Chapter 1

Notes on Differential operators

We use the standard notation for multi-indices. Set

0 =Np x Ny x ... x Ny,

n—times

where Ng = NU {0}. Let a = (a3, a2, ..., ay) € Njj. Define

n
te] ::Zai:al—i—ag—i—...—i—an.
i=1
For any pair of multi indices & = (a1, a2, ..., ), 8= (B1,52,...,Bn) define their sum as
a+f:=(a1+Bi,a2 + Ba, ..., an + Bn)

and each pair is ordered by the relationship

a<Ba;<p, (1<i<n)

For x = (z1,...,2,) € R™, set
¥ i=afted? .
and
0% =01 05%...00m,
where
. o%i )
oY = 5 (1<i<mn).
i
In other words,
oled
aoz

0z 0x5? ... Oxp™

For X C R", then C°(X) or D(X) stands for the usual notation of the set of infinitely differentiable
functions which have a compact support and Li (X) for the set of locally (Lebesgue) integrable

loc

functions in X. If V' a vector space on C, then a linear functional(on V) ia a homeomorphism
u: V — C. Linear forms (on V') become a vector space Hom(V,C) by acting on elements ¢ € V as

follows:
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1. {cu,¢) = c(u, ¢), Ve € C, u € Hom(V,C), ¢ € V.
2. (u+u,d) = (u, @) + (v,6), Yu,v € Hom(V,C), ¢ € V.
Distributions are linear functionals acting on the vector space V = C°(R") = D(R).

Definition 1.0.1. We define as Schwarz’s space the set

S(R") ={¢:R" - CorR : Yo, € NI, sup |2°90%¢(z)| < oo}.
zER™

The elements of S(R™) share the property that lim|,|_o [£70%¢(z)| = 0 and thus we call this
set as the set of rapidly decreasing functions. S(R™) is equipped with the following norm: for k € N
and ¢ € S(R™), we set

I Ix: S(R") - R,C with ||¢||xr = max sup |x500‘q§($)|
|a|+|B|=k zeRn

In addition, we obtain the metric

16— llx

=1
d: S(R™ S(R™ R, C ith d - 26 1+ o — ol
(R") x S(R") — R, wit (¢, %) l;)Qk 14|l — |k’

(¢, € S(R™)).
Definition 1.0.2. Let ¢ € S(R™). For o, 8 € 27} we set
I¢lla,s = sup |270%¢(x)|.
zER™

We say that a sequence on (¢n)n C S(R™) converges to the function ¢ on the space S(R™) if for
a, B € Z1 we have ||¢n — ¢lla,pg — 0, i.e.

sup |270%(¢n (@) — ¢(x))| = 0.
TER™
A linear form u : S(R™) — C is called continuous if there exist a constant C > 0 and k,m € Z
such that
(ol <C > sup [°0°¢|=C 3 |6l (1.1)

la|<m,|8|<k "SR" ol <m,|B|<k

The linear continuous functionals on the space S(R™) are called tempered distributions. The set of
all tempered distributions is denoted (S(R™))" and it is the dual space of S(R™). Schwarz’s space
shares some well known properties which we now state. Proofs of these results can be found on any
book about distributions, such as [3].

(i) C*(R™) c S(R") and D(R) = S(R™).
(ii

(iii

)

) S(R™) is complete.

) S(R™) C LY(R™).

(iv) A linear form u on S(R™) is continuous if and only if it is sequentially continuous: if (¢n)n C
S(R™) such that ¢, — 0 in S(R™), then (u, ¢,) — 0.



1.0.1 The Fourier transform

Division of a distribution by a polynomial in dimension 2 gives rise to some divergent boundary
integrals. In order to express the elementary solution derived from the division in terms of the
dual space of tempered distributions, we use the well known Fourier transform. Thus, for the
sake of completeness, we outline some of the basic properties for the Fourier transform and we use
throughout this thesis.

Definition 1.0.3. Let f : R" — C be a function. We call as the Fourier transform of f the function
f=F(f) :R* = C with

A ) = / e 2T £ (1) d, (1.2)
where X - x = (A x) = > Nxi, if A = (A,...,\n) and © = (21,...,2y,). The inverse Fourier
transform of f is the function G = G(f) : R™ — C with

~

x— G(x) = /n eZTAT £(X\) dA. (1.3)

We can define as f = F(f):R™ = C the

~ 1

A= f(A) = W /n 6_2”’\‘1]‘(,@) dx (1.4)

and G = G(f) : R™ — C respectively.

z v G(x) = (2;)%

/ e2™NT £(\) dA. (1.5)

