e. in S, such that at least one of these
function is not 0 in the corresponding spaces L>(G) or L>=(5).

Theorem 2.11. Under the above condition the Ermite form (71) defined on
HY(G) the scalar product which is equivalent with standard scalar product: (u,v) g1 =
Jo(VuV7T + uv)dz .

2.13 Compactness in Sobolev space

Embedding theorems In one space dimension, a function u : R — R which
admits a weak derivative Du € L;(R) is absolutely continuous (after changing
its values on a set of measure zero). On the other hand, if G C R"™ with
n > 2, there exist functions u € WP(G) which are not continuous, and not
even bounded. This is indeed the case of the function u(z) = |z|~%, for 7?7
0 <o < %5 Since
o Tk

D = -
i a1 [z

Dyue LPif 77 (a+ 1)p < n, ie. a < =8,

In several applications to PDEs or to the Calculus of Variations, it is impor-
tant to understand the degree of regularity enjoyed by functions u € W*P(R™).
We shall prove two basic results in this direction

Morrey
(Gagliardo-Nirenberg). If p < n, then every function u € W1P(R") lies in
the space Ly~ (R™), with the larger exponent p* = p + np—_zp = n"—_pp.

Rellich-Kondrachov compactness theorem
Let G C R” be a bounded open set with C'! boundary. Assume 1 < p < n.
Then for each 1 < ¢ < p* one has the compact embedding

WhP(@) cc LYG).

The basic approach is as follows:
I - Prove an a priori inequality valid for all smooth functions
IT - Extend the embedding to the entire space, by continuity.
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2.13.1 Compactness in Hilbert spaces*

Let in addition S be C! hyper-surface in G. Then bounded set in H'(G) is
compact in Lo(G).

First we consider n = 1, one-dimensional case. To every function g that is
p-integrable on [0, 1], with 1 < p < oo, associate the function G defined on [0, 1]
by

G(z) = [ g(t)dt.

Let F be the set of functions G corresponding to functions g in the unit ball
of the space L,([0,1]). If q is the Holder conjugate of p, defined by 1/p+1/¢q = 1,
then Holder’s inequality implies that all functions in F satisfy a Hélder condition
with ¢ = 1/¢ and constant M = 1.

It follows that F is compact in C([0, 1]). This means that the correspondence
g — G defines a compact linear operator 1" between the Banach spaces L, ([0, 1])
and C([0,1]). Composing with the injection of C([0,1]) into L,([0, 1]), one sees
that T acts compactly from L,([0,1]) to itself. The case p = 2 can be seen as
a simple instance of the fact that the injection from the Sobolev space H{ ()
into Lo (), for  a bounded open set in R?, is compact.

Let H be a Hilbert Space with inner product < , >, and corresponding
norm ||. Furthermore there is the set B = {x € H : |z| < 1}.

a) Show, that B is closed and boundedll regarding (the metric corresponding
to) |x|.

b) Show, that if H doesn’t have a finite dimension, then B isn’t compact regar-
ding (the metric corresponding to) |x|. (Hint: Look at a countable orthonormal
system {e,|n € N} in H.

c¢) Give an example of a Hilbert Space H, where B is not compact. In general
assumption that a set is closed and bounded does not imply that it is compact
- but if a set is compact then it is closed and bounded. If we assume that H
has finite dimension a set is closed and bounded if and only if it is compact.

Any closed ball is non-compact in infinite dimensional Hilbert space. The
functions e, (6) = €2 form an orthogonal basis of the Hilbert space L2([0, 1]).
The set {e, : n € N} is bounded, but there is no convergent subsequence of
(en). The Banach-Alaoglu theorem (also known as Alaoglu’s theorem) states
that the closed unit ball of the dual space of a normed vector space is compact
in the weak* topology. The weak topology is characterized by the following
condition: a net (z)) in X converges in the weak topology to the element x of
X if and only if f(zy) converges to f(x) in R or C for all f in X*.

In particular, if (x,) is a sequence in X, then x,, converges weakly to x if

6(zn) = $(a)

as n — oo for all ¢ € X*. In this case, it is customary to write

Ty —

or, sometimes,

Ty — T.

A sequence of ¢,, € X* converges to ¢ provided that

Pn () = O(x)
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for all z in X. In this case, one writes
bn > ¢

asn — o0 .

2.13.2 Compactness in L?

We say that f € LV?(G) if f,Vf € L*(G). We define (f,g) = [,(Vf-Vg+
fg)d.

If M is subset of L?(—m, ) such that f € M if f’ € L?*(—m, ) and |f/|2 < 1.
Whether M is compact in L?(—m,7)?

What is difference between L2 and W12?
ACL property

Whether W12 ¢ L12 ?
Cantor function

The bounded set in H*(G) is compact in Lo (G).

Theorem 2.12. Let G be bounded C' domain in R™. Then bounded set in
HY(G) is compact in Ly(G). Let in addition S be C1 hyper-surface in G. Then
bounded set in H'(G) is compact in Lo(G).

Resenje. Suppose first that M C H}(G) is a bounded set in Hl(G’) and extend
all function from M to be 0 out of G. Set f.(x fG y)we(z — y)dy and

—{f.: f € M}.

Check that |f — fe|r,q) < ce, and |[Dife| < et [ |f(y)ldy < C.

For fixed € > 0, M, is compact in C(G) and therefore in L2(G). Let f, be
an arbitrary sequence in M. Corresponding sequence f . is in M, and therefore
there is a subsequence (for which we use the same notation) which converges in
Ls(G). fp is Cauchy sequence.

AN

Theorem 2.13. Let G be bounded C! domain in R™. Let in addition S be C*
hyper-surface in G. Then bounded set in H'(G) is compact in La(G).

Resenje. Let Sy be simple part of S given by equation z,, = ¢(2'), ¢ € C*(D),
where D is a domain in hyper-plane x,, = 0.

Set Q@ = Qs ={(a',2,,) : 2’ € D,p(z') <z, < (x')+ 3}, 0< < do.

= (mlvxn) S SO (33/7?/71) S Q5

Then f(a',y,) — f(x) = [}" Dpf(a/,t)dt and |f(2)]* < 2[f(2',y.)* +
26 f;:+6 |D,, f(2',t)|*dt. Hence

Of @) <2 [ (2! yn) Py + 207 [ | Dy f(a' 1) Pt and

(X1) b5, |f(@)20S < 1 f | F(a) 2o+ 202 [, |V f(w) Pda.

By summing

sy < FIf12, 0 + 20lflf e
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Let f, be an arbitrary sequence in M. By Theorem X bounded set in H*(G)
is compact in L2(G) and therefore there is a subsequence (for which we use the
same notation) which converges in Ly(G). f, is Cauchy sequence. For ¢ > 0,
|fp — fq|2Lg(G) < e. Using (X1) by 6 = ¢, it follows that f, is Cauchy sequence
in LQ(S) A

Recall. For the next result see [10] and comments there.

Theorem 2.14. Let R = (a,b) x (0,¢) be an open rectangle in the upper half-
plane. Suppose that

(a) F : R — C is bounded C* function, and

(b) DF € LP(R) for some p > 1.

Then im F(x + iy) if y \( O exist a.e. for x € (a,b).

Note that (b) is significant generalization of classical assumption that F €
H*°(R), ie. DF = 0. It is not known whether the theorem is true if p = 1.

Sobolev spaces are often considered when investigating partial differential
equations. It is essential to consider boundary values of Sobolev functions. If
u € C(£), those boundary values are described by the restriction u|sq. However,
it is not clear how to describe values at the boundary for u € W*P(Q), as the
n-dimensional measure of the boundary is zero. The following theorem resolves
the problem:

Trace Theorem. Assume 2 is bounded with Lipschitz boundary. Then there

exists a bounded linear operator T': W12 (Q) — LP(9f2) such that

Tu = u|on ue WhHP(Q)N O () (72)
[Tul 000y < e D llullwrr ) ue WHe(Q). (73)

Intuitively, taking the trace costs 1/p of a derivative. The functions u in
WLP(Q) with zero trace, i.e. Tu = 0, can be characterized by the equality

Wy (Q) = {ue WHP(Q) : Tu =0},
where
WoP(Q) = {u € W'P(Q) : H{un }oo_; C C°(Q),such that u, — uin WH(Q)}.
In other words, for €2 bounded with Lipschitz boundary, trace-zero functions
in W1P(Q) can be approximated by smooth functions with compact support.
3 Sobolev,Elliptic equation

Elliptic equation

Second order linear partial differential equations (PDEs) are classified as eit-
her elliptic, hyperbolic, or parabolic. Any second order linear PDE in two varia-
bles can be written in the form Augz, + 2Bugy + Cuyy + Duy + Euy + Fu+ G =0,
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where A, B,C, D, E, F, and G are functions of x and y and where u, = @ and

similarly for uzq, Uy, Uyy, Uzy. A PDE written in this form is elliptic if
B? — AC <0,

with this naming convention inspired by the equation for a planar ellipse.

The simplest nontrivial examples of elliptic PDE’s are the Laplace equation,
VU = ugy + uyy = 0 , and the Poisson equation, VU = gy + Uyy = f(2,y).
In a sense, any other elliptic PDE in two variables can be considered to be
a generalization of one of these equations, as it can always be put into the
canonical form

Uy + Uyy + (lower-order terms) = 0

through a change of variables.

We derive the canonical form for elliptic equations in two variables, tz, + tyy + (lower-order terms) = 0

£ =¢&(z,y) and n =n(z,y).

If we set ¢ = & +in, we can define U = 4 = uo ¢! (i.e. u= o0 ¢). Often
for simlicity of notation we write u(&,n) = ulé(x,y), n(z,y)]. Applying the chain
rule once gives

Ug = Ue€y + upNy and uy = uey + uyny,

a second application gives

Ugy = u{{fzx + unn7722x + 2ugn&ae + uelor + UnNaa,

Uyy = Uge&™y + UnyT)”y + 2uenSyny + Uelyy + Untyy, and

Upy = Uge&aly + UnnNatly + Uen(Eany + EyMa) + Ueluy + UnNay.

We can replace our PDE in z and y with an equivalent equation in ¢ and n

auge + 2bugy + cuy + (lower-order terms) = 0,

where

a = A£x2 + 2B€x€y + O§y2a (74)
b= 2A&n: +2B(Eemy + §yna) + 2C&,ny, and (75)
c = An,® + 2Bn,n, + Cn,>. (76)

To transform our PDE into the desired canonical form, we seek 7 such that
a = c and b = 0. This gives us the system of equations

Adding 7 times the second equation to the first and setting ¢ = & + in gives
the quadratic equation

a—c+ib=Ap,> + 2By, + C,> = 0.

Since the discriminant B?> — AC' < 0, this equation has two distinct soluti-
ons,

B+ivVAC — B?
A

¢m»¢y =
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which are complex conjugates.

Set v19 = BhivAC-B* Vﬁc_m, we transform eq in the form A(¢y; — v1¢y)(ds —

vagy) = 0.

Choosing either solution, we can solve for ¢(x,y), and recover £ and n with
the transformations £ = Re¢ and n = Im ¢. Since & will satisfy a — ¢ =0 and
b =0, so with a change of variables from x and y to n and £ will transform the
PDE into the canonical form.

We also can transform eq (1) ¢, — v2¢, into Beltrami equation.

Since ¢, = ¢, + ¢z and ¢, = i(¢. — ¢z)

¢, = no,, where p = ZH and v = vs.

veH iffueD

Recall

Embedding theorems have important role, cf. $ 2.7 Theorem 3 [6].
WyP(G) C CO(G), for p > n, [2], p.154.

Let m = [n/2] + 1. If f € CJ*(G), then

[fle@) < cflame)- (77)

By passing to the limit we conclude that this estimate holds for f € HJ*(G).
Hence

Theorem 3.1. H"(G) C C(G).

Namely, for f € H{"(G) there is a sequence f, € C¢*(G) which converges to
fin H"(G). But, by (77) it follows that f € C(G).

Theorem 3.2 ([4], p.155,8 2.7 Theorem 3 [6]). Let k = [n/2] +1+1 (I =
k—[n/2]—1>0).

If G be of class C*, then H*(G) C CY(G). Forn = 2,3, [n/2] = 1, and we
have H**(G) € CYG). In particular, H*(G) C C°(G) and H*(G) C C1(G).

Resenje. For f € H*(G), and G’ such that G C G’ there is F which is an
extension of f and finite in C G’ such that F' € HY(G'). A

A function (or, more generally, a distribution) is weakly harmonic if it satis-
fies Laplace’s equation

Af=0

in a weak sense (or, equivalently, in the sense of distributions). A weakly har-
monic function coincides almost everywhere with a strongly harmonic function,
and is in particular smooth. A weakly harmonic distribution is precisely the
distribution associated to a strongly harmonic function, and so also is smooth.
This is Weyl’s lemma.

Example 18. 1. Find harmonic function in hg U such that hg = 1 on
(=7/2,7/2) and hg = —1 on (w/2,37/2).
Hint: ho(z) = 2arg™2. Whether hy belong H*(U)? no

11—z
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2. Solve equation (1) Au = sgnx on the unit disk in C.

Set ug(z,y) = 22/2 for x > 0 and uo(z,y) = —22/2 for x < 0 and
ho = Plug].

Check ug,ho € HY(Q) and u = ug — hg is generalized solution of (1) in
H;(U).

3. Setug(z,y) = (22 +y*)/4 for x > 0 and ug(z,y) = — (2> +y?)/4 forz <0
and Whether uqg belongs H'(U)? no

4. Let g € Lo(Q), and define l(v) = ly(v) = [,gvdz, v € H'(Q). Then
)] < 19lLo@ V] La(0)-
[vz,0) < [vlma(q)- Hence ly is bounded linear functional on HY () and
in particular on H& (Q).

Deﬁne li(v) =1}(v) = [o Digvdz. Forve H' (),

l1 fQ 1gvdz = —fQ gD;vdx and |ll( )| < |g\L2(Q [v]L,(0). Since
|U|L2(Q) < olm ) 1 is bounded linear functzonal on HL(Q).

5. Let g € H'(Q), and define ly(v) = I2(v) = [, Agvdz, v € H'(Q). For
ve HY(Q),

12(v) = — [ Dg - Dvdx and therefore |1y (v)| < |gla o) v]m (o)

Green’s identity follows easily from the familiar divergence theorem of advan-

ced calculus:
/ divw dz = / w-ndo.
D s

If w = vDu, then divw = Dv - Du + vAu and therefore we have (3):

/v—da—/ (vAu+ Dv - Du) dx .

Since divw = Y, Dy(vDyu), if v € C§(D), then

Dy (vDyu)dx =0

and therefore

[ wavyie=— [ o Duys.

D
If u, v are ACL on D and v € Co(D), then [, Dyuvde = —( [, uDyvdz).

We consider Au = f and v =0 on S. If p € CH(D), then [u,¢] = [, Dy -
Dudxz = —(f,¢), where F(¢) = (f,¢) = — [, fedz. The completion of C}(D)
with respect to the scalar product [u,v] is Sobolev space Hg (notation W, is
also used). F can be extended to be bounded linear functional on H}. By the
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Riesz theorem, there is u € H} such that [u,v] = (f,v) for all v € H}. Note
that u =0 on S.

Let Au=f,

Q={z:|x;| <dyi=1,2,---,n},uec C*Q)NCQ), and f bounded in Q.

Using the comparison principle, one can derive

D;u(0) < 2 supy, |u| + 4 supg | f],

supg d.| Du(z)| < c(supg, |u| + supg d2| f(x)|). The integration by parts for-
mula yields that for every u € C*(£), where k is a natural number and for all
infinitely differentiable functions with compact support @inC>(2),

/ uD%p dx = (—1)'0"/ D% dx,
Q Q

where o a multi-index of order |a| = k and 2 is an open subset in R™. Here,
the notation

ololf

pof=—21 _
! oz ... O0xp"

= Dp D ),

is used.

The left-hand side of this equation still makes sense if we only assume u to
be locally integrable. If there exists a locally integrable function v, such that

/ uD%p dx = (—1)‘“'/ pvdz, € CXF(Q),
Q Q

we call v the weak a-th partial derivative of u. If there exists a weak a-th
partial derivative of w, then it is uniquely defined almost everywhere. On the
other hand, if u € C*(Q), then the classical and the weak derivative coincide.
Thus, if v is a weak a-th partial derivative of u, we may denote it by D%u := v.
That is, the Sobolev space WP (Q) is defined as

WEP(Q) = {u e LP(Q) : Du € LP(Q) V|a| < k}.

The natural number k is called the order of the Sobolev space W*?(().
There are several choices for a norm for W*?(Q). The following two are
common and are equivalent in the sense of equivalence of norms:

1

a p p .
[ullwrp o) == (Z\alék 1 u”LP(Q)> ;1 <p<+oo;

maxja| <k [ D%l poe (o), P = +00;

ACL-property We denote szl = {z € R" : xx = 0}. The projection P,
given by Pyx = x — xj e, is the orthogonal projection of R™ onto RZﬁl.

Let I = {x € R": ay, <z, < by} be a closed n-interval.

A mapping f: I — R™ is said to be absolutely continuous on lines (ACL) if
f is continuous and if f is absolutely continuous on almost every line segment
in I, parallel to the coordinate axes.
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More precisely, if Fy is the set of all € P, such that the functions t —
u(z + te) is not absolutely continuous on [ag,bg], then m,_1(Fy) = 0 for
1<k<n.

If Q is an open set in R™, a mapping f : & — R™ is ACL (absolutely conti-
nuous on lines) if f|I is ACL for every closed interval I C .

If f:Q — R is continuous we say that f € W1 if f is ACL and Dy f € LP.
Absolutely Continuous on Lines (ACL) characterization of Sobolev functions

Theorem 3.3. Let © be an open set in R™ and 1 < p < oco. If a function
is in WLYP(Q), then, possibly after modifying the function on a set of measure
zero, the restriction to almost every line parallel to the coordinate directions
i R™ is absolutely continuous; what’s more, the classical derivative along the
lines that are parallel to the coordinate directions are in LP(S2). Conversely, if
the restriction of f to almost every line parallel to the coordinate directions is
absolutely continuous, then the pointwise gradient V f exists almost everywhere,
and f is in WHP(Q) provided f and |V f| are both in LP(Q). In particular, in
this case the weak partial derivatives of f and pointwise partial derivatives of f
agree almost everywhere. The ACL characterization of the Sobolev spaces was
established by Otto M. Nikodym (1933); see (Maz’ya 1985, 1.1.3).

A stronger result holds in the case p > n. A function in W1P(Q) is, after
modifying on a set of measure zero, Hélder continuous of exponent v = 1 —n/p,
by Morrey’s inequality. In particular, if p = +o00, then the function is Lipschitz
continuous.

Let Q be an open set in R™. The Sobolev spaceW2(Q) is also denoted
by H(Q). It is a Hilbert space, with an important subspace H}(Q2) defined
to be the closure in H'(Q) of the infinitely differentiable functions compactly
supported in 2. The Sobolev norm defined above reduces here to

1l = ( [+ Vf2)>§ |

When 2 is bounded, the Poincar inequality states that there is a constant
C = C () such that

/|f|2s02/|w|2, f e HH(Q).
Q Q

When Q is bounded, the injection from H}(Q) to L2(f2) is compact. This
fact plays a role in the study of the Dirichlet problem, and in the fact that there
exists an orthonormal basis of L?(2) consisting of eigenvectors of the Laplace
operator (with Dirichlet boundary condition).

