LECTURE NOTES FOR MATH 222A

SUNG-JIN OH

These are (evolving) lecture notes for the graduate PDE course (Math 222A)
at UC Berkeley in Fall 2023. The principal references are: [Eval(], my previous
lecture notes for Math 222A, and [H03).

1. INTRODUCTION TO PDES

At the most basic level, a Partial Differential Equation (PDE) is a functional
equation, in the sense that its unknown is a function. What distinguishes a PDE
from other functional equations, such as Ordinary Differential Equations (ODEs),
is that a PDE involves partial derivatives 9; of the unknown function. So the
unknown function in a PDE necessarily depends on several variables.

What makes PDEs interesting and useful is their ubiquity in Science and Math-
ematics. To give a glimpse into the rich world of PDEs, let us begin with a list of
some important and interesting PDEs. Among the equations below, those that we
will study in detail in this course are boxed.

1.1. A list of PDEs. We start with the two most fundamental PDFEs for a single
real or complez-valued function, or in short, scalar PDEs.
e The Laplace equation. For u: R? — R (or C),

d
Au =0, where A= Z@?
i=1

The differential operator A is called the Laplacian.
e The wave equation. For u: R'*% — R (or C),

Ou=0, where d=—-0;+A. ‘

Let us write z° = ¢, as the variable ¢ will play the role of time. The differential
operator [ is called the d’Alembertian.

The Laplace equation arise in the description of numerous “equilibrium states.”
For instance, it is satisfied by the temperature distribution function in equilibrium;
it is also the equation satisfied by the electric potential in electrostatics in regions
where there is no charge. The wave equation provides the usual model for wave
propagation, such as vibrating string, drums, sound waves, light etc. Needless to
say, this list of instances where these PDEs arise is (very much) non-exhaustive.

The Laplace and wave equations are important not only because of their ubiquity,
but also because they are archetypical examples of major classes of PDEs, called
the elliptic and hyperbolic PDEs. We will see more examples soon.
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Let us continue with our list of fundamental scalar PDEs.
e The transport equation. For v : R? — R (or C), and b: R — R

ijajuzo.
J

This equation (and its variants) models phenomena that are transported by
the vector field b.
e The heat equation. For u: R'*? — R (or C),
(8t - A)'LL =0.

The heat equation is the usual model for heat flow in a homogeneous isotropic
medium. It is prototypical of parabolic PDEs.
e The (free) Schrodinger equation. For v : R'*? — C and V : R'T? — R,

(10— A+ V)u=0.|

The Schodinger equation lies at the heart of non-relativistic quantum me-
chanics, and describes the free dynamics of a wave function. It is a prototypical
dispersive PDE.

Although these two equations formally look similar, their solutions exhibit wildly
different behaviors. Very roughly speaking, the heat equation has many similarities
with the Laplace equation, whereas the Schrodinger equation is more similar to the
wave equation.

Next, let us see some important examples of PDFEs for vector-valued functions,
or in short, systems of PDEs.

e The Cauchy—Riemann equations. For v : R2 - R, v : R? = R,
Ozu — Oyv = 0,
8yu + 33411 = 0.
This is the central equation of complex analysis. Indeed, a pair of C' functions
(u,v) satisfies the Cauchy-Riemann equation if and only if the complex-valued
function u + v is holomorphic in z = x + iy. Also note that if (u,v) obeys the

Cauchy—Riemann equation, then u and v each satisfy the Laplace equation.
e The (vacuum) Maxwell equations. For E : R1™2 — R? and B : R1™3 — R3,

-0E+V xB =0,

3tB +VXE= O,

V-E=0,

V-B=0.
This is the main equation of electromagnetism and optics. Note that if (E, B)
solves the Maxwell equations, then each component of E and B satisfy the wave

equation, i.e., OB/ = 0 and OB’ = 0.
All equations mentioned so far have in common the property that they can be
formallyﬂ written in the form

1Here, the word formal is used because, at the moment, F[u] makes sense for sufficiently
regular functions. We will explore ways to extend this definition later in the course, when we
discuss the theory of distributions.



where F is an operator that takes a function and returns a function, which is linear
in the sense that

Flau + pv] = aFu] + SF[v]

for any real (or even complex) numbers «, 8 and functions u,v. For this reason,
they are called linear PDEs. Given a linear operator F[-|, the equation Flu] = 0 is
said to be homogeneous associated to F, and any equation of the form Flu] = f is
called nonhomogeneous (or inhomogeneous). The inhomogeneous Laplace equation,

Au=f
has a special name; it is called the Poisson equation.

It turns out that many important and interesting PDEs are nonlinear. Let us see
a few key examples from Geometry and Physics. To relate with the previously listed
fundamental PDEs, the type of each nonlinear PDE (elliptic/hyperbolic/parabolic/
dispersive/transport) will be indicated. However, we will refrain from actually
defining what these types are, since it is one of those concepts that become counter-
productive to make precise. It is sufficient to interpret the type as an indication of
which of the fundamental PDEs the PDE at hand resembles the most.

We start with nonlinear scalar PDFEs.

e Burgers equation. For v : R'*! — R and v > 0,

O + udyu = I/E)gu,

This PDE arises from gas dynamics; it is parabolic if v > 0, and similar to the
transport equation if v = 0. This is perhaps the simplest nonlinear PDE. But
despite its simplicity, we will see that it already contains many interesting non-
linear phenomena! Its study will form a useful guide for understanding nonlinear
PDEs in general.

e Hamilton—Jacobi equation. For v : R¢ — R,

‘8tu—|—H(t,x,Du) 207‘

where H : R x RY x R? — R is called a Hamiltonian. This is the PDE that
underlies both classical mechanics and geometric optics. It is similar to the
transport equation.
e Minimal surface equation. For u: R? — R,
4 9udiu
] 9. —
Au — Z m&laju =0.

ij=1

This is the PDE obeyed by the graph of a soap film, which minimizes the area
under smooth, localized perturbations. It is of the elliptic type.
e Korteweg—de Vries (KdV) equation. For u: R'Tt — R,

Ou + 8§’u — 6ud,u = 0.

This PDE arises in the study of water waves. It is of the dispersive type.

Finally, let us turn to interesting examples of nonlinear systems of PDEs.
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e The compressible Euler equations. For p: R!*% - R, u: R!*? — R? and

E:RYf? S5 R,
d
Op + Zﬁj(puj) =0,
j=1
d
ai(pw!) + " dh(pwlu® + 67 p) =0,
j=1
d
Oi(pE) + Y 0;(p0’E + pu’) =0,
j=1

where 6% is the Kronecker delta. This is the basic equation of motion for gas (or
more generally, compressible fluids) dynamics in the absence of viscosity. Here,
p is the gas density, u’ is the velocity, and p is the pressure. The specific total
energy E consists of

1
E = 5‘11‘24’8,

where %|ul|? is the (specific) kinetic energy and e is the specific internal energy.
For a single gas, the specific internal energy is given as a function of p,p by
physical considerations, i.e., e = e(p, p). For instance, for an ideal gas,

e(p,p) = where v > 1 is a constant.

N
ply—1)’
e The Navier-Stokes equations. For u: R'*¢ — R?,

d
o’ + Zak(ujuk + 67Fp) = A,

j=1

d
Z ﬁkuk =0.
k=1

This is the basic equation for incompressible fluids (like water). It may be clas-
sified as parabolic PDE. The question whether every solution that is smooth at
t = 0 stays smooth for all time is an (in)famous open problem.

The last two examples require a bit of differential geometry to state properly,
but they are very amusing.

e The Ricci flow. For a Riemannian metric g on a smooth manifold,
Oigjk = —2Ric;i[g]

where Ric;y, is the Ricci curvature associated with gjy; technically, Ric;y, is given
in terms of g;; by an expression of the form

Ric;[g] = (710’ + (g~ )og(g™')og,

where (g7!) denotes the inverse (as a matrix) of g. The Ricci flow is a parabolic
PDE, which played a major role in the Hamilton—Perelman proof of the Poincaré
conjecture.



e The (vacuum) Einstein equations. For a Lorentzian metric g (i.e., a sym-
metric 2-tensor that defines a quadratic form of signature (—,+,--+) on each
tangent space) on a smooth manifold,

) 1
Ricj[g] — S8k =0,

where Ric;y, is the Ricci curvature associated with g and R = Z;l k=0 gijicjk.
This is the central equation of General Relativity.

1.2. Basic terminologies. Let us cover some often-used terminologies in PDE.

e Multi-index notation: a = (ai,...,a,). For y = (y',...,9") € R, y* =
(yh)er - (y")®». When n = d, 0% = 9{*...95* (or D™ may also be used).
|a] = a1 + ...+ «, is the order of D®.

e The order of a PDE (resp. differential operator F) is the order of the highest
order derivative that occurs in the PDE (resp. differential operator F).

e The following classification of nonlinear PDEs is commonly used (from simple to
intricate):
— Semilinear: If the PDE is linear in the highest order derivative with coefficients

that does not depend on wu, i.e.,

Z ao(z) D% + b(D* tu, ..., Du,u,z) = 0.
la|=k

— Quasilinear: If the PDE is linear in the highest order derivative with coefficients
that depends on at most k — 1 derivatives of u, i.e.,

Z ao(D*Yu, ..., Du,u,z)D + b(D*u,... Du,u,z) = 0.
|| =k

— Fully nonlinear: If the PDE is nonlinear in the highest order derivative.

1.3. Basic problems and concepts. Now that we have seen some examples of
important and interesting PDEs, let us discuss the basic problems for PDE and
themes that often arise in their study.

When we solve a PDE, we want to find not just any solution, but a meaningful
one. To achieve this, we prescribe data for the solution in various ways. Some
important examples are:

e Boundary value problems. For a PDE posed on a domain U, data are typi-
cally prescribed on the boundary oU.
— Dirichlet problem

Au=fin U, wu=gondU.
— Neumann problem
Au=fin U, v-Du=gondU,

where v is the unit outward normal to OU. By the divergence theorem, we need
to require that |, vf= /. su 9- Two solutions should be considered equivalent if
they differ by a constant.
e Initial value problem (Cauchy problem). For evolutionary equation, the
basic problem is to start with data at the initial time ¢ = 0, and find a solution
that agrees with the data at t = 0.
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In the case of heat and Schrodinger equations, we only need to prescribe the
initial data for u, since they are first-order in time.

(0 — A)u= fin [0,00) x R, w=gon {0} x RY,
(10 —A+V)u=finRxRY u=gon {0} xR

In the case of the wave equation, which is second-order in time, we need to
prescribe the initial data for both v and O;u:

(=0} —Au=finRxR% wu=gand dyu=hon {0} x R%.

The admissible boundary (or initial) data for a PDE is often dictated by its physi-
cal /geometric origin.

A boundary (or initial) value problem is said to be well-posed if the following
three conditions hold:

e Existence. For each set of data, there exists a solution.
e Uniqueness. For each set of data, there exists at most one solution.
e Continuous dependence. The data-to-solution map is continuous.

To precisely formulate a wellposedness statement, we needs to specify the function
spaces for data and solutions. When any of the above properties fail, the boundary
(or initial) value problem is said to be ill-posed.

According to this terminology, the Fundamental Theorem of ODEs (often also
referred to as the Picard-Lindel6f theorem) furnishes a general local(-in-time) well-
posedness statement for ODEs. Let us recall this theorem as a reminder:

Theorem 1.1 (Fundamental Theorem of ODEs). Consider the initial value prob-
lem for an ODE for x : R — R"™ of the form

Ox = F(t,z(t)) fort € R,
x(0) = xp,

where F : R x R" — R", (t,z) — F(t,z) is continuous in (t,x) and Lipschitz in
(i.e., |F(t,x) — F(t,y)| < C(t)|z —y| for some 0 < C(t) < o). Then there exists
an interval J 3 0 such that there exists a unique solution x : J — R™ to the initial
value problem on J.

Perhaps the most simple notion of “solving a boundary/initial value problem”
is to find a closed formula that represents the solution in terms of the data (rep-
resentation formula). However, such a formula is available only for very special
PDEs. Even for the four fundamental linear scalar PDEs listed above (the Laplace,
wave, heat and Schrodinger equations), we will be able to find closed representation
formulas in special cases, and only with ad-hoc arguments.

So often, we ask the following questions for a boundary /initial value problem:

e Wellposedness. Is the BVP or IVP wellposed or illposed?

e Regularity (vs. singularity). If the data are regular, is the corresponding
solution also regular? Failure of regularity (singularity) is very interesting; for
PDEs from Science, singularity indicates the breakdown of the model at hand.

e Asymptotics. Can the solution be approximated by a simpler object (e.g.,
solution to a simpler PDE) as some parameter (e.g., time) tends to oo?

e Dynamics. What are the equilibrium solutions (steady states)? Are these
stable? Can a solution that is close to one equilibrium approach another equilib-
rium?
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1.4. The action principle (optional). Many of the equations stated above come
from the action principle.

e Newton’s equations. We start with an ODE example. Let I be an interval,
x: I — R%and V : R? = R. Consider the following functional:

st = [ |50 - vy a

Here, x(t) may be thought of as the position of a particle at time ¢, V' is the
potential energy, L(x) is the Lagrangian, and S is the action. The action principle
in classical mechanics says:
the path x(t) followed by the particle is that for which the action is
minimized, or more precisely, is stationary.

Let us derive the condition satisfied by such a path x. Consider deformation
of x by a perturbation s¢ that is sufficiently regular (i.e., C') and compactly
supported in I, i.e., s is small and ¢ € C}(I;R?). Demanding that the action is
stationary under any such perturbations can be phrased as:

d
0= $8[x+sgo]

s=0.
The consequence of the above assertion is as follows:

d 1
o s [5loxt s - vixt )| a

- /Ias B@(x +s5p)> = Vi(x+ scp)}

0= %S[erscp]

s=0

dt
s=0

:/I[X~¢—DV(X)~LP] dt

= / [-% — DV (x)] - @ dt.
I
On the second line, we changed the order of differentiation and integration, which
is possible if, say, x, V and their derivatives are bounded. On the last line, we
performed an integration by parts, in order to move the derivative away from .
Since this identity holds for every ¢ € C}(I;R?), it follows that

—% — DV (x) =0.

This equation is precisely Newton’s second law of motion with a conservative
force given by minus the gradient of the potential energy. In general, the relation
for x that arises as a result of stationarity is called the Euler—Lagrange equation.

e The Laplace equation. Let U be a bounded domain in R¢. Consider the
following functional for a real-valued function u, which is called the Dirichlet
energy:

1
S[u] = 5/U\Du\?dgc.

We look for the equation satisfied by a critical point u of the functional S[u]
with respect to sufficiently regular (say, C'') and compactly supported deforma-
tions (Euler-Lagrange equation). That is, for any ¢ that is C! and compactly
supported in U,

d
0= &S[u—ksap]

= / Du - Dypdz
s=0 U
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:—/U(Au)godx.

Since ¢ is arbitrary, we see that Au = 0.
We note that the assumption that wu is real-valued was made simply for con-
venience; an analogous discussion applies to complex-valued functions u.
e The wave equation. Consider the formal expression

d
u]‘ 2 2
=2 /R |- +;(aju) dtde,

This integral does not make sense in general since R!*? is noncompact (hence the
disclaimer “formal”). However, for a sufficiently regular (say, C') and compactly
supported function ¢, the expression for the would-be first-order variation in the
direction ¢ makes sense:

“S[u

[43 d
gS[u + s¢]

d
=7 —0sud 0;ud; dtdzx.
5=0 /]Ru—d £ “DJFZ JUo;P x

J=1

After an integration by parts,

“iS[u +sp]| =" — / (=07 + A)u) pdtdz,
ds R1+d

so requiring that the “first-order variation of S[u] in the direction ¢” vanishes for

every sufficiently regular (say, C') and compactly supported ¢ leads to the wave

equation. In this sense, the wave equation is the formal Euler-Lagrange equation
for S[u] (equivalently, a solution to the wave equation is a formal critical point

of S[u]).

The Schédinger equation also turns out to have an action principle formulation,
similar to the case of the wave equation. It is more difficult to see, but the Maxwell
equations also arise from the action principle.

The heat equation does not come from an action principle formulation, but rather
it arises as the gradient flow for the Dirichlet energy.

s=0

e The heat equation. Consider again the Dirichlet energy

1
Slu] = 5/[]\Du\2dx.

From the previous computation for the Laplace equation, we saw that

= —/(Au)godx.

The LHS can be interpreted as the directional derivative of the functional Sfu]
in the direction ¢. In analogy with vector calculus, we may then interpret —Au
as the gradient of the functional S[u] with respect to the inner product (u,v) =
J uwvdz. By the Schwarz inequality,

‘/ —Aupdzx

and the equality is achieved if and only if ¢ is parallel to —Au (i.e., ¢ is of the
form ¢(—Au) for some ¢ € R). Hence, the gradient —Aw (resp. the minus of the
gradient Au) of S[u] represents the direction of steepest ascent (resp. descent)

d
gS[u + s¢]

s=0

< [|=Aullz2llellz2,
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of the functional S[u]. The heat equation is obtained by equating d;u with the
minus of the gradient, i.e.,

@u = Au.
Many important nonlinear PDEs also arise from an action principle. The first
example is:

e The minimal surface equation. Consider the functional

Slu] = /U v 1+ |Dul?dz,

which is nothing but the area of the graph of u : U — R. The Euler-Lagrange
equation for S[u] is the minimal surface equation.

Indeed, for any ¢ that is sufficiently regular (say, C'*) and compactly supported
in U, we have

d
0= £S[u+sg0] -

u- Dopdx

1
——D
/U\/1—|-|Du|2
d 1
= - 0 | —=0;u | | pda.
/U ; ! <\/1+|Du2 ! )

Since this equation holds for any C' and compactly supported ¢, we have

d
1
0j | ———===0;u| =0.
; (« /1+ |Dul?
After a simple algebra, we obtain the minimal surface equation that was written
down before.

It turns out that the KdV and the vacuum Einstein equations arise from the
action principle. It is a very deep fact, due to G. Perelman, that the Ricci flow may
be interpreted as a gradient flow.

2. NONLINEAR SCALAR FIRST-ORDER EQUATIONS

Words on notation. This part of the course is largely based on Chapter 3 of

Evans. However, we deviate from the notation in Evans (sorry!) in the following

ways:

e Instead of n, we use d to denote the dimension of the underlying space;

e Instead of z;, we use 27 to denote the j-th coordinate (this is the notation
consistent with differential geometry).

2.1. Method of characteristics. Consider a general nonlinear scalar first-order
equation:

(2.1) F(xz,u, Du) = 0,

where F': U x R x R* — R. The method of characteristics is a way to reduce the
PDE (2.1) to a set of ODEs, which is in general simpler.
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2.1.1. Inhomogeneous transport equation. To motivate the method, let us consider
a simple example of (2.1), namely the inhomogeneous transport equation:

(2.2) Zbﬂ )dju = fin U,

where U is an open subset of Rd. Let us assume b € C>°(U;R?) and suppose that we
are already given with a solution v : U — R that is smooth, i.e., u € C*(U;R) (we
will figure out the sharp regularity condition needed later; note that f € C*°(U;R)
if u, b are as above).

Intuitively, tells us that the rate of change of w in the direction b(xg) at xg
is f. To make use of this information, we may integrate the direction field b(zx) to
obtain a curve v = {z(s)} (called an integral curve of b):

(s) = b(x(s)),  x(s0) = wo.

Then, intuitively, the rate of change of u(xz(s)) at s = s¢ is given by f(z(so)).
Indeed, by the chain rule,

Lua(s)omsg = 2 e0) 2y1)(a(s0)) = T a0) 0y x(x0) = S (o)

Observe at this point that the above computation makes sense if v € C'(U) and
x € CY(I) (where I is the domain of z), and the latter condition is ensured by the
Cauchy-Lipschitz theorem if b € C1(U) (hence, k = ko = 1); it is then natural to
put f € CO(U).

In conclusion, let b € C1(U;R?) and f € C°(U), then consider the system of
ODEs

(2.3) (s) = b(x(s)),
(2.4) 2(s) = flx(s)).

If u is a O solution to and x is a C' curve solving (2.3), then z(s) := u(x(s))
obeys (2.4). This gives us a simple way to describe the solution u in terms of
solutions (z, z) to the system of ODEs (2.3)(2-4)), which can be solved (with unique
C1 solution) if b € C1(U;RY) and f € CO(U).

2.1.2. Derivation of characteristic equations. We now derive the characteristic equa-
tions for the general equation . Let us start with a smooth solution u that
solves in U. The idea, as before, is to find curves v in U along which the
solution is described by a set of ODEs.

To properly begin our discussion, let us assume F € (C°°, and suppose that
we are already given with a solution u : U — R with v € C*°(U;R) (again, the
correct C*-regularity will be figured out later). Consider a smooth curve v in U
parametrized by z : I — U, i.e., v = {z(s) : s € I'}. In the simple case of (2.2),
we found the correct curve v by geometric intuition. In the general case, we will
perform a more analytical reasoning. Here, it turns out that we also need to keep
track of Jju in addition to u along . We write 2z and p; for the values of u and
0;u on the point z(s) on ~:

z2(s) = u(x(s)), pj(s) = Oju(x(s)).
On the one hand, the enemy for getting a closed system of ODEs for (z, z, p) is the
fact that, in general, we expect p;(s) to involve second order derivatives of u, which
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cannot be written in terms of (z, z,p). Indeed, by the chain rule,
. d .
pi(s) = gaju(x(S)) = i*0,05u(x(s)).
2

On the other hand, we have the freedom of choosing the evolution equation for
the curve z(s). The idea is to use this freedom to deal with the above problem!
To get information about the the second-order derivatives of the solution u, we
differentiate in 0; and obtain, by the chain rule,

0= (0uF)(z,u(x), Du(zx)) + 0iu(0, F)(z,u(x), Du(zx))
+° 0;00u(0,, F) (x, u(x), Du(x)).
k

After restricting to vy, we have

0= (0ps F) (@, 2.0) + 9 (0:F)(w, 2,p) + Y _ 0j00u(x(5))(0p, F)(x, 2,p).
k

The key observation — which makes the method of characteristics work for (2.1f) —
is that the last term very much resembles the expression for p; we had above! This
motivates us to select the ODE for z to be

jjk = aka(Z‘,Z,p)7

so that
p'j = —(3,;.7’F)(xazap) _pj(azF)(x»Z’p)'

Finally, Z can be computed from the chain rule:
. d L
2= qul(s) = > i (s)du(x(s)) = (9p, F)(w, 2, p)p;-
J

What we have done so far can be summarized as follows. We introduce the
characteristic equations as follows:

(2.5) i (s) = B, F(x(s), 2(5), p(5)),
(2.6) 2(s) = Z Op, F'(x(s), 2(8), p(s))p;j (s),
(2.7) Pj(s) = =0, F(x(s),2(s),p(s)) — 0. F(x(s), z(s), p(s))p;(s).

The above argument, with now attention to how many continuous derivatives are
needed, shows:

Theorem 2.1. Let u € C*(U) be a solution to F(x,u, Du) =0 in U, where F is
CL. If 2(s), which lies in U for s € I, solves the ODE (2.5)), then z(s) = u(z(s))
and p;(x(s)) obey (2.6) and (2.7)), respectively.

The system (2.5)-(2.7)) is called the characteristic equations of (2.1). The solu-
tions (z(s), z(s), p(s)) € R24*! are called the characteristics, and z(s) is referred to
as the projected characteristic.
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2.1.3. Examples: finding solution via the method of characteristics. Let us first
recover the special case (2.2) from Theorem for the general case (2.1)).
e F is linear. Consider the equation

Z v (2)dju(x) + c(w)u(z) = f

Then F = 37, b (z)p; + c(z)z — f(x). Thus,
Op, F(x,2,p) = V()

i’ (s) =V (2(s)), () = ij(x(S))pj(S) = —c(x(s))2(s) + f(z(s)).

When ¢ = 0, this is precisely the inhomogeneous transport equation (see also the
exercise above). Note that the ODE for p is not needed to determine u(x(s)) =
z(s). Moreover, observe that these two equations have a hierarchy: The ODE for
z is closed by itself, and once we know x, we can solve the ODE for z.
From now on, we consider the boundary value problem associated with (2.1)).
Given an open subset U of R¢ and an open subset T' of U, consider
{F(m,u, Du)=0 inU,

u=g onl.

Logically, Theorem presupposes the existence of a solution u € C?(U) of the
above equation. Nevertheless, we can turn the table around and define u(z) by:

(1) solving the characteristic equations ([2.5)—(2.7) with initial conditions
z(0) eI, 2(0) = g(x(0)),

and p(0), if necessaryﬂ, determined implicitly from F'(z(0),z(0),p(0)) = 0;

(2) declaring u(x(s)) = z(s) for each such solution (x(s), z(s), p(s)).
We may then argue that u(x), if well-defined, is a good candidate for the solution
to the problem at hand. Later, we will develop a general theory to identify con-
ditions under which u is a well-defined solution (for instance, this will always be
the case sufficiently close to T'). But it is often easy to just verify this by hand,
without needing such theoretical considerations. This is the practical way of solving
boundary value problems using the method of characteristics!

With the above discussion in mind, let us cover some examples first, then develop
the general theory later.

e [ is linear, example.
zluge — 2?uy =u  in U,
u=g onl,
where U = {z! >0, 22 > 0} and I' = {z! > 0, 22 = 0} C 9U.
The characteristic equations are:

il = —sc2, &2 :scl, z=z.

21t turns out that the ODE for p is not necessary as long as the equation is quasilinear; see
below.
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Thus,
z'(s) =ycoss, x%(s)=ysins, z(s)=g(y)e’,
where (y,0) € T', 0 < s < 5. Given a point (z',2%) € U, we need to find y and s
) = (x1,22). By elementary geometry, we see that

y=((2")2+ (2?2, s=arctan (ﬁ) .

u(z) =g <((m1)2 + (22)?) ) exp (arctan Cﬁ)) .

Once we arrive at this expression, we can check that u(x) is indeed a solution we
want; the above argument shows that it is unique.
F is quasilinear. In this case, F' must be of the form

F(z,u, Du) = Z V (x,u) - Du+ c(z,u).

Thus,

W=

Then the characteristic equations are

i (s) =V (x(s), 2(5)),  2(s) = —c(x, 2(5)).
Again, the ODE for p is not needed to determine u(x(s)) = z(s). However, the
ODEs for z and z are now coupled.
F is quasilinear, example.

Upt + Up2 = u?  in U,
u=¢g onl,
where U is the half-space {22 > 0} and I' = {22 = 0}. Then

gt=1, #2=1, z=22%

Thus W)
1 2 9g\y
r=y+s x° =58 2z(5)=—,
=7 59(y)
where (y,0) € T and s > 0, provided that z(s) is well-defined. For x € U, we
choose 2° = ' — 22 and s = 22. Thus,

_ glat —a?)
1—22g(at —22)’
Once we arrive at this expression, we can check that u(x) is indeed a solution we
want; the above argument shows that it is unique.
F is quasilinear, example 2 (Burgers equation).
{uxo +uug,r =0 in U,

u=g onl,

u(z)

where U is the half-space {z° > 0} and T' = {2° = 0}. Then
=1, it=z 2=0.

Thus

=5 at=y+sgy), z(s)=g)

where (0,y) € T and s > 0. Note, however, that the projected characteristics
may now collide!
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In the quasilinear case, observe that we did not have to consider the characteristic
ODE for p, and hence its initial data. In the fully nonlinear case, consideration of p
may be necessary, in which case the initial data for p is determined implicitly from
F(z,z,p)=0o0nT.

o F is fully nonlinear, example.
UpilUzz = u  in U,
u=g onl,
where U = {z! > 0} and I = {z! = 0}. Here, the characteristic equations are

it =pe, ¥ =p1, Z=2pip2, P1=p1, P2=pa.

We integrate these equations to find
at(s) = (po)a(e® = 1), a?(s) =y + (po)i(e” — 1),
2(s) = 20 + (po)1(po)2(e** — 1),
pi(s) = (po)1e®, p2(s) = (po)2e”.

where (0,y) € T, s € R. Note that zg = ¢g(y) and (po)2 = ¢'(y). Moreover, by
the PDE itself,

20 9(y)
p = = .
(Po): (Po)2 g'(y)
Let us further restrict to
9(y) = v?,

and perform the exercise of determining the solution. We have
Y
2=y (po)1= 5 (Po)2 = 2y.
Given (z1,2?%) € U, we need to determine y, s such that

(!, 2%) = ((po)2(e® = 1),y + (po)1(e® = 1)) = (2y(e* — 1),y + %(es - 1)

The answer is
4z% — 2! s xl 4 4a2?
y = —-——

4 0 ¢ T g g
and thus . .
u(z) = 2(s) = y?e* = w
16
Once we arrive at this expression, we can check that u(x) is indeed a solution we
want; the above argument shows that it is unique.
o F is fully nonlinear, example 2. Another example of a fully nonlinear equation
is the Hamilton—Jacobi equation,

Ou+ H(x,0pu) = 0.
The characteristic equations are:
‘(bj = 8ij($,p), pj = —aij(.’E,p).

These are, in fact, Hamilton’s equations in classical mechanics. We explore this
topic deeper later.
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2.2. Local existence and uniqueness for boundary value problems. Let us
now develop the general theory and prove theorems concerning the local existence
and uniqueness for boundary value problems for (for a discussion of continuous
dependence, see Proposition below).

Let U be an open subset of R%, and I' C 0U. We will be interested in the BVP

{F(x,u,Du) =0in U,

2.8
(28) u=gonl.

We make the following definitions. For any subset S of R¢, C(.9) is simply the set
of all continuous functions on S. We define C*(S) as the collection of all functions
u € C(S) that extends to a C* function @ in an open neighborhood U of S such that
0°u € C(S) for all |a| < k. The reason for the somewhat longwinded definition of
C*(S) is because we wish to avoid taking derivatives on the boundary.

The regularity assumptions we need on F', g, etc. will be made precise as we
develop the theory.

2.2.1. Local existence theory, when I' is flat. Our next goal is to formulate an ex-
istence theory for ([2.8)), at least in a neighborhood of a boundary point in T'. For
simplicity, we first consider the special case when

(2.9) I is an open subset of {z% = 0}.
We may now parametrize I by (y,0) with y = (y!,...,y%"!) € RI~L

Our strategy will again be thinking about all characteristics (z(s), z(s), p(s))
such that z(0) € I'. We first need to ask: what are the compatibility conditions that
the initial conditions xg := x(0), zo := 2(0) and py := p(0) must satisfy if it comes
from a solution to ? The answer is provided by the following definition:

Definition 2.2 (Admissible boundary data, when T is flat). We say that the triple
(0, 20, p0) is admissible if xg = (yo,0) € T and the following holds:

20 = 9(%o),
(po)j = 059(yo) forj=1,...,d—1,
F((L‘07 207170) =0.

As intended, if (g, 20, po) arises from an actual solution u to (2.8]), then clearly
it must be admissible. Note that the above constitute d + 1 equations for d + 1
variables (zo, (po)1,-- -, (Po)d), but the solution need not exist nor be unique.

Next, we ask: given an admissible boundary data (xo,z0,p0), what is the con-
dition that ensures that admissible boundary data can be found for nearby points?
That is, for y = (y*,...,y%1) close to yo (i.e., zo = (0,0)), we wish to find
(q1(y),--.,qa(y)) such that

(po); = qj(yo)

{ gi(y) =059(y) for j=1,...,d—1,

and

F(y,9(y),a(y)) =0.
The general tool we need is the implicit function theorem:

Theorem 2.3 (Implicit function theorem). Let F : RIxR™ — R™ be a C! function,
and let xg € R, yo € R" satisfy:

- F(x0,y0) =0,
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- det 9y F¥(x0,y0) # 0.

Then there exist neighborhoods U 3 x and V' 3y, and a C' function U — V,
x — y(x) such that

- Yo =y(xo) and F(x,y(x)) = 0;

- If (x,y) € U x V satisfy F(x,y) =0, then y = y(x).

Moreover, if F € C*, then so isy on U.

We remark that Oy;y* can be computed by implicit differentiation.
We are now ready to provide the answer to the question:

Definition 2.4 (Noncharacteristic boundary data, when I is flat). We say that an
admissible triple (xg, z0,po) is noncharacteristic if

Opy F (0, 20,p0) # 0.

By the implicit function theorem, this assumption allows us to solve for (pg)q as
a function of (y!,...,y?!) provided that F is C2.

o Example: Consider the case when F' is quasilinear.

F(z,z,p) = ij(x, 2)p; + c(z, 2).

Then the noncharacteristic condition is b%(z¢, 29) # 0 regardless of the choice of
po. Moreover, it allows us to determine (pg)q uniquely by writing

1

d-1
(po)a = T (20, 70) ij(meO)(pO)j + (o, 20)

So for a quasilinear first-order scalar PDE, the noncharacteristic condition allows
us to uniquely determine (pg)q from the data.

e Example: To motivate the general formulation of the theorem, consider the simple
fully nonlinear first-order scalar equation

{(agcu)2 =1¢ in (0,00)

u=gatx=0.

or F(x,u, Du) = 0 with
F(z,z,p) =p*—1.

With xo = 0, there are two choices of admissible boundary values: (xg, 2o, po) =

(0,9,1) and (zg, z0,p0) = (0,g,—1). Both admissible triples are noncharacteris-

tic.

We now return to the development of a local existence theory for . Assume
that F € C?(U x R x R?) and g € C*T). Given z¢ € T, let (z9,20,p0) be a
noncharacteristic boundary data for . Abusing the notation a bit, we find, by
the implicit function theorem, a neighborhood W of y in T, a C'* function pg(y) on
W and 29(y) = g(y) (which is C?) such that (i) ((y,0), z0(y), po(y)) is admissible
for all y € W and (ii) ((0,0), 20(%0), po(y0)) = (x0, 20,p0). For each y € W, denote
by (x(y, s), 2(y, s), p(y, s)) the unique solution to 7 with initial conditions

(l‘(y7 O)a Z(y> O)ap(y7 0)) = ((yOa 0)7 ZO(:U),pO(y)),
defined on the maximal interval (S_(y), S+(y)) (that contains 0).
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To construct the solution u, the key step is to invert the map (y*,...,y% !, s)

(x',...,2%). In some neighborhood W of 2y = (y,0). To show this, we use the

inverse function theorem:

Theorem 2.5 (Inverse function theorem). Let F : R™ — R™ be a C' function such
that DF(x¢), viewed as a linear map, is invertible. Then there exists a neighborhood
V' of x¢ such that F is invertible on V.. Moreover, if F € C* for k > 1, so is the
inverse on V.

We remark that DF~! can be computed by implicit differentiation.
To apply the inverse function theorem, we need to compute the matrix

Opat - Oyarzt Osat Opt F'(w0, 20, Po)

(z0) = Tg—1yx (-1

‘4 S d d
O Oya—12®  Og 0 0 8,4F (0, 20, po),

which is clearly invertible if and only if 0,4 F'(x¢, 20, po) # 0. Therefore, there exists
an C'l-inverse z +— (y, s) for o in some neighborhood V' of z.
Finally, we are ready to construct u by defining

u(x) := z(y(z), s(z)) for x € V.
The claim is that this gives a local solution:

Theorem 2.6 (Local existence theorem). Assume that F € C?(U x R x R%) and
g € C?(T). Then the function u defined above is C* and solves the PDE

F(z,u(z),Du(z)) =0 UNYV,

with the boundary condition
u=gonl'NV.

Proof. Given y € W (i.e., a neighborhood of zy in T'), solve the characteristics
equations and define (z, z,p)(y, s). Denote by (y(z),s(z)) the inverse of (y,s) —
z(y, s) defined for z € V (i.e., a neighborhood of zg in R?). Define

u(z) = z(y(z), s(x)), v;(x) = p;(y(x),s(@)).
That u satisfies the boundary condition is clear from the construction. We will split
the proof that u solves the PDE into establishing the following two claims:

(2.10) F(z,u(x),v(x)) =0 forallz eV,
(2.11) Oju(z) =vj(z) forallzeV.
Step 1: Proof of . It suffices to prove that, for every y € W,
f(y;8) = F(2(y;5), 2(y, ), p(y; 5))
vanishes for all possible s. To see this, we simply compute
95f(y,s) =0,

using the characteristic equations, and also note that f(y,0) = 0 by our choice of
the initial conditions (z, z,p)(y,0).

Step 2: Proof of . We begin by computing
Opiu(w) = 04 (2(y(x), s())
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d—
Z 21y (@) 2(y(2), 5(2)) + 043 5(2) D52 (y(x), 5(x)).

k—1
We need to know Oxz(y(x), s(x)) and 9,z(y(x),s(x)). We claim that
(2.12) 9sz(y, s sz y,5)0:7(y, 5),
(2.13) Oyr2(y, s Zpg (y,5)0yrx Yy, s),

Let us first show how these claims imply (2.11]). Continuing the preceding compu-

tation using (2.12)—(2.13), we have
Oy ule Zazjy ) Y pole). )0 ), )
+0q58(x Zm 2))dsx* (y(x), 5(x))

= ute (Z O,y (@)D" (y(a), s(w))+6ﬂ-s<x>asx’~’<y<x>,s<x>>>
—ZW Opiz’ = vj(z),

as desired.

It remains to verify (2.12) and (2.13) from the characteristic equations (2.5)—
(2.7). In fact, (2.12)) is simply the combination of (2.5)) and ({2.6). To prove (2.13]
we fix y € W and track the quantity

r()—akzy, Zpéi% akx(ya)

)

Using ([2.5), computing 0,0y« z and trying to move d, away from the highest order
term (in order to be able to apply (2.5)—(2.7)), we compute

0sOyz = 0oz = Oy | Y pjOsz

= Z (aykpjasxj +pj8yk85xj)
J

ijaykxj + Z (0,105 — Osp;Oyna?) .
' J

Note that the terms inside 9s(---) on both sides combine to give r. Using (2.5)
and , we have

O0sT = Z (0,105’ — OspjOyna?)
J
= Z (Bykpjaij(% z,p) + 03 F(z, z7p)5ykmj + p;0, F(z, z7p)8ykxj)
J
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= —0.F(x,2,p)0yr2 + ijazF(x, z,p)aykxj’
J
where, in the last equality, we used
0= 0y (F(x,2,p)) = Z aykxjasz(x, 2,p)+0yr 20 F(x, z,p)+z OyrpeOp, F (2, 2,p),
J V4

which follows by taking d,« to the conclusion of Step 1. Again, after factoring out
—0.F(z,z,p), we get r,. In conclusion, we arrive at

rk(s) = _(aZF)(‘r(y7 5)7 Z(y7 S>7p(y7 8))Ti(8>'

Since r(0) = 0 by our choice of (z, z,p)(y, 0), it follows that 7, = 0 for all s, which
proves ([2.13)). O

Remark 2.7. Formally speaking, it is the proof of this theorem guarantees that the
u(x) defined using the method of characteristics in the example above indeed solves
F(x,u, Du) = 0 at the points where w is defined.