Theorem 1.0.1. Let f € S(R™) and f its Fourier transform. Then, f € C>®(R™) and for A =
(A, An) €R™ we have

of ey

a—)\j(k) = (—iz; f(2))(A)
and -

Mjf(x)g—{j, jef1,2,...,n}
In general, for o € Z, we have
(=)0 F () = G () (16)

and . N

(02 )(A) = @A) F(N). (1.7)

1.0.2 Differential operators

Let I be a finite index set. Let X C R™ open. Let (ga)acr C C°(X) a sequence of functions. We
call a Linear Differential Operator with C°° coeflicients the sum

P(z,0) = Z Ga(x)0%.

acl
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If n =1 or n > 1, then this operator is called normal or partial respectively. The maximal element
m of the set I is called the order of P, ie. the element m := max{|a| : « € I}. Therefore, the
operator P takes the form

P(z,0) = Z Ga(x)0%. (1.8)

la|<m

where m is the least number such that there exists (at least) one g, # 0, where « € I with |a| = m.
Thus, P is a function from the space D(X) to itself. Tt is also sequentially continuous. In result, the
correspondence u 2\04 <m Ja(x)0%u is sequentially continuous and thus for u € D’'(X), we have
that ngm go(2)0%u belongs to the space D’(X). Specifically, (for u € D'(X)) Pu is given by the
following action

(Pu, ¢) = <u > (1)“'8a(ga¢)>, (¢ € D(X)).
lal<m

The operator

o 3 (-1)10%(ga0)

la|<m

is called the adjoint (operator) of P. Let P be a linear partial operator as in (1.8). We call the
operator L, given by

Ly = Z ga('r)ga

|la]=m
as the principal part of P. The function
P(z,¢) := Z Ja(2)€ : X xR" - C
la|<m
is called the principal symbol of P. We call
op(@,) = Y gal)¢"
la]=m
the main symbol of P. Note that by the Theorem of Leibniz, we have for f € C*°(X) and u € D'(R"),

P, d)(fu) = Y LLP (2, 0);,

a>0

where P(®)(z,0) is a linear partial operator with symbol P(® (z, &) = 9g P(x,&). We now extend
the meaning of a linear differential operator in many dimensions. Let N > 1 integer. Consider the
function

D(X) = (D'(X)N  with ¢ (u,¢) == ((ur,d),. .., (un,d)).
Here, (D'(X))" stands for D'(X) @ ... ®D'(X). Let

N —times

P11 Plg

N Py ... ngg
P=(Peo)i=1=| . ,

P ... Pyy



where Py ¢, (k,¢ =1,...,N) are linear differential operators with C* coefficients. Then, we obtain

(D(X)H)N = (D(X)N with w:= (u1,...,uy) <Z Pk,g(x,a)w>
=1 k=1,...,.N

Here, u = (u1,...,ux) acts (D(X))" as follows:

(DEOYY = (DX with ¢ = (¢1,--..dn) = (u,d) = D {ur, ér)-

(=1

Thus, P is defined by
(Pu,¢) = (u, "Po),

where !P is the conjugate of P, i.e.

tP11 c. tPLg
tp ‘P
21 DR 2.0
t _(t N _ ’
P=("Peo)io—r=| .
'Poy ... 'Puy

Proposition 1.0.1. Let P(x,0,) a linear differential operator of principal symbol P(x,§). Then

— -~

(P(z,0:)f) (&) = P(=0¢,€)f(£)

and

o~

P(&,06) [ (€) = [P(0s, —2) f(2)](£).

PROOF Follows from linearity and the following identities: for every o € Z7} :
(_ag)aef%rix{ _ :L,aef27riz-£ and a;ceZﬂix{ _ é-ae%rix{

Some notation Let P(z1,...,x,) be a polynomial if n variables. Then, by P(9) = P(D) we
y 0

denote the linear partial differential operator which occurs under the ’identification’ 5- = Ox; «

z;, i=1,2,...,nin P, ie. '
0 0
ppy=pr (L. ... L),
(D) <ax1’ ,axn)
For example, if P(z,y, z) = 9ix?y + x23y + zx, then

o3 ol 0?

P(D) = 9i 0x0xdz * 020202020y * 020z

With C[04, . ..,0,] = C[0] we shall denote the set of all linear partial differential operators.

Definition 1.0.4. Let P be a polynomial in R™. If g is a function in R™, then every u € D'(R™) which
solves the D.E. P(D)u = g is called a weak solution of P(D). The same holds for g € D'(R™). In
the case where g = 4, i.e. the Dirac distribution, then every u which is a solution of P(D)u = 6, will
be called a fundamental solution of P(D) € C[d].
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Remark 1.0.1. (i) The zero linear partial differential operator cannot have a fundamental solu-
tion. The constant linear partial differential operator P(D) = ¢ € C, has a unique fundamental
solution: v = %5. Thus, a fundamental solution cannot exist in Llloc.