When Q has a regular boundary, H}(€) can be described as the space of
functions in H'(£) that vanish at the boundary, in the sense of traces (see
below). When n = 1, if Q = (a,b) is a bounded interval, then H¢(a,b) consists
of continuous functions on [a, b] of the form
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f(m):/xf’(t)dt, 2 € ab]

where the generalized derivative f’ is in L%(a,b) and has 0 integral, so that
f(0) = f(a) =0.

the Sobolev embedding theorem. Here k is a non-negative integer and 1 <
p < 0o. The first part of the Sobolev embedding theorem states that if & > [
and 1 < p < g < oo are two extended real numbers such that (k —{)p < n and:

1

BN
q P n

)

then

WEP(R") C WHI(R")
and the embedding is continuous.
This special case of the Sobolev embedding is a direct consequence of the
Gagliardo-Nirenberg-Sobolev inequality.
The second part of the Sobolev embedding theorem applies to embeddings
in Hélder spaces C™*(R™). If (k —r —a)/n = 1/p with o € (0,1), then one has
the embedding

WkP(R™) C C™(R™).

This part of the Sobolev embedding is a direct consequence of Morrey’s
inequality. Intuitively, this inclusion expresses the fact that the existence of
sufficiently many weak derivatives implies some continuity of the classical deri-
vatives.

Recall

WyP(G) c CO(G), for p > n, [2], p.154.

Let s =[n/2]+ 1. If f € C§, n > 1, then

fle@) < dflu=c)-

By limit we conclude thatthis estimate holds for f € H3(G).

Let k=[n/2]+1+1(l=k—[n/2]-1>0).

If G of class C*, then H*(G) c CY(G), [4], p.155.

For n = 2,3, [n/2] = 1, and we have H>**/(G) c CY(G). In particular,
H?(G) c C°(G) and H3(G) C CH(G).

3.1 Dirichlet boundary problem

Given a matrix-valued function A(z) which is symmetric and positive definite
for every z, having components a;;, the operator

Lu = —0;(a" (x)0;u) + b (x)0ju + cu

is elliptic. This is the most general form of a second-order divergence form linear
elliptic differential operator. The Laplace operator is obtained by taking A = I.
These operators also occur in electrostatics in polarized media.
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We suppose that operator L uniform (strongly) elliptic, ie.
Az,€) = a¥(2)6:&; 2 NEP, =€ Q€ €R™. (78)

If ( = ¢ +in € C, then (¢ = && +miny +i(Emi + &mj)
and A(z,¢) = A(x,&) + Az, n) > ME* + Anl* = AP
(1) Lu = Au, u(z) = 0 on 0G.

Example 19. One can check that for G = [0, L|", u(z) = (%)2"/2 [T}, sin T2as,
N are eigenfunctions with corresponding eigenvalues N\ = 7 Dy m? for La-

place differential operator Lu = —Au.

Given a matrix-valued function A(z) which is symmetric and positive definite
for every z, having components a;;, the operator

Lu = —0;(a" (x)0;u) + b (x)0ju + cu

is elliptic. This is the most general form of a second-order divergence form
linear elliptic differential operator. The Laplace operator is obtained by taking
A = I. These operators also occur in electrostatics in polarized media. Let
G C R™. Consider

Lu = —(9i(aij (:r)ﬁju) +cu = fo + Z lel, (79)
u(z) = g(x)onsS. (80)

In particular consider Lu = f. Suppose that a* € C}(G), a¥ = @/, ¢, f €
C(G), g € C(0G), and L strongly elliptic on G. If u € C?(G) N C(0G), we call
u classical solution.

Multiply by v € C}(G). By partial integration,

W(u,v) = [, a”(x)DjuDvde + [, cuvdz = lf(v) = [, fo.

A function u € H'(G) we call generalized solution if (1) W (u,v) = l(v) for
all v € C}(Q)).

Since C3(G) is dense in H{ (G) it is equivalent with requirement that (1) holds
for all v € H}(G). This is important roe application of Riesz theorem.

This is weak form of equation (79). Note that the weak form can be consider
under weak hypothesis u € H(G), v € HJ(G), f € La(G) and a¥, ¢ € Loo(G).
Set Lou = L§"u = —0;(a¥ (z)0;u).

We will further assume a¥,c € Loo(G), a” = a’* a.e. in G, and L strongly
elliptic on G a.e.

Theorem 3.4. Let ¢ >0 a.e. in G, fi € L2(G), k=0,1,...,n.

(i) If g = 0, The Dirichlet boundary problem has week unique solution in H (G).
(ii) If g is trace of H*(G) function, the Dirichlet boundary problem has week
unique solution in H'(G).
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Set [u,v] = [u,v]gz = W(u,v) and {(v) = (fo,v)2 — Soi_i(fi, Div)2. Then [
is a bounded anti linear functional on Hg(G) with respect to the scalar product
il

Consider the equation [u,v] = [(v). By Riesz theorem there is w € Hg(G)
such that [w,v] = I(v) for all v € H}(G).

For (ii) see [6], p.100. For g there is § € H'(G) such that g = tr(g). Set
u=u(z)—g.

Hence Lu = Lu(x) — Lg.

Theorem 3.5. ?7 Letl = k+1—[n/2] (thatisk = [n/2]+1—1). If f € H¥(G),
then f € CY(G).

Hf (G) is embedded in CY(G). If G of class C*, then H*(G) C CY(G).
If G of class C*, then H*(G) c CYG).

Forn =3, H*\(G) c CYG).

A priori estimate

Theorem 3.6 (Corollary, 8.11 [2]). Let G be C**2, f € H*(G), a;; € C*(G),
c € CF(@), and ¢ > 0. Then Dirichlet problem Lu = f, w =0 on OG has unique
generalized solution in H*T2(G).

Using the Sobolev embedding theorem, one can prove:

Theorem 3.7 (Corollary, 8.11 [2]). Let a,b%, ¢t d, f belong C>(Q) and let
u € WH2(Q) be weak solution of strongly elliptic equation Lu = f. Then u also
belongs to C*°(2).

Corollary 1. In particular, if G is domain in R", u : G — C and Au = 0 in
generalized sense, then u harmonic in G.

If G is domain in C, f : G — C and fz = 0 in generalized sense, then f
holomorphic in G.

Eigen-values There exists an orthonormal set X in L?(G) forms of eigen-
functions of L such that for f in L?(G)

f(@) = 3202, (f, Xi) X ().

Set M = [a"(x)], m = infess gc(x) and &(x) = c(z) —m + 1.

Def (u,v)p = (Mu V)e-

Set [u,v]o = [u,v] gy (c) = [ (2 ¥ (2) DyuDjvdzr) + [, é(z)u(x)vdz

By partial integration (Lu,v)y = [u, U]O, v e HYG).

By (1) (Lu,v)2 = A(u,v)q and therefore [u,v]g = (A —m + 1)(u, v)a.

By [Au, vl g1(ay = (4,0)1,(G), v € H}(G), is defined bounded liner operator

Proposition 10. The restriction of A on H}(G) is self-adjoint operator, posi-
tive completely continuous.

For u € Ly(G), l(v) = (u,v)1,(c) is anti-linear functional on H(G).
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3.1.1 Morrey’s inequality*

Spherical coordinate system

A spherical coordinate system is a coordinate system for three-dimensional
space where the position of a point is specified by three numbers: the radial
distance of that point from a fixed origin, its polar angle measured from a
fixed zenith direction, and the azimuth angle of its orthogonal projection on a
reference plane that passes through the origin and is orthogonal to the zenith,
measured from a fixed reference direction on that plane. It can be seen as the
three-dimensional version of the polar coordinate system.

The use of symbols and the order of the coordinates differs between sour-
ces. In one system frequently encountered in physics (r, 6, ) gives the radial
distance, polar angle, and azimuthal angle, whereas in another system used in
many mathematics books (r,p,0) gives the radial distance, azimuthal angle,
and polar angle. In both systems p is often used instead of 7.

The surface element spanning from 6 to +df, and ¢ to ¢+dy on a spherical
surface at (constant) radius r is

dS, = r?sinfdf de.
Thus the differential solid angle is

ds,

dQ = =5

=sinfdfde.

The volume element spanning from r to r + dr, 6 to 6 4+ df, and ¢ to @ + dp is

dV = r?sinfdrdf de,

where the notation is commonly used in physics (ISO convention). Thus, for
example, a function f(r,0,¢) can be integrated over the ball B(0, R) by the

triple integral
27 s R
/ / / f(r,0,0)r?sindr do de.

=0 6=0 r=0

Sometimes it is convenient to switch to spherical coordinates. Write S*~1
for the unit sphere in R™. Points y € B(a,r) have the form y = a + tw, where
0 <t<randw € S" . Moreover, the change of variables formula yields

/B(a,r) Flu)dy = /OT /SH [ + tw)dtdw,

where dw = t" 'dwy and dwy is corresponding measure on S"~!. For example
for n = 3, dw = r?sin 6 dd de.
see [8]

Theorem 3.8. Let G C R" be a bounded open set with C' boundary. Then
every function f € WHP(G), n < p < oo, coincides a.e. with a function f €
C%(@), where a =1 —n/p > 0.
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Theorem 3.9 (Morrey’s inequality,see [8]). Assume n < p < oo and set o =
1—n/p > 0. Then there exists a constant C, depending only on p and n, such
that ~

|flco.e@ny < Clflwipmn

for all fe CYR")NWLP(R").

Regenje. * Let y,3y’ € R™. From an integral estimate on the gradient of the
function u, say
) f B [Vul < co,

where B is a ball containing y and y’, we seek a pointwise estimate of the form
lu(y) —u(y)| < erly —y'|% y,y" € R™

Set L(t) =ty+ (1 —t)y’, v=uo L, u(y) — u(y’):folv’(t)dt.
(2) u(y) — uy)] < (fi IVa(LE)|dt)]y -y

However, the integral on the right hand side of (2) only involves values of Vu
over the segment joining y with 3. If the dimension of the space is n > 1, this
segment has zero measure. Hence the integral in (2) can be arbitrarily large,
even if the integral in (1) is small. To address this difficulty, we shall compare
both values u(y), u(y’) with the average value up of the function u over an(n-
1)-dimensional ball centered at the midpoint z = (y +y')/2, as shown in Figure
8, left. Notice that the difference |u(y) — up| can be estimated by an integral
of |Vu| ranging over a cone of dimension n. In this way the bound (1) can thus
be brought into play.

Hint. see http://math.stackexchange.com/questions/593698/the-proof-of-
morreys-inequality-in-evans-book

The idea behind the proof is to examine how much the value of u(x) varies
from the average value of u on a ball B that contains x. To start, let B = B(z, )
be a ball of radius r and let € B. Then

)~ g [ atwas| = g [ o) o

It is helpful to re-center the integral at z. Since B C B(z,2r) and |B| =
27" B(x, 2r)|, we have

\B\/ lu(z \dy<m/ B [u(z) — u(y)|dy.

The problem at this point is to estimate the last integral using the gradient
of u. Tt is convenient to switch to spherical coordinates. Write S*~! for the unit
sphere in R™. Points y € B(z,2r) have the form y = x + tw, where 0 < ¢t < 2r
and w € S"~ 1. Moreover, the change of variables formula yields

u(z) —up| =

2r
[ o) -ty =120 = [ o) e+ )
B(z,2r) Sgn—1
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Fix w € S"~!. The fundamental theorem of calculus applied to the function
@(s) = u(x + sw) states that

t
u(z +tw) —u(z) = / Du(x + sw) - wds,0 < t < 2r.
0

Since |w| =1 this leads to

t 2r
+ w) = ulxr) —ulx w u\xr SW S u\x SW S.
F(tw) = Ju(z) <+¢»sAu)<+ MdsA|D<+ Dl

Hence
2r

27
fHtw)dt < 27‘/ |Du(x + sw))|ds
0 0

and therefore

2r
x,2r) = / / ) — u(z + tw)|dtdw < 2rIt(z,2r),
Sn—1

where I*(z,2r) := 027‘ Jgn—1 | Du(z 4 sw))|dsdw.
At this point we can go back to Cartesian coordinates to note first that
It (z,2r)= fB(I o) | Du(y)|dy and hence to get

n+1
lu(z) —up| < |1§(z 2r)] fB(;c 2r) [Du(y)|dy.
Since |B(z, 2r)| = ¢,2"r™, Holder’s inequality implies

1/p
/ wwmwst/ \Du(y)[Pdy | |B(x,2r)[V/?" < |Dul,(c,2"r™)V7,
B(z,2r) B(w,2r)

where 1/p’ =1 —1/p, and hence, using again that |B(z, 2r)| = ¢,2™r",
[u(x) — up| < 2en"/"r| Dul,.
Note if p = n, we have o = 0 and therefore |u(z) — up| < QCgl/p\Du|p.
Finally, if 2,y € R™ and let B be a ball with diameter (barely larger than)
| — y| containing both x and y to obtain

lu(@) — u(y)| = [u(z) — up| + Ju(y) —up| < 2772 VPl — y|*| Dul,.

Note that the above proof shows that
(a) if w € Wh! then |u(z) — up| 2 ==,
(b) if u € WHP 1 < p < n, then |u(z )*UB|<M/,D + and
(c) if u € WHP, p > n, then |u(x) —up| < r®

Example 20. Suppose that u € W1 (B) and B, = B(z,d(z)/2). Prove that
|u(z) —up,| — 0 if || — 0.

There is Eu € W1P(R™) with support contained inside B(0;2).

Ezplain why we can not derive from those results that u has continuous
extension to B.
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Since C™ is dense in WP, Morrey’s inequality yields:

Corollary 2 (embedding). Let G C R" be a bounded open set with C' boundary.
Assume n < p < oo and set o = 1 —n/p > 0. Then every function f € wiep
coincides a.e. with a function f € C%%(G). Moreover, there exists a constant
C' such that

|flcoe < C|flwrpfor all  f e WHP(Q).

Hint. Let G := {z € R") : d(z,G) < 1} be the open neighborhood of
radius one around the set G. By Theorem XX there exists a bounded extension
operator E, which extends each function f € W1P(G) to a function Ef €
WLP(R") with support contained inside G. We can find a sequence of functions
gn € C1(R™) converging to Ef in WHP(R™). By Morrey’s inequality

|90 (2) = gm (Y)] < clx = y|%[gn = gm|wr-

O
By Morrey’s inequality, if G € R™ and w € WP with p > n, then w
coincides a.e. with a Holder continuous function. This by itself does not imply
that w should be differentiable in a classical sense. Indeed, there exist Holder
continuous functions that are nowhere differentiable. However, for functions
in a Sobolev space a much stronger differentiability result holds. Theorem 8.1
(almost everywhere differentiability). Let G C R™ and let u € W,2” for some
p > n. Then u is differentiable at a.e. point x € G, and its gradient equals its
weak gradient.

3.2 Eigenvalues and eigenfunctions*®

Recall a compact operator is a linear operator L from a Banach space X to
another Banach space Y, such that the image under L of any bounded subset
of X is a relatively compact subset of Y. Such an operator is necessarily a
bounded operator, and so continuous. A crucial property of compact operators
is the Fredholm alternative, which asserts that the existence of solution of linear
equations of the form (AK+I)u = f (where K is a compact operator, fis a given
function, and u is the unknown function to be solved for) behaves much like as
in finite dimensions. The spectral theory of compact operators then follows,
and it is due to Frigyes Riesz (1918). It shows that a compact operator K on
an infinite-dimensional Banach space has spectrum that is either a finite subset
of C which includes 0, or the spectrum is a countably infinite subset of C which
has 0 as its only limit point. Moreover, in either case the non-zero elements of
the spectrum are eigenvalues of K with finite multiplicities (so that K — AI has
a finite-dimensional kernel for all complex A # 0.

An important example of a compact operator is compact embedding of So-
bolev spaces, which, along with the Garding inequality and the LaxMilgram
theorem, can be used to convert an elliptic boundary value problem into a Fred-
holm integral equation. Existence of the solution and spectral properties then
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follow from the theory of compact operators; in particular, an elliptic boundary
value problem on a bounded domain has infinitely many isolated eigenvalues.
One consequence is that a solid body can vibrate only at isolated frequencies,
given by the eigenvalues, and arbitrarily high vibration frequencies always exist.
Completely continuous operators

Let X and Y be Banach spaces. A bounded linear operator T : X — Y
is called completely continuous if, for every weakly convergent sequence (z)
from X, the sequence (Tx,) is norm-convergent in Y (Conway 1985, VI1.3).
Compact operators on a Banach space are always completely continuous. If X is
a reflexive Banach space, then every completely continuous operator 7' : X — Y
is compact.

Hilbert spaces

Consider, for example, the difference between strong and weak convergence
of functions in the Hilbert space L?(R™). Strong convergence of a sequence
Y € L?(R™) to an element ¢ means that

/ o — 2 du =0
R’Vl

as k — oo. Here the notion of convergence corresponds to the norm on L2.
In contrast weak convergence only demands that

/ Urfdp— [ fdu
n Rn

for all functions f € L? (or, more typically, all f in a dense subset of L2
such as a space of test functions, if the sequence ¥, is bounded). For given test
functions, the relevant notion of convergence only corresponds to the topology
used in C.

For example, in the Hilbert space L?(0,7), the sequence of functions

Y (z) = /2/msin(kx)

form an orthonormal basis. In particular, the (strong) limit of ¥, as k — oo
does not exist. On the other hand, by the RiemannLebesgue lemma, the weak
limit exists and is zero.

The Hilbert-Schmidt theorem, also known as the eigenfunction expansion
theorem, is a fundamental result concerning compact, self-adjoint operators on
Hilbert spaces. In the theory of partial differential equations, it is very useful
in solving elliptic boundary value problems. Statement of the theorem

Let (H,<,>) be a real or complex Hilbert space and let A : H — H be a
bounded, compact, self-adjoint operator. Then there is a sequence of non-zero
real eigenvalues A;, i = 1, ..., n, with n equal to the rank of A, such that |\;| is
monotonically non-increasing and, if n = +o0,

Furthermore, if each eigenvalue of A is repeated in the sequence according
to its multiplicity, then there exists an orthonormal set ¢;,7 =1, ..., n, of corre-
sponding eigenfunctions, i.e.

Ap; = N fori=1,...,n.
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Moreover, the functions ¢; form an orthonormal basis for the range of A and
A can be written as

Au = Zfil Xi{pi, u)p; for all u € H.

fisin My if f C?(G)NCY(G) and Lf € Lo(G).

The sets of eigenfunctions is complete in Ly (G)

f in ML

f(@) =3 (f, Xi) Xk () see [6] $3.5 Example 2

Spectral theorem. For every compact self-adjoint operator 7' on a real or
complex Hilbert space H, there exists an orthonormal basis of H consisting of
eigenvectors of T'. More specifically, the orthogonal complement of the kernel
of T" admits, either a finite orthonormal basis of eigenvectors of T', or a coun-
tably infinite orthonormal basis {e,} of eigenvectors of T, with corresponding
eigenvalues {\,} in R, such that A, — 0.