2.2.2. Local existence theory - general case. By a local coordinate change, the gen-
eral case can be put in to the flat hyperplane case. First, let us be precise about
the regularity of the boundary of a domain.

Definition 2.8. We say that the boundary OU is C* if for every point xo € OU,
there exists » > 0 and a C* function ~ : R4~! — R such that, after relabeling and
reorienting the coordinate axes if necessary, we have

UNB(zg,r) = {x € B(xo,r) : % > ~(zt,... 291}
For a C! boundary OU, we can associate the notion of a outward normal vector
field voy = (v1, ..., v%).
Let OU be a C* boundary. Near xy € U, we can make a change of coordinates
to “flatten out” QU. Define
T=gz" fori=1,...,d—1,

7 =2 — (2t .. 2.

where B(xg,r) and ~ are from the definition of a C* boundary. Note that in

(#1,...,7%), the boundary is now a subset of the hyperplane {Z? = 0}, and U C

{z% > 0}. We often write this change of coordinates as a map 7* = ®¥(z) (i =
1,...d). Its inverse can be easily found:

= (@ Hiz)=7" fori=1,...,d—1,
2l = (@7 H4T) =7+ 4@, ..., 7).
Observe that finding a solution u to F'(z,u, Du) = 0 is the same as finding a
solution u(Z) := u(z(Z)) (or w:=wuo (®71)) to F(z,u, Dzu) = 0, where
F(x,u(¥), Dzu(7)) = F(z,2,p) = 0,

with z = ®71(7), z = u(Z) and p; = >, 0,527 (®~1(Z))dzu(Z). Therefore, the
general situation is reduced to the flat boundary case!
In the general case, the noncharacteristic condition now reads

Z ugUaij(mo, z0,P0) 7 0.

J
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where vy is the outer unit normal to U at xg.
We have a local existence theorem analogous to Theorem for a noncharac-
teristic admissible triple (xg, 2o, po)-

Theorem 2.9 (Local existence theorem). Assume that OU is C?, F € C?*(U xR x
RY) and g € C*(T"). Let (0, 20,p0) be a noncharacteristic admissible triple, where
xo € . Then there exists a neighborhood V of xo and a function u € C*(UNV)
that solves the PDE

F(z,u(z),Du(z)) =0im UNYV,
with the boundary condition
u=gonlNV.

2.2.3. Uniqueness for . Next, we turn to uniqueness, which is more straight-
forward to study using the method of characteristics.

Assume that we are given a sufficiently regular solution u to (2.8). For each
xo € I, consider a triple (z(xo, s), z(zo, s), p(x0, s)) with z(xg,s) = u(z(xo, s)),
p(zo, s) := Du(x(xo, s)) and z(xg, s) solving with the initial condition x(z, 0) =
xo9 € I'. By Theorem we know that (x(zo, s), 2(x0, ), p(z0, s)) solves the char-
acteristic ODEs 7.

Now, assume that F € C?, and for each o € T, denote by [0, S (zg)) the
maximal interval for which Theorem |I.1](the fundamental theorem of ODEs) applies
to the characteristic ODEs 1) (note that F € C?, or C%! with initial
conditions (zo, z(x0,0), p(xo, 0)); note also that S;(z¢) may be +00). Define

Vi = A{x(z0,8) : 2o €T, s € [0, 51 (x0))}-

Geometrically, V,, is the union of the image of all projected characteristics associ-
ated with « emanating from I'. Observe that V,, is open if (xg,u(xg), Du(zg)) is
noncharacteristic at every g € I', and T" is an open subset of OU. In view of the
uniqueness assertion in Theorem we now arrive at the following result:

Theorem 2.10 (Uniqueness for (2.8)). Let F € C*(U x R x R?) and u € C*(U),
and let V,, be defined as above. If v € C?*(U) is a solution to (2.8) such that
vr-Du=vpr-Dv onT, thenu=v onV,.

Here, vr is the outward unit normal to I'. The reason why we need to assume
vr - Du = vp - Du is because F(x,u, Du) = 0 might not uniquely determine the
normal derivative of the solution, as we have seen in the discussion of the local
existence theory. We leave filling in the details of the proof as an exercise.

2.2.4. Additional remarks.

e What about continuous dependence for (2.8)7 It does hold in the reasonable
setting, but in a subtle way!

Proposition 2.11. Let g € C*(I') with ||g|lc2qry < A. Suppose that at all
points y € T', we have a continuous choice of noncharacteristic triples, which
also depends continuously on g. Then the solution to the boundary value problem
with boundary data g given by Theorem[2.9 exists in a neighborhood V' of xo that
is independent of g; let us call this solution ulg]. The map g+ ulg] from C*(T)

to C%(V) is continuous.
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However, there exists an example for which
Julg™] — u[h™ ]| c2(vy > nllg™ — B2 ry

for n 7 oo; i.e., the solution map is not Lipschitz in general. For more on this
topic, see: https://terrytao.wordpress.com/2010/02/21/quasilinear-wellposedness/.
Applications. F linear. When F(z,u,Du) = 3, b (z)0;u(z) + c(z)u(z) = 0,
the noncharacteristic assumption at a point xg € I' becomes

ijl/lz =0,
J

which does not involve x( or pg at all.
Ezxample. Consider the boundary value problem

Z V(z)0;u=0in U
J

u=g¢ginI.

— Case 1 from Evans (flow to an attracting point). If we take I' = QU, then u is
obtained by setting the solution to be constant on each projected characteristic;
u is not well-defined at the attracting point, unless g = const. ,

— Case 2 from Evans (flow across a domain). If we take I' = {z € U : Y bv); <
0} (i-e., points on & € U at which b/ points inside U), then the smooth solu-
tion w can be found by setting the solution to be constant on each projected
characteristic.

— Case 3 from Evans (flow with characteristic points). If we define u to be con-
stant on each projected characteristic, then v is discontinuous (at D, according
to the labels in Evans).

Ezample. Consider the boundary value problem
Dp1u + udp2u = 2u in R,
u(z',0) = 2! in T =R x {0}.
Find the smooth solution u on the maximal domain of existence U.
Here, the characteristic equations are
it=1, i*=z z=2
The characteristic with initial data (zg,0,z¢) is given by
zt(s) =20+, x2(s) =x0s+ 5%, 2(s) =x0+ 28.

Let us study the projected characteristics carefully. Substituting s = z! — s in

the equation for 22(s), we see that the graphs of the projected characteristics are

given by
2?2 = xo(xt — 20) + (2! — z0)?
= —zoz! + (1)

When we formally solve for (z¢, s) in terms of (z!,2?), then we obtain

which only makes sense when x! # 0. Moreover, when ! = 0, 22 = 0 on the
projected characteristic regardless of what xg is. In other words, when zq # 0,
the projected characteristics are parabola that are concave upward and passes
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through T" at points (0,0) and (z(,0). When xg = 0, the projected characteristic
is tangent to I'; a related observation is that the boundary data at the point
(0,0) is characteristic.

The projected characteristic is free of crossing when

29 >0, and 2'(s) >0, or 29<0anda'(s) <0,
which is equivalent to
(h,2?) e U = {(2',2® e R?*: (12 > 22, ' #0}.
So for (z!,2%) € U, the unique smooth solution u is given by
()2 + 22
x! '

u(zt, x?) = 2(s) =

2.3. A remark on existence: Lewy—Nirenberg example for nonexistence
(optional). We will discuss an example of a linear system of first-order PDEs, for
which even the local existence property fails. For u : R'*! — C and f : R't! = C,
consider the equation

(2.14) Opu + itdyu = f(t,x).

If it were not for the coefficient 4 in front of ¢, this equation will be covered by the
previous subsection, and many solutions would exist.

Theorem 2.12. There exists a smooth function f with the property that no(!) C*
solution to (2.14) exists in any neighborhood of (0,0).

The following argument is from L. Simon’s lecture notes [Sim15], and is attrib-
uted to L. Nirenberg and H. Lewy.

Proof. Given r > 0, we introduce the notation

B, ={(t,x) e R"™ . 1* 4 2? < ¢?}, 0B, = {(t,x) € R* . #? 4 22 =2},
Take f : R™! — C to be any function with the following properties:
o f(t,x) = f(—t,z);

e for some sequences r,, \ 0 (say, r, =27") and 0 < §,, < %rm we have

f=0 inB, 45, \ B, —s,, while / fdx #0.
B

n

Assume, for the sake of contradiction, that a C! solution u to exists on
B,, for some ¢y > 0 with such an f. Replacing u by % (u(t,x) — u(—t, z)), we may
assume that u is odd with respect to t, i.e., u(t,z) = —u(—t,x). Moreover, fix n
sufficiently large so that r, < rg.

On the one hand, by the divergence theorem and the second property in ,

(Oru + ity u) dtda

we have
0 +# / fdtde = /
BTn B7‘n

t
- [, (2)- (i) o
9B,, \rr itu

where ds refers to the integration with respect to the arc length. In particular, u
must be nontrivial on 0B, . On the other hand, we claim that

(2.17) u=0 ondB,,,

(2.15)

(2.16)
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which contradicts (2.16]).
To prove (2.17), we use a bit of Complex Analysis. Consider the half-plane

HT = {(t,z) € R : ¢ > 0} and its boundary OH* = {(0,2) € R'*1}. On the
half-ball

Bf,g = B,, NHT,
we make the change of variables
L
(t,z) — (s,y) = (it , ).
Then
L
V2s

Note that the operator on the LHS is the Cauchy—Riemann operator for the pair
(Rewu,Imu), so u is holomorphic in s+ 4y in the domain where f = 0. In particular,

by the first property in (2.15)),

u is holomorphic in s + iy in U™,

(0s +idy)u(s,y) = —=f(s,y)  in{(s,9) € R : 25 + 2% <}

where
U:={(s,y) eR"™ : (r, —6,)% <25+ 2% < (r, +6,)%}, UT:=UNH".

Moreover, since u is odd in ¢, it follows that u extends continuously to 0 on U N
OH* = {(0,y) € R*"' : (r, —6,)? < y® < (rn + 0n)?}. By the Schwarz reflection
principle, the continuous extension

u(s,y) = u(s,y)  (s,y) €eUNHT,
7 u(=s,y) (s,9) €UN{s <0},

defines a holomorphic function on the reflected domain U. But since v = 0 on
U N OHT, it follows that u = 0 on the whole domain U by analytic continuation.
The desired statement follows by making the inverse change of variables
(s,y) — (t,x). O

Theorem [2.12] shows that we cannot expect an all encompassing local existence
(i.e., existence of a locally defined solution) result for even linear systems of first-
order PDEs, in the class of smooth solutions.

2.4. Introduction to Hamilton—Jacobi equation. In this section we study the
Hamilton—Jacobi equation, which is an important example of a fully nonlinear first-
order PDE. The equations reads as follows:

(2.18) Opu + H(x, Du) = 0,

where u : (0,00); x R4 — R is the unknown, and H : R? x R? — R is called the
Hamiltonian. Here, Du = (O,1u, ..., 0 qu) is the spatial part of the differential of
u.
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2.4.1. Method of characteristics: local classical solution and its breakdown. We

study the initial value problem
du+ H(x,Du) =0 in (0,00); x R?,
o10) vu+ Hz, Du) (0.5¢);
u=g on {t=0}.

The characteristic equations are:

ij = anH(xap)v
pj = —81_7’H(:r,p),

which are completely decoupled from the equation for z:

(2.21) =Y piOyH
J

(2.20)

Equation is a celebrated equation in classical mechanics, namely, Hamilton’s
equations — we will study the deeper reason why this connection arises in what
follows. For the moment, we observe that the method of characteristics gives us
a unique regular local (in time) solution u : [0,7T) x R? — R to for some
T > 0. The following example shows that, in general, the regular solution u cannot
be continued globally (i.e., for all times ¢ > 0).

Example 2.13. Consider d =1 and H(z,p) = $p*>. Then (2.18) becomes
1
Differentiating this equation, we see that v(¢, x) := d,u(t, ) obeys the equation

00 + v0,v = 0,

which is the (inviscid) Burgers equation. We now reproduce the well-known proof
that, in fact, the solution to the inviscid Burgers equation with any initial function
v(t = 0) € C%(R) with a point with negative slope leads to a finite time breakdown
(singularity).

Assume that v € C%([0,T) x R) solves the Burgers equation. Note that the
characteristic equations are:

t::17 jj‘:Z7 ZZOa pt:_pwph pw:_pi
Thanks to £ = 1, we may use t in place of the parameter s for the characteristic

curves. By separation of variables, p, = 7 Jff(’;f’)o,

(pz)o = Ozu(zo) < 0. It follows that v fails to be C! in finite time if v(¢t = 0) has
negative slope at some point.

Returning to the Hamilton—Jacobi equation, we conclude that the unique regular
solution w to withd =1 and H = %pQ necessarily breaks down in finite time
if ¢"(z0) < 0 at some point z¢ € R.

which blows up in finite time if

Despite the possible spontaneous breakdown of the regular, or classical, solution
u, it is often of interest to find a notion of a gemeralized, or weak, solution that
remains valid afterward and is unique (more ambitiously, leading to well-posedness
of the IVP). Unfortunately, there is no known general method for obtaining a
satisfactory notion of weak solutions; this task depends highly on the problem at
hand.
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The goal of this lecture is to exhibit an exemplar case, where we can write down
a formula for an appropriate weak solution using ideas from calculus of variations
or optimization, which is an important tool for studying nonlinear PDEs in gen-
eral. More precisely, we will study the origin of the Hamilton—Jacobi equations in
classical mechanics, which would involve some discussion of calculus of variations.
Then we will discover that this story provides an inspiration for the formula for an
appropriate weak solution, called the Hopf-Laz formula, which will be useful later.

(This is, in fact, a part of a bigger story that goes under the name of viscosity
solutions, but we will have to wait until we pick up adequate tools — maximum
principle and theory of parabolic PDEs — to properly develop the theory. We will
return to this topic in Math 222B.)

2.4.2. Review of Lagrangian mechanics: calculus of variations (or optimization).
This is a good place to go back and read about the action principle formulation for
Newton’s equations in Section There, we discussed Lagrange’s refomulation
of Newton’s second law with a conservative force. More generally, consider the
following action functional:

Slg) = / Lia (), () dt

where I is an interval, z : I — R? is the unknown (generalized position variable)
and L : R xR? — R is called the Lagrangian. As stated earlier, the action principle
in classical mechanics says:

the path z(t) followed by the particle is that for which the action
is minimized, or more precisely, is stationary.

The necessary condition for a path z(t) to be a local minimizer of S[z] is that it is
stationary under all compactly supported variations, i.e.,

=0 for all ¢ € C2(I).

e=0

%S[z + €]

This leads to the Euler—Lagrange equation for the functional S:

d /0L oL
2.22 - — | = 3 — | =0
(222) dt <8v3) (z,8) + (8xj> 0
Indeed, when L(z,v) = 1v? — V(z), we obtain Newton’s equations &/ = —9;V (z)
for j =1,...,d, as we have seen in Section [1.4

2.4.3. Lagrangian to Hamilton—-Jacobi: dynamical programming. Hamilton (and
also Jacobi) tried to reformulate the d-many second-order ODEs in terms
of a single scalar first-order PDE. The idea was to consider the following: Given
(t,) € R x R?, define

A(t,z) := {x € C*([0,t];RY) : x(t) = z}.

For the purpose of this derivation, let us assume that:

(x) there exists a neighborhood U of (0, 0) such that for each (¢, z) € U, there exists
a unique minimizer x(; ) € A(t,z) of fg L(x(s),%(s))ds, which furthermore
depends smoothly on (¢, x).
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In fact, by using the Euler-Lagrange equation and the Fundamental Theorem of
ODEs, this can be proved rigorously, but we shall not discuss the proof.
For (t,z) € U, define

u(t, ) = / L(x(1.0)(5): X0 (5)) ds.

This function is called Hamilton’s principal action. An alternative way to charac-
terize wu is:

u(t,z) = inf ){/OtL(x(s),x(s))ds}.

x€A(t,x
To proceed, we use note that, for each 0 < h < ¢, we must have
t
u(t,x) = inf {/ L(x(s),%x(s))ds + u(t — h,x(t — h))} .
x€A(t,x) t—h
or equivalently,
t
(2.23) 0= inf {/ L(x(s),%(s))ds + u(t — h,x(t — h)) — u(t, m)} .
x€A(t,x) —h

This is an example of dynamical programming; since u(t, x) is the minimal action
from time 0 to t, its restriction to [t — h,t] must also be minimal. For each x €
A(t, x), note that

/t {9, (5) s+t = hox(t ) = u(t.)

=h |L(z,%x(t)) — Qsu(t, ) Zx] Opiu(t,z)| +O(h?)
by Taylor expansion for v and x. We now claim that:

2.24 inf |L t, T O u(t, =0.
(2.24) Jnf, (x,v) — Opul(t, x) Zv Opiu(t, x) 0

Indeed, this claim can be motivated by d1v1d1ng the previous identity by h and tak-
ing the infinimum over all x € A(t, x), observing that this expression now depends
only on x(t) =: v.

Proof of (2.24). First, using the optimal trajectory x(; ,, we see that

L(z,%(1,2)(t)) — Opu(t, z) Zx(t o ()0ziu(t, z) = 0.

Thus, (LHS of (2.24))) < 0. Now, for the purpose of contradiction, suppose that it
is strictly negative. Then there exists 7 > 0 and v € R? such that

L(z,v) — Owu(t,z) — Zvjazju(t,x) =-n<0.
J
Consider the trajectory x(s) =  — (t — s)v in A(¢,x). For any h > 0, By Taylor
expansion,

/t {9, () s+ ult = hox(t = ) = u(t.)
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= h(L(z,v) — Opu(t,x) — Zvjﬁmju(t, z)) + O(h?),

where the implicit constant is independent of h. By choosing & sufficiently small,
we can ensure that

/t_h L(x(s), %(s))ds + u(t — h, x(t — b)) — u(t,z) < —%hn <0,

which contradicts ([2.23]). O
Since dyu is independent of v, we can move it to the LHS and conclude that

Opu = inf ¢ L(z,v) — Zvjaju =: —H(z,0ju).
J

veERC

This completes the derivation of the Hamilton—Jacobi equation under

Remark 2.14. A similar computation holds if

)= min { [ 2ix(0)%(6) s +olx0) |

x€A(t,z

When L is C! in (x,v) and convex in v for each z,

H(z,p) = — inf L(m,v)—Zvjpj =—L(z,v)+v-p
J

vER v:v(m,p)7

where 0, L(x,v(z,p)) = p by calculus. By convexity, v*(z,p) is unique. In the
special case L = 1|v[? — V(z), we see that v(z,p) = p, so

H(e,p) = 5ol + V(@)

2.4.4. Duality between Hamiltonian and Lagrangian: the Legendre transform. The
preceding derivation motivates the study of the Legendre transformation
L*(p) := sup {—L(z,v) + v - p}.
veERE
Recall that when L = 3|v[*? =V (z), then H = L* = £p*+V () (here and below, the
variable z is frozen when taking the Legendre transform). Moreover, by the same
computation, H* = L** = L! This relation is not a coincidence; in fact, L** = L
provided that L is a convez function with % — o0 as |v] = oo, and there are
good geometric reasons why.
We begin with a review of convex functions.

Definition 2.15. We say that f : R — R is convez if for every x # y € R? and
0< <1,
flra+ (1 —7)y) <7f(x)+ (1 —7)f(y)
We say that f is strictly convez if the inequality is strict for all 2,y € R? and
0<7<l
Some important properties of convex functions are:

o Closure under taking sum or multiplying by a positive number. Let f, g be convex
functions, and A > 0. Then A\f and f + ¢ are convex.
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o Closure under taking supremum. The supremum of any collection of convex
functions, as long as it is finite, is convex.

e Continuity. Any convex function f:R? — R is continuouﬂ

o Jensen’s inequality. Let f : R — R be convex. For any open bounded subset U
and v € L'(U;R), we have

f (|1U|/u(m)dx> < ﬁ/f(u(x))dx

o Supporting hyperplanes. Let f: R? — R be convex. Then for each z € R?, there
exists p € R? such that

fy) > fx)+p-(y—xz) forallyeR™

In particular, if f is differentiable at x, then r = D f(x).
o Eristence of a unique minimizer. If f : RY — R is strictly convex, then there
exists a unique minimizer of f.

Lv) _
ol ™

Let L : RY — R be a convex function such that lim ) 500 +00, and recall

the definition of the Legendre transformation,

L*(p) := sup {p-v—L(v)}.
vER

Observe that the set we are taking the supremum over is nonempty thanks to

lim )00 % = +00, and finite by the convexity of L. We have seen one inter-

pretation of this transformation, in the special case when L is differentiable and

strictly convex:

(0) If L is differentiable and strictly convex, then L*(p) = p-v(p) — L(v(p)) where
v(p) is the critical point DL(v(p)) = p, which is unique thanks to strict con-
vexity.

We also have the following additional, more geometric, characterizations:

(1) L* finds (minus) the z-intercept of the hyperplane with normal (p,0) that
touches the graph of L from below in RY x R,.
(2) On the other hand, L*(p) is the supremum of (trivially) convex functions v -
p— L(z,v).
Using these two geometric observation, we see that L**(v) is the supremum of all
hyperplanes that lie below the graph of L(v) in RZ.
At this point, it is not difficult to show the following result:

Proposition 2.16. If L is conver and lim,| @

v]
and limy| o0 L‘T(‘p) = +o0. Moreover, L = L**.

= +o00, then L* is convex

Proof. Proof of the first assertion. Indeed, L* is the supremum of convex func-
tions on Rg, so it is convex. Moreover, given any A > 0, we have

L*(p) = sup{—L(v) +p-v} > Alp| = L(Afy) = Alp| — max L
veRd B)\(O)

where we have chosen v = )\ﬁ in the first inequality. Hence lim inf,_, L (p) > A

Since A > 0 was arbitrary, lim, @

= 00.
P

3This strongly uses the fact that f is finite everywhere.
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Proof of the second assertion. Since L**(v) is the supremum of all hyperplanes
that lie below the graph of L(v) in R%, clearly L** < L. On the other hand, given
any point (v, z) below the graph of L, we can always find a supporting hyperplane at
(v, L(v)) which is above (v, z); so L** has the same graph as L (i.e., L** =L). O

2.4.5. From Hamilton—-Jacobi to Hamiltonian and Lagrangian mechanics. With these
knowledges, we may now discuss how solving the Hamilton—Jacobi equation leads to
an easy integration of the ODEs (12.22)). In what follows, we work with L such that,

for cach z € R?, L(x, ) is differentiable, strictly convex and lim|,|_ oo L (Iffiv) = +00.

We observe that the projected characteristics necessarily coincide with the min-
imizing trajectory z(t). Indeed, if x, is the minimizing trajectory, then

u(t, 2 (1)) = /O L(wa(s), iis(5)) ds

Opu(t, . (t)) + Zmy Opitu(t, 4 (t)) = L(xi(t), 24 (t))

Let x = z.(t). Since L = H*,

—H(z, Du(t,z)) + Y _ &1 (t)0psu(t,x) = — min {H(z,p) — &.(t) - p} .
r pER?
We may check that H is strictly convex. Then, by the uniqueness of the minimizer,
it follows that
Opsu(t, ) =pj, @l = Oy H(x,p),
which is the desired conclusion.

(Exercise: Prove that H = L* is strictly convex if L is everywhere differentiable.
It is useful to introduce the notion of a subdifferential of L: p € OL(v) if and only if
there exists a supporting hyperplane with normal p at v. Note that (i) p € OL(v) if
and only if v € OH (p), and (ii) L is differentiable at v if and only if L(v) consists
of exactly one element.)

To close the full circle, note that the same relations show that the x-component of
Hamilton’s equations coincide with the minimizing trajectory z(t) for S. We have,
in fact, just shown the equivalence of three formulations of classical mechanics
(Lagrangian, Hamiltonian, Hamilton—Jacobi)!

2.4.6. Hopf-Lax formula. Now, start from H = H(p) that is convex in p and

B0) _, o0 as |p| — oo. Define L(v) = H* (v).

weo =t {[ ' L(x(s) + olx(0)}.

By convexity,

(2.25) u(t,z) = ;xé%n {tL(=%) + g(v)} .

This is called the Hopf-Lax formula.
It turns out that wu(t,z) defined by obeys the following nice properties:

e as long as g is Lipschitz, u is a well-defined Lipschitz function such that u(0,z) =
9(@);

e at every point (¢,x) where u is differentiable, the Hamilton—Jacobi equation is
satisfied (in this sense, u may be thought as a weak solution);
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e u(t,x) turns out to be unique among an adequate class of weak solutions.

All these facts are proved in Section 3.3.3 in [Eval(]. However, with the little
tools we have at this point, all these (especially the uniqueness assertion) would
require seemingly ad-hoc arguments. We will postpone the proper discussion of
this topic until Math 222B, when we talk about wviscosity solutions to . If you
are interested, you may consult Chapter 10 of [Eval()].
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INTERMISSION

The goal of the remainder of the course is to introduce three fundamental tools
for studying PDEs: distribution theory, Fourier transform and Sobolev spaces. At
the same time, using these tools, we will also study the following basic second-order
linear scalar PDEs:

e The Laplace equation. For v : R? — R or C,
Au = 0.
e The wave equation. For u : R'*? = R or C,
Ou = (=07 + A)u = 0.

e The heat equation. For v : R'*% — R or C,

(3t - A)u =0.
e The Schrédinger equation. For u : R!*¢ — C,

Distribution theory (Section provides a unified and natural framework for
studying PDEs. In this theory, the concept of a function is generalized so as to
allow for meaningful differentiation of otherwise non-differentiable functions (e.g.,
think of f(x) = |z|). Distribution theory furnishes a natural way to formulate
the notion of a generalized solution to a PDE, as well as important concepts for
linear PDEs such as the fundamental solution and Green’s function (both will be
discussed in more detail below).

The Fourier transform (Section [8) is particularly useful for analyzing constant-
coefficient linear PDEs like the ones above, since it simultaneously diagonalizes all
constant-coefficient linear partial differential operators. As we will see, distribution
theory also provides a natural framework for studying Fourier transforms in general
as well.

Finally, the last theme that will be pointed out is the miraculous cancellations
that happen when we multiply each equation with a suitable function and perform
an integration by parts. These cancellations form the basis of the so-called energy
method (Sections [10] and ??), which turns out to be the most reliable method to
study variable-coefficient and/or nonlinear PDEs. The desire to develop wellposed-
ness theory based on the energy method will motivate us to study the theory of
Sobolev spaces (Section .
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3. INTRODUCTION TO THE THEORY OF DISTRIBUTIONS

Distribution theory allows us to meaningfully differentiate functions that are not
classically differentiable. In a sense, it is a completion of differential calculus. The
theory was pioneered by L. Schwartz in the mid-20th century, but actually the
related ideas have already been used by physicists and engineers.

3.1. An example from electrostatics. To motivate the theory, let us discuss an
example from physics, or more specifically, electrostatics.

The subject of electrostatics deals with the relationship between an electric field
E : U — R3 and an electric charge distribution p : U — R (i.e., fv pdx gives the
total electric charge inside the domain V') in a domain U C R? when nothing varies
in time. The main equations of the theory are:

e The Gauss law

V-E=p inU,
e The electrostatic law

VxE=0 inU.

If the electrostatic law is satisfied on U = R3, then as we learn in vector calculus,
there exists an electric potential ¢ : R? — R such that E = —V¢. The Gauss
law for the electric potential becomes the Poisson equation:

—Ap=p inR3

A basic problem in electrostatics is to determine the electric potential ¢ from
a given charge distribution p. Here is the physicist’s way of solving this problem:
— When the charge distribution p consists of a finite sum of point charges g
placed at yp € R3 for k € {1,...,K}, ie., p = Zszl qr(point charge at yy)
then by linearity, ¢ must be given by the sum of the electric potentials of
the point charges. Again by linearity and translation invariance, the electric
potential of the point charge qx at yx is qxdo(x — yi ), where ¢¢ is the electric
potential of the (positive) unit point charges at the origin. Therefore,

K
¢ = qedo(z — yk).
k=1
— Next, consider a general a smooth charge distribution p. Let us view it as the
“continuous sum of point charges p(y) at y € R3”. By linearity, ¢ should be
“continuous sum of the electric potentials p(y)¢o(x—y) of these point charges”.
In other words,

¢@w:/p@de—wdy

— Now it only remains to determine the electric potential ¢g of a (positive) unit
point charge at 0. By the rotational symmetry of the problem, ¢y must be
radial, i.e., » = ¢(r) in the polar coordinates on R3 (r? = (21)2+(22)2+(2?)?).
For any r > 0, the total amount of charge inside the ball B(0,r) is 1, since
there is only the unit point charge at 0. By the Gauss law and the divergence

theorem,
1= / V-E= / v-E.
B(0,r) OB(0,r)
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Since v(z) = ra7 for z € 0B(0,r), v- V¢ = 0,¢ in the polar coordinates.
Moreover, since ¢ is radial, 9,-¢ is constant on dB(0,r). Therefore,

1= —/ v-Vo = —4mr?0,.6(r),
9B(0,r)

or in other words,
1

ord(r) = ——.

T‘(ZS( ) 47‘(’!‘2

(Actually, this is Coulomb’s inverse square law!) For physical reasons, it is
reasonable to normalize ¢ so that ¢(r) — 0 as r — co. Then by integration,

11 11
¢(r) = ——, or equivalently, ¢(z) = e

T dnr
— In sum, the electric potential on ¢ in R?® corresponding to a given charge
distribution p in R? is
1 1
r)=— [ —— dy.
o) = 3= [ o)

This clever procedure has a few jumps that are difficult to justify with usual
calculus, such as the notion of a point charge, representation of p(z) as the
“continuous sum of point charges” and the electrostatic potential of a point
charge. However, we do not want to give up on these nice ideas! As a natural
setting in which the above argument can be made rigorous (and also generalized),
we will introduce the concept of a distribution.

3.2. Definition of a distribution, first take. The basic idea of a distribution
is as follows. Consider a continuous function u : U — R. The most obvious way to
characterize u is by its pointwise values u(z), i.e., two continuous functions u and
v on U are the same if and only if u(z) = v(x) for all x € U. Equivalently, we may
also characterize f in terms of the weighted averages

(w.0) = [uods,

where the weight ¢ varies over a vector space of functions on U that is

(1) “nice enough” so that (u, ¢) is well-defined for each ¢; and

(2) “rich enough” so that, for instance, (u, ) = (v, $) for all ¢ in this space if and
only if u = v.

Observe that ¢ — (u, @) is a linear functional on this vector space. The weights ¢

are also called test functions.

The power of this viewpoint lies in the simple observation that, in fact, if the test
functions are “nice enough”, then the local weighted average (u, ¢) makes sense for
a much larger class of objects than just the continuous functions. For instance, if
@’s are assumed to be continuous, then (u, ¢) naturally makes sense for any measure
u that vanishes outside a compact subset K of U.

We arrive at the notion of a distribution u by following the above idea to an
extreme: Throw away the pointwise values of u and keep only the linear functionals
¢ +— u(¢) defined on a suitable vector space of test functions. It is a generalization
of the notion of a continuous function in the sense that, when wu is a continuous
function, u(¢) is given by the weighted average u(¢) = (u, ¢) = [u¢pdz.
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What is then the suitable vector space of ¢’s? First, it would be nice if each ¢ is
infinitely differentiable, or smooth. Second, it would also be nice if each ¢ vanishes
outside a compact set. For later purposes, it is useful to formalize this point with
the following definition:

Definition 3.1 (Support of a continuous function). Let f € C(U). The support of
f, denoted by supp f is the closure of the subset of U where f is non-zero, i.e.,

supp f ={z € U : f(z) # 0}.
We say that f is compactly supported if supp f is compact.

The space of all smooth (i.e., infinitely differentiable) functions ¢ : U — R that
are compactly supported (i.e., supp ¢ is compact) is denoted by C(U). Using
C2°(U) as the space of test functions, we (almost) arrive at the standard definition
of a distribution:

Definition 3.2 (Distribution; rough version). A distribution w in U is a linear
functional u : C°(U) — R that is “continuous.”

The continuity condition is a natural regularity condition to impose on u to
avoid crazy counterexamples. In order to make precise the notion of continuity in
Definition we need to discuss the notion of convergence (i.e., topology) of the
space C2°(U); this is one of the topics of the next subsection.

3.3. The space of test functions C2°(U). To properly formulate the notion of
continuity in Definition we now turn to the description of the space C°(U)
of smooth and compactly supported functions in U. We have chosen this space so
that its elements are “nice”. According to the discussion in the previous subsection,
in order for Definition to be reasonable, we would like to demonstrate that the
space C°(U) is “rich enough” as well; for instance, if v and v are continuous
functions on U such that (u, @) = (v, ¢) for all ¢ € C°(U), then we better have
U =v.

We start with the simplest question, namely, can we construct a single example
of a smooth function on R? whose support belongs to B(0,1)? Here is one way to
construct such an example. Consider the function ¢ : R — R defined by

o(z) = {ew x>0

0 xz < 0.

It is not difficult to check that ¢ is infinitely differentiable and supp ¢ = [0, c0).
Next, consider
$(x) = ¢ (1= (") + -+ (@)?)).
Since ¢ is the composition of two smooth functions, ¢ € C>(R?). Moreover,
since 1 — ((z')% 4+ (z%)?) > 0 if and only if 2 € B(0,1), it follows that with
supp ¢ C B(0,1).
To generate more examples, let us introduce the idea of convolution:

Definition 3.3 (Convolution). Let f be a continuous function in U and ¢ €
C(U). We define the convolution of f and ¢ by

[ (z) = / )z — ) dy.
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As we will see below, the convolution operation can be generalized to more
general f and ¢.

Let us quickly go over a few important properties of convolution. First, note
that * is commutative:

I):/f(x*y dy—/f y)dy = g * f(z).

Next, even if f is merely continuous (so in particular, non-differentiable), note
that its convolution f * ¢ with ¢ € C>°(R?) is smooth. Indeed, by the formal chain
of identities

Dos (f36)() = B / F)dla—y) dy = / B (F(y)S(z—y)) dy = / F(4)0s b(z—y) dy,

we see that, provided that the order of the differentiation and the integration can
be interchanged (the second equality), we may arrange so that each z-derivative of
f * ¢(x) falls only on ¢(z — -), which still belongs to C2°(U). The hypothesis that
f is continuous and ¢ € C°(R?) is sufficient to justify this interchange.
Another important property of convolution is:
supp f * ¢ C supp f + supp ¢,
where by A + B for two subsets 4, B C R%, we mean
A+B={a+beR?:ac A, be B}.

In particular, if supp f is compact, then f * ¢ is also compactly supported. To see
how this inclusion is proved, take a point x € R? such that f * ¢(x) # 0. Then the

integral
0= [ fwote -

must be non-zero, which means that there exists some y € {y : f(y) # 0} C supp f

and @ —y € {z: ¢(2) # 0} C suppé. Thus, {x : f + 6(x) # 0}  supp f -+ supp o
Taking the closure of both sides, we arrive at the desired conclusion.

Lemma 3.4. Let f € C*(RY), 0 < k < 0o. Let ¢ be a smooth function with support
contained in B(0,1) and [ ¢ = 1. Set ¢5(x) = 6 9¢(0~1x) and let

fsla) = 65+ S(@) = [ 57 dqb( )f(y)dy=/f(a:—6z>¢<z>dz
Then

e The functions fs are C* and supp fs C supp f + B(0,4).
e For |a| <k, we have 0% fs — 0“f uniformly on each compact set as 6 — 0.

Proof. By definition, the regularity and support properties of f5 in the statement
of Lemma are clear. The key is to prove the uniform convergence assertion.
Let us first consider the case k = 0. Let L be a compact subset of U. We write

o5 * f(x /¢5 x—y)dy—/%(y)f(x)dy
- / 6(2) (f(x — 62) — f(x)) dz,

where in the first equality, we used the property that [ ¢s = 1, and in the second
equality, we used the change of variables y = 0z. For each fixed z, f(z—dz)—f(z) —
0 as 6 — 0 by the continuity of f. Moreover, for z € supp ¢, which is compact,
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and x in the compact set L, f(x — 0z) — f(x) — 0 as 6 — 0 uniformly. Thus we
can exchange the order of the limit lims_,o and the integration, and conclude that
¢s * f(x) — f(z) uniformly on L, as desired.

In the case 0 < |a| < k, we begin by writing

D(gs  f)(x) — DO () = / 65 (4)D* f(z — y) dy — / 65(y) D" f () dy
- / 6(2) (D f(x — 62) — D f(x)) dz,

where the point is that we let up to k derivatives fall on f. At this point, we may
adapt the argument in the case k = 0 and prove D(¢s * f)(x) — D*f(xz) — 0
uniformly on any compact subset L of U; we omit the straightforward details. O

As a consequence, we have a huge space of test functions, which closely follows
the behavior of continuous compactly supported functions. The space of continuous
compactly supported functions is very rich, as we learned in point-set topology
(recall Urysohn’s lemma, etc.). From Lemma and “richness” of C(U), it is
not difficult to show C°(U) is “rich enough” so that, in particular, if v and v are
continuous functions on U such that (u, @) = (v, ) for all p € C(U), then u = v.

We are finally ready to specify the topology of C°(U). Instead of an abstract
description, let us describe how sequential convergence is defined:

Definition 3.5. A sequence ¢; € C°(U) converges to ¢ € C°(U) if there exists
a compact set K C U such that supp ¢;,supp ¢ C K and

lim sup |D%¢;(z) — D%p(z)| =0
€K

J—0 4
for every multi-index «.

Remark 3.6 (For those who are familiar with functional analysis). The topology on
C°(U) is the strongest (i.e., smallest) topology such that for each compact subset
K C U, the space

CE(K)={o:9€C™, suppp C K}

equipped with the complete invariant (i.e., d(¢ — @, — @) = d(¢, 1)) metric

_ —n pn((b_ql)) _ «
d(«é,w)—;? Tep@ogy D)= s suplD())

(in fact, (C°(K),d) is a Fréchet space) embeds continuously into C°(U).

oo

3.4. Definition of a distribution, second take, and some basic concepts.
We are now ready to give the precise definition of a distribution, following L. Schwartz.