(ii) If g € D'(R™), then P(D)u = g means

(P(D)u, ¢) = (9,¢)

for every ¢ € D(R™). If g = 6, then P(D)u = § means

(P(D)u, ¢) = (,9) = ¢(0)
for every ¢ € D(R™).

(i11) If v € D'(R™) is a fundamental solution for P(D) (i.e. P(D)v =4), then for every ¢ € D'(R™)
we have

v (P(D)¢) = P(D)(v*¢) = (P(D)v) xdp =6%¢ = ¢.
Thus, if ¢ =5, then
v* (P(D)§) =46

therefore v is the inverse convolution of P(D)d with support the singleton {0}. If v € §'(R™)
then the Fourier transform of v is

9-P=65=1,
i.e. it is the multiplicative inverse of the polynomial P(\).

() If g € D(R™) and v € D'(R™) a fundamental solution of P(D), then by setting u = v * g, we
obtain

P(D)yu=P(D)(vxg)=(P(D)v)*xg=dxg=g (1.9)

and thus v * g is a solution (under the usual sense).

Another theorem Mckibben uses to solve some Cauchy initial value problems is the Cauchy—Kowalevski
theorem and is about the existence of solutions to a system of m differential equations in n dimensions
when the coefficients are analytic functions.

Theorem 1.0.2. If F' and f; are analytic functions near the origin, then the non-linear Cauchy
problem

OFh = F(x,t,0{0%h), wherei < kand || <k—i
with initial conditions
Oh(z,0) = fi(x), 0<i<k
has a unique analytic solution near the origin.
This Theorem guarantees the (local) existence and uniqueness for analytic partial differential

equations associated with Cauchy initial value problems but is very restrictive, since we require the
analyticity of the coefficients.



1.0.3 Principal Values and Finite Parts of Integrals
The function f, : R — R (o € R) with 2 — f,(x) := 2 belongs to the space L} (R) for a > —1

loc
and it therefore defines a distribution. For a = —1, we define as the Cauchy Principal Value Integral

and denote with PV (1) the element of Hom(D(R);R)
1
¢— PV (—) (¢) =:= lim Md:c.
v TOMa>e T

We can easily see that

: ¢(x) ¢(x) — (=) /
1 ——dx = dr = dr | d
0 S fase © /[o,oo> fC ’ /[o,oo> </[1,11¢(m) T) ’

) : D(R) — C defined via the Cauchy Principal

Theorem 1.0.3. Let xg > 0. The map PV(

Value as

1
r—Io

¢»—>PV( ! )(¢)= lim 0@ gy

T — X9 e—0t lo—zo|>e T — Xo
is a distribution called the Cauchy Principal Value distribution.

Definition 1.0.5. If f € C*(R) and o > 0 such that the Cauchy Principal Value Integral
PV (fb fz) d:c) exists for x € [a,b], then the Hadamard Finite Part Integral is

a r—xgo
d b
£ <PV l J@ 4, ) . (1.10)
(1.10) can also be expressed via the € notation as

dx T — g
: T f@) b @) 2f (wo)
61~1>I(I)1+ l/" (x — x0)? do+ /IUJrE (x — )2 du = € 1 ’

For higher powers of z, the same idea won’t work as divergent terms appear under the sign of
integration. We overcome this obstacle by discarding those boundary terms that tend to become
infinite (the idea is due to Hadamard): we define the (Hadamard) Finite Part of L., (n € N, n > 2)

xn?

dx.

n—2
FP <i> (¢) := lim P(z) — > ko o) (0)*
z" =0 J{jz|>e} z"

The above expression is a distribution and in fact one can prove that if w € D’(R) such that 2"u =1
(in the sense of distributions), then

n—1

1
u=FP <.T_n) + Z Ckaék)(go,

k=0

where ¢, € C and 6, is the Dirac Delta function. Specifically, we have the following theorem the
division problem in the one dimensional real case:
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Theorem 1.0.4. (i) Ifu € D'(R) and 2™u = 0, then

where ¢; € C, fori € {1,2,...,m —1}.
(ii) If v € D'(R) is given, then there exists a u € D'(R) such that
M =v.