(A—m+1)Au = u X is eigenvalues for L iff (A —m + 1)~ for A: HYG) —
HA(G)

Set s, = A —m+ 1 and @ = ug/sk. Then spAuy = ug

f € HYG) Af =3 (Af), iy, Hence since exists A1, f =3 friy

see [6] $3.5

4 Elliptic differential equations*®

Any differential operator exhibiting this property is called a hypoelliptic
operator; thus, every elliptic operator is hypoelliptic. The property also means
that every fundamental solution of an elliptic operator is infinitely differentiable
in any neighborhood not containing 0.

As an application, suppose a function f satisfies the Cauchy-Riemann equa-
tions. Since the Cauchy-Riemann equations form an elliptic operator, it follows
that f is smooth. General definition

strong and weak derivatives, elliptic equation in the divergence form

Set Lou = aij(:c)iju, Liyu = b (x)Dyu, Lou = cu, M = Ly + Ly and
L = Lo+ Ly 4 Lg; consider the equation Lu = f.

Theorem 4.1 (Hopf’s Lemma). Assume u € C*(U)NC(U), Lu >0 in U, and
there exists a point xo € OU such that u(xo) > u(x) for all x € U. Assume
finally that U satisfies the interior ball condition at xy; that is, there exists an
open ball B C U such that xg € OB. Then If ¢ =0, then Dyu(xzp) > 0 where n
is the outer normal to B at xg.

If ¢ <0, then the same holds if u(xzg) > 0.

It is clear that we can simply take U = B. The idea is to construct an
auxiliary function v with D,,v > 0 on 0B and furthermore u + v still reaches
maximum at zo. Without loss of generality, assume B is in fact the ball B,.(0).
As we cannot specify where z¢ is, necessarily v should be radially symmetric.
Furthermore since we would like u+ev to reach maximum at xg, we should take
v = 0 on dB. Guided by this, we set v(x) = e=olzl® — ¢=ard  Or equivalently
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we need Lv > 0. We compute Mg = (3_"‘|:”|2P7 where P = 4a22aijmimj —
20 aiw; — 2y ag;

Now it is clear that, no matter what o we choose, Lv > 0 cannot hold in the
whole ball B. However, if we consider the annular region A = B\ B, /(0), then
we can take a large enough that Lv > 0 in A. Mu > 0 in A if « is sufficiently
large. To apply the weak maximum principle, we need (i) u(x) +ev(x) < u(zo)
for all |z| = r9/2. This is done as follows. Since u(xg) > u(x) for all || = r¢/2
as long as ¢ is small enough we have (i).

We also have u(zg) — u(x) > e(v(z) — v(zg))

set r = |z|, we find v/(r) = —2are~" and therefore u(zq) — u(z) > ¢(|zo| —

|z|) = edy ().

Example 21. Let a # 0. A radial mapping f, in n-space is given by: f(X) =
fa(X) =|X|*"1 X, where X € R™. Prove

(Z'.2)1 Ki(f) = |a|, Ko(f) = |a|®~t if |a| > 1; in particular K(f3) = Ko(f3) =
gn— ;

Ki(f) = lal'™, Ko(f) = lal™" if |a < 1.

In particular, forn =3, X = (z,y,2) € R3,

K((f) = lal, Ko(f) = |a|2 if la| > 1;

Now we consider 3-space.

(i.3) For a = 3 set g = f3; then 0rg(0) = 0, 81.2].9(0) =0 and g'(X) = 23 +
zy? +x2%. An easy computation shows that Agt = 10x and if ¢(X) = —10(2? +
y? 4+ 22)7t then Agt + cg* =0 and Ag + cg = 0.

Suppose that F' is mapping from a domain G C R™ (in particular, from the
unit ball B C R™) onto a bounded convex domain D = F(G).

To every a € dD we associate a nonnegative function v = u, = F'*. Since
D is convex, for a € 0D, there is a supporting hyper-plane (a subspace of
dimension n — 1) A, defined by A, = {w € R" : (w — a,n,) = 0}, where
n = n, € T,R" is a unit vector such that (w — a,ng) > 0 for every w € D.
Define u(z) = F%(2) = (F(2) — a,ng).

If a vector valued function f satisfies the equation Lu = 0, then [ satisfies
the same equation. If ¢ < 0, we can apply the maximum principle.

Suppose that h satisfies the equation Lu = 0 and maps the unit ball B ¢ R™
onto a bounded convex domain D = h(B), which contains the ball B(h(0); Rp) .
Then
(i.1) d(h(2),0D) > (1 — |z|)eRo, =z € B.

Lu = D;(a"(z)D; + b'(x)u) + ¢'(x) Dju + d(z)u

We suppose that operator L uniform (strongly) elliptic, ie.

a(z)&6; > NEP?, e Q,EeR. (81)

L(u,v) = [,[(a"(x)D; + b*(x)u)Dsv — (¢ (2) Dyu + d(z)u)v] dz for all v €
CH(Q).

L(u,v) < c\u|1l,2|v\172 ‘

Lu=g+D;f", F(v) = [,(f'Djv — gv)dz, F € H*

H=Wy?* ILv= Jo uvdz
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Suppose that ¢ € WH2(Q) g, f' € L*(Q),i=1,2,--- ,n,
Then generalized Dirichlet problem Lu = g + D;f* in Q, u = ¢ on 99,
has unique solution. A

w=u—¢, Lw=Lu— Lo =g+ D;if", weWy>

9= (gv.flv"' ,fn)
Suppose that u € W12(Q) weak solution Lu = f,uniform (strongly) elliptic,
coefficients a® b, 4,5 = 1,2,--- ,n uniformly lipschitz continuous in €, coeffi-

cients ¢',d € L>=(Q),i = 1,2,--- ,n, function f belong L?(2). Then for every
Q' cC Q, u belong W22(Q') and the estimate holds

|U"W2v2(Q’) < C(|U|W1,2(Q/) + |f|L2(Q)) .

Lu = f ae. in Q, where Lu = (a”(z)Djju + (Dja’* + b*(x) + ¢*(z))Dju +
(D;b* + d(x))u.

By induction, coefficients a'/,b’ belong C*!(Q), coefficients ¢’,d belong
Ck=L1(Q)), function f belong W*2(Q), k > 1. Then for every Q' CC Q, u
belong W*+2.2(€)’) and the estimate holds

[ul sz < ellulwre@y + [flwez@) -

Let Lu = (a¥(x)D;ju + b'D;u + c¢(z)u be uniform (strongly) elliptic, a¥ €
C%1(Q),b',c € L*(Q), ¢ < 0. Then for L?(Q) and ¢ € W13(Q), there is
unique u € WH2(Q) N W22(Q) such that Lu = f in Q and u — ¢ € W, *(Q).

if 9Q enough smooth ¢ € W22(Q) the result holds under condition that a®
are continuous on 2. However for discontinuous coefficient the result doe not
hold as the following example shows.

Au+ b Diju=0,b=—~1+ 1=

for n > 2(2 — \) has two solutions u; () = 1 and ug(x) = |z|* in W22(B),
which coincide on S.

Generalizing the maximum principle for harmonic functions which was alre-
ady known to Gauss in 1839, Eberhard Hopf proved in 1927 that if a function
satisfies a second order partial differential inequality of a certain kind in a do-
main of R™ and attains a maximum in the domain then the function is constant.
The simple idea behind Hopf’s proof, the comparison technique he introduced
for this purpose, has led to an enormous range of important applications and
generalizations.

Proposition 1: If B is positive definite matrix and A non- positive definite
matrix, then AB is non positive definite matrix and in particular ¢tr(AB) < 0.

Let a : R? — RT be arbitrary function, ug(z) = 1+ 22 + 2, ¢ =
and Lu = aAu + cu.

L is elliptic and ug(z) = 1 + 22 + y? is solution of equation Lu = 0.

4a
142 +y?

Theorem 4.2 (Maximum principle). Let u = u(x),z = (21, ,x,) be a C?
function in Q which is continuous on ) and which satisfies the differential ine-
quality
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3u

Lu = i
‘= Z s 8x18x1

in an open domain ), where the symmetric matriz a;; = a;;(x) is locally unifor-
mly positive definite in Q and the coefficients a;j,b; = bi(z) are locally bounded.
Then supg U = Supyq .

If u has local maximum in zo € 2, then % (z¢)D;ju(zq) < 0.

Weak maximum principle

Case 1. Suppose first that Lu > 0. If v has local maximum in zg € €,
then Du(xg) = 0 and matrix D := D?u((zg) non-positive and in particu-
lar Dju(zg) < 0. Since L is elliptic, the matrix A = [a;;] is positive defi-
nite in Q and in particular a;;(zp) > 0. Hence, by Proposition 1, Lu(xzg) =
> aij(w )am o (xo9) = tr(DA) < 0 which is a contradiction.

Case 2. There is a such that L(e*1) > 0. Then for every ¢ > 0, L(u +
ee®™1) > 0. By proved in Case 1, supg (u + €e®*1) = sup,q (u + €€**1). Letting €
tends 0 we obtain supg u = sup,q u.

Theorem 4.3. Let L be elliptic in Q and let ¢ < 0. Suppose that u and v belong
C?*(Q) N C°%Q) and that Lu = Lv in Q and u =v on bQY. Then u = v in Q. If
Lu> Lv in Q and u < v on bS), then u < v in Q.

Question. If u takes a maximum value M in Q whether u = M? Yes. It is
The strong Maximum principle; the proof is based on Hopf lemma.

It is usually thought that the Hopf maximum principle applies only to linear
differential operators L. In particular, this is the point of view taken by Courant
and Hilbert’s Methods of Mathematical Physics. In the later sections of his
original paper, however, Hopf considered a more general situation which permits
certain nonlinear operators L and, in some cases, leads to uniqueness statements
in the Dirichlet problem for the mean curvature operator and the MongeAmpre
equation.

- Mariano Giaquinta, Luca Martinazzi, An Introduction to the Regularity
Theory for Elliptic Systems, Harmonic Maps, 2012 Scuola Normale Superiore
Pisa

u € C*(Q) if all derivatives of order < k have continuous extension to €.

Let C* (Q) denote family of functions (mappings) which belong C*(2) and
all derivatives of order < k have continuous extension to €.

A bounded domain §2 in R™ and its boundary belong to class cheo<a<l
if for every point zy € 99 there exists a ball B = B(xo) and mapping 1 from
B onto D such that ([2], p. 95):

() $(BNQ) C RY:
(ii) Y(BNOQ) C ORY;
(iii) ¢ € CF*(B), y~! € C**(D).

Theorem 6.19 [2]:Let Q be of class C*. If f € CH*(Q), then P[f] €
C*(Q), k > 2; for k=1 it is proved in Gilbarg-Hérmander in Arch. Ration.
Mech. Anal. GERMANY
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Gilbarg, David; Hormander, Lars Intermediate Schauder estimates. Arch.
Rational Mech. Anal. 74 (1980), no. 4, 297-318. 35J25 (see also references in

2])

Theorem 4.4 (Lemma 6.18 [2]). Let boundary of Q0 contain part T of class
C?*, e C**(Q) u e C°Q)NC*(Q), u=p onT, Lu= f onQ, f and
coefficients of L belong C%(Q).

Then u € C%*(QUT).

[?], Ch 7, quasi-linear equation
The linear form
a2 o O 062 p2 B9 L py 82
022 TP oz0y T2 TV TPy T (82)
was considered previously with the possibility of the capital letter coefficients
being functions of the independent variables. If these coefficients are additio-
nally functions of u which do not produce or otherwise involve derivatives, the
equation is called quasilinear. It must be emphasized that quasilinear equations
are not linear, no superposition or other such blessing; however these equati-
ons receive special attention. In general, A = A(x,y, us,uy). Recall A priori
estimate
Using the Sobolev embedding theorem, one can prove:

Theorem 4.5 (Corollary, 8.11 [2]). Let a,b%,ct,d, f belong C>(Q) and let
u € WH2(Q) be weak solution of strongly elliptic equation Lu = f. Then u also
belongs to C>(Q).

Let Q and €’ be domain in R™ and  C €. Then for every f € C*¥(Q) (resp
f € H*(Q)) there is an extension F € C*(QV') (resp F € H*(Q') ) finite in
such that

|Flax oy < Clflar@)-

Updates on my research and expository papers, discussion of open problems,
and other maths-related topics. By Terence Tao

https://www.math.psu.edu/bressan/PSPDF /sobolev-notes.pdf

https://terrytao.wordpress.com/2009/04/30/245¢c-notes-4-sobolev-spaces/

Theorem 4.6 (Exercise 15 (Schauder estimate, Tao [9])). Let 0 < a < 1, and

let f € C%*(R3) be a function supported on the unit ball B(0,1). Let u be the
82

unique bounded solution to the Poisson equation Au = f (where A = Zj N

is the Laplacian), given by convolution with the Newton kernel:

1 f)

(i) Show that u € C°(R3).
(i) Show that u € C*(R?), and rigorously establish the formula

ou , 1 o T
87%(1‘)__@ R3(‘TJ yj)|z—y\3

dy
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forj=1,2,3.
(iii) Show that u € C*(R?), and rigorously establish the formula

O —yi)(zj —yj) i
8%033] 47r e—>0 /x y|>5 |a: E - |z — y|3]f(y) dy

fori,j =1,2,3, where é;; is the Kronecker delta. (Hint: first establish this
in the two model cases when f(x) =0, and when f is constant near x.)
(iv) Show that uw € C**(R3), and establish the Schauder estimate

lullc2.emr3)y < Callfllco.a(rs)

where C,, depends only on «.

(v) Show that the Schauder estimate fails when oo = 0. Using this, conclude
that there exists f € C°(R3) supported in the unit ball such that the function u
defined above fails to be in C*(R3). (Hint: use the closed graph theorem.) This
failure helps explain why it is necessary to introduce Hélder spaces into elliptic
theory in the first place (as opposed to the more intuitive C* spaces).

4.1 Green-Laplacian formula 1, 2

We will prove:

Proposition 11 (Interior estimate). Let s : B — R be a continuous function
from the closed unit ball U into the real line satisfying the conditions:

1. sis C? on U,
2. s,(0) is C% on S and

3. |As| < ag|Vs|? + by, on B for some constants ag and by (the last inequ-
ality we will call Poisson-Laplace type inequality or the interior estimate
inequality with constants ag and by ).

Then the function |Vs| is bounded on B.
Suppose that
(al) Let D be a domain contained in the unit ball and X : D — [—1,1]
C?-vector function.
There are positive constants a, b, c,d, e such that:
(b1) D(X, K, _o,B) < cr? +dMx (x,r) for every ball B = B(x,7] C D
(c1) VX (2)| < eMx(z,r)+ a®D(X,K,_1,B) + br.

Theorem 4.7. Suppose: (a) Let D be a domain contained in the unit ball and
X : D — [-1,1] C?-vector function.

(b) X satisfy the Poisson-Laplace differential inequality with parameters a,b
on D.
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Then there exists a fized positive constants ¢ = c¢(a,b, «, 8,7) such that for
every closed ball B(xg, Ry) in D, the following inequality holds

M(CL‘Q7 Ro)

IVX(x0)| <ec(1+ o

) (83)

where K = M (xq, Ro) = M, (wo, Ro) := max{| X (z) — X (z0)| : € B(zo, Ro)}.

(¢) There exists a real-valued function ® defined on interval [—r,r] of class
C?, where r =1+¢, € > 0, such that [V®| < o on [-1,1] and

where @ = ® o X and a, 8,7y are positive constants.

Then there exists a fized positive constants ¢ = c¢(a,b, «, 8,7) such that for
every closed ball B(xzg, Ry) in D, the following inequality holds

M (z0, Ro)

VX (zo)| <ec(1+ o

) (84)

where K = M (z0, Ro) = M, (wo, Ro) := max{| X (x) — X (z0)| : z € B(zo, Ro)}.

Proof of Proposition 11. Let ®(z) = e**, x € R. Then |A® = \2e**(|Vs|? +
A/X) and therefore hypothesis (c) is satisfied. By an application of Theorem
4.7 we have Proposition 11. O

Hint for Theorem 4.7. Using Green -Laplacian formula for derivatives of
X, we estimate |VX (z0)| by K and a functional Vi (a,r) which is integral of
B(a,r) and a majorant of the derivative of Newton potential of AX and using
the hypothesis (b) by the Dirichlet integral of X .

In order to estimate the Dirichlet integral by the oscillation we first use
a corollary of a version of Green-Laplacian formula (see (93)) to estimate the
majorant of derivative of the Newtonian potential of AX from above by the
oscillation Mx (a,r). Then using the hypothesis (c¢) of Theorem 4.7 we estimate
V{ (a,7) (for convenient choose of B(a,r)) from below by the Dirichlet integral
of X and we also use the inequality (99).

The inverse of a point P with respect to a reference circle (sphere) S(O,r)
with center O and radius r is a point P’, lying on the ray from O through P
such that OP x OP’ = r2. We also use notation x* for the inverse of a point z
with respect to S(o, R), so we have

2
¥ = Jpr = |1;|2x (85)

Set Br = B(0,R]. If 2,6 € Bgr, r = |z| and A = (£,z), then |z — £* =
€2 — 24 + |2 and |¢ — 2*[2 = |¢]? — 28, A + |27 2.

Then (1) |z —&*| > |€ — x| iff f—; - 2%214 > —2A+7r? that is (2) R* —r*
2(R? —r?)A.

Since |A| > |¢]]z|, (2) holds and therefore (1).

2] = R, then ja][¢ — 2*| = Rlz — €]

Y
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9(z,8) = T(x = &) = T(|z||§ — 2"[/R),x # 0 (86)
9(z,§) =T(§) —T(R),z =0. (87)

G(z,y) = G(y,x),G(x,y) < 0,2,y € Bg. (88)

_ Set G*(z,y) = |G(z,y)|. Check that (a) G(z,y,r) = r* "G(z/r,y/r), z,y €
B,,

DyG(z,y,r) =1r*" "DkG(x/r y/r)l/r =rl= ”DkG(x/r y/r) and therefore
|DkG(I7ya )l < QCnTI W = QCn‘SL’ — | -n,

(5) 1Bo| = 0ur™ fn, G (0,5,7) = el s — i)
C) fBT ‘m%dy = 0On for Pdp = O—nr2/2~

Set B (x,&) = [€ —x|*™", B*(x,8) = (Ja|l¢ —2*|/R)*™", U1 (2,6) =T(z - &)
and Usz(z, &) = T'(|z||§ — 2*|/R). Partial derivative wr &,

DUt = en(&r — 2a)l€ — 2| ™" = en(e — 2p) B (2, )€ — 272 (89)

Dilz = eal 5P (€ ~ T0lE ~ 77" = ol ~ B> (@,0)l6 ~7 > (90)

By (1), for |z > R/2, |Drg| < c[§ — x| 7"+

|DpU| < en B (2, §)[€ — 2|7 and |DpUs| < en B (x,§)|€ — 7|~

It is clear that |DyU;| < c,|€ — z[*~". By (1) and E?*(z,¢) < E'(x,¢),
|DUs| < ¢p|€ — 2|1~ and therefore

|DiG| < 2¢,|¢ — 2|7 (91)

and at point £ € S,
DyE(§,x) = CnII%IZ’(Sk —Tp)|§ —a|"
Dil'(z —y) = o5 (@i —yi) |z —y|™"

Since zj = (JRZ’) = ‘frz Th,
Dig(€,x) = ca T2l g€ — 2|
Hence R | |2
g s
Dng(f,x)z <D97§> :CnTK_x' (92)

Set B = B(xo, R) and S = S(x¢, R) and g = gp. Suppose that u € C*(B).