Definition 3.7. A distribution v on U is a linear functional u : C*(U) — R
that is continuous in the following sense: For any sequence ¢; € C2°(U) such that
¢j = ¢ € C(U) in the sense of Definition then u(¢;) — u(g).

It is customary to write D'(U) for the space of distributions on U. Also, the
pairing u(¢) of the linear functional u and a test function ¢ is usually written in
the form

w(@) = (u, ),

motivated by the notation in the case u is continuous.
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A useful reformulation of Definition [3.7] that does not directly involve Defini-
tion (but of course, they are deeply related!) is as follows:

Lemma 3.8. A linear functional u : CX(U) — R is a distribution if and only if
it is bounded in the following sense: For any compact set K C U, there exists an
integer N and a constant C = Ck n such that for all ¢ € C2°(U) with supp ¢ C K,
we have

(3.1) (u,¢)| < C Y sup [D¢()|.

mlSNJL‘eK

Proof. That boundedness implies (sequential) continuity is obvious. To show the
converse, we argue by contradiction.

Suppose that v : C*(U) — R is a distribution, but not bounded. Then there
exists a compact set K C U such that for all integers N and C > 0, there exists
on,c € CX(U) such that

(o)l > C Y sup D ()]
jal<N “€F
Choosing C = N, we arrive at a sequence ¢ = ¢n,n Obeying
(3.2) (u, o) = N Y sup [D* ().
la|<N reK

Now put

1
¢N($) =
N aj<n SUPyek [D*On (y)]
Then supp¢y C K and [DPyp(z)|y < & for € K and |8| < N. By Defini-
tion we see that ¢y — 0 in C°(U). Since u is a distribution, (u,¥n) — 0,
but this property contradicts ([3.2]) that implies instead |{u,¥n)| > 1. O

(bN(Qi)

Using Lemma [3.8] we can introduce the concept of the order of a distribution.

Definition 3.9 (Order of a distribution). Let u € D'(U). If there is an integer N
such that (3.1) holds for all compact set K C U and some C' = Ck, then we say
that v has order < N. The smallest such N is called the order of the distribution
U.

Another useful concept to keep in mind is that of the support of a distribution.

Definition 3.10 (Support of a distribution). We say that a distribution u € D'(U)
vanishes in an open subset V. C U if (u, ¢) = 0 for every test function ¢ such that
supp¢ C V. Let

Vinax = U{V : V is an open subset of U in which u vanishes}.
The support of u, denoted by supp u, is defined as the complement of Vj,.x, i-e.,
suppu = U\ (U{V : V is an open subset of U in which u Vanishes}> .

At this point, let us cover some first examples of distributions.

e Locally integrable functions. We say that a function u : U — R is locally integrable
if it is measurable and absolutely integrable on every compact subset K of U with
respect to the Lebesgue measure (i.e., fK |f| < o0); we denote by L, (U) the
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space of such functions. Any locally integrable function u defines a distribution
by

(w.0)i= [uoda,

where the RHS is well-defined thanks to local integrability. It is usual to abuse
the notation and use the same letter u to refer to the distribution defined by the
function u. Clearly, all distributions arising in this fashion has order 0. When
is continuous, the support of v as a continuous function agrees with the support
of u as a distribution.

To give more specific examples, any continuous function or any essentially
bounded measurable function is a distribution. A singular function on R? of the
form

1

 Jae

with a < d is locally integrable, so it is a distribution. However, when o > d, it
does not

(Signed) Borel measures. Any signed Borel measure p on U defined a distribution
by

W@:/wmww.

Again, we use the same letter pu to denote the distribution defined by u. All
distributions arising in this fashion again has order (ﬂ The support of p as a
distribution coincides with the support of u as a signed Borel measure.

An important example of this type of a distribution is the delta distribution
(or more colloquially, the delta function) at y, which is defined by

<5ya ¢> = ¢(y)

It corresponds to the atomic measure with total measure 1 at y € R%. From this
example, we can make sense of the charge distribution p of point charges ¢; at

Yi:
%

Higher order examples. The simplest example of a N-th order distribution on R¢
is

(u, ¢) = 0%9(0)

where « is a multi-index of order |«| = N. The support of this distribution is

{o}.

More interesting examples of distributions will be given after we discuss the basic
operations and limit theorems for distributions.

4n fact, although we will not prove it, it turns out that every distribution of order zero on U

is a continuous linear functional on Co(U), which may be identified with a signed Borel measure
on U.
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3.5. Basic operations for distributions. We now discuss how to generalize basic
operations for smooth functions to the case of distributions. As we will see, the
basic idea is as follows:

Basic principle (the adjoint method): An operation .4 on smooth functions
are generalized to distributions by computing the adjoint operation A’ defined by

/ (Au)édz = / wWA'g)dz Vo € C2U), Yu € C(U),
U U

such that A'¢ € C2°(U), then defining
(Au, @) == (u, A'¢) V¢ € C°(U), Yu € D'(U).

o Multiplication by smooth function. Given u € D'(U) and f € C*°(U), we define

(fu, @) := (u, fo), Vo e CZ(U).
Indeed, this definition is motivated by the fact that for v € C*°(U) and ¢ €
(),

(i) = [ (Gwo= [ uio)

and the observation that f¢ € C°(U). Moreover, it is not difficult to check that
¢n — ¢ in C2°(U) implies f¢,, = fé in C°(U), which makes ¢ — (fu, ¢) indeed
a distribution.

o Differentiation. Given u € D'(U), we define

<8jua (b) = —<U, af¢>7 V(b € CSO(U)
Indeed, for u € C*°(U) and ¢ € C°(U), we have

(Oju, d) Z/Uajwbz —/Uuaﬂé

by integration by parts. Note moreover that ¢, — ¢ in C°(U) implies 0;¢,, —
0;¢ in C(U), so that ¢ — (0;u, ¢) is indeed a distribution.

It is worth emphasizing that every distribution is differentiable with the above
simple definition. So distribution theory is an extension of the usual differen-
tial calculus, where every object (including any continuous functions, which are
distributions) is differentiable. Distribution theory is the minimal among such
extensions, in the sense that every distribution is locally a (in general, high order)
derivative of a continuous function; this is the structure theorem for distributions,
which we will cover later.

o Conwolution with a smooth compactly supported function. Given u € D'(R?) and
f € C=(R?), we define

(f*u,¢) = (u, [+ ¢) VoeCZ(U),

”

where *’ is the “adjoint” convolution defined by

£ 0@ = [ fw=ootds= [ oty

Indeed, for u € C*°, note that

Fruo)= [ (Frw@o)dr
— [ 1= pul)ot) dyds
Rd Rd
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- [ ([ s veroar) o
= (u, f+ ).
It can be checked in a straightforward manner (although it is more complicated
than the preceding two operations) that ¢ — (f *u, ¢) is continuous.
In fact, by the condition f € C>°(R?), fxu is more than merely a distribution.

Lemma 3.11. For f € C®(R%) and u € D'(RY), f *u is a smooth function
(i.e., fxu € C®(RY)). In fact,

D(f xu)(x) = (D f) * u)(z)
for any multi-index .

Proof. Let us first check that f % u is a continuous function. Note that the
expression

frule / f(& — yyuly) dy = {u, f(z —-))

already makes sense for u € D'(R?), since f(z —-) € C°(R%). By the continuity
property of u in Definition it follows that f x u(z) is continuous. Moreover,
it agrees with the distribution f *u as defined above.

To see that f x u is smooth, the idea is to work with difference quotients. Let
us demonstrate the idea in detail in the case |a| = 1; the rest of the proof is a
straightforward extension of this case.

Let e; be the unit vector in the positive direction along the x*-axis, and consider
the directional difference quotient

(Fxute ot he) = Frule) = (g (o= ) = Jo =) ).

It is not difficult to check that 3 (f(z 4+ he; —-) — f(z —-)) = 0;f(z — -) in the
C*(R?) topology. Thus, by the continuity property of u in Definition it
follows that

Oi(f *xu)(z )—hm (f*u( + he;) — [ xu(x))

=g%<w;uu+ha—> =)

= (u,0if (x =) = ((0if) * u)().
This proves that f % u is differentiable and D*(f * u)(z) = ((D*f) * u)(x) when
|a| = 1, as desired. O
An analogue of Lemma [3.4 holds in this case as well; let us hold off the discus-
sion of this result until we introduce the notion of convergence of distributions.
The property of the convolution regarding the supports remains valid in this
case, too.

Lemma 3.12. For f € C*(R?) and u € D'(R?), we have

supp(f *u) C supp f + suppu.
Proof. To prove this, it suffices to prove the contrapositive: If z & supp f+supp u,
then z & supp(f *u). Equivalently, we need to show that if z —supp f = {z —z :
x € supp f} € R?\ suppu, then f*u(z) = 0. Since f *u = (u, f(x —-)) by
Lemma the last statement is obvious. [l
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3.6. More examples. Here are more examples of distributions on R.
e Heaviside function. Consider

H(z) = 1 when x>0
o when z < 0.

Since H is locally integrable, it defines a distribution.
Note the following computation:

H' = 607

where §g is the delta distribution at 0.
To see this, we recall the definition of differentiation of a distribution and
compute as follows: For ¢ € C°(R),

(' 6) = —(H,¢/) = — / H(x) (z) de

= /qS )dx
= ¢(0) = lim ¢(z) = ¢(0),

where we used the fundamental theorem of calculus on the second line, and the
compact support property of ¢ on the last line.

Remark 3.13. This simple computation will be generalized below when we com-
pute the derivative of the characteristic function of a C'' domain, which in turn
will lead to the distribution-theoretic proof of the divergence theorem.

e Principal value distribution. We start with the following question: Although % is
not locally integrable (so it does not directly define a distribution), can we find

a distribution u € D’(R) that agrees with < (i.e., u — 1 vanishes) in the open set

R\ {0}?

There are many ways to go about this question, but a good idea is to notice
that the indefinite integral of % =, namely log|xz|, is locally integrable so that it
defines a distribution. Then we define the desired distribution u by

d
= @ log |.13‘,
where the differentiation is taken in the sense of distributions. Such a distribution
is called the principal value distribution, and is denoted by pv . It can be shown

that
ov ()0 =t ([ 2o+ [ Lowa).

Indeed, consider a test function ¢ € C°(R) and choose L large enough so that
supp ¢ C (—L, L). We compute

wo (1) oo =— [ omlald ) as

L 0
= —/ log|z|(¢(x) — ¢(0))" dz — / log |z[(¢(x) — ¢(0))" dz
0 —L

|
— [ S - o) s,

L X
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Splitting (=L, L) into (—L, —€) U (—¢,€) U (¢, L), we see that

) L €1 -1

= Jim. < / L(6() — 6(0)) da + / L 0() = 0(0) do + / 1 (0(a) = 9(0) dm>
) L 1 € 1 , —€ 1

= Jim, ( | e@-sondes [ [ dondodrs [ ot - ¢<0>>dx>

_L T

L1 €1
6135;( E Egb(x) dw+/L Efzﬁ(fﬂ) dx>,

where on the last line, we used

‘/_Z /01 ¢ (ox)do dz

[ oo+ [ Lo o

If we do not take e — 0, then we obtain an estimate on (pv %, @) implying that
the order of pv% is < 1. To see that its order is exactly 1, we use the following
result:

< 2sup|¢’(z)|e - 0 as e — 0,

Lemma 3.14. Let u be a distribution on R that agrees with % on (0,00). Then
its order is at least 1.

Proof. For the purpose of contradiction, suppose that the order of uw is 0. Then
there exists C' > 0 such that

[(u, )] <C sup |o(x)
z€[—2,2]
for all ¢ € C°(R) with supp ¢ C [—2,2]. Now take ¢(z) = Z}]:o ©0(272), where
J is a parameter that we will choose later and ¢ € C*(R) obeys |p| < 1,
supp ¢ C (1,2) and [ cpd% > 0. Then on the one hand, by the assumption,

o2 - 2 dx
wor=Y [ fena=0+1 [ w0
i=o 23 X 1 X
which can be made arbitrarily large by taking J — oco. On the other hand,
since (272)’s have disjoint supports, we have |¢| < 1 and therefore |(u, )| < C
independent of J. This is a contradiction.

Finally, we remark that pv% is not the unique distribution that agrees with
Lin R\ {0}; however, as we will see below, all such distributions are of the form

pv% + Zszo ckéék) for some K > 0 and coefficients ¢, € R.

3.7. Sequence of distributions. We now discuss the notion of convergence of a
sequence of distributions.

Definition 3.15. A sequence u,, € D'(U) converges to u € D'(U) if for all ¢ €
C(U), we have

(un, @) = (u, ).
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When such a convergence holds, we say that u,, — u in the sense of distributions.
The key “sequential completeness” theorem for distributions is as follows.

Theorem 3.16. Let u, be a sequence of distributions on U with the following
property: For each ¢ € C°(U), the sequence {u,, @) converges as n — 0o. Then
there exists a distribution u € D'(U) characterized by the property

(3.3) (u6) = 1 {un,6), Vo€ CR().

For every compact set K C U, there exist N and C (independent of n) such that
(3.1) holds for all w,, and u. Moreover, if ¢, — ¢ in C°(U), then (un, dn) — u(p).

This theorem is very useful in two regards: First, when we check the existence
of the limit of (u;, ) for each ¢ € C°(U), the continuity of the limit u follows
immediately, which is more cumbersome to check directly. Second, it implies that
we can always “distribute the limits” in lim,, — oo (tn, dn) = (limy, 0o ©, imy, 00 @n ).

If we consider a sequence of continuous linear functionals u,, on a Banach space
X, then the analogous result is a consequence of the uniform boundedness theorem,
which ensure that any family {u},ecz of continuous linear functionals on X that is
pointwise bounded (i.e., {u(z)} ey is bounded for each z € X) is always equicon-
tinuous. Unfortunately, C°(U) is not a Banach space, but a similar idea turns out
to be true.

Proof. (Optional; for those who are familiar with functional analysis) It suffices to
check the continuity of u on C°(U) as defined above. For any compact subset K
of U, note that holds for all ¢ € C°(K). Since C°(K) can be endowed with
a complete invariant metric (see Remark , we can apply the uniform bounded-
ness principle (or the Banach—Steinhaus theorem; see, for instance, [Rud91, Theo-
rem 2.6]). As a result, there exists Ng and Ck independent of n such that each
U, obeys

(3.4) (n,¢) < Cx Y sup |D¢(z)]
la|<Nx zeK

for ¢ € C°(K). Taking n — oo, the limit u obeys the same bound. Moreover, since
K is an arbitrary compact subset of U, by Lemma it follow that u is continuous
on C°(U), as desired. Finally, the conclusion that (u,, ¢n) — (u, @) follows from
the uniform bounds . O

Observe that “term-wise differentiation” is a triviality in distribution theory.
Lemma 3.17. If u, — u, then D%u,, — D%u (both in the sense of distributions).

Proof. It suffices to check the case |a| = 1, i.e., D* = 0;. Since u,, — u in the
sense of distributions, for all ¢ € C°(U) we have

<un7 _aj(b) — <’U/, _8J¢>
The left- and the right-hand sides are (9;u,,¢) and (0;u, ¢), respectively, so the

claim follows. O

Equipped with these theoretical tools, let us discuss some concrete examples of
convergence in the sense of distributions.
e The dominated convergence theorem allows us to connect pointwise convergence
to that in the sense of distributions.
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1
loc

Lemma 3.18. Suppose that u,(z) € L
If there exists v € L}, (R) such that

loc

(R) satisfies un () = uso(x) asn — oo.

lun(z)] <wv(z)  for almost every x € R,
then
U — Uy aS Tt — 00 in the sense of distributions.
Proof. Indeed, for any ¢ € C°(U), we have

und = ud forae xeU, |u,d(z) <v(z)p(z) forae zelU
where v|¢| is integrable since v € L}, (U) and ¢ is bounded and has a compact
support. Thus, by the dominated convergence theorem, (u,,¢) = [u,¢dz —

Jupdz = (u, @) as desired. O

For example, if we take h(z) to be a smooth function such that hA(z) =1 on
[1,00) and supp h C [0, 00), then

hs(z) = h(6 7 x) — H(z),

both pointwisely and in the sense of distributions.
e When there are rapid oscillations, convergence in the sense of distributions may
capture some cancellation that pointwise convergence does not. Take, for exam-

ple,
up(z) =™ for x >0, wu,(z)=0forz <0.

Then u,(x) does not have any pointwise limit for « € (0, 00) \ 2nZ. However,
u, =0 asn — oo in the sense of distributions.

Indeed,
- _ inx d
() = [ e o(a) da

= / _iaxeim"qb(x) dz
0 m

igb(()) + / 2 gine Lo(z)de — 0 asn — oo.
n 0 n
e In the preceding example, we see that if we normalize

vp(x) =ne™  for x>0, wv,(z)=0forz <0,

then

v, — 109 asn — oo in the sense of distributions.

Indeed, for any ¢ € C>(R),

s _ inx d

(0 d) = [ ne (@) o
i00)+1 [ (@) da

=i¢(0) — AC N /°° %eim’qﬁ"(:ﬂ) dz — ip(0) asn — oo.
0

n
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3.8. Approximation of a distribution by C* (or C¢°) functions. Let us
start with a simple computation that underlies the mollification procedure using
convolution.

Lemma 3.19 (Approximation of the identity). Let ¢ € C°(R?) and ¢5 = 6~ 4¢p(61x).
Then

Ps — (/ o(x) dx) 0p asd— 0 in the sense of distributions.

Proof. To see this, for every ¢ € C°(R?), we compute

(65, /5d¢5 ) () da

/¢ (62) dz,

where we made the change of variables z = § '2. By the dominated convergence
theorem, it follows that

/qﬁ(z)ip(éz) dz — /gb(z) dz(0) asd — 0,
which is equivalent to the above claim. O

As a consequence of the last computation, we obtain the following useful result:

Proposition 3.20. Let ¢ € CX(R?) satisfy [ ¢ = 1. For every 6 > 0, define
bs(x) = 679p(6 w). Then

¢sxu—u asd—0 in the sense of distributions.
Proof. We need to show that, for all ¢ € C>°(U)

(ps xu, ) — (u, ) as d — 0.
Recall that (¢s * u, ) = (u, ¢s " ¥) and

b5+ ¥ /% = y)o(@) do = (65 — ), ).

By the preceding computation, it follows that the RHS — v (y) as 6 — 0. Moreover,
writing

(@s(- —y), ) = (95, 9(- + )
it is not difficult to verify that D*(¢s(- — y),¥) — D*)(y) for every y € supp
and «. It follows that (¢s(- — y),9) = D*P(y) in C°(U). Then by the continuity
of U, the desired conclusion follows. O

Note that ¢s * u’s are smooth functions that approximate w in the sense of
distributions. By taking an additional cutoff, we may approximate u € D'(U) by
smooth and compactly supported functions in C°(U) in the sense of distributions.
More precisely, take a sequence K, of compact subsets of U such that K,, C intK,, 1
and U, K,, = U. Then define x,, € C*(U) such that x,, =1 on K, and supp x,, C
int K, 41 (the construction of such x,, is easily achieved by starting with a continuous
function with similar properties, then applying mollification). For some sequence
0, — 0 to be chosen below, we take as our approximating sequence

Uun = ¢s, * (Xnl)-
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Note that the convolution is well-defined, since x,u is now a compactly supported
distribution in D’(U). Moreover, choosing ¢,, < dist(K,+1,0U), we may ensure
that supp u, C U using Lemma [3.12] Using Proposition [3.20] and the properties of
Xn, it is not difficult to prove that:

Proposition 3.21. For any v € D'(U), the sequence u, defined above converges
to u € D'(U) in the sense of distributions. Hence, C°(U) is dense in D' (U).

These properties present us another way to generalize operations on smooth
functions to distributions:

Basic principle (the approximation method): Let A be an operation on
smooth (resp. and compactly supported) functions. Then A is generalized to a
distribution v € D'(U) by considering a sequence u; in C>®°(U) (resp. C(U))
that approximates u in the sense of distributions, and then “defining” Awu to be
limy, o0 Auy,.

For this method to work, lim,, ., Au, needs to be independent of the choice of
u,. For many basic operations of interest (including those discussed above), this
property holds thanks to the “continuity” property of the operation. In practice,
this method is often the more useful and flexible way to define basic operations on
distributions.

Let us close this subsection with a simple example where the idea of approxima-
tion suggests a straightforward proof of a statement regarding distributions:

Lemma 3.22. Ifu € D'(U) such that O;u =0, then u is a constant.

Proof. Let us first take the case U = R?, which is very simple. By Proposition
we have ¢s5 *u — w as  — 0 in the sense of distributions (following the notation of
the proposition). On the other hand, 9;(¢s * u) = ¢s * Oju = 0, so each ¢s * u is a
constant, which we denote by Cs. Thus, (¢5 *u,v) = Cs [ dx is convergent for
every ¢ € C° (Rd), from which it follows that Cy is convergent and u = limgs_,o Css.

In the case of a general domain U, we take the approximating sequence u, =
¢s,, * (xnu), where x,, and ¢,, are chosen as above. On the one hand, it converges
to w in the sense of distributions. On the other hand, for every fixed ng, since
Xn(z) =1 for x € K,,, for n > ng, we have

Ojun(x) = 9j(ds, * (xnu))(z) =0 for all z € K,,, and n > ng.

Thus, u, is a constant on K,, for n > ng. By a similar argument as before, it
follows that for any ¢ € C2°(Khy,), (un,9) — Ck, ¥ for some constant Ck, .
Since ny is arbitrary, it follows that C' = Ck,, is independent of K, and we have
(u, ) = limy, 00 (Un, ) = C for any ¢ € C°(U), as we wished. O

It is instructive to come up with a proof of this lemma that only uses the adjoint
method (i.e., the definition (0;u, ¢) = —(u, 0;9)), and compare it with the preceding
straightforward proof.

3.9. Differentiation of the characteristic function. As an application of the
theory developed so far, let us generalize the computation H'(z) = dy to higher
dimensions. Given a set U C R%, we introduce its characteristic function 1y

defined by
1 whenzeU
1 =
v(@) {0 when z € R4\ U.
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Proposition 3.23. Let U be an open domain in R with a C' boundary. Then
9j1y = —(vav);dSau,
where dSgy is the (Fuclidean) surface element on OU.

Here, by the notation dSsy, we mean the distribution

(S0, 6) = /a bl Ao

(In other words, view dSpy as a Borel measure supported on 9U.)
Before getting to the proof, let us note that Proposition furnishes a proof
of the divergence theorem for smooth vector fields. Indeed, if ¥ € C>°(R%), then

/ divbdz = (1y, Y 9;) = =Y (9;1,V) = / bl dS.
U » - U

J J
In fact, Proposition |3.23|is equivalent to the divergence theorem for smooth vector
fields. However, we will present an independent proof. The idea will be to use a
suitable approximating sequence of 1.

Proof. Note that 0;1y is supported in dU. Our strategy is to first find a covering
OU by finitely many open balls B, (i.e., OU C UyB,) such that (0;1y, ¢) may be
easily computed for ¢ € C°(B,). Then we will use a smooth partition of unity to
piece together these local computations.

By the definition of a domain with a C! boundary, for every zq € OU we can
find 75, > 0 such that, after suitably rearranging and reorienting coordinates, we
have

B(x0,74,)N0U = {z? = ~(zt,..., 29"}, B(zo,74,)NU = {z? < ~v(zt,..., 297 1)}

for some C! function v. By compactness, we can find finitely many points z, and
balls B, = B(zq,7s,) with this property, such that OU C U, B,

Let us fix one ball B,. Let h be a smooth function that equals 1 on [1, c0) and
supp h C (0, 00).

1y = lim (6 Y (y(z!, ..., 27 Y) —2?)) in B,
6—0

pointwisely, and thus also in the sense of distributions (by the dominated conver-
gence theorem). For any ¢ € C2°(U) with supp ¢ C By,

(0,10.6) = lim (9, (A5~ (3("..2*~") — %)) . )
— lm (6 W (2t — 29)), 6)
6—0
where
=V =t .. 2¥Y)) = (=01, ..., =041, 1)
points outwards of U. If we freeze (z!,...,2971), then 5~ A/ (6~ (y(z!, ...,
ah)) = 6,1, ga-1)(x?) (as distributions in 2¢). Thus,

01y, ¢) = f/ﬂj(:vl,...,xd*1)¢(x1,...,xdil,fy(xl,...,xdfl))d:rl~~dxd*1.

Now note that

7= (-0 =007 ) = /T VI,
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where v is the outward unit normal to OU, whereas we recall from multivariable
calculus that

V1+|VA[2da! .. dz?" ' =dS  on OU.

Thus, it follows that

(0,10, 6) = f/ v; Blop dS.
oUu

for ¢ € C°(By).

Finally, to piece together the local computations, we use a smooth partition of
unity x,, adapted to B,. More precisely, there exists a family {x,} C C°(R?) such
that supp xa C Ba, and ) xa(z) = 1 in a neighborhood of 0U(C UsB,). Such
a family of functions can be constructed by starting with a continuous partition of
unity X, adapted to B, which is easier to construct, and then taking x, = @s* Xa
for ¢ € C®(R?) with [ = 1 and a suitably small § > 0. To ensure the last
property, note that > xa(z) = @5 * >, Xa(z) = 1 if § is small enough so that
B(x,6) C {r: 3, Xalr) = 1}.

Given any ¢ € C°(U), we write ¢ = > Xa¢ and apply the local computation
in B, to each xo¢. Then the desired result follows. [l

3.10. Operations between distributions; simple cases. We may now ask if
we can make sense of operations between distributions. Let us cover some simple
(but useful, as we will see) situations when this can be done.

o Integral of a compactly supported distribution. For any test function u € C°(U),
Ju(y)dy = (u,1). This (unary) operation can be extended to compactly sup-
ported distributions in the following simple way. First, observe that u € D'(U)
has compact support, then u can be tested against any smooth function ¢ €

= (U).

Lemma 3.24. Let u € D'(U) be a distribution with compact support. Let x €
C(U) be such that x =1 on suppu. Then

U= XU.
Moreover, for any f € C(U), if we define
(u, f) = (u, xf),

then this definition is independent of x.

We omit the straightforward proof.
Let w € D'(U) be a distribution with compact support. By Lemma [3.24] it
follows that (u, 1) is well-defined. We introduce the notation

/u: (u, 1).

Note that this notation is consistent with the usual notion of integration for
u € C2°(U). In fact, we will often abuse the notation and write [ u(y)dy for the
LHS as well, when it helps to clarify the dependence of [ u on parameters.

We note a very simple lemma, whose easy proof we will omit, which allows us
to perform “integration by parts” for distributions:
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Lemma 3.25. Let u € D'(U) be a distribution with compact support. Then for

any j,
/aju =0.

Multiplication of two distributions with disjoint singular supports. The product
of two distributions w,v € D'(U) is, in general, not well-defined. However, if for
every x € U at least one of u or v is a smooth function in a neighborhood V
of = (say u), then locally we are in the same situation as before (i.e., defining
multiplication of a smooth function and a distribution) so uv should be well-
defined.

To formalize this idea, we introduce the notion of the singular support:

Definition 3.26 (Singular support of a distribution). Let w € D'(U). The
singular support of u is defined to be the complement of the union of all open
sets on which u coincides with a smooth function, i.e.,

sing suppu = U \ (U{V : V is an open subset of U on which u € C’OO(V)}) .
With this definition, we can formulate and prove the following result:

Proposition 3.27. Let u,v € D'(U) such that singsuppu N singsuppv = 0.
Then the product uv is well-defined.

Proof. Take approximating sequences u,, and v, in C°(U) of u and v, respec-
tively. Our goal is to show that

lim u,v,
n—roo

is well-defined in the sense of distributions. For this purpose, by Theorem [3.16
it suffice to show that, for every ¢ € C°(U),

lim Up VU dx
n—oo
is well-defined.

Note that, since sing supp u and sing supp v are disjoint closed sets in U C RY,
there exists x € C°°(R?) such that y = 1 on sing supp v and supp xNsing supp v =
(. We split ¢ = x¢ + (1 — x)¢, and note that supp(x¢) N singsuppw = @ while
supp((1 — x)¢) Nsingsuppv = 0.

By the construction and Lemma [3:4] it follows that, for every a, D%u, —
D%y, uniformly on every compact set K such that K Nsingsuppu = @. Thus
Upx® — ux¢ in C2(U). Then by Theorem [unvpxopdz — (v, xue).
Similarly, [u,vn,x¢dz — (u, (1 — x)ve). Putting these two statements together,
the conclusion follows. O

In fact, this theorem could be proved more quickly using the adjoint method.
However, the approximation method is more flexible, in that the same recipe can
be used to justify the definition of uv even when Proposition [3:27 does not apply.
Here is one example:

— Product of surface elements on transversal hyperplanes. On R2, take

(u, ) =/¢(0,y)dy, <v,¢>:/¢(x,0) dz.
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With the notation as before, we may write u = dS{,—¢y and v = dS{,—gy-
Clearly, sing suppu = {x = 0} and singsuppv = {y = 0}, so that sing supp un
sing suppv # (). However, since

i S—1p(5—1 — Vi s—1p7(s—1
U—%ll)l})é W6~ x), vf%m(ljé R'(6  y)

where h is a smooth function with h = 1 on [1,00) and supp h C [0,00), we
wish to define (approximation method)
wv“ =" lim 6 2K (6 tz)h' (6 1y).
6—0

According to an earlier example, the limit on the RHS equals 6y on R?; thus

uv = dg is well-defined.
Convolution with a compactly supported distribution. Next, we turn to the task
of defining the convolution of two distributions u,v € D'(R?). Again, in general,
this operation is not well-defined. However, we have the following result:

Proposition 3.28. Let u,v € D'(R?) such that at least one of u or v has a
compact support. Then u* v is well-defined. Moreover, we have

U*XV=V*xU

and
supp(u * v) C supp u + supp v.

Proof. Take approximating sequences u, = @g—» * v and v, = @Py-n * v. In view
of Theorem we wish to show that, for every ¢ € C°(R?),

nh_}n;O U, * O (2)P(x) dz

is well-defined.
Let us assume that v is compactly supported; the other case is similar. As we
have seen before,

[t = [unty ( [tz = wot@) dx) dy
— [ ([0t ) ay

For each fixed y € R?, we have [ v, (2)¢(z +y)dz — (v, ¢(- +y)) by the conver-
gence v,, — v. Differentiating in y, we obtain the same conclusion for any deriva-
tives. Finally, by (a variant of) Lemma we see that there exists a compact set
K that contains the supports of [ v, (2)¢(z+y)dz and (v, ¢(- + y)) (both viewed
as functions of y). It follows that [ v,(2)¢(z+y)dz — (v,¢(- +y)) = v é(y) in
C°(R%). Finally, by Theorem it follows that lim, o [ u, * vy, (2)¢(2) dz =
(u,v " @), as desired.

At last, the properties u * v = v *x u and supp(u * v) C suppu + supp v easily
follow from the corresponding properties for functions via approximation; we
omit the straightforward verification. O

Again, the adjoint method would have led to a quicker proof, but we followed
the approximation method since it provides a strategy for defining u % v in more
general situations.
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As an application of Proposition [3:28 we note that the convolution with dy is
well-defined for any distribution v € D'(R%). In fact,

do *u = u * 0y = u.

3.11. Fundamental solutions and representation formula (optional). The
purpose of this subsection is to motivate the concept of a fundamental solution, and
explain the general strategy for using fundamental solutions to understand a linear
PDE problem. The arguments here will mostly be formal (i.e., without proof), but
they will motivate how we approach constant coefficient linear scalar PDEs (e.g.,
the Laplace and the wave equations) later, where we will indeed follow and justify
(parts of) the strategies outlined here.
Consider a linear scalar differential operator P on R?, which is of the form

Pu = Z ao(z)D%u.

a:lal<k

Let us assume that each a, is C*°(R?). Its formal adjoint is given by

Plv = Z (=D D(ayv).
a:la|<k
Indeed, (Pu,v) = (u, P'v) if one of u or v is in D'(R?) and the other is in C°(R?).
We are interested in the question of the existence of a solution to the inhomoge-
neous problem

(3.5) Pu = f,
and also in the question of its uniqueness.

Fundamental solutions and the problem of existence. Let us first consider the prob-
lem of existence, and proceed by an analogy with (finite dimensional) linear algebra.
If w and f belonged to finite dimensional vector spaces U and F, respectively, and
P : U — F is a linear operator, then we can find a solution to by the following
procedure in linear algebra:
(1) find a set of vectors {d;} that spans the space where f belongs;
(2) for each 4, find a solution e; to Pe; = d;;
(3) for f =3 ¢;d;, write u = > ¢;e;, which solves Pu = f by linearity.

Let us try to follow this strategy for . For the moment, let us take f to be
as nice as it can be, e.g., f € C°(R?). To motivate the notion of a fundamental
solution, let us start by recalling the identity

) = 60+ fly) = / oty — ) () dir = / b,(2)f() de,

where the last two integrals should be interpreted as (do(y — -), f) and (dy, f). (Note
that, as we saw in the last subsection, this identity makes sense for any distribution
u, too!) This identity suggests that f belongs to the “span” of {4, }, so by linearity,
once we know a solution to Pu = f with f equal to the delta distributions, then
we can find a solution u to .

Motivated by the preceding considerations, we make the following definition:

Definition 3.29. For each y € R?, we define a fundamental solution E, for P at
y to be a distribution E, € D'(y) satisfying
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It should be emphasized that a fundamental solution is usually not unique. In-
deed, if F is a fundamental solution at y, then E, +h for any homogeneous solution
Ph = 0 is also a fundamental solution at y; conversely, any fundamental solution
at y would be of the form E, + h for some h satisfying Ph = 0.

For a sufficiently nice (say, smooth and compactly supported) f, we formally
define

i) =" [ F0)E () dy.
The expectation is that

Pulf]* = / f)PE, () dy = f(x):

or succinctly, that f +— u[f] is a left-inverse for P. In practice, each “ =
justified in a case-by-case basis.

b2

must be

Fundamental solutions and the problem of uniqueness (representation formula).
Amusingly, fundamental solutions, which are primarily vehicles for proving exis-
tence, are also useful for investigating uniqueness of a solution to . To see this,
we again start by reviewing a similar procedure in linear algebra.

Let U and F be finite dimensional vector spaces, and let P : U — F be a linear
operator. Given a vector u € U, let us try to determine u from Pu. Let U’ and
F’ be the dual vector spaces of U and F, respectively, and consider the adjoint
P’ F — U’ of P defined by

(Pu,g) = (u,P'g), forallueU, geF.

Let {(d")} span the space U’. Then in order to determine wu, it suffices to determine
(u, (d")") for each i. Suppose for each i, we know a solution (e’)" to

,P/(e/)i _ (d/)i.
Then
(u, (d)") = (u, P'(')') = (Pu, (¢')").
Hence, we see how the existence of solutions (e’); to the adjoint problem leads to a
representation formula for u in terms of Pu!

Let us now return to the case of PDEs. Suppose that for each 2 € R?, there
exists a fundamental solution (E’)* to the adjoint problem

P(E')" =6,

For a distribution u that is sufficiently regular (say, smooth) and compactly
supported, we perform the following formal manipulation:

u(zx) = (u, o)
= (u, P'(E")")
=7 (Pu, (B)°).
Again, “ =7 needs to be justified on a case-by-case basis. The compact support

property of u (in addition to sufficient regularity) is important to not generate
any boundary terms. When this identity can be justified, we say that we have a
representation formula for u in terms of Pu. To express the expectation succinctly:

f = (x— (f,(E")")) should be a left-inverse for P.



53

Fundamental solutions and representation formula for boundary value problems. A
variant of the preceding procedure leads to a strategy for deriving a representation
formula for a solution u to a boundary value problem on a domain U. Suppose that
U is a C! domain and

Pu=f inU.

The strategy for finding a representation formula for u in terms of Pu in U and the
data on QU is to justify the following formal manipulation:

u(x) = (u, bz)
= (Lyu, P'(E')")
“=(1yPu, (E")") +---
In the remainder - - -, we expect to see only u|y , ..., D%u|y, for o] < k—1 since

at least one derivative must fall on 1y, which we computed in Proposition [3.23]

The constant coefficient case. When the the coefficients a,, in the definition of P
are constant, there is a natural way to generate fundamental solutions at y € R?
starting from one of them. The key idea is that in the constant coefficient case, P
is translation invariant, i.e.,

Pu(- —y)) = (Pu)(- — y).
Thus, given a fundamental solution Ej at &g, it follows that its translate
Ey = Eo(-—y)

satisfies PE, = d,; in other words, E, is a fundamental solution at y € R,
Moreover, the formal adjoint P’ of P is given by

P Y an(—1)elDe,
a:la|<k
or equivalently,
P'(u(=-)) = (Pu)(=-).
Therefore, we see that
(E')" = Eo(x — )
is a fundamental solution for P’ at z, i.e., P'(E")* = §,.

Using the fundamental solutions E, and E! generated from Ej in the above
fashion, the formal formulas that we discussed before take the form of convolution.

e Emistence. The proposed formula for u[f] is

@) =" [ F)E @) dy = [ F0)Es(e ~ ) dy = Eo (o)
In particular, by Proposition [3:28] the last expression always makes sense when

f is a compactly supported distribution. Thus,

Proposition 3.30. Let P be a constant coefficient partial differential operator
on R, Let Ey be a fundamental solution for P at 0, and let f be a compactly
supported distribution. Then

U[f]:Eo*f,

solves Pu = f.
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Representation formula for a compactly supported u. Recall that the proposed
representation formula for u(z) is

u(z) = (u,0z) = (u, P'(E)")
<= (Pu, ().
With the above choices of (E')*,
(u, PI(E")") = uxPEo(x), (Pu,(E")") = (Pu) x Eo().

So the justification of the representation formula (or more concretely, “ = 7)
amounts to justifying the passage of the derivatives in P from Fy to w in the
convolution, i.e.,

u(z) =u*xPEy(z)“="(Pu) x Eqg(x).
This is possible when u is compactly supported. Thus,
Proposition 3.31. Let P be a constant coefficient partial differential operator

on R, Let Ey be a fundamental solution for P at 0, and let u be a compactly
supported distribution. Then

u = Egy x Pu.