Hence, if w is any solution of the problem x™wu = v, then the general solution of the problem is

of the form
m—1

u=w+ chaj&

=0

In order to prove this, let ¢ € S(R) and P as above such that ¢ does not contain any other zeroes
of P. The Taylor expansion of ¢ around x = g of order m = min{n,a:n € N, n>a—1}is

ml () (g _
o0 =Y T ) 4 Rao)

where R, is the remainder of the expansion. Then, it is easy to prove that the correspondence

1 [ Ru(x) N
(7)a,¢> -—/m ———d (1.11)

(x — xg , (x—mg)2

is our distribution.
The study of the division problem in dimensions n > 2, using the method of Mckibben, requires the
following formula, which is essentially Green’s formula on Linear differential operators:

Theorem 1.0.5. Let (M,g) be a compact oriented Riemannian manifold with boundary. Let E, F
be two Hermitian bundles over M and let P : S(E) — S(F) be a linear differential operator of order
m. Then, there is a sesquilinear map G¥ : S(E) x S(F) — C*°(M;C) such that for every pair of
sections (u,v) € S(E) x S(F), the following formula holds

/M(Pu,v> _ /M<u,P*v) + [ @),

Here, we only need the following version of the above theorem:

Theorem 1.0.6. Let u,v € C™(R™) (where m is a positive integer) and let U C R™ with sufficiently
smooth boundary. Let P a linear differential operator of order m. Then

/ vPudx . ..dx, = / uwP*vdxy . ..dx, + G(u,v)do,
U U U

where do is the volume element of the boundary of U and G is a function on the boundary of U such
that its value on and point of the boundary depends only on the direction of the normal vector to the
surface and on the values of w,v and their derivatives of order < m — 1.



Both Theorems represent integration by parts. Note also, that both Theorems still hold if we
replace the adjoint operator with its complex conjugate one.

Definition 1.0.6 (Characteristic hypersurface). Let S be the hypersurface in R™ defined by the
equation s(x) = 0, where s is a smooth function. Suppose that Vs(x) # 0, for each x € S. Let P a
linear differential operator of order m. If Py, (x,Vs(x)) =0Vx € S, then S is called a characteristic
surface or a characteristic for the operator P. In the opposite case, S is called non-characteristic.

Since at some point of this thesis we shall stumble upon some Cauchy initial value problems, we
outline the relationship between characteristic surface. Let S be the hypersurface in R™ defined by
the equation s(z) = 0, where s is a smooth function. Let fi,4 = 1,2,...,m be sufficiently smooth
functions defined in a sufficiently small neighborhood U of a point zy € S. Let P a linear differential
operator of order m. The Cauchy problem for the unknown function f; is

P(z,0:)f =g (z € U)
_ ntr _ -
[ =5, g&=r1 = fi-1, fori=23,....m (z€8)
where g is a given function, and n is an orthonormal to the hypersurface S vector. Assume without
loss of generality that %ST(U”) # 0, Va € U. Then by performing the change of variables

Yi = Ty, 1=2,3,...,n—1, yn:S('T)a
P(x,0.)f =g (x € U) is equivalent to

am

%’Eﬁr) +terms = g, (1.12)
where ’terms’ do not involve partial derivatives of f of order m (with respect to the variable y,,). If
the hypersurface S is characteristic, then the above Cauchy problem becomes very complicated. In
the opposite case, i.e. if Py, (x,Vs(x)) # 0, Vo € U, then we can divide (1.12) by P, (z, Vs(x)) and
obtain the equivalent initial conditions

aif(ylv -y Yn—1, 0)
Ay,

P, (z,Vs(z))

:fi(yla-'-aynfl), 1 =1,2,...,m.

Furthermore, if the coefficients of P, function f and the vector function (f1,..., fn) are real analytic,
Theorem (1.1.2), guarantees the existence of a unique solution of this problem in the class of real-
analytic functions in a sufficiently small neighbourhood of a point x, of U. For more, see [20].

Definition 1.0.7. Let U C R"™ open. Let P(x,0;) a partial diff. operator of order m. Given a point
x, € U, the vectors & satisfying

are called the characteristic vectors of P at xg. The hypersurface (in the {—plane) consisting all
characteristic vectors of P at xg is called the characteristic cone at xg.

The characterization ’cone’ stems from the fact that P, is homogeneous (of degree m) and thus
(1.13) remains invariant under rescaling by a complex number.

Definition 1.0.8. Let P(x,0,) a partial diff. operator acting on the space C*°(U), where U C R™
open. Then, P(x,0;) is called elliptic if

Po(20,8) #0, VE#0, Ve x € UL (1.14)

It is clear that the characteristic cone at any point zy of an elliptic operator degenerates to a
single point, i.e. £ = 0.