Then
= [ P(zo,x )da +fBg x0, ) Au(z)dr.

The functlon (i2) u1 = [¢P( x)do(z) and (i3) V(y) = [ G( u(z)d.
By (i1), u(y) = ul( )+ V( ). erte Yy € S in the form y = xo + Rw where
w € S. Note that (i4) for y € S, g(y,x) = 0 and therefore V(y) = 0.

Since w1 (y) is harmonic in y, by the mean value theorem
(5) Jsui(zo + Rw)do = uy(zo).

Hence I = [ [u(zo + Rw) — u(zo)]do = =V (z).
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Hence —V (zg) < M, (zo, R) and
V(o) < My(o, R). (93)

Proof of Theorem 4.7. Differentation of (i3) yields DV (y) = [, DiG(y, x)Au(z)dz.
By (91), |DyV()| < [ |DxGly, 2)l[Au(@)ldz < 2en [ ly — 2| Au(z)|dr.

In order to estimate the quantity |Vu|?(z) in the ball B(xq, Ry) we introduce
M = maxp(zy,r,)(Ro — |z —20])| VX|(2). Thus Ro|VX|(w) < M. We will show
that M < ¢(K + Ry), where K = Mx (wo, Ro).

It is clear that M = (Ry — |x1 — a])|VX|(z1). Now let d = Ry — |x1 — x|
and let 0 < ¢ < 1.

If € B(xy,7), then |x —xo| < | — 1|+ |21 — 20| < r+ Ro—d and therefore
dlz)=Ro— |z —x9| >Ro—(r+Ro—d)>d—r.

If r = Ad, then d(z) > Ad(1 — ), and d(1 — N\)|Vu|(z) < M.

Set

D(X,a,r) ::/ VX |?(x)dx, (94)

B(a,r)
o) e VE [AX]
Vi(a,r) :=Vix(a,r) =K (AX,a,7) =9(X,K,_1,B) = O a‘nildx, (95)
a,r
VX|?(x
Iefar) = KYVXP) = [ T g, (96)
S(a,r) ‘SL’ a‘|

Gx(a,r) = G(|VX|}a,7) =D(X,K, 2, B) := / Gt (a,z,7)|VX|*(x)dx, (97)

B(a,r)
G%(a,r) = Gax(a,r) = N(AX,B) := / GT(a,z,7)|AX|(z)dz. (98)
B(a,r)
Set By = B(a,r1). For 0 < ry <r and z € By, G (a,z,7) = |$_al|n_2 > Tnl—a
and therefore 1 '
G(VX % a,r) > —9(X,a,r1). (99)

1

Since using spherical coordinate [, |z — a|'~"dx = c [ dp = cr,

I,(z1,7) < Cd(%«gi\)?. If we set A(X\) = cA(1 — \)?, we find

M/d < 5 + M2A(N)/d + cor. If we multiple this inequality by d and
remember that d < Ry, we obtain M < £ + M2A(X) + c¢oR3. If we set C()) =
£ + ¢oR3, we have A(X)C(\) tends to K, if A tends 0.

We need to improve this estimate. We can adapt the procedure from [24] or
consider V.

7?7 Since |Vuq| is bounded, then |Vu| < |Vuy| +|VV] < ¢+ |VV]. Hence V
satisfies the differential Laplacian-gradient inequality.

If we use the above notation by V instead of u, we obtain M < MZ2A()\) +
C()R%. O
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5 Beltrami equation and Absolute Continuity
on Lines

In this section we study differentiability of quasiconformal mappings. Our
main goal is to outline a proof that a quasiconformal mapping is differentiable
almost everywhere in the sense of the Lebesgue measure. We also generalize the
analytic definition of quasiconformal mappings which was earlier studied in the
special case of quasiconformal diffeomorphisms only. We sketch some proofs or
state only some results. For details we refer to [?, ?, 7].

Let f be a complex valued function defined on a subinterval [a,b] of R.
Suppose that for all € > 0 there exists § > 0 such that

Z |f(ar) — f(bi)| <e
k=1

foralla=a; <b; <...<a, <b, =bsuch that

n

> lak — bi| < 6.

k=1

Then f is said to be absolutely continuous in [a,b]. Obviously, an absolutely
continuous function is continuous. It is easy to see (see [7]) that an absolutely
continuous function is differentiable a.e. in [a, b].

Recall that if f € L'[a,b] and

F(x):/f(t)dt, a<w<b,

then F is absolutely continuous on the segment [a,b]. If F is absolutely conti-
nuous on the segment [a, b], then F’ exist a.e. on [a,b], F’ € L'[a,b], and

F(z) - Flao) = / f(t)dt,

where f = F’. Then we say F’ = f in the distributional sense.

We make the following assumptions: the function F' is continuous on the
segment [a,b], F is differentiable a.e on the segment [a,b], and F' € L'[a,b).
This does not imply that, in general, F' is absolutely continuous on the segment
[a,b]. The standard counterexample is the Cantor function.

A continuous real function is said to be absolutely continuous on lines (ACL)
in Q C C if for each rectangle [a,b] X [¢,d] C 2 the functions & — u(z + iy)
are absolutely continuous on [a, b], for almost all y € [¢,d], and the functions
y — u(x + iy) are absolutely continuous on [c,d], for almost all x € [a,b]. If
and Q' are domains in C, a homeomorphism f: Q — Q' is called ACL if the
restriction of f to @\ {oo, f~1oo} is in ACL.

(6]



An ACL-mapping f: 2 — C has partial derivative a.e. in 2. The func-
tion f is said to be ACLP, where p > 1, if the partial derivatives of f are
locally LP-integrable. In this case, we also say f has LP-generalized derivati-
ves. For convenience, we have restricted ourselves to continuous mappings (see
[?])- A homeomorphism f: Q — Q' is called ACLP if the restriction of f to
D\ {oo, f~loc} is ACLP.

51 QC
5.1.1 Regularity of Quasiconformal Mappings and the Analytic
Definition

Let 2 be a domain and f a sense-preserving homeomorphism of 2. A quadri-
lateral Q = Q(Q4; 21, 22, 23, 24) where Q; C Q is mapped by f onto quadrilateral
@«. Then the number

M(Q.)
M(Q)

K(Q) = Knoa(f;§2) :=sup

where supremum is taken over all quadrilaterals Q@ C €2 is called the mazimal
modulus dilatation of f in €.

Occasionally we write shortly K,0q(2) or Kpoq(f) for mazimal modulus
dilatation of f in Q.

Next we will study the behavior of the Jacobian of a quasiconformal map-
ping. Our aim is to give in the general case an analytic definition of quasicon-
formality that is similar to the one we discussed for the quasiconformal diffeo-
morphisms. We shall also prove that it is equivalent to the geometric definition.
We start by noting that Definition 4 is equivalent to the following;:

Definicija 3. A sense-preserving homeomorphism f of Q0 is called quasicon-
formal (in the geometric sense) if its mazimal modulus dilatation is finite. If
K(Q) = Kpoa(Q) < K < o0, then f is called K-quasiconformal (in the geome-
tric sense).

If f is differentiable at a point z, and its Jacobian J;(z) does not vanish,
we say that z is a regular point of f. The dilatation quotient (distortion) at a
regular point is then

|fz] + | /]
Di(2) = 5F—F— .
ARTARTE
Lemma 5.1. Let Q be a domain and f a sense-preserving homeomorphism
(difeomorphism) of Q. Between the mazimal dilatation and the dilatation quo-
tient of a reqular quasiconformal mappings holds

Kinoda(2) < sup Dy(z). (100)
2€Q

Proof. Let K = sup,.q Djf(z). We have to prove that mod-dilation of an
arbitrary quadrilateral @ is at most K.
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Consider a quadrilateral Q, @ C 2, and its image Q. = f(Q). Define M =
M(Q) and M, = M(Q.). Now we need to show that

M, < K M. (101)

Suppose that f; maps @ conformally onto a rectangle R = R(M) with
sides of length 1 and M, preserving the vertices. Let fo map the quadrilateral
Q. = f(Q) conformally onto a rectangle R, = R(M,). Consider the mapping
g=faofolff 1 which maps R onto R, and thus preserves vertices. Because
f is K- quasiconformal, the mapping g is K-quasiconformal and K(g) = K(f).
The inequality (101) follows from the Proposition ?7. A

The class of K-quasiconformal diffeomorphisms is not compact. This is one
reason to replace the classical definition of Grotzsch with a more general one,
which will be given next.

Let U, C Q denote a neighborhood of z € Q and K(U,) = Kp,04(U,) the
mazximal dilatation of f in U,. The number

Kpoda(z) =inf K(U,),

where the infimum is taken over all U, C € is called the mazimal dilatation of
f at the point z.

Theorem 5.1. Let f be a K-quasiconformal mapping on € in the geometric
sense. If f is differentiable at zy € €, then

(If=l + 1£1) (z0) < E(If2] = | 2]) (20) - (102)

Proof. The idea of the proof is to consider a small square centered at zy and
regard it as a quadrilateral with the vertices. The area and the distance of the
sides of f(Q) can be approximated by expressions involving the partial derivati-
ves of f at z. Application of Rengel’s inequality then yields a lower estimate for
M(f(Q)) from which the inequality follows. Without loss of generality we can
suppose that zyp = 0 and we may choose r such that the closure of the domain

Q=Qr={z: |a|Jyl <r}

is a subset of 2.

By using a translation and rotation we may assume that f(z) = ax +iby +
o(z), for some a,b € R and a > |b| > 0. Let Q. = f(Q). Then u(z) = £ar+o(r)
on the b-sides of @, and hence s5(Q.) = 2ar + o(r). Because M (Q) = 1, by the
assumptions

M(Q.) < KM(Q) = K,

where K = K(Q,). By using Rengel’s inequality, we estimate M (Q.) from the
below:
Sh

M(Q.)

< M(Q).
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We have the estimate M (Q.) = 4abr? + o(r?), and hence s; < Km(Q.), i.e.
4a?r* 4+ o(r?) < 4 K abr® 4 o(r?).
Hence a < Kb. Since Af(0) = a and Af(0) = b, the proof follows. A

From the proof of Theorem 5.2, we obtain the following estimate for the
dilatation of f.

Corollary 3. For a quasiconformal mapping f:  — C it holds
Dy(2) < Kioa(2) (103)
at every reqular point z € Q1. In particular, Dy(z) < K at every regular point.
Example 22. A regular quasiconformal mapping of a domain 0 satisfies
D(z) = Kmoa(2),
at every point z € €.
By Lemma 5.1 and Corollary 3, we have shown the following:

Proposition 12. If f is a diffeomorphism, then the geometric and analytic
definitions of a quasiconformal mapping are equivalent.

Example 23. Let f: Q — f(Q) be a sense-preserving homeomorphism. Prove
that

a) f is K-quasiconformal in the sense of Definition 3 if and only if for every
quadrilateral Q C €,

™D < n(5(@) < Km(@).

~—

Note that the condition m(f(Q)) < Km(Q) implies the double inequality

™D < mirQ) < Km(@Q).

b) K(2) =sup,cq Kmoa(2).
¢) fis K-qc if and only if Kpoa(2) < K at every point z € Q.

~—

We leave to the reader to verify the following properties of quasiconformal
mappings.

(a) fis K-quasiconformal = f~! is K-quasiconformal.

(b) If g is conformal and f is K-quasiconformal, then f o g and g o f are
K-quasiconformal.

(¢) If g is Ky-quasiconformal and f is Ks-quasiconformal, then fog and go f
are Ky Ks-quasiconformal.

(d) If f is C*, then the two definitions of quasiconformality agree.
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5.1.2 Geometric Definition of Quasiconformality

For more details about qc (quasiconformal) mappings see [33]. Let f be a
conformal mapping of a quadrilateral @ = Q(Q; 21, 22, 23, z4) onto a Euclidean
rectangle R. If the boundary correspondence is such that f maps the four distin-
guished points to the vertices of R, then the mapping f is called the canonical
mapping of @, and R is called the canonical rectangle of @Q. Clearly, every con-
formal equivalence class of quadrilaterals contains rectangles. In addition, all
rectangles that can be obtained from each other by sense-preserving similarity
transformations obviously belong to the same class. Conversely, it follows from
the reflection principle that every conformal mapping between two rectangles is
a similarity transformation. Hence, all canonical rectangles of a given quadri-
lateral @ have the same ratio of sides M(Q) = a/b, where a denotes the length
of the images of a-sides and b denotes the length the images of b-sides of the
canonical rectangle, respectively. Then the number M(Q) is called (conformal)
modulus (or module) of the quadrilateral Q.

Recall that a quadrilateral Q1 = Q(; 21, 29, 23, 24) consists of a Jordan
domain ) together with four distinct boundary points given in the positive
order. The parts of the boundary arc «y connecting the points z1, zo and z3, z4 are
called the a-sides, and the two remaining sides the b-sides of the quadrilateral,
respectively. Suppose that f maps the quadrilateral ¢); conformally onto a
rectangle with sides of length a and b so that a-sides are mapped onto the
a-sides of the rectangle.

Then the conjugate quadrilateral is Q2 = Q(; 22, 23, 24, 21). In other words,
it is the same as @) with complementary arcs, the b-sides, considered as its a-
sides. It was shown in the previous section that if I' is the family of curves
connecting the b-sides, then the module of Q is

M(Q) =AT) =2,

and the module of the conjugate quadrilateral
~ _ a
M(Q) =M@ =%

Now we are ready to state the geometric definition of quasiconformality.

Definicija 4 (Geometric Definition). Let f: Q — f(2) be a homeomorphism.
We say that f is K-quasiconformal if for every quadrilateral @ C 2

M(Q)

— S M((Q) < K M(@).

We will later show that a homeomorphism f: Q@ — f(Q) is quasiconformal if
and only if H¢(z) is bounded in Q. We leave to the reader to verify the following
basic properties:

(i) If f is K-quasiconformal then f~! is K-quasiconformal.
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(ii) If g is conformal and f is K-quasiconformal, then f o g and go f are
K-quasiconformal.

(iii) If g is K;-quasiconformal and f is K3-quasiconformal, then fog and go f
are Ky Ks-quasiconformal.

(iv) If f is C*, then the two definitions of quasiconformality agree.
Example 24. Prove the properties (i)—(iv).

Example 25. The constant K1Ks in (iii) is not, in general, sharp. Give an
example of Ki-quasiconformal f and g such that f o g is Ka-quasiconformal for
some K9 < K.

Theorem 5.2. Let f be a K-quasiconformal mapping on §2 in the geometric
sense. If f is differentiable at zg € €, then

(If=l + 1£1) (z0) < E(If2] = | 2]) (20) - (104)

Lemma 5.2. A qc mapping (in the geometric sense) f of a domain Q is abso-
lutely continuous on lines in €.

From Lemma 5.2, it follows that a quasiconformal mapping has finite partial
derivatives almost everywhere. Hence, further conclusions can be derived using
the following result of Gehring and Lehto:

Theorem 5.3. Let f: 0 — C be a continuous and open mapping of a plane
domain  which has finite partial derivatives a.e. in ). Then f is differentiable
a.e. in §2.

Application of this Theorem to the quasiconformal case yields the following
basic result:

Lemma 5.3. A K-quasiconformal mapping f of the domain Q) is differentiable
and satisfies the dilatation condition (104) a.e. in Q.

Note that, by Corollary 3, f satisfies the dilatation condition (103) at its
regular points.
Let f be a homeomorphism of a domain . Define pus(E) = m(f(E)). We
say that p;(2) is the volume derivative of f at z, where
Vo g Dz 7))
Nf(z) - }E}% r2 .

(From Lebesgue’s theorem we obtain (see [7], Theorem 8.6, for a more general
result) the following:

o 1(z) < +oo ae.,

e /s is measurable

80



e The integral

[ a0 <mise)
B

for every Borel set B C Q.

If f is differentiable at z, p's(2) = |J(z, f)l.

Our aim is to prove Theorem 5.4 which states that integrating the Jacobian
of the quasiconformal mapping over a Lebesgue measurable set gives the measure
of the image set. First we need some lemmas.

Lemma 5.4. If the homeomorphism f of a domain 2 has finite partial deriva-
tives a.e. in S, then

é / J; dzdy < m(f(B))

for every Borel set B C Q. Furthermore f is absolutely continuous in  if and
only if
[ 7razay = ms ey

E

for every measurable set £ C Q).

Lemma 5.5. A K-quasiconformal mapping (in the geometric sense) f of a
domain Q has L?-partial derivatives in Q.

Proof. The dilatation condition (103) implies
|f2(2)]? < KJ(2), and |f,(2)]* < KJ(2) a.e. in Q.

It follows by Lemma 5.4 that the Jacobian of an almost everywhere differenti-
able homeomorphism is locally integrable, and thus f, and f, are locally L2
integrable. A

Lemma 5.6 ([?]). A homeomorphism f = u+ iv of the domain Q, which has
L2-partial derivatives in Q, is locally absolutely continuous in 0 and

JrE) (105)
E

for every Borel (measurable) set E C €.

Proof. Let p(E) = fJf dedy and pp(E) = m(f(E)). We show first the

equality if F is the cloged rectangle R with sides parallel to the axes.

Because f is in ACL(Q2) and the integral (105) depends continuously on
E, we can, by enlarging R if necessary, ensure that f is absolutely continuous
on OR. Then f is also of the bounded variation on OR and the image of OR
under f is consequently rectifiable. By applying generalized Green’s formula [?]
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(note the partial derivatives of u and v belong to L?) to the domains R and
R, = , we obtain

/udv—/ Jrdxdy, and /u0f du(f // dz dy.

*

By the invariance property of the Stieltjes integral the left sides of the above
equation are equal. We note that an open set of the finite plane consists of
countably many non-intersecting half-open rectangles with sides parallel to the
coordinate axes.

For general Borel set E, for every € > 0 there exists an open set G, F C G,
G. C Q, with m(G. \ E) < . Because the integral (105) is a set function, we
have

[ rasay = tin [ 1pdsdy = i m(5(G)) = m(s(E)).
E Ge

By Lemma 5.4 the equality holds, and therefore the claim is proved.
Note that it is also true that liH(l) m(f(Ge)) = m(f(E)) and therefore the
e—

equality holds. A

Question: Suppose that f is a homeomorphism of the domain 2, which has L'-
derivatives (or is in ACL) in Q. Is it true that f is locally absolutely continuous
in © and the formula (105) holds (see also Lemma 3.3 [?])?