Representation formula for a u solving a boundary value problem. Let U be a
C' domain (not necessarily bounded), and let v € C*(U) (i.e., u extends to a
smooth function to an open set V' D U). In this case, the proposed representation
formula for u(x) for x € U is

w(x) = (0, u) = /P'(E’)””ul
“= /(E')”PulU +

so as before, the justification of the representation formula amounts to justifying
the passage of the derivatives in P from Ej to u in the convolution, i.e.,

u(z) =PEy*uly(x)“="FEy* (Pu)ly(z)+---

The omitted terms - - - would involve the values of D*u on OU with |a] <k —1
since at least one derivative would fall on 1.

One useful special case to keep in mind is when U is a bounded domain; in
that case, by Proposition [3.31] we have

u= Fog*Puly) = Ey * ((Pu)ly) + B,
where the boundary integrals should be contained in
B = Eo * P(ulU) — EO * ((PU)IU)

It remains to use the product rule to compute B, and justify that they indeed
give rise to well-defined integrals on OU; the latter step involves checking that
Ey(x —-) and its derivatives have good properties on 0U. We will carry out this
abstract procedure in concrete cases (the Laplace and the wave equations) below.

Remark 3.32. It is worth noting that every constant coefficient scalar linear partial
differential operator has a fundamental solution; this is the celebrated theorem of
Malgrange—Ehrenpreis [Rud91l Theorem 8.5]. However, this theorem per se does
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not tell us much about how the solution looks like. Moreover, fundamental solutions

need not exist in the general linear castﬂ

FEzamples. Finally, let us discuss a simple example to illustrate the strategies de-

scribed above.

e The operator 0, on R: A fundamental solution for 9, (which has constant coef-
ficients) on R is
0 H(x) = dp.

Moreover, any fundamental solution FE(z) has the property that 9,(E — H) = 0.
Thus, a general fundamental solution is given by E(z) = H(z) + C.

Let us carry out the strategies outlined above for this simple example. For
concreteness, we use the fundamental solution H(z).
— Ezistence. For f € C2°(R), we define

/f (x—y)dy = f=H(z).
Then O, ulf](z) = (f * 0,H) = f, as desired. Alternatively, note that

/f x—y)dy=/_mf(y)dy,

so Oyu[f](z) = f by the fundamental theorem of calculus.
— Representation formula for a “nice” u in R. For u € C°(R), we compute

u(z) = u* §o(x)
=ux 0, H(x)
= Oyu* H(x)

_ / Bzu(y) dy,

which is the desired representation formula.
— Representation formula for a u solving a boundary value problem. Consider an
open interval I = (a,b) and suppose u € C°(I). We obtain

u(x) = u* §o(x)
=1u*xJ,H(x)
= 0,(1ru) *x H(zx)
= ((0a = Gp)u) * H(z) + (170,u) + H(z)

/au ) dy.

The cases of other fundamental solutions H(z) 4+ C' are left as an exercise.
One interesting case is when C' = —1, in which case supp(H (z) — 1) C (—o0,0];
in this case, the formulas for u(x) will be integrated only to the right of x.

5We have already seen a weaker statement along this direction. Given a fundamental solution
Ey satisfying PEy = do, note that u[f] = f * Eo makes sense for every f € C2°. Thus, we have

the existence of a smooth solution u[f] to Pu = f. On the other hand, in HW#1, we saw that

there exists f € C2°(R2) such that the scalar linear PDE
((OF+t202)° +02)u=f

does not have any C* solutions near 0.
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e The operator % on R: A fundamental solution for 9% (which has constant coef-
ficients) on R is Ey := ﬁxkilH(x):

ok ((k _1 1)!xk_1H(x)> = 5o.

Moreover, any fundamental solution E(x) has the property that 0% (E — Ey) = 0.
Thus, a general fundamental solution is given by E(x) = Eo(z) + Z;:é cjad.

Let us carry out the strategies outlined above for this simple example using
the fundamental solution ﬁxkilH (z); the general case is again left out as an
exercise.
— Euxistence. For f € C2°(R), we define

w(z) := [ * Eo(x).

Again, OFu = (f * OFEy) = f, as desired.

— Representation formula for a “nice” u in R. For u € C°(R), we compute

u(z) = udo(z) = u* OBy = 0w * Eq

:(k_ll)l/_z dpu(y)(z —y)* ' dy,

which is the desired representation formula.

— Representation formula for a u solving a boundary value problem. Consider an
open interval I = (a,b), and suppose u € C°°(I). We now start computing as
before, but move 9, from Ej to u carefully so that at most one derivative falls
on 1; each time:

u(x) = u* do(x)
= 17ux 0¥ Ey(z)
= 0,(1u) x OF 1 Ey(2)
= ((6q — 0p)u) * 0" L Eo(x) + (1704u) * Opr—1 Eo(x)
= ((6a — 0p)u) * 0L Eg(x) + 0, (110,u) * Opr—2 Fo(x)

—1
==Y ((84 = 6p)Pu) x OF I Ey(x) + (170%u) % Ey(x).

Jj=

Note also that O 7—1E; = %x]H(x) It follows that

E

(=)

k=1 ! ) 1 " B
(3.6) u<x>=§ﬁazu<a><x—a> O / Fuly)(x - y)* dy.

The representation formula is nothing but the Taylor expansion of u at a to
order k — 1, with the integral form of the remainder!
Soon, we will carry out (some of) the strategies outlined above for the important
second order scalar PDEs, namely the Laplace, the heat and the wave equations (the
Schrodinger equation will be discussed after we introduce the Fourier transform).
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4. THE LAPLACE EQUATION

The subject of this section is the Laplacian on R?,

d
—Au=— Z (“)?u
j=1

and the associated Laplace (or Poisson) equation,
—Au=0 (or —Au=f).

In this section, we will focus on finding a fundamental solution Ey for —A, based on
the symmetries enjoyed by —A, and then try to derive key properties of solutions
to the Laplace equation using fundamental solutions by following the strategies in
Section Other important ways to study the Laplace equation, namely the
Fourier and energy (or variational) methods, will be discussed later.

A remark on the conventions. In this section, we will refer to the equa-
tion —Awu = f as the inhomogeneous Laplace equation rather than by the special
name Poisson equation, in order to be consistent with the discussion of other linear
equations.

4.1. Symmetries of —A and an explicit fundamental solution. Although
the existence of a fundamental solution can be proved through abstract means (see,
for instance, Remark 7 there is no general recipe for actually computing it. In
practice, we need to make an educated guess.

In the case of the Laplacian —A, our strategy for finding a fundamental solution
will be to make use of the great number of symmetries of —A to narrow down the
class of candidates. Since —A is a constant coefficient partial differential operator,
it is clearly invariant under the translations x — x — xg, i.e.,

—A(u(z — x0)) = (—Au)(z — x9).

Recall from Section [3:11] that this property implies that it suffices to look for a
fundamental solution for —A at 0, i.e.,

(4.1) —AEy =4, inR%

Another important class of symmetries of —A is rotations: If R is a d x d
orthogonal matrix (i.e., RT = R™1) with det R = 1 (i.e., a rotation matrix on R?),
then

—A(u(Rz)) = —Au(Rz).

Note also that dy is invariant under rotations, in the sense of the adjoint method:

(80, p(R-)) = (00, ¢(:))  for any ¢ € C*(RY).

Thus it is natura]ﬁ to look for a fundamental solution Eq that is also invariant
under rotations (i.e., radial).

Finally, to pin down a fundamental solution Ey, let us make the bold (unjustified
at the moment) assumption that Ey agrees with a smooth radial function Eq(r)
outside {0}. Multiplying by the characteristic function 1p(, ) and integrating

61n fact, if one is familiar with the theory of Haar measure on compact Lie groups, then one
can argue that if there exists any solution Ey to (4.1)), we can average Ego R for R € SO(d) using
the Haar measure to produce Ey that is rotationally invariant!
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(which can be thought of as testing the compactly supproted distribution against

1; see Lemma ,
/(*AEo)lB(o,r) = /5013(0,7“)'
The RHS equals 1p(,(0) = 1. The LHS can be computed as follows:

/(—AEo)lB(o,r) = Z/aj(_ajEO]-B(O,r)) +0;E00;1p(0,r)
J

_ _/V - DEydSsp(o,r)
= —0B(0,7)[, Eo(r).

For the second equality, we used Proposition (essentially the divergence the-
orem) and Lemma for the third equality, we used our assumption that Ey

agrees with a smooth radial function Ey(r) outside the origin. It follows that
1 1 1

4.2 orE =— =— .

(4.2) o) = "B~ da(d) 11

Integrating this equation in r, we obtain
1
—5-logr d=2
Bo)=q " = 4 oy
d(d—2)a(d) rd—2 =

At this point, we can check that Fy(r) indeed solves (4.1)) and is locally integrable
near 0 (so that it is a distribution).

Remark 4.1. Note that our derivation is nothing but a distribution-theoretic re-do
of the discussion in Section Ey is the electrostatic potential associated to a
point unit charge at 0.

Remark 4.2. Although it is not a symmetry of —A, another important property of
—A is the its homogeneity: For any A > 0,

—A(u(Az)) = N2 (—Au)(\x).

Here we took the shortcut as in Section but a more systematic way to derive
FEy would have been to make use of homogeneity to narrow down the candidate for
Ey. This strategy will be carried out for the wave equation in Section [7]

4.2. Uses of the fundamental solution E,. We now discuss various applica-
tions of the fundamental solution Ey that we just found. Note that most of these
applications require very soft properties of the fundamental solution, which means
that we can often choose a different fundamental solution adapted to a problem.
Indeed, we will use this freedom to prove the mean value property of harmonic
functions (see Theorem [4.9).

e Existence for the problem —Au = f in R? For a compactly supported
distribution f, the formula
ulf] = Eo * f
defines a solution to the Laplace equation.
e Uniqueness (or a representation formula) for compactly supported u.
For a compactly supported distribution u on R%,

u= Ey* (—Au).
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Indeed,
u=20dp*u=(—AEy) *u= Egx* (—Au),
where the last equality is justified since w is compactly supported (recall our
discussion on the convolution of two distributions).
Smoothness. From the representation formula. If —Awu = 0, then

—A(xu) = (=Ax)u + 2Dx - Du.

u(z) = y(@)u(z) = Ey+ (~A)(xu) / ol — ) (~A(w)(y) dy.

Now, note that Fo(z — -) is smooth away from {x}, and —A(xu) is supported
away from x.

Theorem 4.3 (Smoothness of harmonic functions). If u € D'(U) is a solution
to —Au =0 in U in the sense of distributions, then u is smooth in U.

Proof. Let o € U, and consider a smooth function y such that y = 1 in a ball
B(zg, ), where § > 0 is small enough so that B(xg,d) C U, supp x is compact
and supp x C U. We will show that u is smooth in a smaller ball B(xg, %6).

Even though u is only defined in U, after multiplying by x, xu is a compactly
supported distribution on RY. We have the representation formula

xu = Eg* (—A)(xu).

Indeed, since yu is a compactly supported distribution on R?, the convolution
Ey * (—A)(xu) is well-defined and

Epx (—A)(xu) = ((—A)Ep) * (xu) = o * (xu) = xu.
Next, note that
(—A)(xu) = ((—A)x)u — 2Dx - Du+ x(—A)u = ((=A)x)u — 2Dy - Du.

Observe that each term on the RHS has at least one derivative falling on x.
Therefore, it vanishes on B(zg,d) since x is constant there. It follows that
supp(—A)(xu) € R?\ B(xo,§).

Let x be a smooth function that equals 1 on B(0, ié) and supp x C B(0, %)
By Lemma [3.12] and elementary geometry, we see that

supp(YEo * (—A)(xu)) € supp YEo + supp(—A)(xu)
C supp B(0, 30) + (R \ B0, )

1
c Rd \ B(an 75)7

2
so X(- = wo) (XEo * (=A)(xu)) = 0. Thus,
X(+ —zo)u = ( o) (Eo * (=A)(xu))
X(- = o) (1= X)Eo * (=A)(xu))-

Observe, finally, that (1—x)Ej is smooth since 1— ¥ vanishes near sing supp Ey =
{0}. Tt follows that the RHS is smooth, from which it follows that « is smooth
in B(xg, 16), in which u(z) = X(2 — zo)u(z). Since 2y and § > 0 were arbitrary,
smoothness of u in U follows. O

In what follows, we will call a solution v to —Awu a harmonic function (that u
is always a function follows from Theorem [4.3).
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e Derivative estimates. The last proof can be made quantitative (i.e., in the
form of an inequality for u) in the following way.

Theorem 4.4 (Derivative estimates). Let u be a harmonic function on U. Then
for any ball B(x,r) such that B(x,r) C U, we have

Ck
[D%u(z)| < m”ullLl(B(mo,r))'

Proof. Let xo € U and define x,, = x((x — z¢)/7), where x is a smooth function
that equals 1 on B(0, %) and supp x C B(0,1). Starting from the representation
formula for y,u, we compute

xru() = Eo * (=A)(xru)(z)
= Fo x ((—Axy)u — 2(Dx,) - Du) ()
= Fo x (Ax,)u(z) — Eg x D - ((Dx,)u)(x)

d
= Ey * (Axy)u(z) — ZajEO * (0jxr)u(z).
j=1

Note that we moved all derivatives away from w on the RHS. Taking D and
evaluating at x = x(, we arrive at

D%u(zo) = D*(xru)(z0)
d
= D*Ey * (Ax,)u(wo) — > D0, Eq  (9;xr)u(x0)

j=1

/ D Ey(y)(Ax,)u(zo — y) dy

d
N Z / D*0;Eo(y)(95xr)u(zo — y) dy.
j=1

Observe that supp Ax, and supp d;X, are contained in the annulus A, := {y €
R?: 1 < |y — 2| < 1}. Then by the estimate

sup [ D Eo(y)| < CarP174+2,
YyEA,

as well as the relation

sup |[DPy, (zo —y)| =711 sup D (y),

S yi3<lyl<1
we obtain
D u(e)] < Cor™ 19! [ Jultan — ) dy < ool [,
A, B(xo,r)
which implies the desired estimate. [

Remark 4.5. A similar strategy yields real-analyticity of harmonic functions;
here, the key property of Ejy is that it is analytic near every point = # 0.

e Liouville’s theorem. From the derivative estimate, we obtain the celebrated
Liouville theorem for harmonic functions:
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Theorem 4.6 (Liouville theorem). Suppose that w is a harmonic function on
the whole space R that is bounded. Then u is constant.

Proof. Let M = sup,cga |ul, which is finite by hypothesis. For any z € R? and
r > 0, let us apply the derivative estimate on B(z,r) with || = 1. Then

|Du(z)| < C?"*dfl/ lu| < CMr~1
B(z,r)
Since u is harmonic on R, we can take 7 — 0o, which implies that Du(z) = 0.
Since z may be chosen arbitrarily, it follows that Du vanishes and thus u is
constant. (]

As a consequence, we can classify solutions u to —Au = f in R? that “behave
nicely” at infinity:

Corollary 4.7 (Representation formula on R). Let f € C(R?) be compactly
supported.
(1) Let d > 3. Then any bounded solution of —Au = f has the form

u=FEyx f+c

for some constant c.
(2) Let d = 2. Then any locally integrable solution uw of —Aw = f satisfying the

condition

sup |Du(z)| < oo

zERY
has the form

u:Eo*f—i—ijxj—i—c
J

for some constants by, ...,bg and c.

Note that in the case d = 2, the condition sup,cpa [Du(z)| < oo implies, by
the fundamental theorem of calculus, that u obeys the growth condition |u(x)| <
C(1 + |z|) for some constant C' > 0.

Proof. When d > 3, u[f] = Eo * f is bounded; thus the desired theorem follows
by applying Theorem to u — u[f].

When d = 2, Du[f] = DEy x f is bounded. Therefore, v := u — u[f] is a
harmonic function on R? such that Dv is bounded. Since each component of Dv
is also harmonic, we can apply Theorem [4.6] to conclude that Dv is constant.
Then the desired conclusion follows. g
Finally, we turn to the celebrated mean value property (see Theorem for

the statement) for harmonic functions. For us, it will be a consequence of the
representation formula for boundary value problems as in Section which is
derived in the following lemma:

Lemma 4.8. Let U be a bounded C' domain and u € C®(U). Let Ey be a
fundamental solution for —A at 0. Then for x € U

u(z) = /U Bolz — y)(—Au)(y) dy - /a v(y) - Dy Eol — y)u(y) dS(y)

U
+/ Eo(x —y)v(y) - Du(y) dS(y),
ou

where v(y) is the unit outer normal vector to OU at y € OU.
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By approximation, this formula can be generalized to u that only satisfies C2(U)N
CY(U), but we will not carry out the details here.

Proof. We begin with the observation that for any fundamental solution E, for —A
at 0, singsupp Ey = {0}, just like Eo, indeed, Ey — F is a harmonic function on
R?, which is smooth by Theorem |4

Now we compute

ulU = (ulU) * ((—A)Eo)

Mg

d
= —Z(ajulU 8 EO u@ 1U 8 Eo)
— =
= (—Auly) * By — Y (9;ud;1y) * By — > (ud;ly) * (9;Ep),
j=1 j=1

which are all justified since 1y is compactly supported (see Proposition 3.28)). Recall
Proposition , which says 0;1y = —v;dSpy. Since singsupp Ep and supp 0;1y =
OU does not contain z € U, it follows that the last two terms are smooth near x
and

d
— > (@ud;1y) * Eo — > (ud;ly) * (9;Eo)
Jj=1 Jj=1
d d
= Z/ vi(y)du(y) Eo(z —y) dS(y) + / vi(y)u(y)(9; Eo)(x — y) dS(y)
oiJou j=179U
d d .
= Z/ vi(y)d;u(y)Eo(z — y) dS(y / vi(y Oyi Eo(x —y) dS(y),
j=170U j=1/0U
as desired. 0

We are now ready to prove the celebrated mean-value property of harmonic
functions:

Theorem 4.9. Let u be a harmonic function on U. Then for any ball B(x,r) such
that B(z,r) C U, we have

1
4.3 u(r) = —— udS
( ) ( ) |[“)B(x7r)| OB (z,r)

1
(4.4) =i wdy.

|B(£U,T)| B(z,r)

As we will see in the proof, the key point is that dB(0,r) is a level hypersurface
of the fundamental solution Fy(y).

Proof. First, we note that the identity u(z) = m / Bla.r) udy is a straightfor-
ward consequence of @ Indeed,

/ udy—// udS(y // )dr' = u(z)|B(z, 7).
(z,r) OB(z,r") OB(x r’)
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Let us focus on proving (4.3). Let Eo be a fundamental solution for —A at 0.
We begin by applying Lemma with U = B(z,r), which gives

u(z) = / E(x —y)(—Au)(y) dy — / v(y) - DyEo(z — y)uly) dS(y)
B(z,r) OB(z,r)

+/ Eo(x — y)v(y) - Du(y) dS(y).
OB (x,r)

The first term vanishes since w is harmonic. To kill the last term, we choose
Eo(y) = Eo(ly|) — Eo(r) so that Fy(x — y) vanishes on the sphere 0B(xz,r). To
compute out the second term, we note that v(y) = == and

T T

) Dyl =) = -2 (I ) = B0

on 0B(z,r). Recalling that E{(r) = _da(d;rd—l = _\BB(lo,r)P the mean value

property follows. O

Remark 4.10. If we directly apply Lemma with the above choice of E for an
arbitrary smooth function u, then

(@)= s
uw(zr) = ——
IaB(Jj,T)‘ OB(x,r)

+ / (—Au)(w) (Bo(lz — yl) — Fo(r)) dy.
B(z,r)

u(y) dS(y)

This formula can be justified provided that —Aw is continuous in a neighborhood
of x, so that the last term makes sense. It is useful for showing the converse of the
mean value property, i.e., a smooth function v is harmonic in U if and only if it
obeys the mean value property. See also Remark [£.31] for a further application.

4.3. Maximum principles and Harnack’s inequality. From the mean-value
property, we obtain the so-called mazimum principles for harmonic functions:

Theorem 4.11 (Maximum principles). Suppose u € C*(U)NC(U) is harmonic in
U.

(1) Weak maximum principle. We have

maxu = maxu.
T U

(2) Strong maximum principle. Moreover, if U is connected and there exists
xo € U such that

u(zp) = maxu,
U
then u is constant in U.

Proof. Suppose that u attains a maximum at a point zg € U, i.e., u(xo) = maxg u.
Then the set

V={¢eU:u) :méaxu}

is nonempty. Clearly, V is a closed subset of V. We claim that V is open as
well. Then by connectedness, U = V', which proves (2). Moreover, (1) is a quick
consequence of (2).
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To prove that V is open, take any xy € V. By the mean value property, for

sufficiently small r > 0 such that B(zg,r) C U, we have

1 1
0=u(x —7/ ud :7/ maxu — u) dy.
(o) |B(z0,7)| JB(0,r) Y= Blwo, )] B(zo,r)( U )4y

Since maxgu —u > 0 on B(xg,r), it follows that maxzu = u on B(xo,r), ie.,
B(xg,7) C V. Hence V is open, as desired. a

From the maximum principle, we obtain:

Theorem 4.12 (Uniqueness of the Dirichlet problem). Let U be a bounded domain,
g € C(AU) and f € C(U). There exists at most one solution u € C*(U)NC(U) to
the boundary value problem

—Au=f inU,
{ u =g on OU.

Remark 4.13 (For those of you familiar with the Cauch-Kovalevskaya theorem). It
is important (and enlightening) to compare this result with the Cauchy—Kovalevskaya
theorem [Eval0l Section 4.6.3]. Apart from the requirement of analyticity, the
Cauchy—Kovalevskaya theorem requires both the boundary data u|r and the nor-
mal derivative v - Du|r for existence and uniquenes&ﬂ, whereas Theorem only
requires the boundary data u|sy. How are these facts consistent?

The key difference, which is responsible for this phenomenon, is that the Cauchy—
Kovalevskaya theorem is local (i.e., it gives a unique solution to the boundary value
problem only near the boundary portion T'), whereas the boundary value problem
in Theorem is global (i.e., uniqueness only holds among solutions defined in
the whole domain U). One may try to prescribe both i|sy = g and v - Di|oy = h
and appeal to Cauchy—Kovalevskaya to find a solution @ to —A@ = f in U. What
will happen is that unless v - Da|gy matches with the unique values given by the
unique solution u defined on the whole U (uniqueness given by Theorem , U
will not be well-defined on the whole U.

The simplest instance of this phenomenon can be seen in the context of the
second order ODE # = 0, when one compares between the initial value problem
(analogous to Cauchy—Kovalevskaya) z(a) = zo, Z(a) = yo and the boundary value
problem (analogous to Theorem x(a) = xo, x(b) = x1.

From the mean-value property, we can derive Harnack’s inequality:

Theorem 4.14. Let u be a nonnegative harmonic function on a domain U. For
each connected open set V' such that V' is compact and V' C U, there exists a positive
constant C = C(d,V,U) such that

maxu < C'minu.
1% v
Harnack’s inequality should be thought of as the quantitative version of the
strong maximum principle. Indeed, if u is a nonnegative harmonic function, then
the strong maximum principle applied to —u tells you the qualitative fact that
u(xz) > 0 for all x € U; in particular, miny-« > 0. Harnack’s inequality gives us a
quantitative lower bound, in terms of V' and supy; v, for ming- u.

"Note that for the Laplace equation, any boundary data is noncharacteristic.
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Proof. Let r = L dist(V,0U). Consider x,y € V such that |z —y| < r. Then by
the triangle inequality, B(y,r) C B(z,2r). Therefore, we have

1 1 1
u(r) = udzzi/ udz = —u(y).
|B(.’E,2’)")| B(z,2r) 2d|B(.’E,7’)| B(y,r) 24

Now since V is connected and V is compact, we can cover V by finitely many (say,

N-many) open balls {B;}/*; of radius 5. As we have seen, for each i, we have
u(z) > 27%(y) for any x,y € B;. For any pair (z,y) € V, we may find distinct

balls B;,, ..., B;,, and points x;, € B;; such that
T =2, Ti_,,Tiy €Bi (G=1,...,M), x4, =y
Then interweaving the above bound in each ball,
u(a) > 27 Mu(y) > 27 Mu(y),

where we used the trivial bound M < N (the number of balls involved < the total
number of balls). Taking the infimum in  and the supremum in y, we obtain the
theorem with C' = 29N, O

4.4. Green’s function for the Dirichlet problem. We now turn to the discus-
sion of Green’s functions, which are fundamental solutions for the Dirichlet problem
for —A (recall that in Theorem [4.12] we saw that the solution is unique). As we will
see, they allow us to derive a representation formula for the solution to the Dirichlet
problem. Moreover, under suitable assumptions, we can turn the table around and
use the representation formula to write down the solution to the Dirichlet problem
(Poisson’s integral formula).
Let us start with the definition of a Green’s function.

Definition 4.15. Let U be domain. We say that G(z,y) is a Green’s function on
Uif G(-y) € D'(U) N CHT \ {y}) and]
—-AG(y)=6, inU,
G(,y)=0 on 0U.

Note that G(z,y) — Eo(z — y) is harmonic in U, so it is unique (Theorem 4.12)
and smooth for z € U \ {y} for each y € U (Theorem [4.3). Since Ej is smooth
outside {0}, it follows that G(-,y) is smooth in U \ {y}.

Remark 4.16 (Existence of Green’s function). If we know, by some means, the
existence of a solution u € C*°(U) N C*(U) to the homogeneous Dirichlet problem

{—Au:OinU

(4.5) u = g on OU,

for g € C°(9U), then there exists a Green’s function. Indeed, for every y € U,
we can solve with g,(z) = —T'(z — y) to obtain a solution u,(z) and write
G(z,y) = Eo(x — y) + uy(x). Soon, we will be able to complete the circle and
conclude (modulo technicalities on regularity assumptions) that the existence of a
Green’s function implies the existence of a solution to ; so the two statements
can be thought of as being equivalent.

8Here, we are deviating from the notation in Evans’s book, but we will quickly show that the
definitions here and in Evans’s book are equivalent.
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A sufficient condition for the existence of Green’s function as in Definition 15l is
that U is a bounded C'1@ domailﬂ Existence theory for is known for much
rougher domains (e.g., C' or even Lipschitz), but the regularity of the solution u
near boundary is much worse. So in such rough domains, Green’s function G(z,y)
can still be constructed according to the above procedure, but its behavior for
x € OU be more delicate (in particular, it may not be in C1(U \ y)).

Uniqueness and symmetry of Green’s function. Interestingly, the existence of a
Green’s function gives another proof of uniqueness. Along the way, we also obtain
the useful result that G is symmetric in z,y (i.e., G(z,y) = G(y,z)). Both results
are ultimately due to the fact that —A is symmetric (i.e., (—Au,v) = (u, —Awv) for
u,v € CX(U)).

Lemma 4.17. Suppose that there exists a Green’s function G(z,y) on a C* domain
U. Then

Gz,y) = Gly,x)  for any z,y € U.

As a corollary, we see that
—-AG(z,") =6, inU,
{ G(z,-)=0 on 9U.
Note that this is the adjoint of the problem in Definition

(4.6)

Lemma 4.18. Suppose that there exists a Green’s function G(z,y) on a C* domain
U. If G'(x,y) is also a Green’s function on U, then

G(z,y) = G'(2,9).

Proof of Lemmas[{.17 and[{.18 We follow the ideas used in the derivation of a
representation formula in a boundary value problem. Formally, the manipulation
we wish to perform is as follows: For any two Green’s functions G’, G on U,

G'(z,y) = 0:[G'(-,y)]
- /U(—AZG(z,x))G’(Zvy) dz

= / G(Z,Qf)(_AzG/(Z7y)) dz
U

d d
=Y (GG eaatrds+ 3 [ 0,606 G0y iz
Jj=1 Jj=1

= 0y[G (-, 2)]
= G(y, x).

If we apply the proof to the same Green’s function, then we obtain the symmetry
property of any Green’s function. Then for two different Green’s functions, we have
G'(z,y) = G(y,x) = G(z,y), which is the desired uniqueness statement.

For k e Nand 0 < a < 1, we say that f is C*(U) if f is continuously differentiable and

SUPg yeU:|z—y|<1 W < co. We say OU is C*“ regular if, after suitably relabeling

and reorienting the coordinate axes, QU locally coincides with the graph of a C1® function.

10For instance, [GTOI, Problem 2.12] for the existence of a solution u € C2(U)NC(U) to
with ¢ € C(0U). Then by [GTOI, Chapter 6, Notes], u € C1*(U) provided that oU is C1-®
regular and g € O (9U).
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A precise justification of the preceding formal manipulation is as follows (al-
ternatively, one can also proceed by approximating the two Green’s functions by
smooth objects via mollification). Let x be a smooth cutoff that equals 1 on B(0,1)
and 0 outside B(0,2). Introduce two smooth cutoffs

Xa(2) = x(e7H(z =), xy(2) = x(e7 (2 = w)),
where € > 0 is chosen so that supp x, Nsupp x, = @, while supp x.,supp x, C U.

To begin with, observe that for any fixed y, G(z,y) and G'(2’,y) are harmonic
and thus smooth on U \ {y}. Therefore

G/(‘Ta y) = 5T[XIG/(7y)]
- /U (—A.) (X2 (2)C (2,)) Gz, ) dz

- / (—A2) (X (2)G (2.9)) Gz ) dz + / (1 - Xo)(2)C (5, 9)(~A-G(z, ) dz
U U

where we used (1 — xz)(—A,)G(z,z) = 0 for the last equality. Splitting G(z,z) =
(1 = xy(2))G(z,2) + xy(2)G(z,z), and using the properties supp x, N supp xy = 0
and (1 — xy)(—A,)G (z,y) =0, the last line equals

- /U (—A2) (1= x) ()G (2,9)) (1 — x)(2) Gz 2) dz
+ / (1 - xa)(2)G' (2, 9) (—A2) (1 - x,) (2)G (2. 2))
U

+ / G (2.9) (=102 (xy (2)C (2. 2)) dlz.
U

The third term equals 6,(x,(2)G(z,2)) = G(y,z). For the first two terms, since
the integrand is smooth thanks to the cutoffs, and since the support of the cutoffs
are disjoint from 0U, we may apply integration by parts (or equivalently Proposi-

tion to conclude
- /U(—Az) (1 = x2)(2)G"(2,9)) (1 = xy)(2)G (2, 2) dz

+ / (1= x2)(2)G" (2, 9)(—A2) (1 = xy)(2)G(z, 7)) dz
U

d d
= Z/G(z,ac)asz'(z7y)8Zj 1ydz + Z/8sz(z,a:)G'(z,y)8zle dz
j=1 j=1

= 07
where we used G(z,z) = G'(z,y) = 0 for z € U on the last line. O

Green’s function and existence for the Dirichlet problem (Optional). Suppose that
there exists a Green’s function G(z,y) on U. Then following the first strategy in
Section [3.11] given a function f on U, the formula

ulf)(z) = /U G, y)  (y) dy

should give us a solution to the inhomogeneous Dirichlet problem
{Au =f inU,

(4.7) wu=0 on dU.
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This procedure is not difficult to justify when f is a continuous function such that
supp f C U. The key step is to understand the regularity properties of G(z,y). If
we write
hz,y) = G(z,y) —T'(z —y)

then by the symmetry of Green’s function (Lemma [4.17), we see that h(z,y) is
harmonic in z € U for each fixed y € U and vice versa. Going through a similar
argument as in Theorem [4.3] it can be shown that h(z,y) is smooth in U x U.
Moreover, by the regularity of G(z,y) near AU, it follows that h(-,y) € C*(U) for
each fixed y € U and vice versa (by Lemma . These properties are sufficient
to justify the definition and the desired properties of u[f] when f € C(U) and
supp f C U.

The formula still works for f that is nontrivial on U, but in order to justify the
desired properties (especially, to prove u[f](x) — 0 as z — xg € 9U) we need to
know more about the behavior of G(z,y) as both x,y approach a same boundary
point xzg € 9. Let us not go deeper into this issue here.

Remark 4.19 (From homogeneous to inhomogeneous Dirichlet problem). Let us
point out that, by a fairly general trick, solving the homogeneous Dirichlet problem
(4.5) can be reduced to solving the inhomogeneous Dirichlet problem with zero
boundary data , at least when the boundary values g(z) are smooth enough.
The idea is to first find an extension § of g to U, and then consider v = u— g. Then
ansforms to —Av=—Ag in U and v = 0 on QU, which is in the same form

as (4.7).

This shows that the existence of Green’s function is essentially equivalent to
solvability of (4.5 or , modulo specific regularity assumptions and properties
of G(z,y) as x,y — .

Representation formula for the Dirichlet problem (Poisson integral formula). We
now derive a representation formula for the solution to the Dirichlet problem using
Green’s function.

Theorem 4.20 (Poisson integral formula). Let U be a C* domain and suppose
that there exists a Green’s function G(x,y) on U. Then for any u € C*(U)NC(U),
we have

u() = - /a ) DGl 1) AS(w) + / (—Aw) ()G, y) dy.

U
In case —Awu = 0, this representation formula is often called the Poisson integral
formula for harmonic functions, and the function K(z,y) := v(y) - DyG(z,y) on

OU is called the Poisson kernel.

Proof. In the following computation, all derivatives are taken with respect to y.
First, we assume that u € C*°(U) and repeat the derivation of the representation
formula for a boundary value problem. Formally, we manipulate as follows:

u() = / 5. (y)u(y) 1y (y) dy
- / (~AG(z,y))uly)1p () dy

d
=3 [ 0,66 nout1s) dy
=1
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d
+3- [ o6t
- [ Glam-anwiuw a

d
_ Z / G(z,y)0u(y)0;1y (y) dy

d
+ Zl / 9;G(z,y)u(y)9;1y (y) dy.

Here, unlike what we had before, G(x,y) = 0 for y € QU. Thus the second to last
term, which involves d;u on U, vanishes. We are left with

u(a) = — /8 uly)vly)- DGl dS(y) + / (—Au)(y)G(z,y) dy.

U
We leave the rigorous justification, which may proceed like the proof of Lem-
mas [4.17 as an exercise. The case of a more general solution u follows from
approximation. O

When Green’s function G(x,y) is known, the Poisson integral formula suggests
us a way to find a solution to the homogeneous Dirichlet problem (4.5)), namely, to
simply write down the Poisson integral formula

u(z) = — / v(y) - D, Gl 1)a(y) dS(y)
oU

and check that it is a solution. This procedure works for a wide class domains
and g [Dah79], but its justification requires more information about the behavior
of v(y) - D,G(z,y) as x approaches OU than we have right now. Instead, we
will concentrate on simple examples of U, for which G(z,y) can be written down
explicitly, and then verify this assertion on a case-by-case basis.

Remark 4.21. We remark that the existence of a representation formula does not
guarantee the existence of a solution to a boundary value problem. Recall, for
instance, that in Complex Analysis, the Cauchy integral formula expresses any
solution f to the Cauchy—Riemann equation in U in terms of the data f|aoy, but
not every continuous function g on QU can be the boundary values of a holomorphic
function (e.g., take U = B(0,1) and g = e~* on 0B(0,1)).

In the case of the Laplace equation, it is ultimately because of the symmetry
of —A that uniqueness (which follows from having a representation formula) is
equivalent to existence!

Computation of Green’s function for some domains: Method of image charges. For
some domains U, Green’s function can be constructed by the method of image
charges. Using the analogies in electrostatics, this method can be summarized as
follows '}

HNote that, as in Evans’s book, we are solving the adjoint problem to find Green’s
function, which is equivalent to Definition thanks to Lemma This choice is more
convenient here, because we will be using it in the context of a representation formula (Poisson
integral formula).
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e To construct G(z,y), start with the potential Ey(y — x) corresponding to a unit
point charge at x € U.

e Place other point charges outside U (image charges), with charges ¢; and loca-
tions {7}, so that the corresponding potential 3, g; Eo(y — ;) exactly cancels
Eo(y — x) for y € OU. Then G(z,y) = Eo(y — ) + >_; ¢;Eo(y — Z;) is Green’s
function that we looked for.

We discuss two cases, namely when U is a half-space or a ball, which involve putting
one image charge.

e Half-space: U = Ri = {z € R?: 2% > 0}. In this case, we put an image charge
with charge —1 at Z, where Z is the reflection of = across GREL ie.,
= (..., 241, —xd).
Since ORL = {y? = 0} is exactly the set of points that are equidistant to  and
z, clearly Ey(y — x) = Ey(y — %) for y € ORY. Therefore,
G(z,y) = Eo(y — ) — Eo(y — T).
From the above expression, let us compute the Poisson kernel on 3Ri. Since
—v(y) - Dy = 9,4 on ORE, we first compute 0,«G(z,y) for z,y € RL:
9yaG(2,y) = Oya (Eo(y — ) — Eo(y — 2))
= Oyaly — 2| Eg(ly — @[) — Oyaly — 2| Eg(ly — )
_ 1 yd—a? 1 yd+ad
~ da(d) ly —a|?  da(d) [y — 2T

Now we put y = (¢/,0) and write z = (', 2%), which makes |y — z| = |y — | =
VY — 2|2 + (29)2. Thus,

o) DyGla) = 1
PR @) (fy =+ @)

The following theorem then can be directly verified:

Theorem 4.22. Assume that g € C(R4™1) N L>(R™Y) and for x € R, define

22 0w
. s T T

ol

Then

(1) e C=(RY) N L=(RY);

(2) —Au=0inR%;

(3) for each point xo € ORY, lim, .o u(z) = g(z0).

The most delicate part is the proof of (3); we need to observe that as z¢ — 0,
the Poisson kernel is an approximation to the identity. We refer to Evans’s book
for the details of the proof.

e Unit ball: U = B(0,1). To construct a Green’s function in this case, we use
the following elementary (but very amusing!) geometric fact: Given two points
x,7 € RY, the set of points y such that the ratio between |y — x| and |y — 7| is
constant is the sphere. More precisely,



Lemma 4.23. Let x be a point in the unit ball B(0,1), and define & = 25.
Then
0B(0,1) = {y e R? : |y — | = |z[ly — 7|}

Proof. Unraveling the definition = = ﬁ, we compute
ly —af* = [y — 2z -y + |z,

R (T
= | —_ ) — -
TR T e

= |zPly]* -2z -y +1

T

2
|:E| ‘SL'|2

Equating both sides,
yl =2z -y + [z = [2|y)* — 22 -y +1
& (L= [z)yf =1~ |z
Since |z| < 1, it follows that the last line is equivalent to |y| = 1, as desired. O
So Green’s function is
G(z,y) = Eoy — ) — Eo (Jz[(y — 7)),

where
o
|z
In other words, we placed an image charge at  with charge —|z|?~.
Let us compute the Poisson kernel on 0B(0,1). In this case, —v(y) - D, =

xr =

- Z?Zl 478y, so we begin by computing, for z,y € B(0,1),

—Zy38y7Ga:y ZyjayJEO( - x) +ZZ/ By Eo (|2|(y — 7)) -

j=1 j=1 Jj=1
Note that

Oyi Eo(y — ) = Oy ly — x| By (y — )

=2 1
 da(d) |y —ax|®
8yi Eo (|2](y — 7)) = By (|2|ly — &) B} (jally — )
(2P —ad) 1
T dd) ey —al?
SO
ly? —z-y 1 |z —z -y 1
_ J _
Zyay’G”) da(d) Jy—al7 da(d) |elfly—z|*

Jj=1

Now we restrict y € 9B(0,1), on which |y|*> =1 and |y — z| = |z||ly — Z|. Thus,
for z € B(0,1) and y € 9B(0,1),

1- |ac|2 1
“da(d) [y —a]®’

As before, the following theorem can be proved by computation:

v(y) - DyG(a,y) =
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Theorem 4.24. Assume that g € C(0B(0,1)) and for x € B(0,1), define
1—|af? / 9(y")
u(x) = dS(y).
(=) da(d) dB(0,1) ly — x| )
Then

(1) we C=(B(0,1));
(2) —Au =0 in B(0,1);
(3) for each point xo € 0B(0,1), limy_,4, u(x) = g(zo).