Example 26. Let 0 < ¢ < 1/2, ri, k > 1 sequence of rational numbers in
I:=(0,1) and

Jo=(re—e27 " g+ 2277 (0, 1),
where

A=U2 T, B=(0,1)\ A

Define f(x fKA t)dt and F(z) = f(z)+iy. Then f' = K4 a.e. onl, F is

homeomorphzsm on I%, Jp(2) = f'(z) ace on I?, Jp =1 a.e on Ax I, Jp =0
a.e on Bx I, m(Bx1I)>0, m(F(B X I)) =0, and F maps a set of positive
measure on null-set. Verify that the formula (105) holds for F.

Theorem 5.4. If f is a quasiconformal mapping of a domain §2 then

[ rdsay = mise) (106)

E
for every measurable set E C Q.

Thus, under a quasiconformal mapping the image area is an absolutely con-
tinuous set function. This means that null sets are mapped on null sets, and
that the image area can always be represented by (106).

Applying (106) to f~!, we conclude that J(z) > 0 almost everywhere.
Hence, by Lemma 5.3, we have proved the following:
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Lemma 5.7. A K-quasiconformal mapping f of a domain Q is reqular and
satisfies the dilatation condition (103) a.e. in Q.

Example 27. Let f(z) = z + C(x) = (x + C(x),y). Then f maps the line
ly={z+iy: 0 <z <1} onto l; ={z+iy: 0 <z <2}, wherey € I. Hence
f maps the square @ = I x I onto the rectangle R = [0,2] x I, K4 = 2, and
K¢ =1 a.e. on the square Q = I x I. Because the inequality K4 < Ky does
not hold f does not satisfy qc geometric definition.

Example 28. Let f(z) = z +iC(x), where C is singular Cantor function on
I. Because C'(x) =0 a.e. on I, i.e. C'(x) =0 a.e. on I\ A, where A C I and
myi(A) =0. Thus, for = € Ax 1, f;(2) =1, f,(2) =i, and therefore Df(z)=0
and iy =0, Ky =1 a.e. on the square Q = I x 1. In spite of this, the mapping
f is not quasiconformal. It is not absolutely continuous on any of the segment
ly={x+iy: 0<z <1}, yel.

Let f(z) = C(x) 4+ iC(y). Check that f, = f, =0 a.e. on I* in the classical

sense, but not in distributional (generalized) sense.
Definicija 5. If a homeomorphism f: Q — Q. satisfies
(i) fis ACL on Q

(i) |fz] < k|f:| almost everywhere in Q, where k = % we say that f is

K -quasiconformal in the analytic sense.

Napomena 2. This definition is equivalent to the following: f is a homeo-
morphism and it has locally integrable distributional derivatives which satisfy
(i3).

(From Lemma 5.2 and Lemma 5.3, it follows that: if a homeomorphism
f:Q — Q, is K-quasiconformal in the geometric sense then f is K-quasicon-
formal in the analytic sense. A proof that the converse is true can be based on
the fact that the analytic definition is invariant under conformal mapping. For
the higher dimensional case by Fuglede’s theorem, see [37, p. 95].

Theorem 5.5 (The analytic Definition). A homeomorphism f : Q — §Q, is
K-qc iff
(i) fis ACL on Q

(ii) |fz] < k|f:| almost everywhere in Q, where k = %

5.1.3 Beltrami equation

Quasiconformal mappings are related to the equation

of =nof (107)

where p: Q@ — C is measurable and ||p|lc < 1. This equation is called the
Beltrami equation (the p-Beltrami equation).
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A function f: Q — C is said to be an LP-solution of (107) in Q if f has
LP-derivatives and (107) holds a.e. in €. It is shown that the Beltrami equation
fz = pf. can be solved for given u satisfying ||u|| ., < k < 1. First we prove that
the Beltrami equation (107) has always a homeomorphic solution. It is easier
to see the uniqueness of the solution.

Let f and g be quasiconformal mappings of a domain 2 and write h = fog™!.
Then a direct calculation yields

_ pp(z) — pg(2) 09(2) ?
) = e <|ag<z>|> | (108)

Theorem 5.6.

(i) A 1-gc map is conformal.

(ii) If f is a gc of a domain D and puy =0 a.e. onD. Then f is conformal
on D.

Theorem 5.7. Let f and g be quasiconformal mappings of a domain £ onto
itself whose complex dilatations agree a.e. in . Then f o g~' is a conformal

mapping.

Proof. By (108), the complex dilatation of h = f o g~! vanishes a.e. in Q.
Hence, it follows from Theorem 5.5 that h is 1-quasiconformal. Then by Theo-
rem ?? and Theorem 5.6(ii) it is conformal. A

In the end of this section, our goal is to prove the following result. In
addition, we consider the uniqueness of solutions.

Theorem 5.8 (Existence theorem). Let p be a measurable function in a domain
Q with ||p)leo < 1. Then there is a quasiconformal mapping of @ whose complex
dilatation agrees with u almost everywhere.

5.1.4 Integral Transforms
Let p > 2. For h € LP(C), the Cauchy transform is defined by

(Ph)(w) = _% // h(z) <Z _1 — - i) da dy. (109)
C

For h € C}(C) we may write

(Ch)(w) = —%// h(z) (z—1w> dzdy = —%// h((—&-w)%dfdn. (110)
c c

Then (Ph)(w) = (Ch)(w) — (Ch)(0). Note that (Ph)(0) = 0.

Lemma 5.8. For h € LP(C), p > 2, the Cauchy transform (Ph) is Hélder
continuous with exponent 1 — 2/p.
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Proof. By using the Holder inequality, where ¢ is the conjugate exponent of p,
we obtain
1
( ) dx dy’

Iw\ (//h |szdy>1/p<// |Z_w|\z| dzdy) :

Because ¢ is the conjugate exponent of p > 2, we have ¢ € (1,2), and therefore
the last integral is finite. A change of variables shows that

// dxdy—|w|2 2q//| dxdy

where the value of the last integral is some constant A = A, depending only on
p. Write K, = A/?. Tt follows that

|Ph(w)|

| /\

|(Ph)(w)] < [wl|' =P K, |[Al,.

We note that (Ph)(wy) — (Ph)(ws) = (Phy) (w1 —ws), where hy(z) = h(z+ws).
Then we have

|(PR)(w1) — (Ph)(w2)| < Kpllhallplwy — wa|' /7, (111)
and [|hfl, = [[All,- A

5.1.5 Green’s Formula

If f € CYQ), where Q is a domain having a finite number of boundary
components, each being a regular Jordan curve, and I' the positively-oriented
boundary of G, then Green’s formula states that

I:F/fdz:/c d(f dz).

Because d(f dz) = (df Adz), and df = Df(z)dz + Df(z)dz, we have d(f dz) =
(Df(2)dz + Df(2)dz) Adz = Df(z) dz A dz. Thus we may write

I:F/fdz:é Df (dz A dz).

Note that dz A dz = 2idx A dy, and the second integral is usual the Lebegue
integral because dz A dy is the Lebegue measure in R?. It follows that

fdz=2i Df dzdy. (112)
[reon]

r
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If g € CYG), where G is a domain having a finite number of boundary
components, each being a regular Jordan curve and I is the positively-oriented

boundary of G, then Green’s formula (112) yields

/gd?z/ Dg(dz/\df):—Qi/ Dgdzdy.
G G

r

(113)

Let ¢ > 0 and B = {z : |z — w| < €}. Define G, to be the set G\{z :
|z —w| < €}. Suppose that a € G. We apply Green’s formulas (112) and (113),

respectively, with

h h
f= and g = ,

zZ—a zZ—a

where h € C1(G). Let v = 7. be the curve defined by

Y(t) = a + ee™, where 0 < t < 27

Because the function z — (z — a)~! is holomorphic, we have

D= o= By e - 2D HE
Verify
hm fdz = 2mih(a), hm/gdz—O
¥
Hence

1 h(z)d
%/z a 27rz// d/\d

/h;zgof (2 Y e

(114)

(115)

(116)

(117)

The proof of the formula (117) shows the following: For each h € CZ (space of
twice differentiable functions with compact support), the Hilbert transform is

defined by the Cauchy principal value:

= lim —l 7}1(2) x
<Th><w>—;%< ] dy>.

|z—w|> €

For w € Bpg, we prove
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Example 29. First, one may apply (116) with h(z) = Z and to use the indentity
2z = R? for z € Kpg, to obtain

/ zdz :Rz/ dz _o.
z—w z(z — w)

Kr Kr

Let h € C3 and 1(z) = (Th)(z) — h(20)Z. Then we may show that 1 has at
zo derivative ' (z9) = OW(z0). By direct calculation

W (20) = Ov(z0) = (Th)(2 ( // = dxdy) (120)

where B = Bg is an arbitrary disk containing the point zy and the support of
h. Because 1 has at zo_derivative ¢'(z0) = 0(20) which is independent of
direction, it follows that O (zg) vanishes.

This example can also be used for obtaining a proof of the items (a) and (b)
of Lemma 5.9 (see [?, pp. 155-157]).

Lemma 5.9. If h € C2, then (Th) is well-defined and (Th) € C*.
(a) (Ph)z =
( ) (Ph). = (Th), and

) JJ (TR dody = [ b do .
C

Remark. Note that (a) solves the d-bar problem af = h.
Proof. Let ) )
(Ch)(w) = 7/ ¢+ w) L d€dn, (121)
C

Then, by formal differentiation,

3(Ch)(w) 7”/ Ih( C+w)cd§dn (122)

By change of variables, we have z = w + ¢ and

Z—w Z—-w

Now, (a) and (b) follow respectively from formulas (116) and (117). By Green’s

formula, we have
// dzdz_—//dh/\dz
2 z—
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Now define Q. to be C\{z : |z — w| < €}. Then
1
(Ph)w _hm—//dh/\dz— im——_/ " ds = h(w)

e—0 271
00,

by Green’s formula. Note that the change of sign comes from the orientation of
the path integral. Similary, we obtain (Ph),, = (Th).

Finally, we prove (c). First observe that formula (123) can be written in the
following form. Recall that if h € C2, by Green’s formulas (116) and (117) for
the terms in formula (123) hold

P(hz) = h = h(0), P(h.) = (Th) — (Th)(0). (124)

Under the assumption h € C3, we can apply (123) to h., and by use the second
equation (124) we obtain (Th)z = P(h,)z = h, and (Th), = P(h,), =T(h,) =
P(h,.) + (Th).(0). Thus (Th) € C! and (Ph) € C2.

Because h has a compact support it is immediate that Ph = O(1) and
Th = O(|]z|72). We have now sufficient information to justify all steps in the
calculation. Let K denote circle of radius R. Since (Ph)(Th) = O(|z|~2), and

/Phﬁdz
Kr

approaches 0 when R tends oo, by integrating by parts and using parts (a) and
, we find

//|Th |2dxdy———// (Ph)., Ph sdzdz = — / (Ph)( (Ph) )z, dzdz.

Again, integrating by parts and using parts (a) and (b), we obtain

:%//(Ph)(ﬁ)gdzdzz—%//E(Ph)gdzdzz/ h2dzdy. A

Example 30. Prove (i) and (ii) directly from (123).

Now (T'h) is defined for h € CZ, but since CZ is dense in L?(C), using the
isometry the operator T' can be extended to all h € L?(C). But we cannot
extend P in the same way.

Using the Calderén-Zygmund lemma, we can even define T' on LP(C) for
any p > 1, but 7' will no longer be an isometry, although ||Th||, is bounded.
Approximate h € LP(C) by h,, € C2, such that h, — h in the LP-norm. The
Calderéon-Zygmund lemma says that for p > 1, we have

I(Tha)llp < Cpllhnllp

for some constant Cp,, and C, — 1 as p — 2. It follows that (T'h,,) is a Cauchy
sequence in L?(C) and therefore it converges. We define (Th) = lim (Th,,).
n— oo

The Calderon-Zygmund lemma says that for p > 1,
IThllp < Cpllhll,

for some constant C),, and C), —+ 1 as p — 2.
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5.1.6 Absolutely Continuous Functions
Recall that if f € L'[a,b] and

F(x):/f(t)dt, a<zxz<b,

then F' is absolutely continuous on the segment [a,b]. If F' is absolutely con-
tinuous on the segment [a,b], then F’ = f exists a.e. on [a,b], f € L[a,b],
and

F(o) ~ Fa) = [ £ty

Then we say F' = f in the distributional sense.

We make the following assumptions: the function F' is continuous on the
segment [a,b], F is differentiable a.e on the segment [a,b], and F’ € L'[a,b).
This does not imply that, in general, F' is absolutely continuous on the segment
[a,b]. The standard counterexample is the Cantor function.

Lemma 5.10. For h € LP(C), p > 2, then (Ph)z = h, and (Ph), = (Th) in
the sense of distributions.

Proof. Let ¢ € C} be a test function. If h € CF, then by Lemma 5.9

Jfemes=— [[oheand [[eme. =~ [[en. )

Approximate h € LP(C) by h,, € C2, such that h,, — h in the LP-norm. Replace
h with h,, € CZ. The right hand members have the right limits since

”Th - Thn”p < CPHh - hn“p'

On the left hand side, we know by Lemma 5.8 that P(h — h,) converges 0
uniformly on compact subsets and since ¢ has compact support equation (125)
holds with h replaced by h. A

Remarks. A solution of equation Df = h is given by f = (Ph). If g is holomorphic
f = Ph+ g is also a solution. If f; and fo are two solutions, then D(f; — f2) = 0 and
by Weyl’s lemma fi — f2 is holomorphic.

Let X be a Banach space and A: X — X a linear operator such that ||A] < 1.
Then the operator A: X — X is surjective, the operator (I — A)™"! exists, and

(I—A)"'= iA’“.
k=0

It follows that, for every y € X, the equation z — Ax = y has a unique solution z € X.
The proof can be based on the following:

DA< NALR < oo
k=0 k=0
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5.1.7 Solutions of the Beltrami Equation

Suppose that f has locally integrable derivatives in the complex plane € and
that f(z) — 0 as z — co. With the notation

i) = -+ [[ X aca

we then obtain from Green’s formula
f=0Cof. (126)

For a smooth w with compact support we define the Hilbert transform Hw of
w by
Hw = 09(Cw).

By differentiation we obtain an expression for H as the principal value

(Ho)(2) = tim [ /A | 2O qeay,

€0+ (€ —2)?

where A = {( : e <|¢| < 1}. Instead of H we use also the notation T'.

Fix 0 < k < 1, and let L>®(k, R) denote the measurable functions on €,
bounded by k, and supported in the disk Bg. We let QC*(k, R) denote the
continuous differentiable homeomorphisms f of C such that df = udf, for any
w € L (k, R), normalized so that

fz)=z+ O(%), as z +— 00.
Let f € QC'(k, R). Then by (126), we have
f(z) =z = C(0f)(2).
Thus, if we set g = df — 1 and use df = pdf, we obtain
g = H(0f) = H(udf) = H(pg) + H(n).
In terms of the operator,

H,(9) = H(pg), g€ LP(C),

we obtain the equation
(I—Hyu)g = H(p). (127)

If we fix p = p(k) > 2 so that ||H,| < 1, then I — H,, is invertible. Thus, we
can solve the equation (127) for g to obtain

g = (I—H,) " H(u € L (C), (128)

Now we are ready to give the main result of this section.
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Theorem 5.9. Fiz 0 < k < 1, R > 0 and p = p(k) > 2 as above. For
€ L*®(k, R), there is a function f on €, normalized so that f(z) = z + O(%)

at oo, with distribution derivatives satisfying the Beltrami equation Of = uof.
Proof. (Outline) Define g by (128), and let
f(z) = 2+ Cpg + p).

Because T is the convolution operator with kernel 1/z that is locally in L', the
function f is continuous. Moreover, f is normalized at oo,

of = ng + p,
and
Of =1+ H(pg + p)=1+g
in the distributional sense, so f satisfies the Beltrami equation. A

Recall the Beltrami equation

fz=uf- (129)

where ||plcc < k < 1. We first treat the case where p has compact support, so
that f be analytic in a neighborhood co. We shall use a fixed p > 2 such that
kC, < 1, where Cp is from the Calderén-Zygmund inequality.

Theorem 5.10. Under the above assumptions, there exists a unique solution
of (129) such that f(0) =0 and f, — 1 € LP(C). By a solution, we mean f has
distributional derivative and is continuous.

We summarize the following;:

Let x4 be a measurable function in a domain D with k = ||pllec < 1. If
f : D — D’ is a solution of of the u- Beltrami equation (107) and g is is an
analytic function on D’, then g o f is also solution of the same equation.

Let p be a measurable function on C with k¥ = ||p||cc < 1. Then there is a
unique quasiconformal mapping f of C, normalized by f(i) =4, f(1) = 1 and
f(=1) = =1, whose complex dilatation agrees with p almost everywhere.

We let f# be the solution f of the Beltrami equation (107) normalized by
fli) =i, f(1) =1and f(-1) = -1

Suppose complex dilatation p has a bounded support and define inductively
hy =p, hy =puHhp_1,n=2,3,---.

If we fix p > 2 such that |u|e|H|p < 1, then

lim, o0 D1y h; = Df and it is a function in L?, that is
(A1) Df=>;2,h; in L? sense.

Let f be qc with complex dilatation p and which satisfies the condition
f(z) =24 0(1/z) at co. Then f(z) =2+ .o, (Ch;)(z). The series absolutely
and uniformly converges in the plane.

There is a conjecture that for the norm Hilbert transform is |H|, = p — 2,
p =2
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6 Appendix 1

6.1 Astala distortion theorm, The Nitsche conjecture

If f is analytic on a domain D, then f with all derivatives is locally bounded.
In particular, it is true for conformal mapping.

Astala [?]: If f is K-quasiconformal, f, € L? for p < p(K) = 2.

This would follow from the methods outlined in Sec W if the conjectural
values ||T||, = p — 1 for p > 2 were to be proven.

The example f(z) = r'/K=1z = /K¢ shows that the esimate is optimal.
Since fl = Ert/K-1eit

and therefore f, € LP(D) iff p < p(K).

Theorem 6.1 (Astala). Let f : C — C be K-quasiconformal, f conformal on
C\D and f(z) = z+ % + ... near cc.
Let E C D be measurable, then

[f(B)| < Kn'=VE|E|VE,
The proof is based on:
(i) If E C D with f conformal on C\ E, then
[f(E)| < K|E].
(ii) If f is conformal on C\ E, then
[f(B) <= VEEIVE,
Recent proof of this result by Eremenko and Hamilton [?] have distilled

Astala’s idea’s (from dynamics) and now they are fairly straightforward, without
using the ideas from dynamics.

onto

XX Mateljevic: If h: D — D is a harmonic mapping, h(0) = 0, then
h(D,) C Dy, where # = (1 +7)/2 and 0 < r < 1.

XX Kovalev: If h: D298 D is a bijective harmonic mapping, then |h(D,) <
D], 0 <r <1
Does it hold for injective harmonic mappings (or even arbitrary) h: D—D?

7 Appendix 2

7.0.1 Stokes theorem
If f € LY(B™), then

/B fdv=n /0 Lty /S FrO)do(©). (130)
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Since dm = dz = Q,dv and w,_1 = nQ,, we can rewrite the formula (130) in
the form:

/fdsc:wn1/017“"_1617*[9]‘(7"()(10((). (131)

B

Define A = D} + -+ + D2. We say that a function u defined on a open
set D harmonic function if u € C1(D) N C?(D) and Au = 0 on D. Laplacian
commutes with orthogonal transformation; more precisely, if T is orthogonal
and u € C%(D) then A(uoT) = A(u)oT.

The reader can find details in [1].

see bounded harmonic function, ch 2; and

The Dirichlet Problem and Boundary Behavior, ch 11.

XX
Recall that B denote the unit disc.

The volume of a parallelepiped

The volume of a parallelepiped is the product of the area of its base A and
its height h. The base is any of the six faces of the parallelepiped. The height
is the perpendicular distance between the base and the opposite face.

An alternative method defines the vectors a = (a1, az,as), b = (b1, be, bg) and
¢ = (c1,¢2,c3) to represent three edges that meet at one vertex. The volume
of the parallelepiped then equals the absolute value of the scalar triple product
a-(bxec):

V=la-(bxc)|=|b-(cxa)l=]|c-(axb)

Coxeter called the generalization of a parallelepiped in higher dimensions a
parallelotope.

Specifically in n-dimensional space it is called n-dimensional parallelotope,
or simply n-parallelotope. Thus a parallelogram is a 2-parallelotope and a pa-
rallelepiped is a 3-parallelotope.

If S is oriented surface by S~ we denote the opposite oriented surface.

Let D = {(z,y,2) : (z,y) € G, fi(z,y) < z < fa(z,y)} and Sy surface
defined by G 3 (x,y) — (z,y, fr(z,y)) € Sk, k = 1,2. Note that this parame-
terization of Sy is not consistent with orientation of S; as part of S. If S and
Sy are smooth, we call D elementary domain in z-directions; in similar way we
define elementary domain in = and y -directions. We say that domain is simple
in z-directions if it is finite union of domains elementary in z-directions, and
domain is simple if it is is simple in z, y, z-directions.

By Fubini’s theorem
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f2(z,y)
/ dxdydz-/ dacdy/ a—R dz = (132)
f

1(9C y)
/G (R(z,y. folar,9)) — R(x,y, fo(29)))dady = (133)
Rdm/\dy—i—/ Rdac/\dy:/Rdx/\dy, (134)

S . S

where S consists of S, S2 and the corresponding cylinder C. We used that
the form dx A dy is 0 on C.

Now, let S be a positively oriented, piecewise smooth, simple closed surface in
the space R?, and let D be the region bounded by S. If P,Q and R are functions
of (z,y,z) defined on an open region containing D and have continuous partial
derivatives there, then:

Again, by Fubini’s theorem

/(aprr@JrafR)d:cdydzf/de/\dz+de/\d:c+Rdx/\dy
or 0Oy 0z g

/a—Rdxdydz:/Rdx/\dy.
p 0z s

Surface-area measure on S

Let S smooth hyper-surface in oriented euclidean space R, oriented with
continuous unit field of normals n(z),z € S, V -n dimensional volume form in
R™, o- (m-1) dimensional volume form in S, and let ay,- - - a;,—1 reper in T,S
from the class of orientation given by n(x); then

V(z)(n,a1,-+ ,am-1) = o(x)(a, -+ ,am—1). Here n = (ny, -+ , Ny, ) is unit
normal in x on surface S. Both side are non negative and equal in magnitude be-
cause the volume of a parallelepiped defined (spaned) by vectors n,aq, - - , Gm-1
is the product of the area of its base A = o(z)(ay1, - ,am-1) and its height

=|n| =1
On the other hand,

n! nm
1 m
V()(n,ay, - amo1)=| 1 M= (135)
Uy —1 A1
> (-1 z)oi(z)(a1, ", am-1), (136)
k=1
where oy (z) = dzy, = dxy A -+ dag—1 A Egg\k A+ Ndxp(ar, -, am_1) and the

symbol ~ denotes that the corresponding multiple is dropped.
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Hence o () (a1, ,am—1) = Y pey (=) ng(z)dzy - - dzy,_1dzy - - dxm(ay, -

and X -o(z) = Yo (D)1 X P o (2).
Using a similar geometric consideraration as the above we conclude, for fixed
k, that

V(z)(eg,a1, - ,am-1) = (n(z),ex)o(x)(ar, -+ ,am—1). Hence

ny, do = doy, = dzy = (=1)FYday - - dzg,_1dzy, - - dzg

If ng, = (n(x), ex) = cos ay, then cos ayo = dZk|s and therefore
0% = 341 (dZ)”.

2
X -dog = det(X,")\/g = > (-1)* 1 X", /gdoy,
d(X - dog) = (32 Die(X*/g)Vo = [z (30 Dir(X*\/9)]V;. Hence

1
divX = — (> Dp(X*/9).
O
If 2,vy, 2- the Cartesian (Descartes’ ) coordinate system in R3,

do = cosa1dy N dz + cos aadz N dx + cos agdx A dy

orjented area of projection

cosay do =dy ANdz
cosagdo =dz Ndx

cosagdo = dx Ady

Here n(x) = (cos aq, cos ag, cos ag).
Integral of function p over oriented surface S is

[
S

of differential form po, where ¢ is XX area-volume form on S.

Integral XX does not depend on orientation of S because 0g- = —0og.

(137)
(138)
(139)

(140)

In functional analysis, the concept of an orthonormal basis can be gene-

x,b
T=)cn Wl).
When B is orthonormal, this simplifies to
T =) hep(T,0)b
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ralized to arbitrary (infinite-dimensional) inner product spaces (or pre-Hilbert
spaces).[4] Given a pre-Hilbert space H, an orthonormal basis for H is an ortho-
normal set of vectors with the property that every vector in H can be written
as an infinite linear combination of the vectors in the basis. In this case, the
orthonormal basis is sometimes called a Hilbert basis for H. Note that an ort-
honormal basis in this sense is not generally a Hamel basis, since infinite linear
combinations are required. If B is an orthogonal basis of H, then every element
x of H may be written as

7a‘m—1)



and the square of the norm of x can be given by

lall? = Sy [ D).

Even if B is uncountable, only countably many terms in this sum will be non-
zero, and the expression is therefore well-defined. This sum is also called the
Fourier expansion of x, and the formula is usually known as Parseval’s identity.
See also Generalized Fourier series.

If B is an orthonormal basis of H, then H is isomorphic to (?(B) in the
following sense: there exists a bijective linear map F : H — [2(B) such that

(@(2), B(y)) = (z,1)

for all z and y in H.

The concept of eigenvectors and eigenvalues extends naturally to abstract
linear transformations on abstract vector spaces. Namely, let V be any vector
space over some field K of scalars, and let T" be a linear transformation mapping
V into V. We say that a non-zero vector v of V is an eigenvector of T' if (and
only if) there is a scalar A in K such that

T(v) = Av.

This equation is called the eigenvalue equation for 7', and the scalar A is the
eigenvalue of T' corresponding to the eigenvector v. Note that T'(v) means the
result of applying the operator T to the vector v, while Av means the product
of the scalar A by v.

The matrix-specific definition is a special case of this abstract definition.
Namely, the vector space V is the set of all column vectors of a certain size
n X 1, and T is the linear transformation that consists in multiplying a vector
by the given n x n matrix A.

Some authors allow v to be the zero vector in the definition of eigenvector.
This is reasonable as long as we define eigenvalues and eigenvectors carefully:
If we would like the zero vector to be an eigenvector, then we must first define
an eigenvalue of T" as a scalar A in K such that there is a nonzero vector v in V'
with T'(v) = Av. We then define an eigenvector to be a vector v in V such that
there is an eigenvalue A in K with T'(v) = Av. This way, we ensure that it is not
the case that every scalar is an eigenvalue corresponding to the zero vector.

The eigenspaces of T' always form a direct sum (and as a consequence any
family of eigenvectors for different eigenvalues is always linearly independent).
Therefore the sum of the dimensions of the eigenspaces cannot exceed the di-
mension n of the space on which T operates, and in particular there cannot be
more than n distinct eigenvalues.

Any subspace spanned by eigenvectors of T' is an invariant subspace of T,
and the restriction of T to such a subspace is diagonalizable.

The set of eigenvalues of T' is sometimes called the spectrum of T'. If A is an
eigenvalue of T', then the operator T — Al is not one-to-one, and therefore its
inverse (T'— AI)~1 does not exist. The converse is true for finite-dimensional
vector spaces, but not for infinite-dimensional vector spaces. In general, the
operator T'— A\l may not have an inverse, even if A is not an eigenvalue.

For this reason, in functional analysis one defines the spectrum of a linear
operator T as the set of all scalars A for which the operator T'— Al has no
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bounded inverse. Thus the spectrum of an operator always contains all its
eigenvalues, but is not limited to them.

Let H be a Hilbert space, L(H) be the bounded operators on H. T € L(H)
is a compact operator if the image of each bounded set under T is relatively
compact. We list some general properties of compact operators.

If X and Y are Hilbert spaces (in fact X Banach and Y normed will suffice),
then T : X — Y is compact if and only if it is continuous when viewed as a
map from X with the weak topology to Y (with the norm topology).

A bounded operator T" on a Hilbert space H is said to be self-adjoint if
T =T%*, or equivalently,

(Tz,y) = (x,Ty), z,y€H.

It follows that < z,Tx >=< Tx,x > and < z,Tx >= < Tz,x > and
therefore < T'x,x > is real for every z € H, thus eigenvalues of T, when they
exist, are real.

If A is the eigenvalue of T' corresponding to the eigenvector x then < Tz, x >=
A < z,x > and therefore X is real. If A; and Ay are the eigenvalue of T' cor-
responding to the eigenvector v; and v, then Ay < v1,v2 >=< Tv1,v2 >=<
v1, Tvg >= Ay < v1,v9 >. Hence < vy,v9 >=0.

The classification result for Hermitian n x n matrices is the spectral theorem:
If M = M*, then M is unitarily diagonalizable and the diagonalization of M has
real entries. Let T be a compact self adjoint operator on a Hilbert space H. We
will prove the same statement for T": the operator T can be diagonalized by an
orthonormal set of eigenvectors, each of which corresponds to a real eigenvalue.

Theorem 7.1 ( Spectral theorem). Theorem. For every compact self-adjoint
operator T on a real or complex Hilbert space H, there exists an orthonormal
basis of H consisting of eigenvectors of T. More specifically, the orthogonal
complement of the kernel of T' admits, either a finite orthonormal basis of ei-
genvectors of T, or a countably infinite orthonormal basis {e,} of eigenvectors
of T, with corresponding eigenvalues {\,} in R, such that A, — 0.

In other words, a compact self-adjoint operator can be unitarily diagonalized.
This is the spectral theorem.

When H is separable, one can mix the basis {e,} with a countable ortho-
normal basis for the kernel of T', and obtain an orthonormal basis {f,} for H,
consisting of eigenvectors of T' with real eigenvalues {u,,} such that p, — 0.

Corollary. For every compact self-adjoint operator T on a real or complex
separable infinite-dimensional Hilbert space H, there exists a countably infinite
orthonormal basis { f, } of H consisting of eigenvectors of T', with corresponding
eigenvalues {y,} in R, such that w, — 0.

The idea

Proving the spectral theorem for a Hermitian n x n matrix 7 hinges on
showing the existence of one eigenvector x. Once this is done, Hermiticity
implies that both the linear span and orthogonal complement of x are invariant
subspaces of T'. The desired result is then obtained by iteration. The existence
of an eigenvector can be shown in at least two ways:
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One can argue algebraically: The characteristic polynomial of T has a com-
plex root, therefore T has an eigenvalue with a corresponding eigenvector. Or,
The eigenvalues can be characterized variationally: The largest eigenvalue is
the maximum on the closed unit sphere of the function f : R?® — R defined by
flz) =a*Te =<Tx,x >.

Note. In the finite-dimensional case, part of the first approach works in
much greater generality; any square matrix, not necessarily Hermitian, has an
eigenvector. This is simply not true for general operators on Hilbert spaces.

The spectral theorem for the compact self adjoint case can be obtained ana-
logously: one finds an eigenvector by extending the second finite-dimensional
argument above, then apply induction. We first sketch the argument for matri-
ces.

Since the closed unit sphere S in R?" is compact, and f is continuous, f(.9)
is compact on the real line, therefore f attains a maximum on S, at some unit
vector y. By Lagrange’s multiplier theorem, y satisfies

Vfi=VyTy=X\-Vy*y

for some A. By Hermiticity, Ty = Ay.

However, the Lagrange multipliers do not generalize easily to the infinite-
dimensional case.

A subset ' C C(X) is said to be equicontinuous if for every x € X and
every € > 0, x has a neighborhood U, such that

Vy € U,,Vf €F: |f(y) — f(z)| <e.

A set F C C(X,R) is said to be pointwise bounded if for every z € X ,

sup{|f(z)|: f € F} < 0.

Theorem 7.2 (Arzela-Ascoli). A family F of functions with values in a metric
space X is normal in the region Q of the complex plane if and only if

(i) for every z in Q, the values f(z), f € F, lie in a compact subset of X and
(ii) F is equi-continuous on every compact set K C Q.

Resenje. The sufficiency of (ii) together of (i) is proved by Cantor’s famous dia-
gonal process. We observe first that there exists an every where dense sequence
of points wy, in €2, for instance the points with rational coordinates.

A subsequence gr = fn, of f, converges at all points wy. Given an &€ > 0
we choose & > 0 such that, for z,w € K and f € F, |z — w| < § implies
d(f(2), fw)) < % Because K is compact, it can be covered by a finite number

of g- neighborhoods. We select a point wy from each of these neighborho-
ods. There exists an ng such that n,m > ng implies d(gm(wi), gn(wr)) < §
for all these wy. For each z € K one of the wy is within distance § from z;
hence d(gm(2), gm(wg)) < %, d(gn(2), gn(wg)) < % The three inequalities yield

d(gn(2), gm(2)) < e. A
Let T be a separable topological space and let X be a metric space, and let
F be a family of continuous functions from 7" to X. The family F' is normal on

a subset Y C T if for every sequence f, € F, there exists a subsequence which
converges uniformly on every compact subset of Y.
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Theorem 7.3 (Ascoli). If T is a separable topological space and if X is a
compact metric space, then every equicontinuous family F of mappings f : T —
X is a normal family.

The Arzela- Ascoli theorem is thus a fundamental result in the study of the
algebra of continuous functions. Various generalizations of the above result are
possible. For instance: Let T be a compact Hausdorff space and X a metric
space. Then a subset F' of C(T, X) is compact in the compact-open topology if
and only if it is equicontinuous, pointwise relatively compact and closed.

Here pointwise relatively compact means that for each x € T, the set F, =
{f(x) : f € F} is relatively compact in X.

If M(G) is the set of all meromorphic functions we can consider it as a subset
of C(G,C) and endow it the metric of C(G,C).

Let f, be sequence in M(G) (resp. H(G)) and suppose that f, — f in
C(G,C). Then either f is meromorphic (resp. analytic) or f = oo. Hence
M(G) U {0} is a complete metric space.

We can adopt simple terminology. We say that F' C M(G) is normal (in a
wider sense or C- normal) if
(i) every sequence in F' contains a subsequence which converges or tends oo
uniformly on compact subsets.

Eigendecomposition

A bilinear form on a vector space V is a bilinear map V xV — K, where K is
the field of scalars. In other words, a bilinear form is a function B: V xV — K
that is linear in each argument separately:

Let V be an n-dimensional vector space with basis C' = {ey, ..., e, }. Define
the n x n matrix A by A;; = B(e;, e;).

If the n x 1 matrix x represents a vector v with respect to this basis, and
analogously, y represents w, then:

n
B(v,w)=z"Ay = Z @i 2LiYj-
ij=1
Let B be bilinear form on V and C' = {ey, ...,e,} basis in V and A matrix
wrt C. Let C" = {¢],...,e},} be another basis in V e}, = Sey, S is an invertible
matrix. Now the new matrix representation for the symmetric bilinear form is
given by
A= STAS.

A basis C = {ey, ..., e, } is orthogonal with respect to B if and only if:

B(ei,ej) =0Vi ?é j
When the characteristic of the field is not two, V always has an orthogonal basis
say C* = {ej},...,es}. This can be proven by induction.
A basis C* is orthogonal if and only if the matrix representation A* =
diag(A1, ..., \n) is a diagonal matrix.
If 2 = Y aper = > xje}, then B(z,z) = az;x; = Y A\(z})?. Further if
V =R" and A = min{\y, ..., A\, } and A = max{A,..., A\, }, then
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Nz |?B(z,r) < Alz|?

The trace of an n-by-n square matrix A is defined to be the sum of the
elements on the main diagonal (the diagonal from the upper left to the lower
right) of A, i.e.,

n
tr(A) = i = a1y +an + -+ dnn
i=1
where a;; denotes the entry on the ith row and ith column of A. The trace
of a matrix is the sum of the (complex) eigenvalues, and it is invariant with
respect to a change of basis. This characterization can be used to define the
trace of a linear operator in general. Note that the trace is only defined for a
square matrix (i.e., n x n).
The trace is similarity-invariant, which means that A and P~'AP have the
same trace. This is because

tr (P7'AP) = tr (P7'(AP)) = tr (AP)P™") =tr (A (PP™")) = tr(A).
If A is symmetric and B is antisymmetric, then

tr(AB) = 0.

If A is a linear operator represented by a square n-by-n matrix with real or
complex entries and if A1,..., A\, are the eigenvalues of A (listed according to
their algebraic multiplicities), then

tr(A) => "X

This follows from the fact that A is always similar to its Jordan form, an
upper triangular matrix having Ay, ..., A,, on the main diagonal. In contrast, the
determinant of A is the product of its eigenvalues; i.e.,

det(4) =[] n
More generally,
tr (AF) =D Ak
i

Let V be a finite dimensional vector space over some field K, and let (,) be
a nondegenerate bilinear form on V.

We then have for every linear endomorphism A of V', that there is a unique
endomorphism A* of V such that (Ax,y) = (x, A*y) for all x and y € V.

The existence and uniqueness of such an A* requires some explanation, but
I will take it for granted.

An endomorphism of a vector space V is a linear map, A: V — V.
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Proposition: Given an endomorphism A of a finite dimensional vector space
V equipped with a nondegenerate bilinear form (, ), the endomorphisms A and
A* have the same set of eigenvalues.

Proof: Let A be an eigenvalue of A. And let v be an eigenvector of A
corresponding to A (in particular, v is nonzero). Let w be another arbitrary
vector. We then have that: (vA,w) = (Av,w) = (Av,w) = (v, A*w). This
implies that (v, A\w—A*w) = 0 for all w € V. Now either X is an eigenvalue of A*
or not. If it isn’t, the operator A\w — A*w is an automorphism of V' since A\ — A*
being singular is equivalent to A being an eigenvalue of A*. In particular, this
means that (v,z) =0 for all z € V. But since (,) is nondegenerate, this implies
that v = 0. A contradiction. A must have been an eigenvalue of A* to begin
with. Thus every eigenvalue of A is an eigenvalue of A*. The other inclusion can
be derived similarly. We are working over a real vector space and considering
the dot product as your bilinear form. Now consider an endomorphism 7" of R™
which is given by T'(z) = Az for some n x n matrix A. It just so happens that
for all y € R™ we have T*(y) = Aty. Since T and T* have the same eigenvalues,
so do A and A’

In linear algebra, a symmetric n X n real matrix M is said to be positive
definite if 27 Mz is positive for every non-zero column vector z of n real numbers.
Here 27 denotes the transpose of z.