We omit the proof. We remark that this result can be extended to balls of
arbitrary radii by scaling.

4.5. The Cauchy—Riemann equation and holomorphic functions. Let us
now consider an application of our strategies to the Cauchy—Riemann equation

(aﬂc + Zay)f =0,

where f is a complex-valued function on a domain U in C = R? (i.e., f = u + v
where u, v are real-valued functions on U). We will also use the notation z = x+iy.
As we will see, the very basic pillars of complex analysis (Morera’s theorem, Cauchy
integral formula, equivalence of complex-differentiability with complex-analyticity)
follow from the strategies outlined in Section [3.11

In this section, we work with complez-valued distributions on U, which are simply
pairs of real-valued distributions w,v € D'(U), combined in the form f = u + iv.
Given a complex-valued test function ¢ = Re¢ +iIm ¢ € C°(U;C), the pairing is
defined as

(f,¢) = (u,Re §) + (v, Im ¢) + i((v, Re §) — (u,Im ¢)),
so that when f is a function, (f,#) = [ f¢ dzdy. We will discuss further properties
of complex-valued distributions when we discuss the Fourier transform.
Let us start by deriving the Cauchy—Riemann equation from complez differen-
tiability: We say that f is complex-differentiable at z € C if the limit
Gt - ()
w—0 w

exists, where w is a complex number. As usual, f is complex-differentiable on a
domain U C C if it is complex-differentiable at every point z € U.

If f is complex-differentiable on U, the limit must agree whether w approaches
zero along the real axis (w = h as h — 0 with 2 € R) or (w = ih as h — 0). Thus,

p FCAD = FG) |G ih) — f(2)
h—0 h h—0 ih
If we write z = x + 4y, then the above identity becomes

1
0. f(2) = gayf,
so rearranging terms, we arrive at the Cauchy—Riemann equation:
(0z +1i0y)f = 0.

We will call (0, + i0,) the Cauchy-Riemann operator.
Note the following algebraic identities:

0y — i0y) (05 +i0y) f = (Op +10y)(0s — i0y) [ = Af.
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The identity (0, — i09y)(0r + i0y)f = Af tells us that the components u,v in
f = u + v are harmonic if f solves the Cauchy—Riemann equation. The other
identity, (0;+10,)(0z—i0y) f = Af tells us how to construct a fundamental solution
for the Cauchy—Riemann operator, from a fundamental solution for —A. Recall
from Section that —% log 7 is a fundamental solution for —A, or equivalently,

A <1logr> = Jp.
27

By the identity (9, +i0,)(0, —i9,) = A, we see that Ey := (9, — i0y) (5= logr) is
a fundamental solution for (9, + i9,). Note that

Ey = (05 — 10y) (;ﬂ 1ogr)

1 (z y)
= — _— = 11—
2 \r2  p2
11 11
2rx +iy 2mz

Hence, we have derived

With the fundamental solution FEj = in our hands, let us carry out the
strategies outlined in Section [3.11} In particular, as in the case of the Laplace
equation, representation formula for a “nice” w (more precisely, compactly sup-
ported), combined with the observation that Ey is smooth outside {0}, leads to the
following regularity result:

Theorem 4.25. If f € D'(U) is a solution to (Oy +10y)f =0 in U (in the sense
of distributions), then f is smooth in U.

We omit the proof, which is very similar to Theorem We will call a smooth
solution to the Cauchy—Riemann equation holomorphic. It turns out that Theo-
rem [£.25]is the main thrust behind Morera’s theorem:

Corollary 4.26 (Morera’s theorem). If f is a continuous function on U such that
for every bounded domain Q such that Q C U and 9N is a triangle, then we have

(4.8) fdz =0,
oQ

then f is holomorphic in U.

In order to prove this corollary, we need to carry out the computation of (9, +
i9y)1q. Let us record the result as a lemma, since it will be useful again later:

Lemma 4.27. Let U be a domain in C and consider a bounded piecewise C' domain
QCQcCU. Forany ¢ € C(U), we have

/ ((Op +10y)1q) pdady = / ip(z)dz.
o0
On the LHS, we are using the convention of writing [ dazdy for (u,1) when u
is a distribution with a compact support. The RHS is the integral of the 1-form
ip(z) dz = i¢(z) (dx + idy) on the curve 9 with the induced orientation. More
concretely, if (x +iy)(t) (t € I) is a positively oriented (i.e.,  is always left to the
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tangent vector & + iy (t) at (x + iy)(t)) parametrization of 9, which can be seen
to be a piecewise C'! curve by the assumption, then

/ i9(2)dz = / i (a(t) + iy()(@(t) + ig (1)) dt.
o0 I

Proof. We will only carry out the key computation when € is a bounded C'' domain;
the piecewise C'' case then follows from a straightforward approximation argument.

By Proposition [3:23]
(83; + i&'y)lg = 7(V3; + iVy)d53Q,

where v, + i, is the outer unit normal vector field on 9 and dSaq is the induced
measure on 0. If (z + iy)(t) is a positively oriented parametrization of 92, we
have

/gpdSag = /{m o(x(t) +iy(t))Vvi2 +y2dt  for ¢ € C°(U).

Moreover, the unit tangent vector is 7, +i7, = (/42 + 92) "' (#+iy), so the outward
unit normal vector is
Vg + vy = —i(1y +i1y) = —z\/ﬁ(x +19).
4 Y

Putting all these together, the lemma follows. O

Proof of Morera’s theorem. First, let us prove the equivalence of (4.8) with the
Cauchy-Riemann equation when f is smooth. For every bounded domain € with
Q C U such that 09 is a triangle, we have

o= [ fdo= —i/ (8, +i0,)10) f dady = z’/(@x 4 i0,)f1q dxdy,
o0

where the last equality follows from the definition of the distributional derivative
(to be pedantic, we need f € C°(U) to apply Lemma and the definition of
the distributional derivative, but here it is okay since 1q is compactly supported).
Varying the domain €, it is not difficult to show that (9, + i9,)f = 0, i.e., f is
holomorphic.

Next, let us consider the case when f is merely continuous. Here, the strategy is
to use the approximation method; we make auxiliary preparations to avoid issues
near the boundary 0U. Fix an open set V such that V is compact and V C U.
Then there exists dg > 0 such that U,cy B(z;09) C U. Consider the convolution
fs = [ * s, where @5(z) = 6 2p(6712) and ¢ € CX(U) obeys [¢ = 1 and
suppe C B(0,1). For any bounded domain  such that Q@ C V and 09 is a
triangle and 0 € (0, dp), we have

- fs(z)dz = /asz (/f(z - z')@g(Z’)dx’dy’) dz

- / </z’+89 f(w)dw) ps(2) da'dy’,

where on the last line, we used Fubini’s theorem and the change of variables
(z2,2)) = (w = z—=2',2"); =2/ + 00 is the set {—2' + 2z € C: z € 9Q}. Note
that supp ps C B(0,d) and —z' + Q C U for each 2z’ € B(0,d) C B(0,dp). There-
fore, by applied to each —z’ 4+, the last line vanishes. It follows that for each
0 € (0,00), fs5 is a smooth function that satisfies the hypothesis of Corollary
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on V; hence (9 + i0y)fs = 0 on V by the first part of the proof. Then the dis-
tributional limit f also satisfies (0, + ¢9y)f = 0 on V (i.e., when tested against
¢ € C*(V)) by Lemma Since V is an arbitrary bounded domain such that
V C U, it follows that f is a solution to the Cauchy-Riemann equation in the sense
of distributions. Finally, by Theorem Morera’s theorem follows. O

The representation formula for boundary value problems in Section [3.17] leads
to the Cauchy integral formula:

Theorem 4.28 (Cauchy integral formula). Let f be a holomorphic function on U.
Then for every bounded piecewise C' domain Q and zy € €2,

_ 1 f(z)
f(z0) = 3 o2 — 7 dz.

Proof. As in the proof of Theorem we begin by computing
f]_Q = f]_Q * (89; + Zay>E0 = ((630 + Zay)f]_g) * Eog + (f(@w + iay)lg> * Fy.

The first term vanishes by the Cauchy—Riemann equation. Since sing supp Ey = {0}
and supp(9, +i9y) 1o = 99, it follows that the second term is smooth near zp and

f(z0) = fla(2o)
_ /(f(ax +i0,)10)(2) Eo (20 — 2) dady
1 (2) dz,

21t Joq 2 — 20

where on the last line, we used Lemma and —— = 1 . O

20—2 i(z—20)

Remark 4.29. If we carry out the computation without using the Cauchy-Riemann
equation, then we obtain the more general formula
L[ S g, L [ @it
Q

flo) =g | ———de— o o

= — dzdy,
21t Joq 2 — 20

which may be justified as long as (0, + i0,) f is continuous near zy (the important
point is that the last term should make sense).

The Cauchy integral formula, of course, is where the magic of complex analysis
begins. Here, let us end by just closing the loop that we started at the beginning:

Corollary 4.30. Let f be a continuous function on a domain U C C. The following

statements are equivalent:

(1) f is complex-differentiable;

(2) f is a solution to the Cauchy—Riemann equation (i.e., f is holomorphic);

(3) f is complez-analytic, i.e., at every point zo € U, there exists r > 0 and
coefficients c¢; € C such that

f(z):ch(z—zo)j for |z — z| < r.
7=0

Proof. The following is a standard proof in complex analysis. Note that (1)=(2)
was shown at the beginning of this subsection and (3)=-(1) is obvious; it only
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remains to verify (2)=-(3). Applying the Cauchy integral formula for z € B(zg,r),
where r > 0 is chosen so that B(zp,r) C U, we have

f2) =5 )

2mi 8B(z0,r) w—z

dw

Now the point is that —— is complex-analytic near z,, from which complex-

analyticity of f should follow. More precisely, we have

JETERY S (TN

o Z—Z
270 JoB(zom) W — 20 1 — 522

1 flw) X z—2\
72771'7/ Z(w—z()) dw

8B(z0,r) W — 20 =0
= 7/ f(w) — dw (Z _ Zo)j,
=0 2mi dB(zo,r) (’U} - Zo)j

where the two identities make sense as long as

z—z
91 <1 for w e dB(z0,7),
w — 2o
or equivalently, |z — zg| < 7. O

Remark 4.31 (Jensen’s formula). Another nice application of the results so far is a
quick proof of Jensen’s formula, which is a basic tool for relating the growth of a
holomorphic function on C with the distribution of its zeroes. For this application,
we will assume more familiarity with complex analysis.

We start by observing that if g is a holomorphic function on U with no zeroes,

then
Al Lioglgl) =0
o OB =

Indeed, 5- log |z| is harmonic on C\{0} and g is a holomorphic function whose image
is contained in C \ {0}; it follows that their composition 5= log |g| is harmonic.

Next, when f is a general non-zero holomorphic function on U, then we can
write

f(z)=9() [z = pr),
k

where pi’s are the zeroes of f in U counted with multiplicity (note that there can
be only finitely many of them in each compact set, since f, being complex-analytic,
cannot have accumulated zeroes) and g is holomorphic with no zeroes in U (this

statement can be proved by the Cauchy integral formula and Morera’s theorem).
Thus

1 1 1
49) & (52 oels1) = A (5 owlal) + >a (55 oxl: - ml) - > on

where we used the preceding observation for g and the fact that % log|z — pr| is a
fundamental solution for A at py.
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Finally, we apply the general form of the mean value theorem in Remark [£.10] to

(4.9). Then
27

1 )
log| f(0) = g7 [ log|f(Re")|df

1 1
9 5 (——1 ~logR) d
+/B(07R)( ﬂ)ZI; pk( 5 loglyl + 5 log ) y

—1/%10 [f(Re®)[do— > o a
_27TR 0 g € g

wloi<r 1PH]

Rearranging terms, we obtain

27
, R
S log | f(Re'®)| d6 = log | £(0)| + log —-,
7R J, g | f(Re")| g |f(0)] _Z gw
kilpk|<R

which is the usual form of Jensen’s formula.
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5. HEAT EQUATION

In this section we study the heat equation
(5.1) (0 — A)u=f,

using fundamental solutions by following the strategies in Section .11} One key
difference between and the Laplace/Poisson equations (as well as the Cauchy—
Riemann equation) studied in Section [4|is that is evolutionary. Therefore, in
the case of the heat equation, we are now interested in the initial value problem,

(O —Au=f in (0,00); x RS,
(5:2) { u=g on{t=0}xR%
or the initial-boundary value problem,
(O —A)u=f in (0,00); x U,
(5.3) u=g on{t=0}xU,
u=~h on (0,00); x OU.
To deal with the evolutionary aspect of the heat equation, it is natural to think
about what is called a forward fundamental solution, which may be thought of
as Green’s function for the initial value problem. To introduce this concept, we

will first consider the simplest class of evolutionary differential equations, namely,
ordinary differential equations (ODEs).

5.1. The idea of forward fundamental solution: a case study for ODEs.
For A € C((—00,00); RV*N) | consider the first-order linear ODE
4y
de

We say that I1 (¢, s) is a forward fundamental solution (or fundamental matriz) if

(1) — A()x(t) = £(2).

- %Hm, $) = AL (t,5) = bo(t — )T for t € R,
I, (t,s) =0 for t € (—o0,s).

The condition I, (¢, s) = 0 for t € (—oo, s) is called the forward (support) condition.
Intuitively, we are looking for a fundamental solution that stays 0 until we reach
the time s, which is where the forcing term is supported.

To make sense of , we need to extend the idea of distributions to the case of
N-vector (resp. N x N-matrix-valued) functions. At the rudimentary level, these
may be simply thought of as collections of N (resp. N x N) many real-valued
distributions. We may also view them as continuous linear functionals on the
space of N-vector-valued test functions C°(I; RY) (resp. N x N-matrix-valued test
functions C°(I; RV *N)) with the duality pairing (in the case of locally integrable
functions) given by

N N
(v,0) = vl dt, | resp. (A,¢) = ATF Tk dt
Jz—;/’ jgl/f

Of course, vector- or matrix-valued distributions on U C R? are defined in the same
way.
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Now that we have precisely formulated the meaning of (5.4), we turn to the
natural question: how do we construct a solution to (5.4)? The idea is to introduce
a unit jump at t = s, so that we would see 6o(t — s) after differentiation. More
precisely, we define I (¢, s) in the following way:

(1) for t < s, we define I1 (¢, s) = 0 (forward property);
(2) for t > s, we define II;(¢,s) = II(¢,s), where II(¢,s) is the solution to the
homogeneous ODE
{8,51_[(75, s)+ A()II(t,s) =0 fort e R,
I

(5.5) (s, o) =

at t = s.

By the standard ODE theory, II(¢,s) € C!((—o0,0);). Therefore, for every fixed
s, II4(¢, s) is a locally integrable function on (—oo,00); and hence a distribution.
Moreover, we have

(0 = ALy, @) = (ILy, (=0 + A™()) (1))

_ / L (b 8) (0, + A (0)p(t) dt

= [0 AL )0 -+ 40)

= 90(0>7
which is exactly the meaning of the expression (0; — A(t))I1y = dol.
As we have seen in Section (see also Section , the following is an immediate
consequence of the existence of I1:
(1) Solution formula, forward solution. For f € L'(R; RY) with supp f C {t >
a} for some a € R,

x(t) = /00 I, (¢, s)f(s)ds :/ II(t, s)f(s) ds.

solves (0; + A)x = f with x(¢t) = 0 for t € (—o0, al.
By the forward support property of I1, (¢, s), note that the above formula defines
x(t) for any t > a as long as f € Li ((—oc0,00); RY) with suppf C {t > a}.
Moreover, also observe that
x(t) =1I(t, a)g
solves the homogeneous problem (0; + A)x = 0 for ¢t € (a,00) with x(a) = g. By
linearity, we obtain the following:

(2) Solution formula, for inhomogeneous initial value problem. For f €
L (R;RY) and g € RV,

loc

(5.6) x(t) = / T1(t, 5)£(s) ds +TI(t, a)g

is a solution to (0; + A)x = f on (a,00) with x(a) = g. We know that such a
solution is unique from the standard theory of ODEs.

We may summarize the above discussion in two ways:

e The forward fundamental solution IT, (¢, s) — which is used find a forward solution
to the inhomogeneous problem — is constructed from the solution II(¢,s) to the
initial value problem ([5.5)) for the homogeneous problem.
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e Conversely, finding the solution II(, s) to the initial value problem (5.5)) for the
homogeneous problem for ¢ > s amounts to finding the forward solution II (¢, s)
to the inhomogeneous problem with f = §y(t — a).

Informally speaking, by thinking about the forward fundamental solution, we have
discovered that the homogeneous problem can be reduced to the (forward) inhomo-
geneous problem, and vice versa. This is usually referred to as Duhamel’s principle
or variation of constants.

Next, we derive representation formulas.

(3) Representation formula, forward solution. For x € C'(R) with suppx C
{t > a} for some a € R,
t

x(t) = /00 I1y(t,5)(0s + A(s))x(s)ds = / I1 (¢, 5)(0s + A(s))x(s) ds

To prove this, we observe that
(s, t)II(t, s) =1,
hence I1(s,t) = I1(t, s)~!. Using o1 and o9 (in this order) to denote the two input
variables of IT = II(oy, 03), it follows that
05, 11(s,t) = —11(s, )05, (¢, s)I1(s,t) = (s, 1) A(¢)IL(t, s)II(s, t) = II(s, t) A(2),
or more succinctly,
O:11(¢, s) = (¢, s) A(s).
Writing I1,(t,s) = 1(5,00)(t)II(t,5) = 1(_oo)(s)I(t,s) and using the fact that
II(s,s) = I, we obtain
{GSIL_(t, s)+ I (¢ s)A(s) = 0o(s —t)I for t € Ry,

(5.7) I, (t,s) =0 for s € (t,00).

For x € C'(R) with suppx C {t > a}, the following formal computation may be
justified:

X! (t) = Z(éo(s — )57, x"(s))

k
= Z /Oo (—0sIy (t, s) + T (¢, S)A(s))ixk(s) ds
k — 00

o

— [ (L)@, + As)x(s)) d.

Remark 5.1. Another way to understand (5.7)) is observe that, after taking the
adjoint (as matrices) and exchanging s and ¢, it is equivalent to the following:
(=0p + A ()T (s,t) = do(t — s)I  for s € Ry,
IT% (s,t) =0 for ¢ € (s,00).
In other words, for each fixed s, IT% (s,?) is a backward fundamental solution for

—0; + A*(t), which is the adjoint of the original operator d; + A(t) (as an op-
erator on the space of RV-valued functions, with respect to the pairing (u,v) =

Zj.vzl J; w7 dt).

Finally, we also obtain the following statement.
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(4) Representation formula, for inhomogeneous initial value problem.
For x € CY(I)n C(I),

x0 - [ L (1 5)(0s + A(5)) (6L g ) (5) s

= / I (t,5)(0s + A(s))x(s)ds + I1 (¢, a)x(a).

Remark 5.2 (Uniqueness of IT; ). It turns out that a forward fundamental solution
is unique in a suitable class of objects, or more precisely, among order zero distri-
butions. To see why this class is natural, observe that when A € C(R;RY*V) this
is the natural class for which the product AIl, makes sense.

The basic observation is that given any two solutions II, and II', to (5.4), M :=
I, — II'_ solves the homogeneous equation (0; + A(t))M(t,s) = 0 with M =
0 on (—o0,s). Then appealing to the uniqueness of the solution x to the ODE
(0r + A(t))x(t) = 0 with x = 0 on (—o0, a) in the class of order zero distributions
(Exercise: prove this!), It follows that M =0, i.e., I, =1I',.

5.2. The forward fundamental solution for 9; — A: the Gaussian. We now
look for the forward fundamental solution for 9, — A, i.e., a solution E, € D'(R1*+9)
to

(8t — A)EJ’_ (t, Jf) = (50(t, JT)
with the forward property, i.e.,
E, =0 in {t<0}.

As in Section [5.1] it will be sufficient look for the solution to the following homo-
geneous initial value problem:

(0 — A)E, =0 in (0,00); x R%,
E.(0,z) =dp(x) on {t=0} xR

As in the case of the Laplace operator, we shall make an educated guess based
on the properties of (9 — A). We begin with its symmetries:

e Rotational symmetry: For every orthogonal matrix O, (9; — A)(u(t,Ox)) =
((0r — A)u)(t, Ox).

e Scaling (self-similarity): For every u € R and A > 0, (0; — A)(uu(A"2t, A" 1z)) =
pAT2((0r — A)u)(AN 72, A" te).

In view of these symmetries, we look for E (¢,x) such that
E.(t,r) = Eq(t,|o]) = p()E4 (1, 17).
How should we choose p(t)? Another property we observe is that
(O —Au=0= 5‘t/udx = /&udm = /Audx,

which would vanish provided that u decays sufficiently fast at infinity. Since
[E{(0,2) = [do(x) =1, it is natural to set pu(t) =t~ 2 and ask for

Ey(to)=t"2E,(1, 1), [ B (12)de=1.

1
t2
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In order to proceed, let us write w(z) := F4 (1, |z|). The heat equation on E (¢, z)

82
becomes the following equation for w:
1|zl
-2 (= (7))
d1l1 lz]> 1 227 1 |z|?
= _— —— _—_— — a - W _—
2t 2 g ; I\t 2" t
dl1 lz> 1 , 2d1 , 4z*1 ] /[|z?
=|l-———w—-——w — ——w — — —
2t 4 12 44 t ¢4 12 ;4 t
1[4z, (|=? |z[? |z[?
=— — 2d + —)w' + = —
t1+%’{tw i) T S el
, we look for a solution to

|z)?
4pw(p) + (24 + p)uw'(p) + Fw(p) = 0

Introducing p =

We may rewrite the above as
d
4pw(p) + 2dw' (p) + puw'(p) + Fw(p) =0,
A(p'w") + (p*w)" = 0.

or equivalently,
It follows that, for some constant a,
4p%w’ + plw = a.
For simplicity, we set a = 0 (otherwise, w needs to grow very fast as p — o0). Then

we arrive at the ODE
w' = flw,
$0
w(p) = be” 1P,
Returning to F, (¢, ), we arrive at
E (t,x) = t%ef% for t > 0.
5
1

To keep [ E(t,x)dz =1, we select b = s
T) 2
Let us now verify that F, (¢, x) is indeed a forward fundamental solution for
1=

1 _
4t

(9 — A).

Proposition 5.3. The function
Ei(t,x)=1 t)———e
( ) (O,oo)()(4 t)%

is a forward fundamental solution for 9, — A in R4,
Proof. The forward support property is clear, so we simply need to check that

(0; — A)E, = 8. Given a test function p € C°(R*9), we compute

/ E.(t,z)(—0 — A)p(t, z) dtdz
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/ /m L 58 2)(—0) — A)ol(t,2) dida
0

o
(47t)2
[El

. I S
= 61_1}& //6 @) e (=0 — A)p(t, x) dtdx

|z]?

o 1
=1 - A Ta ot x) dtd
Ji [ O e ) e
1

e 4 (e, x) dx.

+ lim

=0+ (47‘(’6)%

_ =2
e 4t

In the last expression, note that the spacetime integral is zero since )
4rt) 2

solves the homogeneous heat equation in {t > 0}. We rewrite the last expression

as
/ ! 67‘2‘2 (e x)dx—/il e~ s (0,0) dz
(47’(’6)% e (47‘1’6)% e
1 |z2
—e i e,x) — ©(0,0))dx.
| rgre ¥ elen —p0.0)

The first term is equal to ¢(0,0) by our normalization. For the second term, we
may write ¢(€,z) — ¢(0,0) = O(e + |z|) by the fundamental theorem of calculus
=12

(where the implicit constant depends on ||0¢||r=). We wish to argue that e~ =«
essentially localizes the integral to {|z| < €2}, so this contribution should vanish

1 |2
/ ge_%@dx
(4me)2 €2

1 _ v
(471_)%6 4 ‘y|dy7

as € — 0. Indeed,
1 _l=l? 1 _ Lz
e 4 (e+|z|)dx < e —e 4 dz+e
(4me)2

2

(47¢)%
/ 1 _ 1yl 1
=€ —e 1 dy+e2

(4m)

Nl=

where we used a change of variables y = ¢~ 2z on the last line. The last line clearly

vanishes as € — 0, which finishes the proof.
O

5.3. Uses of the forward fundamental solution. We now derive some conse-

quences of our discovery of F,.
Solution formula. For f € D, (R!*%),

u(t.o) = [ Flp)Be(t = 50— y) dsdy
is a forward solution to (9; — A)u = f. Moreover, for g € D,(R?),

ult, z) = / F(5,9) Bt — 5,7 — ) dsdy + / () Btz — y)dy

solves the initial value problem ({9.1)).
Representation formula. For u € D,(R'*%), we have

u(t,z) = /(at — A)u(s,y)EL(t — s,z —y)dy.
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Remark 5.4 (Optional: Extension to f,g without compact support). These so-
lution (resp. representation) formulae can be extended to a more general class of
distributions f,g (resp. u). We will say that g € D'(R?) satisfies the Gaussian
growth condition if, for every A > 0, we have

_ 2
<gv (X>1(%) - X>1(%))€ Alz| > — 0 as R, R — .

For instance, of g € LL_(R?) and |g| < Cel** for some C > 0 and € > 0, then g
satisfies the Gaussian growth condition.
Moreover, for f € D'(R x R?), we say that f satisfies the Gaussian growth

condition in space if for every n € C°(R;) and A > 0, we have

(fint)(x>1(5%) — X>1(%))6*A|$|2> —0as R, R — .

The solution formulae can be extended to f € D'(R'*4) with supp f C {t > a}
for some a € R and satisfying the Gaussian growth condition in space, and g €
D'(R?) with the Gaussian growth condition. The representation formula can be
extended to u € D'(R'*?) with supp f C {t > a} for some a € R and satisfying the
Gaussian growth condition in space.

Regularity. From the fact that E (¢, x) is smooth outside of (0,0), we obtain the
following regularity property of solutions to the heat equation:

Proposition 5.5. If u solves (0; — A)u =0 in U C R, then u is smooth.

We will skip its proof, since we will discuss the more quantitative version of this
result below.
Derivative bounds and Liouville theorem for ancient solutions. From the

same proof as before, we can derive the following derivative bounds:

Proposition 5.6. Let u be a solution to (0y — A)u = 0 in U C R4, Then for
any (t,z) and R > 0 such that (t — R?,t) x Br(x) CU, we have

|FoCu(t, z)| < Co R~k sup lu(s, ).
(s,y)€(t—R2,t)x Br(x)

Here, note that we only need the information on u to the past of (t,z). As we
will see, this feature is due to the forward support property of F, .

Proof. Without loss of generality, assume that (¢,z) = (0,0). Note also that it
suffices to consider the case k = 0, since we can always trade 0; by A using the
equation (0; — A)u = 0.

We introduce a spacetime cutoff x(s,y) € C°(R*9) that equals 1 in (—1, 1) x
B1(0) and supp x € (—1,1) x B1(0), and a space cutoff x(y) € C* (R) that equals
1in B%(O) and supp x € B1(0). Define

Xr(t, @) = X(R7*,R7'w),  xp(@) = x(R™'2).

Consider
v(s,y) = u(s, y)xr(s,y)-
Note that v agrees with u on (—£&, &) x Br (0). By the representation formula

(which applies since v is compactly supported),

Xz (2)07u(0,2) = X 5 ()05 v(0,2)
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— [[xa @)@ - A)u(s.1)05 B (-5, — ) sy

/ / X (x — A)v(s,y)08 By (—s,x —y) dsdy,
R2 JBgr(0) *
where we used the support properties of £, and v. Observe furthermore that
(05 = A)o(s,y) = R %u(s,y)((0s — A)x) (R ?s, R™"y)
~2) R 10ju(s,y) - () (R s, R™1y)

J
is, in fact, supported in supp dxr C (—R, R) x Br(0)\ (—%,
that

NG

) X Br (0). It follows

R2
5| + [ = y|* > = for @ € supp x5, (5,) € supp Ixa-

In particular,

In this region,

07 By (=s,2 —y)| = ———

Jz—y|?

—_ 2\ 2 o—y|2
< Cyls|= 2 <1+ [z =yl ) )

< Cu R0,

where, for the last inequality, we used that sitlale=1s ig uniformly bounded for
all s > 0. Thus, for the contribution of R=2u(s,y)((9s — A)x)(R™2s, R~ 1y), we
estimate

/ / (@) (R2u(s,9)((0, — A))(R25, R™1y)) 02 F, (s, — y) dsdy
R2 JBRr(0)

4

< O, R4l sup | / / dyds
(—~R2,0)x Br(0) Rr2 JBR(O

< Cu R sup |u|.
(—R?,0)xBRr(0)

For the contribution of =237 R™'d;u(s,y) - (9jx)(R™*s, R™'y), we first integrate
by parts to write

:'J

/ [ @ (2 R 0uts,) - 000 (R 25, R ) | 02 (—s— y) dsdy
R2 JBR(0)

Z -
J

- Z /R2 /BR(O) 5 2)R™u(s,y)0; ((95x)(R™s, R™1y) 07 By (—s, 2 — y)) dsdy,
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which can then be handled as before. O

From the derivative bounds, we obtain Liouville’s theorem for solutions to the
heat equation that exists on an interval that is unbounded to the past (i.e., ancient
solutions).

Theorem 5.7 (Liouville theorem for ancient solutions). Ifu(t,z) € C(R'*%) solves
(0 — A)u = 0 in (—00,a) x R? and is uniformly bounded, then u = const.

We skip the simple proof.

Mean value property. Amusingly, we can also derive a mean value property of
solutions to the heat equation, which is not at all obvious.

Theorem 5.8 (Mean value property). For (t,x) € R'*?, define
E(tx) ={(s,y) R s <t, By (t—s,0—y) > 1%},
Let uw € C*(U) satisfy (0, — A)u = 0 in U. For any (t,z) such that E.(t,z) C

we have -
—yl?
u(t, x) // 5 dsdy.
T4 £t m) —5)?

We will first discuss the key idea behind the proof of this theorem, in particular
how to derive the particular formula. As in the case of the Laplace equation,
our starting point is the following representation formula on a bounded spacetime
domain:

u,

Lemma 5.9. Let u € C?(U) and consider a connected C' spacetime domain V C
YV CU. Let E = E, + h, where h solves (0; — A)h = 0 in R4, Then for any
(t,xz) €V,

u(t,z) = //V E(t — s,z —y)(0s — Ay)u(s, y) dsdy
[ s B(t = s,z = puts. ) doav(s.)
oV
3 [ vt (Bt = 5.0 = g)uts. ) doov(s.n

+§j: //av Vj(s,y)E(t — s,z — y)dju(s,y) doay (s, y).

Proof. In the following computation, we shall assume that u € C°°(U); the case
u € C?(U) follows by approximation. Note that do(t — s,z —y) = (0; — Ay)E(t —
s,x—y) = (—0s — Ay)E(t — s,z —y), while 6o(t — s,z —y) = do(s — t,y —x). We
have

(5.8)

u(t, x) = (do(s —t,y — ), u(s, y))

= (=0, = A)(E(t = s, — y)), u(s,))

= (1y ( Y)(=0s = DY) (E(t = 5,2 = y)),uls,y))
= (0, 1v(5,9)(E(t — 5,2 — y)), u(s,9))

(L (s,9) (Bt = 5,2~ y)), dsuls,y))
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—|—Z ayj 1y(s y)ayj (E(t =5, —y)),u(s,y))
_Z By 1y (5, )( E(t—s,x— Y)), Oyiu(s,y))

1v s y)(E(t = s,z = y)), ~Ayu(s,y))

//Et—s z—y)(0s — Ay)u(s, y) dsdy
- / vols, ) B(t — 5,2 — y)u(s, ) dooy (s.1)

- Z / Vj (Sa y)ayJ (E(t - S8,T — y))u(sv y)do—[ﬂ/(sa y)

+Z/Vj(5ay)E(t_va_y)ayju(svy)do-a\/(&y)v

which is the desired conclusion. O

We will also need the following simple version of the coarea formula.

Theorem 5.10 (Corea formula [EGI5, Ch. 3]). Let f : R? — R be Lipschitz
continuous and assume that for a.e. p € R the level set

{zeR?: f(z) = p}
is a smooth, (n — 1)-dimensional hypersurface in R%. Assume also u : R* — R is
continuous and integrable. Then

/Rdu|Df|d:E:/_io<> (Af_p}fdo) dp.

We are now ready to prove Theorem

Proof of Theorem[5.8 Let uw € C?*(U) solve the heat equation, (0; — A)u = 0.
Without loss of generality, take (¢,z) = (0,0).
Step 1: Derivation of the formula To derive the mean value formula for (0, 0)

apply Lemma 9\ with V, := {E(—s,—y) > p} and E, := E, — p, so that E, = O
on dV,. Note that the LHS of (5.8 . is u( O ,0), while
(RHS of (5.8))

-y /avp v;(5,9)8, (B (—s, —y))u(s,y) doay, (5,1)

= —Z /av ;(,9)0ys (E+) (=5, —y))u(s, ) doa, (s, y)

=5, —y)))2
_Z/av IVsyE+ —y sy doov, ()

where

Ve By (=s,—y)]
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1
= [(0sE+(=5,~9))" + 0 B4 (=5, ~y))* + - (9ya B (=5, —y))?]* .
On the last line, we used the fact that 0V, is a level hypersurface of E(—s,—y) so

ayﬂ E+( y)
VsyEq(—s Z/)|

vi(s,y) =

Observe also that on 9V,, we have

27 1 _wl® J
Oy (E4)(—s,—y)) = - [,e 4<s>] -_¥,

—4s | (47(—s))2 2s
Thus,
2
(0 (B, ) =
j
and
(RHS of (5.8))
:/ uls, y)|y\2p2 dogy, (s,y)
av, \VsyEy(—s,—y)l

To obtain a spacetime integral, we average this expressionin p~! for 0 < p~! < R™1.
Since p?dp~! = —dp, we obtain

R-!
R/ (RHS of (5.8))d(p™")
_R/ / Iy\2 doay, (s, y)dp
oV, 452 Vs y By (=5, —y)|

=R u( )|y|2 dsd
u(s,y)— dsdy.
{E4(—s,—y)>R} 4s

Choosing R = r~%, this coincides with the RHS of the mean value formula in
Theorem E.8!

Step 2. Justification of . However, we are not done yet since Lemma does
not directly apply. Indeed, note that (0,0) lies only on the boundary of V, not in
its interior as is required by Lemma To finish the proof, we need to justify
holds for each V, and Ep as above.

Fix p > 0. Given € > 0, we consider the following deformation of V,:

Vp75 = {S < —62} N Vp U [—62,62)5 X Br(e)v

r(e)?
where 7(¢) is defined so that E, (—e2,r(¢)) = a IQ)Q e < =p. ThenV, . contains
TES) 2

(0,0), has a piecewise C'* boundary, and
oV, e = (QVP N{s< —62}) U ([—62,62) X aBT(E)) U ({62} X By(e) ) )

Let us introduce the abbreviation 90,V ¢ := ([—€2, €2) x 0B,(¢)) U ({€*} X By(() ).
Applying Lemma (which is now possible since (0,0) € V, ), we have

_Z/avpm{s< o Vj(S,Z/)ayj(Ep(—s, —y))u(s,y) doay (s, y)
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- /8 vo(s, 9) By =5, —y)u(s, ) doav(s,y)

top Vo, e

o Z /8 yJ (EP(_S? —y))u(s, y) daaV (S, y)

top V.

+Z/ VE,(—s, —y)dju(s,y) doay (s, ).

OtopVp,e

By the dominated convergence theorem, we have

_ Z/avpm{K - l/j(S,y)ayj(Ep(—s, —y))u(s,y) doay (s, y)

- Z/ By (E,p(—s, —y))u(s,y) doay(s, y),

av,

as € — 0, which is already the desired expression. It remains to show that the
r(e)?

1 - 3 —
e 4e =P
(471'62)% ’

integrals on OopVp,c g0 to zero. First observe that, from

r(e)?

4e?

d
2

= —logp(4m)2 — dloge

so%—nlaseﬁo. Since

sy (—s,—y) = 0s ((47T(—s))§e ( )>

N B
(=9 (4(—8) 2) ((zur( 5))% H)

we see that B, (—s,7(¢€)) is decreasing on (—¢2,0) if € is sufficiently small (namely,

so that Tizf — 4 > 0). Note also that Ey(—s,r(¢)) = 0 for s > 0. It follows

that |Ep(—s7 —y)| = Er(—s,—y) — p is uniformly bounded (independent of €) on
OtopVp,e- A similar consideration shows that 0,; 4 (—s, —y) is uniformly bounded
by |0, E+(—€*,r(e))] < ge)p Both lead to the desired vanishing statement, in
view of the fact that fatopvm{Ko} dogy = O(E2r(e)?1) = O(e%*[log €4~ 1), which

always vanishes faster than TE(—S) = O(@). O

Remark 5.11. The reader is encouraged to also look at the proof of Theorem in
[Eval0l Section 2.3], which is elementary and does not require distribution theory.
Meanwhile, the proof presented above, while technical and long when carried out in
full detail, clarifies the derivation of the mean value formula from the fundamental
solution.