Let x1,...,2, be a list of n linearly independent vectors of some complex
vector space with an inner product (-, -). It can be verified that the Gram matrix
M of those vectors, defined by M;; = (x;,x;), is always positive definite. Con-
versely, if M is positive definite, it has an eigendecomposition P~'DP where
P is unitary, D diagonal, and all diagonal elements D;; = v/\; of D are real
and positive. Let E be the real diagonal matrix with entries so D = E? and
M = (EP)*EP. Its leading principal minors are all positive. The kth leading
principal minor of a matrix M is the determinant of its upper-left k by k sub-
matrix. It turns out that a matrix is positive definite if and only if all these
determinants are positive. This condition is known as Sylvester’s criterion, and
provides an efficient test of positive-definiteness of a symmetric real matrix. Na-
mely, the matrix is reduced to an upper triangular matrix by using elementary
row operations, as in the first part of the Gaussian elimination method, taking
care to preserve the sign of its determinant during pivoting process. Since the
k-th leading principal minor of a triangular matrix is the product of its diagonal
elements up to row k, Sylvester’s criterion is equivalent to checking whether its
diagonal elements are all positive. This condition can be checked each time a
new row k of the triangular matrix is obtained. It has a unique Cholesky decom-
position. The matrix M is positive definite if and only if there exists a unique
lower triangular matrix L, with real and strictly positive diagonal elements, such
that M = LL*. This factorization is called the Cholesky decomposition of M.

Suppose that B is positive definite. Then there is B'/2. Look, the eigenva-
lues of a symmetric matrix are real, thus the eigenvectors too. So the Jordan
form is real B = USUT with S being diagonal positive and U orthogonal. Then
construct BY/? as US/2UT.

If we call B'/? the symmetric matrix such that BY/2B'Y? = B (i.e. the
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standard square root of a positive definite matrix) then AB = ABY?B1/2 =
B~Y2(BY2ABY/?)BY/2, that is AB is similar to the positive definite matrix
B2 ABY/? sharing all eigenvalues. It makes the eigenvalues of AB be positive
if A is positive definite and non positive if A is non-positive definite.

By definition I := zTBY2ABY2z = 2T Az for = = BY/2z. Hence if A is
positive definite (non-positive definite) I > 0 (I < 0) z = BY2x # 0 iff 2 # 0.
Thus positive definite.

Proposition: If B is positive definite matrix and A non- positive definite
matrix, then AB is non positive definite matrix and in particular ¢r(AB) < 0.

8 Motivacija

Svetlik

Razmotrimo diferencijalnu jednacinu

y'(z) +p(@)y(z) = q(z),  x€ab], (141)

pri ¢emu su p,q : [a,b] — R zadate neprekidne funkcije a y : [a,b] — R
nepoznata funkcija. Kako se u jednac¢ini (141) javlja prvi izvod funkcije y,
prirodno je zahtevati da reSenje trazimo u klasi diferencijabilnih funkcija na
[a,b]. Medutim kako je

y'(x) = —p(x)y(x) — q(z),

a funkcije p, q i y su neprekidne, sledi da i ' mora biti neprekidna. Dakle, ako
postoji diferencijabilna funkcija y takva da zadovoljava jedna¢inu (141) onda je
ta funkcija i neprekidno diferencijabilna tj. pripada klasi C*[a, b].

Neka je ¢ proizvoljna funkcija klase C'[a,b] takva da je p(a) = ¢(b) = 0.
Ako levu i desnu stranu jednacine (141) pomnozimo sa ¢(x) dobijamo jednacéinu

v (@)e(x) + p(x)y(x)e(r) = q(z)p(2),

a nakon integraljenja i jednacinu

b b b
/ ¥ (@)p(z)de + / p(@)(z)p(z)dz = / @)p(e)de.  (142)

a

b
Ako u integralu / y'(x)p(z)dr primenimo parcijalnu integraciju dobijamo
a

b
/ ' () p(x)dz = y(2)p()

Otuda se jednacina (142) svodi na jednacinu

Il
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=
—
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5
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b
/ (—y(@)¢' () + p(@)p(e)p(x))dz
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Primetimo da se u jednacini (143) ne pojavljuje izvod nepoznate funkcije y, kao
i da ima smisla traziti reSenje iste u klasi C'la, b]. Takode, na osnovu prethodnog
izvodenja, sledi da ako je y resenje jednacine (141) onda je y reSenje i jednacine
(143).

Razmotrimo sada i jednac¢inu

y'(z) = sgnx, x € [—1,1], (144)

gde je y : [-1,1] — R nepoznata funkcija. Primetimo da funkcija sgn ima
prekid prve vrste u tacki 0. S druge strane prvi izvod neke funkcije ne moze imati
prekide prve vrste. Otuda jednacina (144) nema resenja u klasi diferencijabilnih
funkcija na [—1,1] tj. ne postoji funkcija y : [-1,1] — R takva da je ¢/(x) =
sgnz za svako z € [-1,1].

Medutim umesto jednac¢ine (144) analagno kao u prvom primeru mozemo
posmatrati jednac¢inu

/_l1 —y(z)¢' (z)dz = /_11 sgnx ¢(x)dz, (145)

pri éemu je ¢ proizvoljna funkcija klase C1[—1, 1] takva da je p(—1) = (1) = 0.
Pri tome prirodno je resenje jednacine (145) traziti u klasi C[—1,1]. Neposred-
nom proverom se utvrduje da je funkcija y(z) = |z| 4+ ¢ (¢ realna konstanta)
reSenje jednacine (145) u klasi C[—1,1]. Otuda to resenje nazivamo i slabo
reSenje jednacine (144).

Suppose that ¢ is C*[—1,1] such that ¢(—1) = (1) = 0. By partial inte-
gration,

1 Jh lele(@)de = — [ y(@)e (@)de = [°) 2/ p(@)dz + [ |o|'p(@)ds =
[ sgnxp(x)de

9 surfaces

Supp that in ngb V of point yp € R™ surface S is given by ¥ = 0, where
Y € C*(V) and |[Dy| > 0 in V. The unit normal in y € SNV is given
by v = Di¢/|Di|. Let L = (dv),, be linear operator which can be identi-
fied with matrix A = dv = [D;(D;v/|Dv|)] with respect the standard system
C = {e1,..,en—1,€n} in R™. There is orth system C' = {e},...,el,_1,€e.},
€, .nen_q1 €Ty S, e, =v(yo) wrt A in which the corresponding matrix A’ has
diagonal form A’ = diag(ky, ..., kn_1,kn).

Let L' be the restriction of L = (dv),, on T,,S. Since v -v = 1, we have
D;v-v = 0. Hence since D;v € T}, S, D;v, = 0 and in particular k,, = D,v, =0
wrt the system C’. Tt is known that ¢r(L) is independent of coordinates. So (1)
tr(A) =tr(A.) =301 ki = X0 DilDiv](yo)-

The mean curvature is defined H(yo) = -5 >°i, D;[D;v/|Dy|].

In particular if S is graph in R"*! over a domain G, given by z,,1 =
u(w1, ..., 2,), where u € C?(G) is a real valued function, we can consider ¢ =
U(T1y ooy Tp) — Tp 1.
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If we set A = A = \/T+|Dul?, then Djsp = Dju = Avj, AD;A =
> or—y DjuDju and D;A=>"7_, v;Dj,u. Hence

D;; D;A  D;u
Diy; = A i ? = ] — —Zujuleku
Set w;r, = Diyu, U = [u;x] and denote the columbs of U with U?!,
U™ If we add to j-th columb of the matrix [DX"] the linear combination

of 4 Y n_; vj»xU¥, then the determinant of new matrix is (1 — v )det[D” . It
we do this procedure respectively for j = 1,...,n, we can conclude that

Diju o detDzu
A ]_ Ant2

det [Dz Vj] = det [

Set N = [D;v;] tr; = vgvj, T = [tj], Tk = Ok — vkv; and R = [ry;]. Since
R=I-TAN =U-UT =U(I—-T) = UR and therefore A"detN = detUdetR

detR = A2

Now an application of (1) yields H(yo) = = >, D;[D;u/A].

The Gaussian curvature is

detD?u
K(z0) = det(L') = Ilx; = det[D;v;(yo)] = Ania

10 Minimal surfaces

P =1Ux = Uy

Finding the extrema of functionals is similar to finding the maxima and
minima of functions. The maxima and minima of a function may be loca-
ted by finding the points where its derivative vanishes (i.e., is equal to zero).
The extrema of functionals may be obtained by finding functions where the
functional derivative is equal to zero. This leads to solving the associated Eu-
lerLagrange equation.

Consider the functional

u| = fG L(z,y,u,p,q)dxdy, where L(z,y,u,p,q) is twice continuously dif-
ferentiable with respect to its arguments.

h(t) = Ju+ tv] = L(z,y,u + tv , D+ tvg, gtvy)dady Since I/ (t fG Lidxdy
and Ly = vLy + vy Ly +vyLg, W (t) = [ Lidzdy = fG (vLy —|—va + vy Ly)dxdy
and in particular A'(0) = I := fG UL + vy Ly, + vy Ly)dzdy.

By partial integration, I = [, v(Ly — (Lp)z — (Lq)y)d:cdy and therefore

(1) Ly = (Lp)a = (Lq)y = 0.

For example, if f(x,y) denotes the displacement of a membrane above the
domain D in the x,y plane, then its potential energy is proportional to its
surface area:

o= [[ VI+Ve Vpdsay
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Plateau’s problem consists of finding a function that minimizes the surface
area while assuming prescribed values on the boundary of D; the solutions
are called minimal surfaces. The EulerLagrange equation for this problem is
nonlinear:

Poa(1+¢5) + 0y (1 + 02) — 2020y ¢ay = 0.
Here
See Courant (1950) for details.
Here L = A= +/1+p?+¢? and by (1) div(Vf/A) = 0.
Dirichlet’s principle
It is often sufficient to consider only small displacements of the membrane,
whose energy difference from no displacement is approximated by

1
Vel = 5//DV<,0-Vgpdxdy.

L=p?>+¢* L, =2p, (Lp)s = 2uyy and by (1), uzy + uyy =0

The functional V is to be minimized among all trial functions f that assume
prescribed values on the boundary of D. If u is the minimizing function and v
is an arbitrary smooth function that vanishes on the boundary of D, then the
first variation of V[u + ev] must vanish:

d

Provided that u has two derivatives, we may apply the divergence theorem
to obtain

//V.(vVu)dmdy:// VU'VU-FUV-Vudxdy:/U@ds’
D D C 371

where C'is the boundary of D, s is arclength along C and du/dn is the normal
derivative of u on C. Since v vanishes on C and the first variation vanishes, the

result is
// vV - Vudzdy =0
D

for all smooth functions v that vanish on the boundary of D. The proof for
the case of one dimensional integrals may be adapted to this case to show that

%V[u—I—ev]\E:o:// Vu-Vudrdy =0.
D

V-Vu=0
in D.

The difficulty with this reasoning is the assumption that the minimizing
function u must have two derivatives. Riemann argued that the existence of a
smooth minimizing function was assured by the connection with the physical
problem: membranes do indeed assume configurations with minimal potential
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energy. Riemann named this idea the Dirichlet principle in honor of his teacher
Peter Gustav Lejeune Dirichlet. However Weierstrass gave an example of a
variational problem with no solution: minimize.

11 QCH

In this section we present the results from Filomat 31:10 (2017), 3023-3034,
https://doi.org/10.2298 /FIL1710023M.

Sazetak

In [18], we study the growth of gradients of solutions of elliptic equ-
ations, including the Dirichlet eigenfunction solutions on bounded plane
convex domain. Several results related to Bi-Lipschicity of quasiconformal
harmonic (qch) mappings with respect to quasi-hyperbolic and euclidean
metrics, are proved. In connection with the subject, we announce a few
results concerning the so called interior estimate, including Proposition
13. In addition, a short review of the subject is given.

11.1 Introduction

There is a numerous literature related to the subject, see [33] and the lite-
rature cited there and in this paper. Here we give a short review of the subject,
announce and consider new results. In particular, here our discussion is related
to the following items:

(i) In Section 11.3, we outline a proof of result of Bozin- Mateljevic which
gives an answer to an intriguing problem probably first posed by Kalaj and
which states that Quasiconformal and HQC mappings between Lyapunov Jor-
dan domains are co-Lipschitz.

(ii) In [35], Li Peijin, Jiaolong Chen, and Xiantao Wang proved the gradi-
ent of Quasiconformal solutions of poisson equations are bounded under some
hypothesis. In Section 11.4 we announce some results related to the local version
of the interior estimate(see for example Proposition 22), and discuss whether
their result holds without the hypothesis that the radial derivative is bounded.

(iii) In Section 11.6, the author shows that the Dirichlet eigenfunction solu-
tions on bounded plane convex domain have bounded gradients. Our conside-
rations gives contribution to the problem posed in communication of the author
with Yacov Sinai.

(iv) Bi-Lipschicity property of Harmonic K-quasiconformal maps with re-
spect to k-metrics (quasi-hyperbolic metrics) in space is subject of of Section
11.7.

(v) In Section 11.8, we extend a result of Tam and Wan, [38], 1998. More
precisely, we prove if f is K-qc hyperbolic harmonic mappings of H" with respect
to the hyperbolic metric with K < 3"~!, then f is a quasi-isometry.

Concerning the items (i), (ii) and (iii) we only outline some proofs. Note
that in Section 11.4, we only announce the following result:
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Proposition 13 (Local version of Interior estimate). Let s : U —-Rbea
continuous function from the closed unit disc U into the real line satisfying the
conditions:

1. x is C1® on U, then the the corresponding version of this result holds.

2. |Ax| < ao|Vx|? + by, on V = V(r) = UnN B(wo,r), where wy = e’o,
for some constants ag and by (the last inequality we will call the interior
estimate inequality) and

3. xu(0) = x(e?) is C1® on the interval | = {e : t € (to — e,tg +€)} =
V(r)nT.
Then there is 0 < r1 < r such that the function |Vx| is bounded on
V(r1) =UnN B(wp,r1).

See also Proposition 22! in Section 11.4 which is more complete statement.
In Section 11.2 we shortly consider the background of the subject and in
Section 11.9, we collect some definitions.

11.2 Bacground

For a function h, we use notation dh = 3(h!, — ih,) and dh = 3 (h!, + ih},);
we also use notations Dh and Dh instead of Oh and Oh respectively when it
seems convenient.

We use the notation A\ = I;(2) = |0f(2)| — |0f(2)| and Af(z) = |0f(2)| +
|0f(2)], if 0f(2) and Of(z) exist.

Throughout the paper we denote by €2, G and D open subsets of R™, n > 1.

Let B(z, r) == B™(z, r) ={z e R" : |z—x| < r}, S" Y(x, r) = OB"(x, )
(abbreviated S(x, r)) and let B", S = S"~! stand for the unit ball and the unit
sphere in R™, respectively. In particular, by D (or U) we denote the unit
disc B? and T = 0D we denote the unit circle S* in the complex plane. For
a domain D in R™ with non-empty boundary, we define the distance function
d = dp = dist(D) by d(z) = d(x;0D) = dist(D)(z) = inf{|x —y| : y € D}; and
if f maps D onto D’ C R™, in some settings it is convenient to use short notation
d* = d*(x) = dy(x) for d(f(z); 0D’). It is clear that d(x) = dist(xz, D°), where
D¢ is the complement of D in R".

Proposition 14 (Proposition 5 [29]). If h is a harmonic univalent orientation
preserving k-qc mapping of domain D onto D', then

1-k

d(2)Ap(z) <16 K dp(z),and  d(z)\n(2) > dpn(2). (146)
Proposition 15 (Corollary 1, Proposition 5 [29]). Every e-harmonic quasi-
conformal mapping of the unit disc (more generally of a strongly hyperbolic
domain) is a quasi-isometry with respect to hyperbolic distances.

1We believe that this result will find further application.
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From Proposition 14 directly follows next result (Proposition 16). 2

Proposition 16 ( [27]). Every e-harmonic quasi-conformal mapping of a do-
main different from C is a quasi-isometry with respect to quasi-hyperbolic di-
stances.

The next theorem concerns harmonic maps onto a convex domain. For the
planar version of Theorem 11.1 cf. [28, 29], also [33], pp. 152-153. The space
version was communicated on International Conference on Complex Analysis
and Related Topics (Xth Romanian-Finnish Seminar, August 14-19, 2005, Cluj-
Napoca, Romania), by Mateljevié¢ and stated in [29], cf. also [31].

Theorem 11.1 (Theorem 1.3, [29]). Suppose that h is an Euclidean harmonic
mapping from the unit ball B"™ onto a bounded convexr domain D = h(B™), which
contains the ball h(0) + RoB™. Then for any x € B"

d(h(x),0D) > (1 — 2]} Ro/2"".

Although the proofs of the above results are not difficult, it turns out that
they have further impact on the subject. We will shortly discuss it in this paper.

We use a distortion property of quasiconformal maps to prove that for n-
dimensional Euclidean harmonic quasiconformal mappings with Ko (f) < 3771,
Jacobian is never zero.

Theorem 11.2. [82, 19] Suppose that h : Q — R™ is a harmonic quasiconformal
map. If Ko(h) < 3", then its Jacobian has no zeros.

Theorem 11.3. Suppose h is a harmonic K-quasiconformal mapping from the
unit ball B™ onto a bounded convex domain D = h(B"), with K < 3"~1. Then
h is co-Lipschitz on B™.

We can generalize this result:

Theorem 11.4. Suppose that f : D1 — Dy, where D1,Dy C R™ and the
complement Dy has at least one point, is a harmonic K -quasiconformal mapping
with Ko(f) < 3", (or and that f belongs to a non-zero Jacobian family of
harmonic maps), then f is bi-Lipschitz with respect k-metrics.

This theorem is stated as Theorem 11.12 in Section 11.7 and it is also proved
by Shadia Shalandi [36].

In particular,
(A) f is Lipschitz with respect to k-metrics.

Note that (A) holds more generally without the hypothesis that f belongs
to a non-zero Jacobian family, cf. [34].

Theorem 11.5 ([34]). Suppose that @ C R™, f: Q — R™ is K-qr and Q' =
F(Q). Let 9 be a continum containing at least two distinct point.

If f is a vector harmonic map, then f is Lipschitz w.r. to quasi-hyperbolic
metrics on ) and §'.

2In that time, the author did not realized that quasi-hyperbolic metrics have important
applications and did not state this version which due to V. Manojlovic.
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11.3 Quasiconformal and HQC mappings between Lyapu-
nov Jordan domains

Although the following two statements did not get attention immediately
after their publication, it turns out surprisingly that they have an important
role in the demonstration of Theorem 11.8 (co-Lip), [20].

Proposition 17 (Corollary 1, Proposition 5 [29]; see also [27]). Ewvery e-
harmonic quasi-conformal mapping of the unit disc (more generally of a strongly
hyperbolic domain) is a quasi-isometry with respect to hyperbolic distances.