Maximum principles in bounded domain. Given U = (a,b) x U, define the
heat boundary of U to be U = ((a,b) x OU)U ({a} x U). Also, given (t,r) € R+
and 7 > 0, introduce the B,.(t,z) := {(s,y) e R4t —r < s <t, |z —y| <7}

Theorem 5.12 (Maximum principles). Let U be a bounded domain in R?. Suppose
u€ CHIxU)NCI xU) solves (0, — A)u = 0.
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(1) Weak maximum principle. We have

maxu = max u.
IxU O (IxU)

(2) Strong maximum principle. Moreover, if U is connected and there exists
(to,z0) € I x U\ Op(I x U) such that

u(to, zp) = rjnaé( u,
X

then w is constant in I x UN{t <to} (i.e., to the past of t =tg).

Proof. We use the mean value formula, Theorem to argue as in the case of
the Laplace equation. We focus on the strong maximum principle, since the weak
maximum principle would be a consequence.

Let (to,x0) € I x U \ Op(1 x U) with u(to,z0) = M, where M = maxj g u.
Then for all sufficiently small r > 0 such that &.(to,z¢) € I x U, the mean value
property implies that

1 w0 — y|?
M=uttor) = gz [ e <
Since ﬁ /. £, (to,0) % =1 (which can be easily checked by applying the mean
value property to u = 1), it follows that equality holds if and only if u is identically
equal to M in &,(to,xo).

In order to extend this property, we follow the argument in [Eval(, Section 2.3].
Fix any (s,y) € I x U with s < t. Note that there exists a polygonal line [zq, 2] U
<o Ulxp-1 U, = y] in U that connects z¢ and y (here, [z,y] denotes the line
segment between = and y). Select times tg > t; > --+ > t, = s and notice that the
(spacetime) polygonal line [(to, zo), (t1,21)]U- - U[(tn—1, Tn-1), (tn, Tn)] lies inside
I xUnN{t<ty} and connects (o, zo) with (s,y).

To conclude the proof, it suffices to show that if u(¢;, 2;) = M, then u(t,x) = M
on the whole line segment [(t;,2;), (ti+1,%i+1)]. To show this, we set a continuity
argument. Denote by J the subset of [(¢;,2;), (ti+1,Zi+1)] on which u(t,z) = M.
Let ¢, := min{t : (t,z) € J for some x}. Since J is nonempty, t. < t;; since
J is clearly closed, there exists z, such that (t.,z.) € [(t;, %), (fit1,2i+1)] and
u(ts,z«) = M. The proof will be complete if we show that ¢, = ¢;41. Indeed,
if t, > tiy1, then u = M on &,(t., x.) for some r > 0. However, observe that
Er(t, xx) intersects [(ts,x), (tit1,2i+1)] on a segment of nonzero length. Since
u = M on this intersection, we arrive at a contradiction. ([l

As a quick corollary of the maximum principle, we obtain the following unique-
ness result.

Corollary 5.13 (Uniqueness of the initial boundary value problem). Let I = (a,b),
U a bounded domain, f € C(I xU), g€ C(U) and h € C(I x OU). There exists at
most one solution u € C*(I x U)NC(I x U) to the initial boundary value problem
Oy —A)u=finU,
u=gon{a} xU,
u=nh on I x oU.
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6. MORE DISTRIBUTION THEORY

We have already seen the usefulness of fundamental solutions and distribution
theory in the study of various equations, including the Laplace/Poisson equations,
the Cauchy-Riemann equation and the heat equation. In this section, we collect
some more distribution-theoretic tools that is needed to study the wave equation 2}

6.1. Change of variables and pullback of distributions. When solving prob-
lems, we often need to change coordinates to better suit our needs. The following
proposition justifies the procedure of change of coordinates for distributions.

Proposition 6.1. Let & : X; — X5 be a diffeomorphism, where X1, Xo are open
subsets of RY. To every distribution u € D'(X3) on X, there exists a way to
associate a unique distribution uo ® € D'(X1) on X; so that uo ® agrees with the
usual composition for u € C°(Xz) C D'(X2) and the following holds:

The mapping D' (X2) — D' (X1), u s uo ® is linear and continuous in u.
In fact, for ¢ € C(X1), wo ® is defined by the formula

_ 1 od 1
(6.1) (uo ®,¢) = <u, \det@\¢ o >

Proof. Uniqueness is clear by density of C2°(X5) in D'(X3). Let u; — u be a
sequence of u; in C2°(X2) converging to u in the sense of distributions. Write

(P(CL') = (yl(x)7 T 7yd($)) and

ﬁ(yl,--',yd) B 8(1-1’...7(551)7 -1
78(x1,--~ ) =det®, and 78(y1,-~- ) =det® .
For any ¢ € Cg°(X1), we have
(w;02.6) = [ w(®(a))o(0) do
_ . -1 a(xlv"' 71.d)
= [wtoe o) g .

Since ¢(¢_1(y))% is a test function on X, (Exercise: Verify!), it follows

that the last line goes to

_ 8(:1;17"' 7md) 1 —1
ut)o@ )G = (udgeee).
< 8(y17"' ayd) y |detq)|
as desired. 0

As an immediate corollary, we have the following linear change of variables for
formula for the delta distribution.

Corollary 6.2. Let ® : R — R? be a invertible linear transformation. Then we

have
1

IR pp——
0% T det 0

Similarly, we can define the pullback (or the composition) uo f of a distribution
u € D'(R) by a smooth map f: U — R as follows:

121y the actual lectures, we will directly pass to Section E and come back to this section
whenever we need more distribution-theoretic tools.
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Proposition 6.3. Let f: U — J be a smooth surjective map with df(x) # 0 for
every x € U, where U is an open subsets of R and J C R is an open interval. To
every distribution u € D'(J), there exists a way to associate a unique distribution
uo f € D'(U) on U so that f*h agrees with the usual composition for v € C°(J) C
D'(J) and the following holds:

The mapping D' (J) — D' (U), u > uo f is linear and continuous in u.

To define uo f, let us first consider the case when v € CS°(J). Fix ¢y € U. Since
df(zo) # 0, after possibly relabeling the axes, the map ® : (f(x),22,23,...,2%) is
a diffeomorphism in a neighborhood V,,, of xy. For ¢ € C°(V,,), we have

(wo f.9)
:/wﬂmw@Mx

= u(s (s, 22 x¢ 1 sdz? - da?

= [ D et @@ 1(s, a2,z 2474

= u(s s, 2%, ... 2 L 2% dz? S
= [t (f o0 st ) gy ) @

= <u, / o(® (-, 2%, ..., z?) ot (D(‘I)_l(-,la:Q, D) da? .- dxd> .

The last line makes sense even if u is just a distribution.
Motivated by the above consideration, for v € D'(J) and ¢ € C*(V,,), we
define

1 2 1 2
we f,) = <u’/¢(¢)_ (o ""’xd))|det<I>(<I>*1(.,x2,...,xd))| dz "'dxd>'

Since this can be done for each zg € U, we may define (u o f, ¢) for ¢ € C°(U) by
using a smooth partition of unity.

With the above definition in hand, the proof of Proposition [6.3] proceeds as in
Proposition We omit the details.

Remark 6.4. In fact, given open subsets X; C R% and Xy C R, uo f € D'(X;)
can be defined for u € D'(X3) and f : X; — X5 with Df(z) surjective for every
x € X, by a similar procedure; see [H03, Theorem 6.1.2].

6.2. Classification of distributions supported at a point: Application of
Taylor expansion. Our goal is to prove the following result.

Theorem 6.5 (Classification of distributions supported at a point). Suppose that
u € D'(U) and suppu = {xo}. Then there exists N > 0 and ¢, € R for |a| < N

such that
u = Z Ca D0y,
a:la|<N
As we shall see, that u has finite order is an obvious consequence of Lemma |3.8

Establishing the following lemma, which follows from Taylor expansion, is the key
step.

Lemma 6.6. Let u € D'(U) satisfy suppu = {xo} and have order at most N. If
P € CP(U) satisfies DY(xg) =0 for |a| < N, then (u,¢) = 0.
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Proof. Without loss of generality, assume that 2o = 0 and B(0,1) C U (the latter
can be ensured by rescaling the coordinate axes). Since the order of u is < N, on
the compact ball K = B(0,1) there exists C' > 0 such that

(6.2) [{u, )| < C Z sup |D%¢(z)| for every ¢ € C°(K).
\MSNIEK

Let us now localize this estimate. Fix a smooth function x such that x = 1 on
B0, %) and supp x C B(0,1). For § > 0, define y;s(z) := x(6~tx). Clearly ysu = u
and there exists C' > 0 such that |D%ys| < C'6~ 1l for every o with la] < N.
Then for every ¢ € C*°(U), using , we derive

[(u, 9) = [(u, x50)| < C ) sup |D*(xs0) ()|
lal<N ©€
(6.3) <C" Y sup 6Vl Dg(a)),
jaf<n I71=0
where C” depends only on C, C’ and N.

We claim that the function v satisfying the hypothesis of the lemma has the
property that

(6.4) sup |[D(z)] < ¢Vl for every |a| < N and 0 < 6 < 1.
|z| <8
Then by applying (6.3)) and taking § — 0, we would obtain (u, 1) = 0 as desired.
To prove (6.4), we use Taylor expansion. For x € R?, let us apply (3.6) with
k= N + 1 to the function o — ¥ (ox) and take ¢ = 1. Then

N

b@) =3+ L)

j! doi

1 1 dNV+1

N+1
_0+ (N+D1)! Jy dO'N‘Hw(Jx)U o

=0 o

The first term involves at most N derivatives on 1) evaluated at x = 0, which
all vanish by the hypothesis. Hence, the first term vanishes. Using % flox) =
>, 2'0; f(ox), we may compute the second term and arrive a

d

1 7 7 !
w(x) = Z mx 1., ptN+1 /0 al.l "'8iN+1¢(J$)JN+1 do.

i1, iNF1=1

It is easy to check that each fol Diy -+ Oiy iy b(ox)oN T do is C*° on B(0,1). Since
® is the sum of the product of such functions with the monomials 2% - - . zi~¥+1 of
order N + 1, the desired estimate (6.4]) clearly follows. O

Proof of Theorem[6.5. Without loss of generality, let zop = 0. Fix a function x €
C2°(U) such that x = 1 in a neighborhood of 0. By the support condition, we have,
for every ¢ € C°(U), that

[(u, §)] = [, x&)]-
13Using the multi-index notation, we can write ¥ (x) more cleanly as

1
Pa)= Y. ixa/o Dotp(oz)oN T do

|la|=N+1

after some simple combinatorics, but it is not necessary.
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Applying Lemma [3.§ to K = supp x, there exists N € Z>q and C > 0 such that
(u,0)| = [(u, xp)| < C ) sup 10%(x¢) ()|

oz:|o¢\§Nze
<0 Y suplote(a)).
a:la|<N zel

In particular, u is order at most N.
For any ¢ € C°(U), we write

xo() = x(0) Y D00 +(a).
a:la|<N

Then ¢ has the property that D (0) = 0 for |a| < N. By Lemmal6.6] (u,v) = 0.
Thus,

(w,8) = (ux6) = (w,x(@) Y = D(0)2)
a:la|<N o
1
= D —j(wx(@a*)D6(0),
ala|<N
so the theorem holds with ¢, = (,i)!w (u, x(x)z®). O

6.3. Homogeneous distributions. We now introduce the concept of homogeneity
for distributions. Here, we shall consider complex-valued distributions with a €
C (which will be introduced below). Alternatively, we may consider real-valued
distributions with a € R.

6.3.1. General theory. As usual, we start with the case of functions: A smooth
function h on R?\ {0} is said to be homogeneous of degree a if

h(Ax) = A®h(z) for every = # 0, A > 0.

We will use the adjoint method to extend this notion to distributions. For this
purpose, note the following computation: If ¢ € C°(R¢\ {0}), then on the one
hand, by change of variables,

/ h(Az)op(z) dz = A~¢ / h(z)p(A\"1z)dz,

and on the other hand, by homogeneity,

/h()\x)gzﬁ(x) dz = /\“/h(x)d)(x) dz.
This computation motivates the following definition:

Definition 6.7. We say that h € D'(R'*9) (resp. D'(R'*\ {0})) is homogeneous
of degree a € C if for every ¢ € C°(R*9) (vesp. ¢ € C°(R*\ {0})) and X > 0,

AU, p(ATH)) = A% (h, ¢).
We denote by h) the distribution defined by the LHS of the above equation, i.e.,
(hx, @) = A4 h, ¢ (A7),

As a simple but important example, we note that 6, on R? is homogeneous
of degree —d (see Proposition [6.1)). Some more basic properties of homogeneous
distributions are:
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e If h is homogeneous of degree a, then D®h is homogeneous of degree a — |a/;
e If h is homogeneous of degree a, then we have the Euler identity:

Sl 6) = alhn, 6)

If h is a homogeneous function on R¢\ {0} with degree a > —d, then it defines a
unique locally integrable function on R?. Similarly, a homogeneous distribution h
on R%\ {0} can be extended uniquely to a homogeneous distribution on the whole
space R? provided that its degree is greater than —d. In fact, the following more
general result holds:

(6.5) Y

Lemma 6.8 (Homogeneous extension to the origin). If h € D'(R%\ {0}) is homo-
geneous of degree a, and a is not an integer less than or equal to —d, then h has a
unique extension to a homogeneous distribution h € D'(RY) of degree a, so that the
map h — h is continuous.

For a proof, see [HGS, Theorem 3.2.3]. When « is an integer such that a < —d,
then there many not(!) exist a homogeneous extension to D'(R?) of a homogeneous
distribution h € D'(R?\ {0}); see Theorem below.

6.3.2. Families of homogeneous distributions on R. We now discuss the case d = 1.
In this case, there is a general classification result. We begin with the following
uniqueness result:

Proposition 6.9. Let h € D'(R) be a homogeneous distribution of degree a. Then
the following statements hold:

(1) h agrees with a smooth homogeneous function of degree a on R\ {0}.
(2) If a is not a negative integer, h € D'(R) is uniquely determined by h(1) and
h(-1).
(3) If a = —k (a negative integer), then any two homogeneous distributions h,h' €
D'(R) of degree —k with h(1) = h'(1) and h(—1) = h'(—1) differs by a multiple
of 5(()k_1).
Proof. Statements (2) and (3) follow from Theorem [6.5] so let us focus on the proof
of Statement (1).
If w is a smooth function on (0,0c0), then the homogeneity condition says that
u(A) = A%u(l), so (u,d) = u(1)(z®, ¢). Moreover, introducing ¢ € C°((0,0))
such that [ A%(X)dA = 1, we may write u(1) as the integral

u(l) = / u(\)w(\) dA.

In conclusion, for ¢ € C°((0,00)), wehave

(6.6) (u, d) = (u,¥)(z", ¢).
Observe that (u,1)(z%, ¢) is an expression that make sense even if u is merely a
distribution. Hence, our goal is to justify the above for u € D'(R).

Let ¢ € C2°((0,00)). By the homogeneity condition, we have

(u, ) = A7 Hu, (A7),
Multiplying both sides by A*®(\) and integrating in A\, we obtain

(wo)= [ A (GO dA,
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Consider an approximation u, — u where u,, € C°(R). Then

/OOO)\_l(un(x),qS()\_ z))p(N)dA = / /un SN 1) daap(N) dA
/ / ALy (2) (A1) (N) dAdz
/ / iV (2) B (5 ) dpde
= [ttt )

x

where we changed the variable from A to p where A = m in the third identity.
Taking n — oo, it follows that

(w:0) = [ o)) d
But by homogeneity, we have

<u7 M_l"/}(:u_l'» = p*(u, ),
from which follows. The case of (—00,0) is handled similarly. O

We now consider examples of homogeneous distributions on R.

Example 6.10 (degree a distributions supported in [0, c0), where a € C\{—1,—-2,...}).
We look for a homogeneous distribution h of degree a with h(—1) = 0 (or equiv-
alently, supported in [0,00)). When Rea > —1, an obvious example would be the
following:
r (1) := 1,00)2”, Rea > —1.

The condition Rea > —1 makes x% (z) locally integrable; hence ¢ € D'(R).
Clearly, any homogeneous distribution of degree a with Rea > —1 with h(—1) =0
is a multiple of 2.

How do we construct examples with Rea < —17 We can differentiate. For
Rea > 0, we have

<8Ixi($)7¢> = <xa+($)’ _az¢>
:/ x*(—0,¢) dx
0
o —|—/O az® 1o da
= (az (), 0),

or more succinctly,
1
a4 N z) = *595581(%) for Rea > 0.

We can try to extend a — ¢ to more general values of @ € C based on this
functional equation. Concretely, we define x4 by

T = ( ) E?Nx‘”'N
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in the sense of distributions. In order for the product and x to make sense we

require that:

a+N
+

Rea > —1— N, and a is not a negative integer.

Indeed, given a € C\ {—1,-2,...}, note that x¢ is well-defined (i.e., it is indepen-
dent of the choice of N as long as Rea > —1 — N). As before, it can be easily
checked that any homogeneous distribution h of order a € C\ {-1,-2,...} with
supp h C [0,00) is equal to 2% up to a constant.

Example 6.11 (degree a distributions supported in [0,00) for all a € C). The
previous construction of homogeneous distributions supported in [0, 00) was satis-
factory except for one point, namely, it misses the case a € {—1,—2,...}. To fix
this point, let us think of a different way to normalize the family z¢. We define

(6.7) X4 (x) = c(a)r® (x) for Rea > —1,
with ¢(a) to be determined below. Then the functional equation becomes
-1 C(a — 1) a
Xi (r) = W@)@@%

and we have
Socla+i—1 o
(6.8) Xi(z) = (E (a(—l—z—")_c(a—l—)i)> 8g]cVX++N

for a such that Rea > —1.

To extend x4 to all a € C, the idea is to choose c¢(a) in so that the factor
on the RHS of is 1, i.e., c(a) = (a + 1)c(a + 1). Taking the reciprocals, note
that we are trying to find ¢ such that

1 1
— = (a+1)—.
cla+1) (a+ )c(a)
This is, in fact, exactly the problem of defining the extension (more precisely,
analytic continuation) of the factoriall A well-known solution to this problem is
given by the Gamma function T'(s), which is defined by

I'(s) = / ez tdr for Res > 0.
0

The key property of the Gamma function is that it obeys the functional equation
(6.9) I'(s+1) =sI'(s),
for Res > 0. Therefore, choosing

1
cla) = Tasl) for all Rea > —1

+1)
implies
c(a) =(a+1)c(a+1) for all Rea > —1.
as desired.
In conclusion, if we define
(6.10) X5 () := ﬁmi(x) for Rea > —1,

then this family of distributions satisfy the functional equation
(6.11) X4 (@) = 9 x4,
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for any Rea > —1 and N =0,1,...,. As before, we may then take the RHS of the
functional equation as the definition of x4 (z) for a € C, i.e.,
(6.12) X5 () := 8fcvxi+N for Rea > —1 — N.

It is not difficult to check that this definition is independent of N as long as Rea >
—1—N.
How does x;%(z) look like when a is a negative integer? Note that y;'(z) =

438 (z) = L H(z) = 6o(x). Then by the preceding identity, we see that
(6.13) X () = o8 V(@)
Moreover, for negative half-integers, we have
k k
——k, 4% —%_idi( 1 )
(614) X+ (x) - dl‘k X+ - ﬁ dxk (x)ﬂfl/2

For this identity, we used I'() = /&, which in turn follows from integration of a
Gaussian (Exercise: Prove this!).

Remark 6.12. When —Fk is a negative integer, X;k = 5(()k_1) turns out to be the
unique (up to multiplication by a constant) homogeneous distribution of degree —k
on R supported in [0,00). See Theorem below.

We remark that the families z* and x* of homogeneous distributions of degree
a supported in (—oo, 0] can be constructed in an entirely analogous manner starting
from
2% = 1(_oo,0)(z)(—2)* for Rea > —1,
1
G = —x_ for Rea > —1.
XLi=g ) x_(a) r Rea
In fact, the following complete classification of homogeneous distributions on R
holds:

Theorem 6.13. Let h € D'(R) be a homogeneous distribution of degree a.
(1) If a & {—1,-2,...}, then
h=cyzf +c
for some scalars c4,c_.
(2) Ifa=—k e {-1,-2,...}, then

h=cz %+ 006(()}971)

for some scalars c,co, where x™F is given by the formula

—k _ (=1)k!
S]]

Note that z=% = 27 on R\ {0}, and 2~ agrees with the principal value
distribution pv% introduced earlier.

ok log |z).

As a corollary of this result, we see that x¢ (resp. x%) is, up to multiplication
by a constant, the unique homogeneous distribution in D’(R) with homogeneity a
such that supp x¢ C [0, 00) (resp. supp x* C (—o0,0].

Proof (Optional). Statement (1) is obvious from the above construction and Propo-
sition so let us concentrate on Statement (2). We need to verify two assertions:
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(i) z=% € D'(R) is homogeneous of degree —k;
(ii) If h € D'(R) is homogeneous of degree —k and supph C [0,00), then h =
coéék_l) for some cg.
Indeed, if we know (i) and (ii), then we may consider u := h — h(—1)z~*, which
must be homogeneous of degree —k and supp u C [0, 00) by (i), so that u = coéék_l)
for some ¢ by (ii).
To verify (i), we check the homogeneity condition for =% explicitly as follows:

A0 ) =~ [ sk (o) A da

B ‘ﬁ /_oo log |z|(95¢) (A" e)A " de
vl B UL
=l B IECOIOL

| @oea

(k - 1)! /jo (050)(2) dz.

But observe that the integral in the last expression is zero since ¢ € C2°(R), which
proves that =% is homogeneous of degree —k.

Finally, to prove (ii), suppose that (ii) is false. Then, in view of Proposition
there exists h € D'(R) that is homogeneous of degree —k such that supp h C [0, c0)
and h(1) # 0. We introduce

N G

Ty = mar(log|x‘1(0,oo)(x))'
Note that supp ;" C [0,00) and 3% = 2% on (0, 00). It follows that h — h(1)7 "
is supported in {0}, and hence by Theorem it follows that

2 "*log A\

1
(k—1)!

=AMz *, ¢) = A Flog A

J
j=0

To conclude the proof, we will show by computation that this is impossible. Indeed,
proceeding as in the case of 7%, we obtain

EE A1) = XA A ogd g [ @k
1
k—1)!

Note that, in contrast to the case of z7%, we pick up a boundary term at z = 0!
Moreover, since

=A@ 7, ¢0) + A Flog A ok=19(0).

(@700, A7 To(AT1)) = AT H(=1) 1 81.9(0),
it follows that

(h AT () = RDAF(@7*,6) + h(1)A ¥ log A 9, (0)

k1)
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J
+D AT e (-1l 6(0).
=0

Hence,
1

+ > (AT = X R)e (—1)7 197 9(0).

G€{0,.. T}, k=1

(B, AT O(ATH)) = AT (R, ¢) = h(1)A " log A

By homogeneity, this expression must be zero for all ¢ € C2°(R). But this implies
that h(1) = 0 (and, in fact, ¢; = 0 for j # k — 1), which is a contradiction. O

Example 6.14 (Optional, using complex analysis: (x =+ ¢0)?). In fact, the
distinguished feature of the two families of distributions 2% and x4 are that they
are analytic continuations, i.e., for every ¢ € C°(R),

a— (z%,¢) is analytic in C\ {—1,-2,...}, and
a— (x4, ¢) is analytic in C,

and these are the unique extensions of the original family on {Rea > —1} with this
property.

There is another way to naturally define an analytic family of homogeneous
distributions on R, which is to consider the limits

(x£i0)% := lim (z+i€e)? = lim elos@®ic)
e—0+ e—0+

where log denotes the principal branch of the logarithm (i.e., logz is real for z > 0
and undefined for z < 0). As we will see, this approach has the advantage of
recovering z* and 9F 18y (which are the only homogeneous distributions of degree
—k with k =1,2,... by Theorem [6.13](2)) in a natural way.

We begin by discussing the existence of this limit in the sense of distributions.
In fact, we have the following general result:

Lemma 6.15. Let I be an open interval in R and consider @ = {z € C: Rez €
I,0 < Imz < a} for some a > 0. If f is a holomorphic function in Q such that,
for some N € Z>y and C' > 0, we have

[f(2)] < C(lmz)~N in Q,
then f(x + i) has a limit fo € D'(I) as e — 0+, i.c.,
Jim (f(z +ie), ¢(2)) = (fo(x), ¢(x))  for all ¢ € CZ(I).
Moreover, fy is of order at most N + 1.

Proof. When N = 0, this proposition is obvious, so suppose that N > 1. Fix z5 € Q2
and consider F(z) := f; f(z')dz’ (contour integral). Then F is holomorphic on £,
LP(2) = f(2),and |[F(2)] < C'(Im2)"NFLif N > 1, and |F(2)| < C'(1+log(Im 2))
if N =1. When N = 1, the contour integral G of F' is integrable, and we can define
fo :==lime,0 G”(x + i€). In general, we consider the N-th anti-derivative G of F
(i.e., i—NNG = F, so that %G = f), and define fy := lim,_,o C;izj\jviillG(achz'e). O
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Applying the lemma with f(z) = 2 = e*1°8% we see that (z4i0)? is well-defined
for all @ € C. Moreover, observe that for every ¢ € C°(R), a — ((z £i0)%, ¢) is an
entire (i.e., analytic on C) function since it is the limit of entire analytic functions.

How is (x £i0)® related with the previously considered families of homogeneous
distributions? We begin with the easy observation that

(x £i0)* = 2% + eX™2 for Rea > 0.
By the analyticity of both sides (with respect to a), it follows that
(xr£1i0)* =29 + etz fora € C\ {-1,-2,...}.

Moreover, that ((z +40)%, ¢) is entire also tells us the interesting fact that, for every
negative integer —k, the singular parts of x4 and et 2% must cancel as a — —k.
In fact, we have the so-called Plemelj relations:

(6:15) (otit) = i

Let us verify these relations. We begin by observing that

d N\a 13 d s \a 13 - ya—1 __ nya—1
—(x £10)* = g £(m+ze) —€£%1+a(x+ze) = a(x £10)*7",

da e—0+
and thus it suffices to verify (6.15)) for £k = —1. We write
1 . €
(x £ie)™" = Araetiara

Concerning the real part, observe that

T 1
peoa Oy ( ilog(o:2 + 62)) ,
and that lim,_,¢ 3 log(z?+€?) = log |z| in the sense of distributions, while 9, log |z| =
7!l = p.v.%. Concerning the imaginary part, observe that (Exercise: Verify!)

/édx) dz — 7¢(0) as e — 0,

2 + €2

or in other words — 7dp(x) in the sense of distributions.

) z24e2
6.4. General structure theorems for distributions (optional). We continue
the theme of Section [6.2] and present more general structure theorems for distribu-
tions; morally, they tell us that distributions are given locally by the derivatives of
continuous functions. Here, we will only cover the statement of the theorems and
simply cite references for proofs.

From the very definition of the topology of C*(U), the following result is
straightforward to derive:

Proposition 6.16. If u € D'(U) has a compact support, then u has a finite order.

Proof. Since supp u is a compact subset of U, there exists a smooth function y that
equals 1 on suppw and supp x C U. Clearly, xyu = u. Applying Lemma to the
compact set K = supp x, we see that there exists N and C such that for every
¢ € C*(U), we have

|, $)| = [(u, x$)| < C Y sup [D*(xd)(@)]-

la|<N reK
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Since Y| <y SUPek [D(X@)(2)] < C' 32 4 < SuPser [D*@(x)| with €’ depend-
ing only on 3, < Sup.ex [D*x(2)], we have

(u,¢) <CC" Y sup|D¢()|,
la|<N seU
which implies that v has order < N. O
Theorem 6.17 (Structure theorem for distributions with compact support). Sup-

pose that w € D'(U) and suppu is compact. Then there exist finitely many contin-
wous functions f, in U such that

u:ZD"fa.

(e

We note that, in general, supp f, does not coincide with supp u; a simple example
2
is the computation dy = <>z, on R, where 2, = max{0, z}.
For a proof, see [Rud91l, Theorems 6.26, 6.27].

Theorem 6.18 (Structure theorem for distributions). Suppose that v € D'(U).
Then for every multi-index «, there exists g, € C(U) such that

e cach compact subset K of U intersects the support of only finitely many go; and
e we have
u = Z D%g,.
o

If u has finite order, then the functions g, can be chosen so that only finitely many
are non-zero.

Theorem |6.18| makes precise the sense in which distribution theory is the comple-
tion of differential calculus: Every continuous function is differentiable, and every
distribution is given locally by a finite sum of derivatives of continuous functions.

For a proof, see [Rud91 Theorem 6.28].

7. THE WAVE EQUATION
The subject of this section is the d’Alembertian on R+,
Op = —07¢ + Ay,
and the associated wave equation,
Op = f.
Our goals are as follows:

e to find an explicit (forward) fundamental solution for [J;
e to find a representation formula for the Cauchy problem for [I:

Op=f inRY={(ta'...,2%) eR™ ¢t >0},
(7.1) ¢=g on 3Ri_+d = {0} x RY,
dhp="h on R ={0} x R%;

e to prove the existence and uniqueness of a solution u to (7.1)) under suitable
conditions on f, g, h.
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These three goals are, of course, related. As we have seen in Sections [3.11} [£:2]
and once we have a fundamental solution, there is a systematic procedure for
deriving solution and representation formulae.

Other important ways to study the wave equation, namely the Fourier and energy
methods, will be discussed later.

Remarks on the notation. In this section, we will use ¢, ¥ to refer to solutions
to the wave equation instead of u, v, since we wish to reserve the letters u, v for the
null coordinates t — r and t + r, as is standard in the field. We also define

O=-9;+A

which differs from the definition used by Evans by a sign. We also write z° and ¢
interchangeably.

7.1. Fundamental solutions on R'T'. As a warm-up, we first consider the
(1 4+ 1)-dimensional case. This case is simple to analyze, but nevertheless gives
us intuition about what to expect in the more difficult case of R**¢ for d > 2.

d’Alembert’s formula. In R'*!, the d’Alembertian takes the form
(7.2) O=-07 + 92

We can formally factor 97 — 92 = (9; — 9,)(0; + 9;). It will be convenient if
we find a different coordinate system in which d; — 0, and 9; + 0, are coordinate
derivatives. To this end, we consider the null coordinates

(7.3) u=t—xz, v=t+zx.

Then we have

(t,w):(“” ”‘“), O = 28— 0,), 81,:%(&—1-3@).

2 7 2 2
Hence the d’Alembertian ([7.2)) takes the simple form
(7.4) O = —40,0,.

Using this idea, now let us solve the equation
OFEy = dg.

We start by making the change of variables into (u,v) = (¢t — x,t + x). The
LHS becomes 40,0, Eo(u,v). We need to be careful about the RHS; even though
(t,z) = (0,0) if and only if (u,v) = (0,0), the delta distribution transforms as

(7.5) do(t, ) = 250 (u, v).
A quick way to see thiﬁ is to use the approximation method and Lemma
Given y € C°(R?) with [x =1,

(et e )

- 9 qut+v _jv—u
= Qim e X(E 2 ¢ T )

50(u,fu)/x<u;_v,v;u> dudv,

60(t7 il?) - el—i>r(1;1+ <

MEor a more systematic way that doesn’t use Lemma , see Proposition
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where we used Lemma [3.19] But by the change of variables formula for integrals,
ut+v v—u 0(u,v)

dudv =
/X< 2 7 2 > o /X(I’y) A(z,y)

In conclusion, we want to solve the equation

det

dzdy = 2/)( (z,y) dady = 2.

(7.6) DDy Eo(u, v) = —%50(%@).

In view of the factorization 9,0,, we can impose the ansatz that Ey(u,v) is of the
form —3Ey(u)Ea(v), where

OuEy = 00(u), OyEa = do(v),

where do(u), do(v) are delta distributions on R, so that do(u)do(v) = Jo(u,v). We
know solutions to 0, E1 = dp(u) on R are of the form

Ei(u) = 19,00y (1) + 1

where H is the Heaviside function and a constant ¢, € R. Similar statement applies
to Fy(v). Hence

Eo(u,v) = —%(1(0,00) (u) 4+ ¢1)(10,00) (V) + c2).

Luckily, Eg(u,v) is a function, so we can change the variables back to (¢, ) in the
usual way and arrive at

1
Eo(t,x) = =5 (1(0,00)(t = @) + €1)(L(0,00)(t + ) + c2).

Any choice of the constants c¢1,cs € R gives a fundamental solution for [J at 0.
However, if we look for a forward fundamental solution (i.e., supp E+ C {t > 0}),
we are forced to choose ¢; = ¢ = 0. Hence, we finally arrive at the following
expression for the forward fundamental solution for [

1
(7.7) E, (t,x) = —il(oym)(t — )1 (0,00 (t + T).

Note that for every compact interval I C (—oo,00):, F4(t,-) for all t € I is sup-
ported in a common bounded set; in fact, supp, F4(t,-) C [—t,t] for ¢ > 0 and
empty for ¢t < 0. This reflects the finite speed of propagation for the wave equation,
i.e., the disturbance at x = 0 at time ¢ = 0 can reach at best || <t at time t.

Using the forward fundamental solution E, we can derive representation and
solution formulae for .

Theorem 7.1 (d’Alembert’s formula). For any ¢ € C=(R\™) and (t,z) € R,
we have the formula

(7.8)
1 t T+t—s 1 1 T+t

ot =5 [ [ Dot dudst5(60,2-0+00.240)+5 [ 00(0.0)dy.
2 0 Jx—t+s 2 2 r—t

Conversely, given any initial data (g,h) € C*®°(R) and f € C>®(R*L), there exists

a unique solution ¢ to the initial value problem (7.1)) defined by the RHS of the

formula (7.8) with O¢(s,y) = f(s,y), ¢(0,2) = g(x) and 0:¢(0,x) = h(zx).

Since [ is symmetric under time reversal ¢t — —t, the same results applies to

R = {(t,z) € R™! : ¢ < 0}. Of course, the regularity assumptions can be
improved, but let us not worry about it for now.
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As in the preceding sections, we will prove Theorem as a consequence of 1)
the existence of a forward fundamental solution and 2) the symmetry of 0. We
defer the proof of Theorem [7.1] until Section after we find F, for d > 1.

Remark 7.2. The uniqueness of the choices of ¢, co is no coincidence. Note that
Theorem implies that any solution to ¢ = 0 that is supported in {¢ > 0}
is zero; thus, the uniqueness of the forward fundamental solution follows. This
property is analogous to the symmetry and uniqueness of the Green’s function in

Section [4.4]

7.2. Forward fundamental solution for d > 1. Our goal now is to construct the
forward fundamental solution F, to the d’Alembertian on R4 for every d > 1.

We will make an educated guess of the form of F, based on the symmetries of the
d’Alembertian [J.

Symmetries of the d’Alembertian. As we have seen in our study of the Laplace
equation (Section , symmetries of the operator plays a key role in finding an
explicit fundamental solution, which then opens up the door to a myriad of further
applications. So let us begin our study of [ by discussing its symmetries.

Clearly, since O is a constant coefficient partial differential operator, it is in-
variant under translations. Other types of symmetries can be found by requiring
that the space-time origin remains fixed. Note that these symmetries will be useful
for the purpose of finding a solution to LJEy = §y, since §y will be invariant under
those.

The symmetries of ] that fixes the space-time origin turn out to be precisely the
linear transformations L : R'*% — R'*¢ which leave invariant the scalar quantit

(7.9) s2(t,x) = t* — ||

These transformations are called Lorentz transformations. (Exercise: From the
defining property s%(t,x) = s2(L(t,z)), show that (¢ o L) = (O¢) o L.) The
Lorentz transformations form a group (by composition), which we will denote by
O(1,d). The group O(1,d) is generated by the following elements:

(1) Rotations. Linear transformation R : R!*? — R!*¥ represented by the matrix

10 --- 0
(7.10) ’
7.10 R= . ~
: R
0
where R € O(d) is a d x d orthonormal matrix.
(2) Reflection. Linear transformation py : R4 — R4 (k = 0,...,d) defined
by

(711) (‘Toa"' 7xd>'_>(x07"' akaa"' 7xd)'
In particular, the reflection of the t = 2 variable is the time reversal symmetry

of .

15T his quantity, of course, has a geometric meaning. It is precisely the ‘space-time distance’
from the origin to the event (¢, z) in special relativity.
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(3) Lorentz boosts. These symmetries correspond to choosing another frame of
reference, which travels at a constant velocity compared to the original frame.
If the new frame moves at speed v € (0,1) in the x! direction, then its matrix
representation is

1 ' 0 e 0
\/1772 \/1772
= 1 0 ce. 0
1—~2 1—~2
(7.12) Aoi(v) = 0 0
: : Idg—1xd—1
0 0

All Lorentz boosts then take the form A(y) = cRAg;(y)R™ for some constant
¢ # 0 and rotation R.

For more on Lorentz transformations, we refer to [O’N83| Chapter 9].

Observe that all of the above symmetries are linear maps with determinant 41
(Exercise: Prove this statement!). Therefore, dy is also invariant under these
symmetries. For this reason, it is natural to look for £ which is invariant under
these symmetries.

Scaling. Although it is not exactly a symmetry of (I, we also point out that (I
transforms in a simple way under scaling, i.e.,

O(p(t/ N, z/N) = A" 2(0@)(t/ N, z/\)  for A > 0.

In view of this property, it is natural to look for E, which is homogeneous. From
the equation

OE, = do,
observe that the right-hand side, being a delta distribution on R'*%, is homogeneous
of degree —d — 1. Since [J lowers the degree of homogeneity by 2, we see that

(7.13) If £ is homogeneous, then it must be of degree —d + 1.

A nice feature of assuming F; to be homogeneous of degree —d + 1, which is
larger than —d — 1, is that then F, is uniquely determined by its restriction to

R+4\ {(0,0)}; see Lemma

Heuristic derivation. Motivated by the above consideration, we shall look for E
that is invariant under rotations, reflections and Lorentz boosts, and which is also
homogeneous of degree —d + 1. Recall that the rotations, reflections and Lorentz
transformations are precisely the linear transformations which leave the scalar quan-
tity s2(t,2) := t? — |2|? invariant. Note, moreover, that t? — |z|? is homogeneous of
degree 2. Combined with the earlier observation , we see that a reasonable
guess is
By (t,2) = Looo (Dh 7 (2~ [2]?)  in R\ {(0,0)}.

where

(7.14) e D'(R) is homogeneous of degree —%,

and 19 (%) has been multiplied to ensure the forward support condition. Here,
the composition of the distribution h“z" with 2 — |22 on R4\ {(0,0)} is to
be interpreted as in Section Observe that, since 1(g ) is also homogeneous

of degree 0 and Lorentz invariant, E, is still homogeneous of degree —d + 1 and
Lorentz invariant.
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To pin down the homogeneous distribution h’%, we note that, in order to
avoid introducing jump discontinuities of E, across {t = 0} x R\ {(0,0)} (which
would make it impossible for E+ to satisfy OOF; = 0 in a neighborhood of that
region), we need

(7.15) supph™z C [0, 00).