Theorem 11.6 ([28]). (ii.1) Suppose that h = f+7 is a Euclidean orientation
preserving harmonic mapping from D onto bounded convexr domain D = h(D),
which contains a disc B(h(0); Ry). Then |f'| > Ro/4 on D.

(#9.2) Suppose, in addition, that h is gc. Then lp > (1 —k)|f'| > (1 — k)Ro/4
on D

(ii.3) In particular, h=' is Lipschitz.

Further Kalaj [39] proved that

Theorem 11.7. Suppose h : D1 — D3 is a hqgc homeomorphisam, where Dy
and Dy are domains with CY* boundary.

(a)Then h is Lipschitz.

(b)If in addition Dy is convex, then h is bi-Lipschitz.

But this theorem in mind the following question:

Question 1: whether Quasiconformal and HQC mappings between Lyapunov
Jordan domains is co-Lipschitz?
is natural.

The proof of the part (a) of Theorem 11.7 in [39] is based on an application
of Mori’s theorem on quasiconformal mappings, which has also been used pre-
viously by Miroslav Pavlovié in [40] in the case D; = Dy = U, and a geometric
lemma related to Lypunov domains. It seems that using local version of the
interior estimate, Proposition 22, one can prove that the theorem holds if Dy
has C? boundary.

Note that our proof of Proposition 22 is not based on Mori’s theorem on
quasiconformal mappings, and a natural question arises:

Question 2. Whether a proof of Theorem 11.7(a) can be based on Propo-
sition 22.

It seems that we can use

Proposition 18. FEvery Lyapunov domain is exhausted by a monotonous sequ-
ence of C'*°-domains which are Lyapunov - uniformly bounded.

Theorem C. Let f be harmonic K-qc map of U onto a domain G which is
exhausted by a monotonous sequence of domains which are Lyapunov- uniformly
bounded. Then f is L- Lipschitz and we have explicit estimate for L. Outline
of proof of Theorem C:
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Resenje. Let w conformal and f be harmonic K-qc map of U onto C™* domain
G, r, =1-=1/n, U, = D(0;ry), G, = w(U,), ¥, boundary of G, V,, =
f~1(G}), ¥, conformal mapping of U onto V;, such that v,,(0) = 0 and ¢/, (0) >
0 and f, = fo,.

Let f, be Ly,-Lipschitz on U. An application of Theorem XX shows then
there are constants cg and Ly such that

Lypyn < co and L, < Lo.

Since v, (z) converges to 1 for every z € U, f is Lo-Lipschitz on U. A

As an application of Gehring-Osgood inequality[22] concerning qc mappings
and quasi-hyperbolic distances, in the particular case of punctured planes, we
prove

Proposition 19. Let f be a K-qc mapping of the plane such that f(0) = 0,
f(x) =00 and « = K=, If 21,20 € C*, |21| = |22] and 6 € [0, 7] (respec-
tively 6* € [0,7]) is the measure of convex angle between z1, 22 (respectively

f(z1), f(22)), then

0* < cmax{6“,06},
where ¢ = ¢(K). In particular, if § < 1, then 0* < 6.

We shortly refer to this result as (GeOs-BM). Through the paper we fre-
quently consider the setting (Uy.): Let h : U — D be K-qc map, where U is
the unit disk and suppose that D is Lyapynov domain. Under this hypothesis,
using (GeOs-BM), we prove that for every a € T = {|z] = 1}, there is a special
Lyapunov domain U,, of a fixed shape, in the unit disk U which touches a and
a special, convex Lyapunov domain lyp(D),, of a fixed shape, in D such that
lyp(D), C h(Us) C Hyp, where Hy is a half-plane Hj, which touches b = h(a).
We can regard this result as ”good local approximation of qc mapping h by its
restriction to a special Lyapunov domain so that codomain is locally convex”.
In addition if A is harmonic, using it, we prove that A is co-Lip U:

Theorem 11.8. Suppose h : U — D is a hqc homeomorphisam, where D is a
Lyapanov domain with CY* boundary. Then h is co-Lipschitz.

It settles an open intriguing problem in the subject and can be regarded as
a version of Kellogg- Warschawski theorem for hqc.

11.4 Quasiconformal solutions of poisson equations

In [35], Li Peijin, Jiaolong Chen, and Xiantao Wang proved the gradient of
Quasiconformal solutions of poisson equations are bounded under some hypot-
hesis. Using local version of the interior estimate, Proposition 22, we outline an
argument that their result holds without hypothesis (ii.2) (see below)3.

3 At this point it may seem that we use a heuristic approach, but we hope to fill details in
a forth-coming paper.
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We introduce the following hypothesis:

(i.1) Let g be a function from D to C with a continuous extension to the closure
D of D, and

(i.2) let f:S — C be a bounded integrable function on S and

(i.3) let Q be a Jordan domain with C? boundary.

Further, let
(ii.1) Dp—q(g) denote the family of solutions w : D —  of the Poisson equation
Aw = g, where w|S = f € L*(S) and each w is a sense-preserving diffeomorp-
hism. In [35], it is proved if Q is C? domain,

(ii.2) |Ou/0r| is bounded on D, where u = P[f], and
(ii.3) w belongs to Dp_qa(g), then w is Lip on D.

For example, it seems natural to ask whether we can weaken (or remove) the
hypothesis that |0u/dr| is bounded and whether we can weaken the hypothesis
that g is continuous on the closure of the unit disk. We suggest the procedure
to drop the hypothesis (il).

We study to which extent conformal theory can be extended to harmonic qc
mappings. It turns out that the following result is very useful.

Proposition 20 (Interior estimate). (Heinz-Bernstein, see Theorem 4’
[24]). Let s : U — R be a continuous function from the closed unit disc U into
the real line satisfying the conditions:

1. sis C? on U,
2. sp(0) = s(e') is C% and

3. |As| < ag|Vs|?>+bg, on U for some constants ag and by (the last inequality
we will call the interior estimate inequality).

Then the function |Vs| is bounded on U.
We call Theorem 4’ [24], the interior estimate of Heinz-Bernstein.
Proposition 21. If w belongs Dp_q(g), then |Vw| is bounded on D.

By hypotheses (i.1) and (ii.1), |Aw| is bounded on D, and w satisfies the
Poisson type inequality on D. It seems the idea? behind the proof is to use
local coordinates v to make the part of boundary of the image to lay on R
(a hyperplane if we work in space) whose 2-th coordinate is 0 and then to
apply inner estimate on 2-th coordinate of function % o u, which is 0 on the
the part of boundary of the unit disk . An application of Proposition 20 (the
interior estimate of Heinz-Bernstein) (more precisely the local version of Interior
estimate, Proposition 22 below) yields the proof.

4We discussed this shortly as a new idea at Workshop on Harmonic Mappings and Hyper-
bolic Metrics, Chennai, India, Dec. 10-19, 2009, see Course-materials [41].
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11.5 Further results related to the interior estimate
We can refine the methods of the proof of Theorem 4’ [24] to derive:

Proposition 22 (Local version of Interior estimate). Let s : U — R bea
continuous function from the closed unit disc U into the real line satisfying the
conditions:

1. x is C? on U,

2. |Ax| < ao|Vx|? + by, on V = V(r) = UnN B(wo,r), where wy = elo,
for some constants ag and by (the last inequality we will call the interior
estimate inequality) and

3. xo(0) = x(e%) is C% on the interval | = {e® : t € (tg—e,to+e)} = V(r)NT.

4. More generally x € L*(0,27), X' € L>(l) and the Hilbert transform of
H(X') € L>=(1).

Then there is 0 < r1 < r such that the function |Vyx| is bounded on V(ri) =
Un B(wo, 7’1).
If x is C%® on U, then the the corresponding version of this result holds.

The proof of this result will appear elsewere. Using Proposition 22, one can
prove:

Theorem 11.9. Let f be a quasiconformal C? diffeomorphism from the plane
domain  onto the plane domain G. Let v C 9Q and v¢ = f(ya) C 0G
be OV respectively C? Jordan arcs. If for some T € ~q there exist positive
constants r, a and b such that

IAfl <a|lVFP2+b, z€QnD(rr), (147)

then f has bounded partial derivatives in Q N D(1,r;) for some r. < r. In
particular it is a Lipschitz mapping in QN D(7, ;).

Under the stronger hypothesis that vg is C% this is proved in [25](and it
has been used there as the main tool).

11.6 the boundary regularity of Dirichlet Eigenfunctions

In communication with Yakov Sinai® (April 2016, Princeton) the following
question appeared:

Question S-M. What can we say about the boundary regularity of Dirichlet
Eigenfunctions on bounded domains which are C? except at a finite number of
corners®.

We have discussed the subject with Pier Lamberti who informed about nu-

merous literature related to this subject and in particular about items 1)-3).

5Abel prize Laureate 2014
Swe address this question as Y. Sinai’s question or shortly S-M question
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1) the eigenfunctions of the Dirichlet Laplacian are always bounded, not
matter what the boundary regularity is.

2) the gradient of the eigenfunctions may not be bounded. The typical
situation in the plane is as follows. If you have a corner with angle 3, then the
gradient is bounded around it if § < 7 and unbounded if g > .

3) An example: if Q is a circular sector in the plane with central angle S,
then for all n € N, Vo, € L®(Q) if 0 < f < m; if 7 < 8 < 27 then for all
n €N, Vo, € LP(Q) forall 1 <p < 52% and there exists an infinite number of
eigenfunctions ¢, such that Vo, ¢ LP(Q) if p > ;fﬂﬂ
This example is discussed in Example 6.2.5 in E.B. Davies, Spectral theory and
differential operators, Cambridge University Press, Cambridge, 1995.

For example, if  is C2, using the so called interior estimate one can show that
the Dirichlet eigenfunctions are Lipschitz.

In standard spectral theory for differential operators, the eigenvalue problem
for the Dirichlet Laplacian is defined as follows:

Find u € W;?(Q) (eigenfunction) and A € R (eigenvalue) such that

/Vu~Vg0dx:)\/ug0d:1:
Q Q

for all functions ¢ € Wy*().

We will call eigenfunctions in the above sense eigenfunctions for the Dirichlet
Laplacian (in SSTM; in standard spectral theory meaning) if there is possibility
of misunderstanding.

By w we denote a unique solution to the Dirichlet problem L(0,)w = f,
w e WJ(Q), where f € W'=™4(Q) with ¢ € (2,00). Here Wi ?(Q) is the
completion of C£°(€2) in the Sobolev space WhP(Q), 1 < p < oo, and W12 (Q)
with p’ = p/(p — 1) is the dual of Wé’p(Q). The operator L(9,) is strongly
elliptic and given by L(9z) = > g<p<om akﬁfﬁgm_k. We can apply Kozlov-
Mazya result:

Theorem 11.10 (Theorem 2, [26]). Let u be a solution of the Dirichlet pro-
blem for elliptic equations of order 2m with constant coefficients in an arbitrary
bounded plane convexr domain G. Then m-th order derivatives of u are bounded
if the coefficients of the equation are real.

Laplacian is elliptic equation of order 2. An application of Theorem 11.10
yield

Theorem 11.11. Suppose that the Dirichlet eigenfunction solution w € VVOL2 ()
and § is bounded plane convex domain, then we have that gradient of w is bo-
unded.
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11.7 Bi-Lipschicity of quasiconformal harmonic mappings
in n-dimensional space with respect to quasi-hyperbolic
metrics

By the distortion property of qc (see [21], p. 383, [37], p. 63), there are the
constants C, and ¢, depend on n and K only, such that

B(f(z),cxd,) C f(By) € B(f(z),Cudy), z € G, (148)

where d,(z) := d(f(z)) = d(f(z), 0G’) and d(z) := d(z, IG).

For definition od a non-zero Jacobian family see Definition 11.2 in Section
11.9 below.

Using our considerations in [34, 30, 32, 19], we can give a short proof of the
following result:

Theorem 11.12. Suppose that f : Dy — D3, where Dy, Dy C R™ and the
complement of D1 has at least one point, is a harmonic K -quasiconformal map-
ping with Ko(f) < 3", (or and that f belongs to a non-zero Jacobian family
of harmonic maps), then f is bi-Lipschitz with respect k-metrics.

In particular,
(A) f is Lipschitz with respect to k-metrics.

Note that (A) holds more generally without the hypothesis that f belongs
to a non-zero Jacobian family, cf. [34].

It seems that there is a simple proof of Theorem 11.12.

Resenje. Set r = r(z) = d(z,0D;) and R = R(fz) = d(f(z),0D2). Then, by
(148) (see also [30]), there is a constant ¢ such that

f(B(z,7(2)) D B(fz,c¢R(z)), z € D1. There there is a constant ¢y such that
r(2)Af(2) > cR(z), z € D1, and hence
(B) f is co-Lipschitz with respect to to quasi-hyperbolic metrics.

The following result completes the proof.

Theorem 11.13 ([34]). Suppose that Q@ C R™, f: Q — f() is harmonic and
K-qc.

Then h is pseudo-isometry w.r. to quasi-hyperbolic metrics on ) and Q' =
F(). In particular, it is Lipschitz with respect to k-metric.

A

By J(z) = J¢(2) = J(f, 2) we denote the Jacobian determinant of f at z.
The above consideration also shows that
(C) 7(2)J 7 () ~ R(z), z € Dy.

After writing a version of this manuscript we received information about
Shadia Shalandi work, see [36]. She also proved Theorem 11.12. Note that in
her formulation the hypothesis that the complement of D; has at least one point
is missing.
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11.8 On harmonic K-quasiconformal map on H"

Given Riemannian manifolds (M, g), (N,h) and a map ¢ : M — N | the
energy density of e(¢) at a point x in M is defined as

1
e(6) = 5lldgll*.

The energy density can be written more explicitly as

e(¢) = %traeeg ¢*h.

The energy of ¢ on a compact subset K of M is

EK<¢>=/K ) dvy = /Hd¢>H dv,,

where dvg denotes the measure on M induced by its metric.

Using the Einstein summation convention, if the metrics g and h are given
in local coordinates by g = Zgijdwidxj and h =) hagdu“duﬁ, the right hand
side of this equality reads

Lo 09~ 09P
Y
e(?) 29 hagp P oxt 9z

We define the tension field 7(u) of u by coordinates
T(u)” = Agu” + gijfg’ﬁ o uufuf , (149)

where Ay is the Laplace-Beltrami operator on M and I‘g’ﬁ are the Christoffel
symbols on N. The Euler-Lagrange equation for this energy functional is the
condition for the vanishing of the tension, which is, in local coordinates given
by (149), 7(u)” = 0.

If H™ is identified as {(z!,...,2™) : 2™ > 0} with the metric:

1
(zm)?

then the tension field of u is given by

g ((dz)? + - (da™)?)

9 m—2 2 v m
T(U)V = (l,m) (Aoy ( )2 y’m - W<v0y ,VQy >)

for1 <v<m-—1, and

m—1
m m m m—2 m 1 v m
T(u) = (SE )Q(Aoy - ($m)2 Ym T (y’m)Q(Z \Voy |2 - |V0y |2)7
v=1

where Vj is the Euclidean gradient and Ag is the Euclidean Laplacian.
In [32], we proved:
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Proposition 23. Suppose that f has continuous partial derivatives up to the
order 3 at the origin 0 and that f : U(0) — R™ is K-qc, where U(0) is a
neighborhood of 0 in R™. If Ko(f) < 3"71, then J(f,0) # 0.

In particular, if g is analytic (more generally C®)(U(0)) or g only has partial
derivatives up to the order 3), and if g is K-qc with Ko(g) < 3”71, then J(g,0) #
0.

The result of the next proposition is based on Proposition 23.

Proposition 24. Let F be K-qc hyperbolic harmonic mappings of H™ with
respect to the hyperbolic metric. If K < 3"~ ', then f is a quasi-isometry.

Tam and Wan, [38], 1998, proved the result if K < 271,

Resenje. We follow their argument. Suppose that there is a sequence of points
x, € H", such that e, (F)(z,) — 0 as n — oo. Let o € H" be a fixed point
and A, and B, be isometry such that A, (o) = x,, and B, (F(z,)) = o. Then
un = Bp o F o A, are harmonic maps such that e(u,)(0) = 0 as n — co. A
subsequence of u,, converges uniformly to a K-qc hyperbolic harmonic mappings
u with u(0) = o and e(u)(0) = 0. This contradicts the statement of a version of
Proposition 23 for C® mapping, cf. also [31]. VAN

11.9 Appendix

11.10 Some definitions and results

Let © € R" and RT = [0, oo) and f, g : © — RT. If there is a positive
constant ¢ such that f(z) < cg(x), = € Q, we write f < g on Q. If there is a
positive constant ¢ such that

S90) < f@) < cglo), weQ,

we write f = g (or f < g ) on Q.
Let G C R? be a domain and let f : G — R%, f = (f1, f2), be a harmonic

mapping. This means that f is a map from G into R? and both f; and f, are
harmonic functions, i. e. solutions of the two-dimensional Laplace equation

Au=0. (150)

The above definition of a harmonic mapping extends in a natural way to the case
of vector-valued mappings f: G = R"™, f=(f1, ..., fa), defined on a domain
G CR™ n > 2. Let h be a harmonic univalent orientation preserving mapping
on a domain D, D’ = h(D) and dy(z) = d(h(2),0D"). If h = f + g has the
form, where f and g are analytic, we define A, (2) = D™ (2) = |f'(2)] — |9’ (2)],
and Ay (2) = DF(2) = [f'(2)| + |9'(2)]-

Theorem 11.14. Let (f;), fj : Q@ — R™, be a sequence of K-quasiconformal
maps, which converges pointwise to a mapping f : Q — R™. Then there are
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three possibilities:

A. [ is a homeomorphism and the convergence is uniform on compact sets.

B. f assumes ezxactly two values, one of which at exactly one point; covergence
is not uniform on compact sets in that case.

C. f is constant.

Definition 11.1. We say that a family F of maps from domains in R™ to R™
is RHTC-closed if the following holds:

o (Restrictions) If f : Q@ — R™ is in F, Q' C Q is open, connected and
nonempty, then flo € F.

e (Homothety) If f : Q— R" isin F, a € R, a > 0 then g : Q — R™ and
h:afl— R™ are in F, where g(z) = af(z) and h(z) = f(z/a).

e (Translations) If f : Q +— R™ is in F, t € R", then g : Q — R™ and
h:t+Q— R" are in F, where g(z) =t + f(x) and h(z) = f(z —1).

o (Completeness) If f; : Q— R"™, j € N are in F, (f;) converges uniformly
on compact sets to g : Q — R™, where g is non-constant, then g € F.

For instance, families of harmonic maps and of gradients of harmonic func-
tions are RTHC-closed. Also, due to Theorem 11.14, for any given K > 1, a
subfamily of K-quasiconformal members of a RTTHC-closed family is also RTHC-
closed.

Definition 11.2. We say that a family F of harmonic maps from domains in
R™ to R™ is non-zero Jacobian closed, if it is RHTC-closed and Jacobians of all
maps in the family have no zeros.

Note that uniform convergence on compact sets in the case of harmonic maps
implies convergence of higher order derivatives, via Holder and Schauder apriori
estimates (see [23], pp. 60, 90). This is related to elliptic regularity and holds
for more general elliptic operators, and not just Laplacian, so that this method
applies in that more general setting too.
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