As discussed in Section [6.3] the family of homogeneous of distributions on R with
the above support property that is well-defined for all negative half-integers would
be h* = x4 (x4 will not be well-defined when a is a negative integer). Hence, we
choose

d—1 _d—-1
(7.16) h=7 =x, *,
which is unique choice up to multiplication by a constant; see Section 77.

Let us finally try to compute JE,. By construction, F, is a homogeneous
distribution of degree —d — 1. Restricted to R1*9\ {(0,0)}, we first note that

~ _d-1
OF; = (-6; + A)Xpsoyxy ° (t* = |[*))
_d-1
=1ps03 (=07 + A)xg * (82— |z]),

since A easily commutes with 1¢,>0y, and whenever 9; falls on 1,50, the result

_d=1
is zero thanks to the support property of x * (* — |z|*). Using the chain rule,
which is easily justified by approximation by C° functions, on R'*4\ (0,0) we have

(=3 +A)x; 7 (¢ — [¢?)
— 02t 7 V(= o) = Ve - (22067 ) (2 = [2f2)
= (T~ [P = 20T ) (@~ [af?)
TG T — [aP)lal — d T (2 — Jal)
— AP~ )G T ) (= [22) — 2+ D 7 ) (E — [e?).

d—1

Now by the Euler identity, (x, ? ) satisfies the identity

(7.17) SO T (s) = —%(X;d%)’(s).

Therefore, the last line equals 0. In conclusion, DE+ is a distribution on R'*% that
is supported in {(0,0)}. By Theorem OE. is the (finite) linear combination

of the delta distribution and its derivatives. Recalling that F; is homogeneous of
degree —d — 1, it follows that

(7.18) E, = cdy,

for some ¢ € R, which is almost what we want!
To complete the derivation, it remains to show that, with the above choice of

d—1
X4+ 2 (7.18) holds with ¢ # 0; in fact,
d—1 2

O ((Loeoxs 7 (2= lal?)) = ——=o.
T2
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However, since the precise computation of this constant is rather detached from
our discussion, we will leave its proof as an optional reading (see Section [7.4)).

Remark 7.3. Computing the exact constant ¢ requires explicit computation, but
the fact that ¢ # 0 (and hence that an appropriate cq exists) can be seen by much
softer methods. For example, it is sufficient to establish the following uniqueness
statement: If £ € D'(R*9) is a solution to JF = 0 with supp E C {|z| < t}, then
E = 0. This statement can be proved by the Fourier or energy methods, which will
be discussed later and which are independent of the existence of E .

In conclusion, the homogeneous distribution E of degree —d+1 on R'*¢, which
takes the form

1 _d—1
(7.19) E, = —Qﬁl(o,mvu T = f2?) R\ {(0,0)},
T2
da—1

where x, ? is given by either (6.13)) or (6.14), is the forward fundamental solution
for O.

Applications of (7.19). We now discuss applications of the explicit formula (7.19))
for E,. Note that

supp By C {(t,x) € R"™ . |z| < t},
so (7.25) immediately follows. Moreover, we have the following corollary of the
representation formula (Theorem [7.11)):

Corollary 7.4 (Finite speed of propagation). Suppose that a forward fundamental
solution E, with the properties (7.22)), (7.23) exists. Let ¢ € C°(R**4) solve the
inhomogeneous wave equation (¢ = f with initial data (¢, 0;9)| =0y = (9, h), and
consider a point (t,z) € R such that t > 0. If
flsy) =0 in{(s,y):0<s<t, [y—a|<t—s}
(9:0)(y) =(0,0) in{y: |y —a| <t}
then ¢(t,x) = 0.

Next, note that for d > 3 an odd integer, we have (in R'*4\ {(0,0)})
d—1

1 _d-1
Ey(t,z) = ——F51loe)x, ° @ —|z*)
2772

1 d=3
= —ﬁl(o,oo)‘s(() (2~ |af?)
2r7z
which is supported only on the boundary {(¢,z) : |x| =t} of the cone {(t,z) : |z| <
t}. Hence a sharper version of Corollary holds in this case. This phenomenon is

called the strong Huygens principle; we record the precise statement in the following
corollary.

Corollary 7.5 (Strong Huygens principle). Let d > 3 be an odd integer. Let
¢ € C®(R'™f) solve the inhomogeneous wave equation O¢ = f with initial data
(¢, 0t9)| (=01 = (9, ), and consider a point (t,x) € R such that t > 0. If
flsy) =0 in{(s,y):0<s<t, [y—a|=t—s}
(9:0(0) =(0.0) in {y: ly—a| =1}
then ¢(t,z) = 0.
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It turns out that this property does not hold when d > 2 is even. Indeed, then
by ((6.14)

1 _d—1
E+(t,:v)=——2 1 L000) X5 (£ = 2[?)
T2

1 d 1\ s
= _Wl(o,oo) (dka(fE)zl/g> (t° — |z[),
1

where supp ﬁﬁ = [0,00), so that supp By = {(t,r) € R . |z| < t}.
+

We also note that the continuity assumption (??) can be verified for E using
its homogeneity property (the point being that its degree —d + 1 is greater than
—d, so that d;—¢, F is well-defined for all ¢y). We leave the straightforward task of
verifying this property as an exercise.

Finally, we specialize to the cases d = 1,2,3 and derive classical representation
formulae for the wave equation. Let us use the notation
1

Cd == T a—1 -
2r 7

Explicit computation for d = 1. We now compute the form of the forward
fundamental solution E, explicitly in dimension d = 1. When d = 1, we have

By (t,a) = c11(g,00) X5 (7 = |2°) = 1l moy H (8 — [2]?) = 1l ap0< o<t}
Asc = —%, we recover the previous computation.

Explicit computation for d = 2. Next, we compute the form of the forward

fundamental solution F explicitly in dimension d = 2. Recalling the definition of
1

X4 >, we have

_1
By (t, o) =c2l(g,0) X1 (£ — |2])
Co 1
= —_— 1 -1
1 (0,00) 1
T " e e}

1
= —71 . —
27T {(t,z):0< | <t} (tz _ |$|2)%’

outside the origin, and at the origin E is determined by homogeneity.

Explicit computation for d = 3. Finally, we compute the form of the forward
fundamental solution E, explicitly in dimension d = 3. Recall that Xll = Jp;
hence

1
Ey(t, @) = c31(g,00)(t) S0 (t* — |2|*) = *%1(0@)(75) So(t* — [x]?),

outside the origin, and at the origin F is determined by homogeneity. Concretely,
(E4,®) can be computed in the following way.

Lemma 7.6. On R'™3\ {0}, we have the identity

1
(7.20) So(t2 — |z]?) = S50 (0)

where Cf = {(t,x) : t = |z|,t > 0} is a forward cone and dogs is the induced

measure on Cy .
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Moreover, for ¢ € C=((0,00) x RY), we have

(7:21) (Lo Ou(t? = o), 0) = [ 3 1dos., ) .

where Sy, is the sphere {(t,z) : t = to,|z| = to} and dos,  is the induced measure
on St,-

Proof. Let (r,w) be the standard polar coordinates on R?\ {0}, i.e.,

(r,w) - (‘$|, ﬁ) € (0,00) x S2.

We employ the coordinate transform ®(t,7,w) := (t,s(t,7),w) on R3  which is
defined by

s=1t— |z =t* — 12

Note that ® : (t,r,w) — (¢, s,w) is a diffeomorphism in {¢ > 0,7 > 0} and the
change of variables formula reads

V2 — d—1
/f(t,r,w)rd_ldtdrdogd 1 /f t%/% ,w) Vit2—s  dtdsdogi-1(w).

Then according to the definition of 6y(t? — |x|?) = Jy o s in Proposition the
following holds: for ¢ € C2°({t > 0,7 > 0}), we have

(0o(t? = |z]?), &) <50 / i t%/% ,w) Vit?— sdi1 dtdogdl(w)>

= / ¢t’27i’”)td—1 dtdogi—1 (w).

Note that the formula clearly extends to ¢ € C2°({t > 0}) since the distribution is
supported away from {t > 0,7 = 0}. In view of the fact that

/fdac+ = 2f/f (t,t, )t tdtdoga—r (w),

we have

8o (2 — |z|?), < do ,¢>
< 0( | | ) > 2\[]5 cf
which is exactly (7.20]). Similarly, since

/fdast :/f<t7t7W)td_1d0'Sd—l(W),

(ot ~1o).0) = [ (grdos.0) dt

which is precisely (7.21]). O

we have
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7.3. Uses of the forward fundamental solution. Finally, we derive represen-
tation and solutions formulas for the wave equation using the forward fundamental
solution E, that we just found. Unlike in Sections [4] and [5] £ is not smooth on
R*4\ {(0,0)}, so we need to be a bit more careful.

Recall that a forward fundamental solution F satisfies the following properties:

(7.22) OE, =,
(7.23) supp B, C{(t,z) e R"*¥ .+ >0}

Moreover, by inspecting the form of E derived in Sections[7.1]and[7.2} we may ver-
ify the following property: there exists a continuous family of (spatial) distributions
(0,00) — D'(R?), t — E(t) such that

(729 (Breot) = [ (Belt). o)
for every ¢ € C°(R'*4). Moreover,
(7.25) supp E4 () C B(0) for every t > 0,

which is the finite speed of propagation.
For example, we have

% |z <t 1/’(9”3)(‘1_3)” d=1,
(7.26) (B (),%) = ~ 27 Jjaj<t NE=rH dz d=2,
_ﬁfstwdo& d=3.

Indeed, these follow from the explicit computations discussed in the previous sub-
section. Using these formulae, Properties and may be easily verified
for d = 1,2,3. For the general case, see [H03, Section 6.2]

We begin by observing the following consequences of the above properties.

Lemma 7.7. The following statements hold.
(1) Define ) E.(t) by the following requirement: for every ¢ € C°((0,00) x R%),
we have

| @) = 17 [ 0.0fe0 )
0 0

Then 0,E.(t) and 0?E.(t) are belong to the class Ci((0,00); D(RY)) (i.e.,

(0,00) = D'(R?), t = E, is C? on (0,00)).
(2) We have
(7.27) t£%1+ E.(t)=0, tlga O EL(t) = —dp(z).
Proof. By (7.22)), 0?E,(t) = AE,(t) for every t > 0, and therefore 9?FE, (t) €
Ci((0,00); D(R?)). By integrating in ¢, it follows that 8; £ (t) € C;((0,0); D(R?))
as well. This proves Statement (1).

Next, we prove Statement (2). By (7.22)), (OE;,¢) = ¢(0,0) for any ¢ €

C(R'*4). Using the definition of E, we also have

0.0 = (£1.0¢) = | TEL (1), 3 + A)o(t, ) dt

_ / U0 + DB (1), 6(t, )
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t—0+ t—0+
= tgrgl+<E+ (t)a at¢(07 )> - tgrgl+<atE+(t)v ¢(Ov )>
Since this identity holds for every ¢ € C°(R*4), (7.27) follows. O

Remark 7.8. Observe that (7.27)) allows us to interpret E as the solution to the
homogeneous equation JE, = 0 in (0, 00); x R? with Cauchy data lim;_,o, E4(t) =
0 and lim; 4 0; F4 (t) = —Jp similar to what we have seen in Sections and

The following lemma, which is a consequence of (7.23)) and (7.25), will be our
basic technical tool.

Lemma 7.9. Let f be any distribution with supp f C {t € [L,00)} for some L € R.
Then the convolution Ey x f is well-defined.
Moreover, if f € C=((0,00) x R4) and h € C>®(RY), then

t

(7.28) E,xf= / E(t—s)*pa f(s)ds,
0

(729) E+ * (50 (t)h) = E+ (t) *Rd h,

where spa Tefers to the convolution on R?.

The idea behind Lemma [7.9 is simple to understand when f and E, are both
assumed to be functions; then by the support property of f and supp E C [0, 00),

E,«x f(t,x)“ / E (t—s,z—1y)f(s,y)dsdy

*/L </ Bilt=sw- y)f(s,y)dy> as

= // Loyt —s)E(t — s,z —y)f(s,y) dsdy,

where the last line is well-defined thanks to (7.25]). Note also that (7.28)) and ([7.29))
readily follow from ([7.24) and the preceding identity.

Proof. Identities (7.28) and (7.29) are straightforward consequences of ([7.24)); we
omit the proofs. Let us focus on the proof that F x f is well-defined.

Without loss of generality, let us set L = 1. For any interval I = (a,b) C R
(where a,b could be £00), denote by x; a smooth function on R'*? such that
x1(t,x) = 1if tinl and 0 if either t <a — 1 or t > b+ 1. We will show that

xi(f*Ey)

is well-defined for any bounded interval I; then by approximation, f* E, can then
be defined.

We will use the adjoint method to define x;(f * E4). Given ¢ € C2°(R1*9), let
us first formally compute:

(X1(fxEy),0)“="(f, EL ¥ x19)
=7 <fa 1(0,00) (E+ ! XICP)>,

where on the second line we used the support property of f. Thus, our task is to
show that

T'[¢] := L(0,00)(E+ ¥ x1%)



113

is a test function (to be pedantic, we also need to show that 7" : C°(R*4) —
C°(R'*4) is continuous, but this property will be evident). Writing I = (a,b),
introduce the half-open interval J = (b + 10, 00). Since
supp(g *' h) € —supp g + supp h,
we have
1(0,00) (X7 B4 ¥ x19) = 0.
Thus,

T'[0] = 1(0,00) (1 = X7) B4 * x190) = L(0,00) (1 = X7)X(=1,00) E+ ¥ X10)

where for the last equality, we used . By , (1 = X7)X(~1,00)E4 is com-
pactly supported. Since y;¢ € C(R*9), it follows that its adjoint convolution
with the compactly supported distribution (1 — X)X (—1,00) £+ is smooth and com-
pactly supported; thus T"'[p] € C2°(R1*4), as desired. O

We are now ready to prove the main results of this subsection. We begin with
the solution formula.

Theorem 7.10 (Solvability of the wave equation). Suppose that a forward funda-
mental solution Ey with the properties (7.22), (7.23)) ewists. Given g,h € C>®(R?)
and f € C®(RYY), there exists a unique solution ¢ to the initial value problem

defined by
¢ = —Ey * (hdo(t)) — O (B4 * (90(1))) + E4 * (f1(0,00) (1))

t
= —E+(t) *Rd h — 8tE+(t) *Rd G +/0 E+(t — S) *Rd f(S) dS

Proof. When g = h = 0, it is clear from that Ey * (f1(0,00)(t)) defines a
forward solution to O¢ = f1(g,c)(t). That —E(t) *ga h — 0 E(t) *ga g (Which
equals —FE % (hdo(t)) — ¢ (E4 * (gdo(t)))) satisfies the homogeneous wave equation
in (0,00) x R? with (¢, 9;¢)(0) = (g, h) follows from the properties of E(t). O

(7.30)

Next, let us derive a representation formula.

Theorem 7.11 (Representation formula). Given any ¢ € O (R4, we have the
formula
(7.31)

¢ = —E4 % 0| 1=0y00(t) — 8y (B4 % dli=0y00(t)) + Ey  (Op1(0,00) (1))

t
= — B (1) *ga 01@|r1—0) — Oc o4 (1) *ra D=0} +/ B (t — s) *ga O¢(s) ds.
0
Proof. The second identity is a simple consequence of ([7.24)), so let us focus on
establishing the first identity. For (¢,) € (0,00) x R?, we compute
o(t, ) =00 * P1(0,00) (¢, )
=UE} x ¢1(0,00)
= — O} By % $1l(0,00)(t) + By * Adl(g 00)
== B4 % ¢L(0,00) + B % (0] 0)1(0,00) + B+ % 091 (0,00);
which are justified thanks to Lemma We then compute
— O E1 % 1(0,00) + E1 % (07¢)1(0,00)
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= =0 By % (0;0)1(0,00) — O B4 % $S1—0 + E4 * (87 $)1(0,00)

= —FE, % (070)1(0,00) — B4 * (040)81—0 — O E4 * ¢S1—0 + By * (97 $)1(0,00)
= —FE, # (0:¢)01—0 — O+ E4 % ¢pdr—g

= —FE, % (01¢)01—0 — Or ( E4 * ¢pd1—0) ,

where all computations are justified again thanks to Lemma Finally, for ¢ €
C>(R*4), note that

B(t, 2)01=0 = @l{1=0}(7)d¢=0, O1d(t, 2)0t=0 = 0rP|{1=0} (¥)dt=o0- O

Let us note that the regularity hypothesis for ¢ in Theorem can be weak-
ened considerably, although we will not pursue the details. Moreover, analogous
statements can be proved in the negative time direction, simply by reversing the
time coordinate ¢t — —t.

We also note that, by a simple variant of the proof of the representation theorem,
we have the uniqueness of the forward fundamental solution F, :

Proposition 7.12. Suppose that a forward fundamental solution E with the prop-
erties (7.22)), (7.23)) exists. Then it is the unique forward fundamental solution, i.e.,
any fundamental solution E with supp E C {t > 0} equals E.

Proof. Let E be a forward fundamental solution, i.e., JF = dy and supp £ C {t €
[0,00)}. By Lemma the convolution E % E is well-defined, so that we have

Ey=00+E, =(0E)+BE.(=0(E+E,))=E«0E, =Exdy=E. O
We end this subsection by considering some (important) examples.

d’Alembert’s formula for d = 1. Recall that E, (t,x) = $H(t —x)H(t+z). We
compute

—E * ho(t) :%<H(t —s—(z—y)H({t—s+z—y),h(Yy)do(s))y,s
=S (H(t — (2~ ) H(t+ 7~ y), h(y),

1 x+t

x4+t
0B+ ga(0) =0,(3 [ o))
=5 (g + 1)+ gz — 1),

and

Ey % flge) = — %(H(t —s—(z—y))H@E—s+x—y), f(5Y9)H(5))ys

1 t r+t—s
——5 [ [ e
0 rx—t+s

Hence we obtain d’Alembert’s formula in R'*! (Theorem [7.1)), which is both the
solution and representation formula in this case.
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Explicit computation for d = 2. Recall that
1
(2 — |2[?)%
outside the origin, and at the origin E is determined by homogeneity. We may
easily compute

*E—i- * (h(st:O)(tax) = <E+(t — 5T — y)a h(y)50(5)>y,s
_ 1 h(y) d

2 {\w|<t} ( 2oyt

By (f L(0,00)) (8, 7) =(E4 (1 =), £(8,9)1(0,00) (8:Y)) s

/ / f(5.) + dy ds.
(lal<sy ((t = )2 = |z —y[?)2
Combined with Theorems [7.11] and [7.10] we recover Poisson’s formula:

Theorem 7.13 (Poisson’s formula). Let ¢ be a solution to the equation (¢ = F
with ¢, F € C*°(R'**2). Then we have the formula
(7.32)

o) = (%Am”wuym2@+%AMGWMym2y

//|z<g} Y (|Z)_y|2) dy ds.

where (¢o, ¢1) = (¢, 0¢0)|(1=0p and Boy(x) is the ball {(0,y) : |z < t}.

Conversely, given any initial data (¢1,$2) € C°(R?) and F € C(R'*2), there
exists a unique solution ¢ to the initial value problem (7.1) defined by the formula
(17.32).

1
E, (t,z) = _%1{(t,m):0§\z|§t}

Explicit computation for d = 3. Recall that
1
E+(t>$) = 7%1(0,00) 50(t2 - |{E|2),

outside the origin, and at the origin E, is determined by homogeneity. Using
Theorems and Lemma now it is not difficult to prove Kirchhoff’s
formula:

Theorem 7.14 (Kirchhof’s formula). Let ¢ be a solution to the equation O¢p = F
with ¢, F € C®°(R'*3). Then we have the formula

ot =0 (g [ awdow) + 5 [ hw)aoty

—/Ot 747“;_ 9 /So tis(w)f(s,y)da(y)

where (¢o, $1) = (¢, 0t®)|(1=0y and So () is the sphere {(0,y) : |y — x| = t}.

Conversely, given any initial data (¢1,$2) € C°(R3) and F € C®(R'T3), there
exists a unique solution ¢ to the initial value problem (7.1) defined by the formula
(7.33).

Remark 7.15. For an alternative approach to derivation of the classical representa-
tion formulae, which does not use the theory of distributions, we refer the reader
to [Eval0l Chapter 2].

(7.33)
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7.4. Computation of precise constant for F, (Optional). Here we give a
precise computation of the constant in the forward fundamental solution for the
d’Alembertian. We recall the formula here for the convenience of the reader:

_aa 1
(7.34) Ei =cilioooyxs = (2 —|z*), where cq = ——.

2m72

This formula can be read off from [HO3, Theorem 6.2.1], which in fact applies
to more general constant coefficient second order differential operators. We present
another argumenﬂ here, which is based on the use of the null coordinates (u,v,w).

We need to recall the following well-known functional equations for the Gamma
function I'(a):

(7.35) m :/0 57711 — 5)" "L ds.
(7.36) P(a)(a + §) =2'72 /7T (2a).

The function defined by the RHS of is called the Beta function B(a,b); it can
be easily proved by writing out I'(a)T'(b) = [ [, e~ ¢+ 52~ 1¢*~1 dsdt and making
the change of variables s = uv, t = u(1 — v). Equation , called Legendre’s
duplication formula, can be derived by using (7.35) twice, with an appropriate
change of variables (Exercise: Prove these formulae!).

We also record the following formula concerning the homogeneous distribution

X4
(7.37) X4 G =xgt
This identity is in fact equivalent to ((7.35)).

Proof of (7.34). First, given g, h € C2°, note that we have the simple formula (by
integration by parts)

(™Og, h) = —/6tg<3th dtdx + /Vzg -V hdtde

Suppose that g, h is rotationally invariant. Then in the polar coordinates (t,r,w),
we see that

(Og, h) = —da(d) //(&g@th— /&g'@rh)rd’ldtdr

where da(d) = de,l do is the d — 1-dimensional volume of the unit sphere S4—1.
Making another change of variables to the null coordinateslﬂ (u,v,w) = (t—r,t+
r,w), we then have the formula

(7.38)  (Og,h) = —da(d) / / (00 0ug + D fDug) (%)df dudo.

Now recall that E, is a function of t> — |x|?, which equals uv in the null coor-
dinates. Using g = O, = 6o and h = H(v) = l44|5<1}, the identity can
then be used to deduce

v—u

d—1
(7.39) 1= <|:|E+, 1{|:p\+t§1}> = da(d) // 8uE+(U'U)6U1{u§1} (T)J,- dudwv

16This proof is due to P. Isett.
17Note that the normalization is slightly different from Section but the idea is the same.
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where the integral is interpreted suitably. (Exercise: Using the support properties
of £y and 1y,<1}, show that (7.39) makes sense. Indeed, show that the right-hand
side is the limit

wa / / Lo uz00; (u0)Dyhs (1 = 0)(

)d Ydudv as j — oo,

where g;,h; € C2(R), g;(z) — cax, Ea (x) and h;(x) = 1;50}, both in the sense
of distributions.)
Now note that

_d+1
OBy =— l{v+u>0}cd'UX+ * (uv),

v —Uu d—1 o _
(F57), =2™@- i -w.

2
av1,,<1 = 5(1 — ).

Substituting these identities into , it follows that
eyt =—27"Yd — 1) da(d //X+ u)xT (v — u)du

— 27 (d — 1) da(d)x = X H().
Using the identities

XE L =xattt!
1
a 1 —
U =55

and the formula da(d) = QF”( Ty, We see that

27?2 1
(7.40) eyt =274 (d - 1)

D(g) T(4H)

s . . . d

By Legendre’s duplication formula (7.36|) with a = §, we have

1
r (‘;) r (d‘g> =2~ /7 (d —1)!
Substituting the preceding computation into ((7.40), we obtain (|7.34]). O
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8. THE FOURIER TRANSFORM

This section is a quick introduction to the Fourier transform, which is a fun-
damental tool not only in the study of PDEs, but also in many other fields in
Mathematics, Science and Engineering.

8.1. Motivation. The Fourier transform is, essentially, a “change-of-basis” trans-
formation in the “space of functions” on RY, in the following sense. When we
express a function f in terms of its pointwise values {f(y)},cra, we can think as
if we are using {do(x — y)},crae as the “basis” (of course, we are making a formal
discussion here, not caring about the fact that do(z — y) themselves are not func-
tions). Indeed, if f is a continuous function on RY, then f(z) = [ f(y)do(z —y) dy
in the sense of distributions (i.e., f lies in the “span” of {d(z — y)},ere) and the
coefficients { f(y)},era uniquely determine f (i.e., {6(z —y)},egra is “linearly inde-
pendent”); this point of view underlied the ideas behind the fundamental solutions
(Section . The “basis” {0(x —y)}yera is nice in that it simultaneously diago-
nalizes multiplication by any (nice enough) functions, i.e., for m € C(R%),

mdo(z —y) = m(y)do(z —y) for every y € RY,

so operations such as multiplication by a smooth function is easy to understand
with this “basis.” However, differentiation, which is a central operation in the
study of differential equations for obvious reasons, is more difficult to understand.
It turns out that another “basis” is more suitable to understand the operation
of differentiation, namely, {eiﬁ":}geRd. An important property of these objects is:

0;e""" = ig;e' T,

s0 if {€*"}¢cpa were really a “basis” in a similar sense in which {8 (z—y)},cpa is a
“basis” (i.e., any function can be written in the form [ a(€)e’®® d¢ in a unique way),
then all constant coefficient partial differential operators would be simultaneously
diagonalized in {€®*}¢cga. We are led to the question: Given a function f on R,
can we write f uniquely in the form

(8.1) f) (z [ 1wt ) dy) = [ates ag:

Remarkably, the theory of Fourier transform tells us that the answer is yes. The
Fourier transform F is precisely the “change-of-basis” formula that links { f(y)},erq

with {a(g)}EGRdv i.e.,
a(&) o< FIf1(€),

where f o« g for functions f, g means that f = cg for some non-zero constant ¢ € R.
Let us continue this heuristic discussion to derive the form of F. Experience
from linear algebra tells us that the “change-of-basis” formula should be

FIAE) x / Fw)m(y,€) dy

where the “matrix” m(y, £) is characterized by

Sola —y)< =7 / m(y, )¢S de.
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Let us derive some formal properties of m(y,£). By the translation symmetry, we
can easily see that

/ m(y, £)e’ T dgs =" (z—y)“ =" / m(0,€)e’ @Y dg = / m(0,€)e~Eveic g,

so if we believe that {€*®}¢cpa forms a basis, we should have

m(yv 5) = m(07 E)eiig.y'

In particular, it suffices to consider the case y = 0. Note that do(z) has the property
that 27dg(x) = 0; on the other hand, we have

0=a6“=" /m(O,f)xjeif'f d¢ = /m(O,f)%@Q T et = ”i/@gm(o,f)ei&m d¢.

If we believe that {¢*}¢cpa forms a “basis”, then d¢,;m(0,€) should be zero. Thus
m(0, &) must be a non-zero constant, i.e.,

do(z)“ = ”c/e’f'w d¢.

Note that, amusingly, at this point we already deduced that m(y, &) o< e™%¥Y, so
we are led to

FIAE) x / f(w)e €V dy,

which is the correct form of the Fourier transform (as some of you may have already
learned)!
Let us finally nail down the constant c. We claim that ¢ = (2%)(1, ie.,

(8.2) So(x)* =" % / (i€ g,

An informal derivation is as follows. In view of the decompositions dg(x) =
So(xh) - do(z?) and [e€ode = [e€7 g, [ €17 d¢), where the delta dis-
tributions on the RHS are on R, we see that ¢ = cil, where ¢ is the constant in
dimension d = 1:

)
do(z)“="¢; / e d¢ on R.
—0
We present two approaches for determining ¢; (which is %), one using an ap-
proximation procedure to make sense of [ fooo e’® d¢, and another using the formal
algebraic properties of € and the Gaussian.
e An approach using approzimation. To make sense of the integral [ fooo e’T ¢, we
“temper” the integrand by multiplying by e~¢/¢!, integrate in & and take the limit
€ — 0+ (approximation method). This limit may be rewritten as

o 0 o
lim el 4¢ = lim (/ ié(w—ie) d¢ —I—/ i (wtic) df)
—00 0

e—0+ oo e—0+

1 1
= lim | - — — - - .
e—0+ \ i(x —ie) i(x + ie)
Note that
1 T 1€

rTFie x2+4€2 7 242’
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SO

1 1 2e dt
1 - = lim ——— =2 —— ) 0o = 276
eﬁl%l+< (z — ie) i(achie)) S0t 72 1 €2 (/1+t2> 0= <m0,

which implies that ¢; = (2)~!
o An approach using the Gaussian. For a “nice” function ¢ on R, we must have

(8.3) $(0) = / (2)50(@) dz = ey / / b(x)e—4" dz de.

Let us try to find a ¢ for which

— [ aa,

which will be the Fourier transform, can be computed. The idea is to exBlgit the
properties xe’® = i@ge_’f’” and 0,e” %% = —i£e®, which implies that 0,¢(¢) =
i€6(€) and 26(€) = 05 (€). Thus,

(9 +2)d =0 & (9 +€)d =0
By separation of variables, a general solution of the ODE (&i x)¢p = 0 is the

Gaussian de~ 2%, where d € C is any constant. Therefore, e=3%* = de~2¢". To
evaluate the constant d, we take £ = 0, which implies

d= /67%12 doe = V27
SO

(8.4) e‘i"‘ =2r1e 3
Now plugging in ¢(z) = e~ 2% in (8.3), we see that
1=¢ / vV ore 3¢ dé = 2mey.

8.2. The Fourier transform. Our goal now is to make the heuristic discussion
in Section [B.] precise.

In the remainder of this section, we will be working with complez-valued func-
tions and distributions, for the obvious reason that the elements in {€¢}cga are
complex-valued. Given two complex—valued functions f, g on a domain U in R?, we
define their Hermitian L2-pairing (f, g)

/f

Note that (f,g) is (C-)linear in f, but conjugate-linear in g; moreover, (f,g) =
(g, ). The set of smooth compactly supported complex-valued functions is written
as C°(U;C); the topology on C°(U;C) is given by declaring that f; — f in
C>(U;C) if and only if Re f; — Re f and Im f; — Im f in C°(U). In keeping
with this convention (f,g) = f fg, we define the complex-valued distributions to be
the continuous conjugate-linear functions on C°(U;C), i.e

alf,9) = {af,¢) = (f,a¢), (f,0+¢)={f,0)+(f, ).

We write D'(U; C) for the complex-valued distributions on U. It is not difficult
to see that this characterization of a complex-valued distribution f is equivalent
to saying that f is of the form u + v, where u,v € D'(U). Thus, our entire
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discussion about real-valued distributions carries over to the complex-valued case
without much change.

Motivated by the discussion in Section we make the following definition of
the Fourier transform:

Definition 8.1. For a complex-valued function f € C2°(R%; C), the Fourier trans-

form of f is
(85) FIAE) = £©) = | fly)e ¥ dy.

Rd

We will equip the space Rd with the measure (we will see the reason why in

_d¢
@m?
a moment) and define the Hermltlan L2-pairing for two complex-valued functions
a, b by

_ df
b — = b .
<CL, >(27r) 1de¢ /]Rd a (271_)(1
Let us compute the formal Hermitian adjoint of 7. For f,a € C°(R),

<‘Ff7 >(27r —dd¢ = //Rd Ra elgxf(x)a(g)dx(dg)d

= [, OO G

=(f,Fa)

where
(8.6) Fra(x) = a(x) :== /]Rd a(€)e’ G-

Observe that, according to the heuristic discussion in Section (see, in particular,
(8.1), F* must be the inverse of F; we will prove this statement soon. The factor
(27)? in the measure, of course, is from (8.2).

Remark 8.2. Determining where to put the factor 27 is a well-known nuisance in
dealing with the Fourier transform. Our choice (putting 27 in the measure d¢) is
the oft-used one in PDEs, because we get to keep the simple identity 0, e™¢ = i£e?*¢
for turning differentiation into multiplication. Another popular choice, often used
by harmonic analysts, is to put 27 in the basis and work with {e?27¢*}.

Note that
F*lal(z) = (2m)~*Fla](—).

so statements that we prove for F usually applies (after minor modifications) to
F* as well.

Note that F[f] and F*[a] are well-defined for f,a € L'(R?). Moreover, we have
the following simple but important lemma:
Lemma 8.3. Let f € L*(R?).
(1) Then Ff] is well-defined by the formula F(f] = [ f(y)e~*¥ dy. Moreover,

IF M pe < ISz
(2) For any z,n € RY,
FIfF (=)&) = e ™ F[f1€), FIFOE—n) = Flef](€).
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(3) If both f and O, f lie in L*(R?), then
F10;f1() = i&F[f1(&)-

(4) If both f and 27 f lie in L*(RY), then F[f] is continuously differentiable in &;
and

F [27£] (€) = i0¢, FIf1(€)-
Thus, we arrive an important maxim regarding the Fourier transform:

Regularity of f corresponds to decay of f, and vice versa.

Next, we turn to the goal of deriving the Fourier inversion formula, i.e., to
understand F~!. For this purpose, we would like to work with a space of function
that is closed under the Fourier transform (i.e., if f belongs to the space, so does
Ff). The space C°(R%;C) in Deﬁnitionis not adequate for this purpose; it can
be shown that C°(R%; C) is not C°(R%; C) itself. (Exercise: Show that if f and
F[f] are both compactly supported, then f must be zero. [Hint: First show that
f extends to a complex-analytic function on C?%.]) On the other hand, Lemma
motivates us to consider the following class of functions:

Definition 8.4 (Schwartz class).

S(R%C) = {¢p € C*(R%C) : sup [¢*D’p(z)| < oo for every multi-index o, (.}
zERY

A sequence ¢; in S(R%; C) converges to ¢ € S(R%; C) if and only if
|2°DP(¢; — ¢)(z)] = 0 as j — oo for every multi-index a, 3.

Remark 8.5 (For those who are familiar with functional analysis). We note that
S(R?; C) is a Frechét space defined with the semi-norms

Pap(¢) = sup [¢*DP ().
zeRd

By Lemma it follows that
F:S(R%C) — S(RE C).
Since F*¢(z) = (27) " F¢(—x), Lemma [8.3 implies that
F*: S(R%C) —» SRE C),

as well. Thus, F can be extended to the dual space S’(R?% C) by the adjoint
method; the elements in S’'(R?; C) are what are called tempered distributions. More
precisely,

Definition 8.6 (Tempered distributions).
S'(R%;C) = {u : u is a continuous conjugate-linear functional on S(R%; C)}.
By continuity, we mean
(u, ¢j) — {u, ) as j — oo whenever ¢; — ¢ in S(R%; C) as j — occ.
Given u € §'(R%; C and ¢ € S(R%; C), we also introduce the notation
(U, @) (27)~dae = (2m) " %u(¢),
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which coincides with [ ua(Qde)d when u, ¢ € S(R?; C). The extension of the Fourier
transform F to a map S'(R%;C) — S’(R%; C) by the adjoint method is defined as
follows:
(Fu, 8) (2m)-age = (u, F*¢) for u € S'(R%;C), ¢ € S(R%C).
Similarly, 7* : S’'(R% C) — S’(R%; C) is defined as
(F*a,d) = (u, FP)(ar)-aqg for a € S'(R%C), ¢ € S(R%C).
Remark 8.7. As we will see below, in practice the precise definition of Flu] for
u € §'(R%;C) using F* is of limited utility. Instead, the computation of F[u] often
proceeds by first approximating u by u; € L'(R% C) (where the convergence is
in the sense of &'(R%; C)), computing Flu;] by the explicit definition (8.5) (which
works if u; € L (R%; C)), then computing the limit Flu] = lim;_, oo F[u;].
Before we continue, let us take a break from the main discussion and study some
basic properties of S(R%; C) and S’(R%; C). Note that
C>(R%C) ¢ S(RY;C), so S'(R%C) ¢ D'(R%;C),
where both inclusions are strict, as we can see in the following examples:
o 12" ¢ S(R%C) but ¢ C>(R%; C), which is not difficult to verify.
o cl?” € DR C) but ¢ S'(R%C). To show this, it suffices to find a sequence
¢; € C(R% C) such that ¢; — 0 in S(R% C) as j — oo, but
(elm‘2,¢j> — 00 as j — o0.

For instance, we may take ¢; = X(x/2j)e*%|w‘2, where y € C2°(R?) is supported
in the annulus {z € R? : 1 < |z| < 4} and equals 1 for 1 < |z| < 2 (Exercise:
Verify!).

e Another example is

u=>Y 6¥(z—k) e D'(R;C) but ¢S'(R;C).
k=0

In fact, that v ¢ S’'(R;C) is an instance of the general fact that any tempered
distribution is of finite order. This statement follows from an argument similar
to the proof of Lemma [3.8

We also make a simple observation that 1 € S'(R%; C), and for u € S,

(w1) = [ utw)

where the RHS is the usual Lebesgue integral.

Let us come back to the discussion on the Fourier transform. We are now ready
to prove the Fourier inversion formula and the Plancherel theorem, i.e., F~1 = F*.
Theorem 8.8. The following statements hold.

(1) Fourier inversion in S. For f € S(R%; C),
(8.7) f=FFlfl = FF Sl
(2) Plancherel. For f € S(R% C),
_ — d¢
(8.8) f@)gle)de = | FIf1E)Fg(&) -z
R (2m)

Rd
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In particular, ||f[f]||L2 de = [[fllzz, so F extends in a unique fashion to
an isometry L?(RY; (C) % L(2 )- ddg(Rd;(C). Similarly, F* extends in a unique
fashion to an isometry L( ﬂ)fddg(R C) — L*(R%;C).

(3) Fourier inversion in S’. For f € S'(R%;C),

(8.9) f=F"Flfl = FF[f].

Proof. The key assertions are and , which are equivalent (more precisely,

dual) to each other. Once is known, then follows by f = F*F[f] and the

definition of the formal adjoint F*; the statement for F7* follows from f = FF*[f].
We give two proofs of (8.7) and , which make the two formal derivations of

(8.2) in Section rigorous.

e An approach using approzimation. Here, we will prove (8.7). We may write

: d
FrF(f] = / e FF1() @ f)d
= Jim [ el e

which can be easily justified using the dominated convergence theorem and the
fact that F[f] € S(R%C). Now expanding the definition of F[f] and using
Fubini’s theorem,

i —€(l&1l++|€al) ik
eg%l+ © © ]:[f](f)(%r)d

. _ i (o—y) 98
_ i e(lEa+leal) yit-(a—y) _E
M (/e ‘ (27T)d> fw)dy

— 1 el igr (v =y A€ —elgal jiga(ai—y®) 4€a
61—1)181"1‘ </e € 2 € € 27 Fy) dy.

Recall that in Section we computed the distribution limit

i el gigr =S
611151 e e 5 do(z),

so the last line is equal to (of course, f is only in S(R?; C), but this property is
enough)

/ /50x —yh) @ —yDf .y Ayt dy? = flat 2,
as desired. The identity f = FF*[f] follows from the previous case since
F*la)(z) = (2m) " Fla](~).
o An approach using the Gaussian. Here, we will prove . We claim that
(8.10) do = F[1],

which can be thought of as the adjoint-method way of making the formal identity
(8-2) rigorous. Then for any f € S(R%; C),

f(x) = <f750( z)) = (f(-+ ), F*[1])
FIFC+2)8), 1) (2m)—dae

/f (dfw




125

= [ A @G
- FF)

as desired. The identity f = FF*[f] follows from the previous case since

F*la)(z) = (2m) " Fla](—2).
To show (8.10), we will use the algebraic properties of F* to first show that

(8.11) F*[1] = ey

for some ¢ € C. By Lemma and a duality argument, we have F*[0¢ a] =
—izd F*[a] for any a € S'(R% C). It follows that iz F*[1] = F*[0¢,1] = 0 for any
7 =1,...,d, or equivalently,

(F*[1],27¢) =0 for all ¢ € S(R%;C).

Let us fix Y € C®(R?) such that x(0) = 1. By the fundamental theorem of
calculus, any ¢ € S(R?;C) can be written in the form

d 1
Y(z) = x(z) | ¥(0) +ij/0 9j¢(ox)do | + (1 — x(2))¥ ()

d
0) + Z ;i (x)
where )
6 =x(@) [ oyutoz)do + Xy,

It is not difficult to see that each ¢; belongs to S(R?; C). It follows that
d
(), 9) = (F7 [, 0 0)x) + 3 _(F (1, 27¢;)
Jj=1

= (F*[1], x)9(0),

or equivalently, (8.11) holds with ¢ = (F*[1], x).
Finally, to nail down the constant ¢, we test (8.11)) against e~ 212" Then the
RHS is equal to ¢, whereas the LHS equals

F e H) = (1 A PO o aae = [ FeTFTIE)
By the one-dimensional computation (8 , it follows that

Fle 21#°)(¢) = Fle 2@ %) (&) -+ Fle 2@D’)(¢y) = (2m)2e 2 1€,
Now fe_%mz d¢ = (2m) %, so the desired conclusion ¢ = 1 follows. O

d¢
) en

Remark 8.9. Observe that in each proof, the heart of the matter is to make sense

of the formal identity (8.2]):
Lde
§ w_» i&-x )
0(.’L‘) / € (27r)d

It is a nice exercise to try to come up with other ways to “derive” the formal identity
(8.2) and turn it into a rigorous proof like the above.
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As a quick corollary of Theorem [B:8] we can compute the Fourier transform of
So(- —y) and e ():

Corollary 8.10. For any y,n € R?, we have
Floo(- = p)I(©) = e, Fle™ (&) = (2m)60(€ — n),
F oo (- = m)(@) = 2m) e, F e O V](z) = do(w — y).

Proof. The assertions F[6o(- — y)](€) = e7¥ and F~1[5(- — n)](x) = F*[6o(- —

n)](x) = e are easy to compute using the direct (adjoint) definition. The other

two assertions then follow from Theorem O
Let us list a few more basic properties of the Fourier transform.

e Convolution and product. Suppose that one of f, g is in the Schwartz class,
and the other is a tempered distribution, e.g., f € S'(R% C) and g € S(R%; C).
Then f*g(z) = (f,g(x — -)) is a well-defined smooth function. Moreover,

(8.12) Flf =gl = Flf1Flg]-
Indeed, when f, g are both in the Schwartz class,

Flf xgl = /(/f —2)g dz)ezgydy
//f — 2)g(z)e" W2 72 qyd,

= FUIE) [ gle)e e ds
— FIA©FIa©).

The general case can be deduced either by the approximation or the adjoint

method.
By a similar computation, for a € §'(R%; C) and b € S(R¢; C), if we define

@ 3my-1ag WE) = [ alé = mb(n) g5y = (27) s be),

then
(8.13) FHa*@m-1ae bl = FHa]l F~H[0).
To summarize,
The Fourier transform turns convolutions into products, and vice versa.

As an application of the preceding property, let us introduce and discuss the
concept of a Fourier multiplier.

Definition 8.11. A linear operator T : S(R%; C) — S'(R%; C) is called a Fourier
multiplier operator if there exists m € S'(R?; C), called the symbol of T, such
that F[Tf] = mF[f].

By the preceding property, a Fourier multiplier operator T" takes the convolu-
tion form

Tf=Kxf,

where K = F~1[m]. From this form, it is evident that T is translation-invariant,
in the sense that

Tf(-—y)=T(f(-—y)) foranyyeR"
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Moreover, by the Plancherel theorem, we see that if m € L°, then

1T Hllzz = llmfllez, < oo [ F1A 22 = [lmll £l 22

(2m)—dde

In particular, T is a bounded operator on L? = L?(R%;C); with a bit more
work, it is possible to show that ||T||p2_r2 = ||m| r~. Conversely, again by the
Plancherel theorem, it is easy to see that if T" is a Fourier multiplier operator
that is bounded in L?, then m € L.

It turns out that any translation-invariant linear operator that is bounded on
L? must be a Fourier multiplier operator:

Proposition 8.12. A bounded linear operator T : L?*(R%C) — L%*(R%C) is
translation-invariant if and only if it is a Fourier multiplier operator with a sym-
bol m € L>®(R%; C).

Proof. Observe that if T is translation-invariant, then for any f,g € S(R%; C) we

have
= /f(y)T[g](x —y)dy

=[] [ seat - n ] @
=T[f = g]().
After conjugation with the Fourier transform, this property should imply that
the conjugated operator S = F~'TF commutes with multiplication (the sense

in which this holds will be made precise below). Our goal is to use this property
to show that the functional
a / Sla] d

is a well-defined bounded linear functional on L!(R%;C). Since R? is o-finite, it
would then follow that S[a] = m(&)a(€) for some m € (L' (R4 C) = L>(R%;C)
as desired.

The property f * T[g] = T|f * g] for f,g € S(R% C) implies that

(8.14) aS[b] = S[ab]

for a,b € S(R?% C). Since F, F~! and T are bounded in L? S is also bounded
in L?; then by approximation, we can extend ( - ) to a € L and b € L2

In order to proceed, let us introduce the space Lgy,,, of bounded measurable
(complex-valued) functions on R? with compact support. Then for any a €
L3S s we have Sla] = S[a]lsuppa, so [ Sla]dé = [ Sla]lsuppa d€ is well-defined

(here, we use S[a], Lsuppa € L?). Clearly, the functional L2, 3 a — [ Sla]d

comp
is linear. It remains to show that, for a € Lg;,,,,

|Sla]| < Cllalls

for some C > 0 independent of a. By linearity, it suffices to justify this bound
for a nonnegative function a € L, . In this case, by (8.14) and the Plancherel
theorem,

| / Sla)dé| = | / Svalvade] < (2m)val2s = @) all1:.
as desired. O
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Remark 8.13. Fourier multiplier operators are important since constant coef-
ficient differential operators and their fundamental solutions are such opera-
tors. The study of the boundedness property of Fourier multiplier operators
in translation-invariant functions spaces (e.g., LP spaces) is a central topic in
harmonic analysis. As we have seen, the L2-boundedness property of Fourier
multiplier operators is easy to understand, thanks to the Plancherel theorem.
Fourier multipliers that arise from the fundamental solution of an elliptic op-
erator turn out to obey nice LP-boundedness properties as well; these are the
subject of Calderén—Zygmund theory (see, also, the Mikhlin multiplier theorem).
On the other hand, boundedness properties among LP spaces of the fundamental
solution to (even) the wave equation is much less understood, and their study is
a huge topic in harmonic analysis (the relevant keywords are the local smoothing
conjecture, the restriction conjecture etc.).

e Behavior under linear change of coordinates. Let L be a non-degenerate
linear map from R? to R?. Then for f € S(R%; C),

(8.15) F[f o L)(€) = (det L)' FfI((L~1) 7€)
Indeed,

Flre €)= [ Ly eray
= (detL)*l/f(z)e*ig'L_lzdz
= (detL)—l/f(z)e—i@’lff'z dz = (det L)Y F[f]((L~Y) T¢).

These properties extend to more general functions f, g, provided that the opera-
tions involved make sense; we leave such generalizations as exercises.

As an application of the preceding formula, we compute the Fourier transform
of a general Gaussian in R%.

Proposition 8.14 (Fourier transform of Gaussians). Let A be a symmetric pos-
itive definite matriz. Then we have

Flem5% 4% = (2m)% |det A| 2736 A7 €,

The idea is to diagonalize A by an orthonormal matrix to first reduce the
problem to the case when A is a diagonal matrix, and then using the explicit
computation

f[efélmp] = (27T)%€7%‘E‘2
from Section

Proof. Since A is symmetric, we may write
A=0"Do,

where O is an orthonormal matrix (i.e., OT = O~!) and D is a diagonal matrix.
Making the change of variables (z,£) — (Oz,0f) and using the invariance of
zT Az and €T A€ under such a variable change, we may assume that A is
diagonal, i.e.,

A =diag(A1,..., ),
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where 0 < A\; < -+ < \g. Define L = diag(v/A1,...,v/Aq), so that A = LT L.
Then

Recall from Section [R1] that
Fle 217’ = (2m)f 21417,

Thus, by (8.15)),

4
2

F [e_%lmlz} = (27)2 (det L)_le_%qugP.

Since det L = H?Zl )\3/2 = (det A)'/? and |L~1¢| = €T A€, the claimed formula
follows. U

e Fourier transform of homogeneous distributions.

Proposition 8.15. The Fourier transform of distribution h € S'(R%) that is
homogeneous of degree a is homogeneous of degree —a — d.

We leave the proof as an exercise.

Remark 8.16 (Fourier inversion on T and the Poisson summation formula). As an
application of our distribution-theoretic approach to the Fourier transform, let us
give a short derivation of the Poisson summation formula.

By the Fourier inversion theorem on T,

do() = Y e,
k
in the sense of distributions. Now pullback both sides by the projection 7 : R — T:

m8o(x) =Y do(x — k),

keZ
* § eQ‘n’ik(-)(x) — § 71_*627rik(~) — § eZTrikw.
k keZ kezZ

So on R,

250(23 _ k) _ 2627”'163:-

kEZ kEZ
Testing this identity against any f € C°(R;C),
Do fk) =D f(R),
keZ kEZ

which is the Poisson summation formula.

8.3. Applications to the Laplace equation (optional). Asa warm-up for what
is to come, we now apply the Fourier transform to the study of the Laplacian —A.
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Alternative derivation of Eqy for d > 3. As the first application, let us give an
alternative derivation of the fundamental solution Ejy in Section 4.1] in the case
d > 3, using the Fourier transform.

Note that

—AEO = 5() -~ |§|2E(\) =1.

When d > 3, E\O can be defined as the unique (tempered) distribution of homo-

geneity —2 such that
—~ 1 .
Eo(§) = €? in R\ {0}.

To compute the inverse Fourier transform, we use the Gaussian.

— 1 o 2
Bol€) = 1 = /0 el g,

It follows that Ej is the homogeneous distribution of degree d — 2 such that in
Ey(z) = F 1 [/ eslel® ds} = (47s)”
0

R?\ {0},
/°° _l=i?
e 15 ds.
0
Making the change of variables

||? dt ds
t=——, sothat —=——,
4s t s

vl

we see that
d—2

> Y d—2
(4775)_%/ e_%ds:%%/ t%e—t@:Li)m—dw.
0 (4m)2 lz|972 Jo 3 42

Now recall that

and 42T(%452) = T'(4). Thus,

At 2(d—2)nf  d(d—2)a(d)’

In conclusion, Fy is the homogeneous distribution of degree d — 2 such that in

R\ {0},
1

Eo(2) = 5 |z| 742
@) = Ja = a@ !
Entire tempered harmonic functions. As another application, let us prove a gener-

alization of Liouville’s theorem (Theorem :

Proposition 8.17. Let u be a harmonic function on R¢ that is also a tempered
distribution. Then u is a polynomial.

Proof. Since u € S'(R?), we can take the Fourier transform. Then |¢|?4(¢) =
0, which implies that suppu C {0}. By Theorem U = Za:\aISK ca DS for
some finite K and ¢, € C; by taking the inverse Fourier transform, we obtain the
proposition. [
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From this result, Liouville’s theorem (Theorem [4.6)) immediately follows since the
only bounded polynomials are the constant functions. We also note that, of course,
there exist many harmonic functions on R? with d > 2 that are not tempered.

Take, for instance, the real part of any entire function (e.g., e* = e”(cosy+isiny))
in C = R2.

Poisson integral formula on the half-space. As a final application, let us give an
alternative derivation of the Poisson integral formula on the half-space R‘j_.

Let us use the notation 2’ = (z!,...,297 1) and t = 2¢. Let g € S(R?"!) and let
us look for a harmonic function u on R% such that i (g ) (2,0) (2, 1) = g(z0).
Clearly, to uniquely specify u, we need some condition on the growth of v as t — oo
(otherwise, for instance, u = ¢t would be a solution even when g = 0). Let us
require

(8.16) lu(-,t)|| L1 (ma-1) is bounded as t — oc.
This condition more stringent than just assuming u € L*°(R4)NC (@), but it will

be convenient for reading off the correct formula.
Denoting the Fourier transform of w in ' by @(¢,t), we have

—d7a(€,t) + |€*u(é, t) = 0.

For each ¢ € R%! such that ¢ # 0, a general solution to this ODE is of the form

(€, 1) = a(@)e™ " + b(e)e".
Thanks to (8.16), we have the pointwise identity u(¢,t) = [ u(a’ e~ da’ for
each £ € R and t > 0. So if (&) # 0, then u(£)(t) — oo, while |u(&)(t)] <
[ fu(a’, t)e’ €| dz’ = lu(-, tll L1 (ra-1y; this situation is impossible due to (8.16)).
Therefore, b(&) = 0 for all £ # 0 and
(8.17) (g, t) = a(g,0)e el
It follows that

u(a t) = FH e Bl x ().

It remains to compute F~'[e~*¢]] in R” where n = d — 1. We proceed in several

steps.
e Step 1: The case n = 1. This case can be handled easily by a direct computation.

0 0o
fﬁl[eftlgl] _ / 6t§6im§§£ + / €7t§€i$£;1£
s 0 s

— 00

1 1 n 1
S 2r \t+ix  t—ix

1 t
T2+ 22’

o Step 2: Writing e "¢l as an integral of rescaled Gaussians. To compute ]-'_1[6_”5‘
on R™ for n > 1, we use a similar idea as in our derivation of the fundamental
solution Ej using the Fourier transform, i.e., we try to look for an identity of the
form

e 2
e~ tel :/ g(s)e‘s‘f‘ ds.
0
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Note that, even though we are interested in this formula for £ € R™, the identity
itself only involves |£|. Therefore, we may look for such an identity assuming
that £ € R, which is much easier!

In the remainder of this step, F refers to the Fourier transform on R
and z,¢ € R. From the previous step, we saw that

1 t
—17,—t|¢ _
P @ = S
On the other hand,
L [
T2 +22 7w

Taking the Fourier transform, it follows that
—tl¢] 1 It _st2 _E2 1 s 2 —se?
(8.18) e = — tsT2e e I ds = : ts"2e Te ds,
w2 Jo (4m)2 Jo
which is the desired formula.
o Step 3: Computation of .7-"_1[6_”5‘] in R™ Now we take (8.18]), but interpret £ as
a point in R™ for n > 1. In this step, F refers to the Fourier transform on
R", and z,¢ € RY.

Using (8.18)), we compute

1 © : t2
Foets)= Lo [t
1 & : t2 n z|?
= 4 )1 / ts_%e_ﬂ(élws)_fe_% ds
T)2 Jo
_ 1 i Ootsn«;l e*S(ter‘IlQ) %
= Jo s

1 t o ntl o dS
= Tntl nil s 2e —_—.
2 (2+1z2)2 Jo s

Recalling the definition of the Gamma function, we arrive at the formula

P

8.19 F e ] = 2 T
(8.19) i N
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9. APPLICATION OF THE FOURIER TRANSFORM TO EVOLUTION EQUATIONS:
THE HEAT, SCHRODINGER AND WAVE EQUATIONS

In this section, we will apply the Fourier transform to study the evolutionary
constant coefficient linear scalar PDEs. Our primary example will be the heat
equation, but the ideas in this section are fairly general and apply (almost) equally
well to the Schrodinger and the wave equations, as we will outline. The main ideas
that we will cover in this section are as follows:

e Using the Fourier transform to solve the homogeneous initial value problem:;

e Using Duhamel’s principle for solving the inhomogeneous initial value problem;

e computation of the spacetime Fourier transform of the forward fundamental so-
lution.

In fact, for the equations that we consider (heat, Schédinger and wave), we will
be able to invert the Fourier transform explicitly to obtain an expression for the
forward fundamental solution! As we have seen in Sections [ [5] and [7} the forward
fundamental solution can then be used as the starting point for derivation of rep-
resentation formulas (as well as a host of other properties) for general solutions to
the initial value problem.

As we will see, the strength of the Fourier-analytic approach is that it is more
systematic than the explicit computation of the forward fundamental solution as in
Section [4] and [7] (remember that in each case, we had to find ad-hoc ways to exploit
the symmetry properties of the partial differential operator). Moreover, through
the Plancherel theorem, it easily yields very detailed information about the L2-
type norms of the solution, that are not as transparent in the fundamental-solution
approach.

On the other hand, one drawback of the Fourier-analytic approach is that it is less
clear to read off what happens in the physical space compared to the fundamental-
solution approach, since the formula for the Fourier transform of the solution is
often difficult to invert (as mentioned earlier, for the particular examples we con-
sider it will be possible to invert the Fourier transform, but you will see that it is no
simple task!). A more serious shortcoming is that the Fourier-analytic approach de-
pends crucially on linearity and translation-invariance (i.e., that the coefficients are
constant) of the partial differential operator, and ceases to work as nicely (although
it is still useful!) when either of the two properties are lost.

This last point should be compared with the energy method (which goes hand-in-
hand with the machinery of Sobolev spaces), which is less explicit but more robust
so that it is readily applicable to nonlinear and/or variable-coefficient settings.

9.1. The heat equation. Let us apply the Fourier transform to study the heat
equation

(8,5 - A)U =0.

We are interested in the initial value problem for the heat equation:

O — A)u = in Ry x RY =R,
(9.1) {( t ) f + +

u=g on {0} xR =R
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Representation formula in the homogeneous case. Taking the Fourier transform in

space, (9.1) becomes

9.2) {«‘mm +[e[Pat, €) = f(t,6),

u(0,8) = g(&)-
Let us first consider the homogeneous case f = 0; then the problem has become a
homogeneous first-order ODE for each fixed ¢ € RY. It follows that
(9.3) at,§) = e g(e).
From this formula, it is not difficult to prove the following result.

Proposition 9.1. The following statements hold:
(1) Existence. For g € L?, there exists a solution u € Cy([0,00); L?) to (9.1)) with
f =0 such that u(0) = g, such that
[u@)||rz < llgllz2  for every t = 0.

(2) Uniqueness. If u and v are solutions to (9.1) in Cy¢([0, 00); L?) with the same
f and g, then u =v.

Recall that given a topological vector space X, C;(I; X) is the space of functions

u(t, ) such that
Is>t—u(t,-) € X is continuous.

When X is a normed vector space, we equip C¢(I; X) with the norm |jullc,x =
supger [[u()llx-
Proof. Part (1) is easily proved by defining @ via and appealing to Theo-
rem 8.8, To prove Part (2), note that w := u — v € C;([0,00); L?) solves the
homogeneous equation with w(0) = 0. Thus

(0 + €)@ (t.€) =0
in the sense of distributions, which implies
(e @t €)) =0
in the sense of distributions. Since @w(0,£) = 0, it follows that @(t,&) = 0, or

equivalently, w = 0 as desired. ([l

Remark 9.2. We note that the condition u € Cy([0,00); L?) in the uniqueness
statement implies that the solution w(t,z) is, in particular, bounded as |z| —
0o. Such a condition on the growth of u at the spatial infinity is necessary for
uniqueness, due to a classical counterexample of Tychonoff [Tyc35].

In the case of the heat equation, it is easy to take the inverse Fourier transform
of (9.3). Then we obtain the formula

(9.4) u(t,-) = Ky x g,
for the solution to (9.1) with f =0, where
1 212
(9.5) Ki(z) = .7-'_1[6_”5'2] =———e T fort > 0,z € RY,
(4mt)2

by Proposition [8.14] Note that K,(z) = (4t)~ % K, (2%/{), so Ky — 6p ast — 0+
via Lemma [3.19] It follows that we have the convergence u(t,) — g as t — 0+ in
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any space X where the usual approximation of the identity argument applies (e.g.,
any LP for 1 < p < 00).

Representation formula in the inhomogeneous case. Let f € L ((0,T); L?). Apply-
ing Duhamel’s formula to the ODE ({9.2)) in the Fourier space (i.e., we take A; = |£]?

and F' = 1(,1)(t)f), we see that

t
TH(t,€) = /0 eIl (5. €) ds

obeys (9 + [€[2)u7 (£, €) = Loy (t)], Tr(t.€) € Ci((0,T); L) and w7(0,€) = 0.
Thus, @ — uy solves the homogeneous equation with initial data g. Combined with
(9.3), we arrive at the formula

t
(9.6) u(t, &) = e—t'ﬁ'zg(g) +/ e_(t_s)lglzf(s,f) ds for0<t<T.
0

From this formula, we obtain the following strengthening of Proposition [9.1}

Theorem 9.3. The following statements hold:
(1) Existence. For g € L? and f € L}((0,T);L?), there exists a solution u €
Cy([0,T; L?) to (9.1)) such that
w2 < llgllez + 1 fllzrco,);L2)  for every t > 0.

(2) Uniqueness. Ifu and v are solutions to (9.1) in C;([0, o0); L?) with the same
f and g, then u=v.

The proof is straightforward, so we will not go through the details.

Remark 9.4. We also note that Duhamel’s principle can also be applied directly to
the heat equation in the physical space. More specifically, we take A; = —A and
F = 17 (t)f where f € L;{((0,T); X), where X is any normed vector space in
which the homogeneous equation is well-posed. In view of for homogeneous
solutions, we arrive at the formula

lta) = Koxgla) + [ Kieon fs)(e) ds

where K is given by (9.5).

Forward fundamental solution for the heat equation. Recall that a forward funda-
mental solution E; may be constructed by solving

{(at —~A)E, (t,x) =0 in {t >0},
E.(0,2) =dp(z) on {t =0},
and setting F, (t,2) = 0in {t < 0}. By and the fact that F[d] = 1, we have
(9.7) By (t,2) = Lig o) () F e ] ().
By , we are led to the expression

1 [Ek
9.8 Ei(t,x)=1 t)——e i,
(9:8) +(0:0) = Lo () g

Indeed, coincides with the previous computation in Section
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The spacetime Fourier transform of the forward fundamental solution. Finally, we
study the spacetime Fourier transform JF; ,[E ] of the forward fundamental solution
E, for 0; — A. As we will see, this road will lead to yet another venue for the
computation of E, .

A naive first attempt to compute F; ,[E4] may be to take the spacetime Fourier
transform of the equation (9; — A)E, = g, which gives

(i1 + &) Fro[B4] = 1.

This computation immediately tells us that F; ,[E] = (it +[£]?) ! away from the
zero set of (i7 +£|?) (which is just {0}), but it does not tell us the precise behavior
of F; z[E+] on the zero set.

In a sense, we should have foreseen this problem, because we did not use the for-
ward support condition (i.e., supp E4 C Ri_"’d) at alll The preceding consideration
proves that all fundamental solutions have the same spacetime Fourier transform
away from the zero set of it + |€|?; their differences are all due to the subtle struc-
ture of the distributions near the zero set. In fact, this property holds for a general
constant coefficient partial differential operator.

To compute F; ,[E4] rigorously, the idea is to introduce a natural approximation
to E that takes advantage of the forward support condition. More precisely, since
supp B4 C R}Jd, we have

lim e “FE, = E, inS' (R C).
e—0+

Note that
(815 — A)(eiEtE_i_) = —€€7€tE+ + €7€t(6t — A)E+ = —6676tE+ + 60,
or equivalently,
(81/ +e— A)(e_EtEJr) = (50.
Taking the spacetime Fourier transform,
(07 + e+ [€[) Frale ™ Ey] = 1,

so that
1 B 1
iTtet g i(r —ie) + ¢
For each € > 0, the RHS is clearly locally integrable; one can also check that it is
in S'(R'*4; C). Thus, we arrive at the following conclusion:

1
T —et — T _
(9.9) ‘Ft,I[EJr] = 61_1%14_ ft’x[e E+] - 61_1>I(I)1+ i(T _ ie) + |€|2 .

]:t’w [e_EtEJr] =

Remark 9.5. If we started with the backward fundamental solution, i.e., (9 —
A)E_ = §y with supp E_ C (—00,0] x R%, then the same procedure gives

1
FiolE-]= lim —————.
tal B =0+ i(T + t€) + ||
Remark 9.6. The correspondence of the analytic continuation property of the
Fourier transform to the lower [resp. upper] half-space and the forward [resp.
backward] support property of the original function is a special instance of classes
of results the so-called Paley—Wiener-type theorems.
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Observe that our derivation of did not rely on any specific properties of
E, except for the forward support condition and that F, € &'(R'*9). In fact, the
expression provides another (independent) starting point for the derivation
of the forward fundamental solution for the heat equation. We need the following
lemma:

Lemma 9.7. Leta € H= {a € C:Ima > 0}. Then
1 .
lim F || = i1(g ) ()™

For those who are familiar with complex analysis, it is a nice exercise to try to
prove this identity directly using the Cauchy integral formula (see also Remark,
at least when ¢ # 0. Here, we take a short cut and compute the Fourier transform
of the RHS, and then appeal to Theorem [8.8

Proof. By Theorem it suffices to show that
Fl—il(g,00)(t)e"](7) = lim

To compute the Fourier transform on the LHS, we use the approximation method.
Note that since Ima > 0,

i1(07w)(t)676t6iat — 72‘1(0700) (t)eiat
uniformly, and thus also in the sense of tempered distributions. Moreover, for each
fixed € > 0, the LHS is in L'. Thus,

]:[7;1(0700)@)61‘(“](7') = lim il(o’oo)(t)e_“eiate_”t dt

e—0+
(o)
= lim i [ e (ciatintqy
e—0+ 0
e—0+ € —1a+ 1T
. 1
= lim ——,
e—0+ T —ie—a
as desired. (]
By and the preceding lemma, we have
1
FIELE) = lim Fi' | s
[E+](t.€) oo [i(r—ie) + |£|2}

— 1(0700) (t)e_t|£|2 .

Now inverting the space Fourier transform F using Proposition 8.14] we again

obtain .

9.2. The Schrédinger equation. Next, we consider the initial value problem for
the Schrodinger equation:

(i0, — A)u=f inR;y x RT =R,
u=g on{0}xR!=9R"

We will closely follow our discussion of the heat equation. As we will see, there are
a lot of algebraic similarities, but the actual natures are quite different.

(9.10)
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Representation formula in the homogeneous case. Taking the Fourier transform in

space, (9.10) becomes

(©.11) 0t €) + €Palt, €) = F(¢,€),
u(0,8) = g(&)-
As before, we begin with the homogeneous case f = 0. Solving the resulting
homogeneous first-order ODE for each fixed ¢ € R?, we obtain
9.12) it €) = el g(e).

This formula looks very similar to except for the factor of 7 in the exponential;
but of course, this makes a world of difference. For instance, in , each Fourier
coefficient (for & # 0) decreases exponentially to the future. In particular, for a
general element g € L2, (¢, £) according to is not even a tempered distribution
in t < 0 (this is related to the time-irreversility of the heat equation). On the other
hand, in , the amplitude of each Fourier coefficient remains same for all time.
Indeed, by the Plancherel theorem, we have the conservation of the total probability
It ez = Nt Mez, . =GOz, . = lglee.

Moreover, unlike , makes perfect sense when ¢t < 0 for any g € L2
Indeed, the equation (i9; — A)u = 0 is time-reversible, in the sense that it is
invariant under the time-reversal symmetry u(t, z) — u(—t, x).

Remark 9.8. With a bit of complex analysis, we can also compute the formula for
u in the physical space. We may write
U(t, ') — Kt(Sch) *g’

where K" (z) = F~1[e*l¢"]. By Proposition and analytic continuation, we

have
1 |z|2

(—4mit)e
where (—4m’t)% is the square root of —4mit with the positive real part. Unlike (9.5]),

note that Kt(SCh) is not absolutely integrable, so the convergence Kt(SCh) — §p in
S'(R%; C) as t — 0+ (which can be deduced from the Fourier transform) does not
follow from a usual approximation of the identity argument.

KON () = 71 = for t >0, x € R,

(9]
IS
b
&

Representation formula in the inhomogeneous case. Applying Duhamel’s principle
to the ODE in the Fourier space (i.e., A; = %|§|2 and ' = 1(g00)(t)f for f €
LY((0,00); L?)) as well as (9.12), we obtain

at.¢) = () + 1 [ e Fs ) ds.

0
Based on this formula, it is not difficult to prove the following result:
Theorem 9.9. The following statements hold:
(1) Existence. For g € L? and f € L}((0,T); L?), there exists a solution u €
Ci([0,T7; L?) to (9.10) such that
lu®llez < llgllez + 1 fllzio,e2)  for every t = 0.

(2) Uniqueness. Ifu and v are solutions to (9.10)) in C;([0, 00); L?) with the same
f and g, then u = v.
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The proof is very similar to that for Proposition [9.1] and Theorem [0.3] so we
omit the details.

Remark 9.10. Applying Duhamel’s principle in the physical space, we obtain the
formula

1t
u(t,z) = Kt(SCh) x g(x) + ;/0 Kéfih) * f(s)(x)ds.

Forward fundamental solution for the Schridinger equation. As in the case of the
heat equation, (??), which is a basic computation behind Duhamel’s principle,
suggests that the forward fundamental solution is given by

(9.13) Eq(t,7) = 1(g.00) () F e ().
If we use Remark we arrive at the formula

—1 |z|?
9.14 Byt 1) = 1100 (t) ——— '
(9.14) +(t, @) = 1, )()(747”.0%

As remarked earlier, (9.14) algebraically resembles 7 but the nature of the
two forward fundamental solutions is very different.

e In contrast to the heat case, the Schrédinger forward fundamental solution E (¢, x)
is singular along the hyperplane {¢ = 0}. As a consequence, no regularity theorem
like [Eval0l Section 2.3, Theorem 8] is available.

e The Schrédinger forward fundamental solution E (¢,z) does not have a definite
sign, so no maximum principle like [Eval0l Section 2.3, Theorem 4] is available.

e Finally, the Schrédinger forward fundamental solution F (¢, z) is not integrable
in x for each fixed ¢ > 0.

Because of the first and third properties, it takes much more work to justify taking
the convolution F; *u (where suppu C {t > L} for some L € R) if we work purely
in the physical space.

The spacetime Fourier transform of the forward fundamental solution. As in the
case of the heat equation, the spacetime Fourier transform of the forward funda-
mental solution takes the form

1
BT —et — | _—
(9.15) FrolBel = lim Fiole™ By] = I =757

We note that an application of Lemma leads to an alternative derivation of
(19.13]).

9.3. The wave equation (optional). Finally, we re-consider the initial value
problem for the wave equation ([7.1)) using the Fourier transform.

Representation formula in the homogeneous case. Taking the Fourier transform in

space, (|7.1)) becomes

(9.16) (0, ¢

S~—
I
)
—~
™
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As before, we begin with the homogeneous case f = 0. Solving the resulting
homogeneous second-order ODE —821(t, &) — |€]7(t, €) = 0 for each fixed & € RY,
we obtain

(0.17) t, €) = costlelg(e) + el

Duhamel’s principle for second-order evolutionary equations. To handle the inho-
mogeneous problem, we need to adapt our derivation of Duhamel’s principle to the
second-order time derivativd™

Consider now the abstract second-order evolutionary equation

(918) (({9252 + 3tAt + Bt)’u = F,

where Ay = Y aq(t,2)D* and B = > ba(t,z)D* do not involve any time
derivatives. For each fixed s € R and (g, ) in some normed vector space Xg x X
of pairs of functions on RY, suppose that there exists a solution S(t, s)[g, h] to the
initial value problem

(0F + 0rAr + Bi)(S(t,5)[g, hl) =0, (S(s,5)g.h], 0uS(s, 5)lg, h]) = (g ),
such that (S(t, s)[g, h]0;S(t, s)[g, h] € Ci([s,0); Xo x X71). Then we have
(8152 + atAt + Bt)(l(s,oo) (t)S(tV s)[97 h])
= at(50<t - s)g) + (50(75 — S)Aog + 50<t — S)h

Accordingly, Duhamel’s formula for a second-order evolutionary equation takes the
form

(9.19)

ur(t.) = [ 10 (0(5) 0. F(9)] () ds
(9.20) = _S S(t, $)[0, F(s)](x)ds.
At least formally, we then have

(8152 + 8tAt + Bt)u(t, l’) = /_Oo (a? + atAt + Bt)(l(s,oo)(t)s(t7 S)[O, f(S)])(:L‘) ds

= /700 do(t — 8)f(s,x)ds = f(t,x).

Moreover, if F € L}((a,b); X1), then provided that we have a quantitative estimate
for S(t, s)[g, h] of the form

(921) ||S(t,ac)[g, h]”XoXXl < CH(gv h)”XoXle

where C is independent of ¢, s € [a,b] and (g,h) € Xo x X1, we have (up,diup) €
Ct([a,b];Xo X )(1)7

up(t,z) = / S(t,$)[0,F(s)](x)ds fora <t <b,
and (up, Oyur)(a,z) = 0.

18For an alternative approach that still relies on Duhamel’s principle for first-order evolutionary
equations, see Remark
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9.3.1. Representation formula in the inhomogeneous case. Let f € L}((0,T); L?).
Applying Duhamel’s formula to the ODE in the Fourier space (i.e., we take
Ay =0and B; = |¢{|? and F = 1(O,T)(t)f) to take case of the inhomogeneity f, and
using for the remainder, we arrive at the formula

(9.22) u(t, &) = cost|€[g(€) + SiEEB(f) - /Ot Wf(s,&) ds.

Based on this formula, we obtain the following result:
Theorem 9.11. Define the (L?-Sobolev) space H' ={g: g € L?, ;9 € L? for all j}
equipped with the norm. ||gl3: = llgl7= + 325, 19917
(1) Existence. For (g,h) € H* < L? and f € L}((0,T); L?), there exists a solution
u to such that (u,0yu) € Cy([0,T); H x L?) and for every 0 <t < T,
[Du(t)|[2 < [[Dgllz> + Ihllz> + £l 22 0,0:22)
10cu()l2 < 1 Dgllz> + 1hllz2 + 1 F 22 0,00:22)
lu®llLz < llgllzz + tRllzz + ¢t fllLr0,0):22)-
(2) Uniqueness. If u and v are solutions to such that (u,Ouu), (v, dw) €
Ci([0,00); HY x L?) with the same f, g and h, then u = v.

Proof. Part (1) is easily proved by defining 4 via (9.22) and using Theorem
For Part (2), note that w = u —v solves the homogeneous equation with (w, dyw) €
Ci(H' x L?) and (w,d;w)(0) = 0. We have

(07 + |g*)a(t, €) = 0
in the sense of distributions. By factoring (97 + [£]?) = (9; — |€])(0; + |€]), we see
that

0r (€101 + (e, ©)) = 0

in the sense of distributions. By (w,d;w)(0) = 0, it follows that the expression
inside the parenthesis is zero, i.e.,

(0, + ¢, €) = 0.
But then we have
8, (e—“lfla(t,g)) -0

in the sense of distributions. Again using (w,0w)(0) = 0, it follows that the
expression inside the parenthesis is zero, which implies W = 0 as desired. (]

Remark 9.12 (The first-order formulation of the wave equation). Taking a cue from
the ODE theory, an alternative way to prove the preceding result is to reformulate
the wave equation as a first-order evolutionary system. We briefly sketch the key
computations, which are often useful in practice.

One begins by introducing the variables (ug,u1) = (u,0yu) and rewriting the
wave equation Cu = f in the following fashion:

() = (8 o) () 6)

Taking the space Fourier transform, we obtain

o ()= (e o) () (3)
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Now this is a system of first-order ODEs. If we diagonalize the above 2 x 2-matrix,

we arrive at R
o (U+) _ (el 0 i\ [ =@ F
Na_) Lo —il¢g) \a e l)

. 1. L L 1
UL = uo
2il¢ |
Each (decoupled) first-order equation for w4 closely resembles the Schédinger equa-
tion. Formula (9.22)) and Theorem can be alternatively proved by studying

these equations, proceeding similarly as in the case of the Schrédinger equation.

where

Forward fundamental solution for the wave equation via the Fourier transform.
Here, we give an alternative derivation of the forward fundamental solution for the
wave equation using the Fourier transform when d > 2. For this computation, we
need the formula and a little bit of complex analysis.

As it can be read off from the derivation of Duhamel’s principle, the forward
fundamental solution takes the form

3] t
(9.23) Ey(t,x) = —1(g.00) () F " [mllg"gq .
Let us write I?t(f) = %f‘lil and consider the approximation
Ri(e) = el
3

Clearly, IA(f — IAQ uniformly, and thus also as tempered distributions, as € — 0.

Therefore,
]_‘—1 |:Slnt|§|:| — hm f‘—l [I?§j| .

|£| e—0+

A key advantage of the new RHS is that for each fixed € > 0, IA(E € L', so we can
use the pointwise definition of the inverse Fourier transform, i.e.,

1[5 tl¢] d¢
1| e :/ E|E|Sln 151’
7[R @ GENNCHY
_ / e—(e—it)[§] _ o—(etit)[¢] pies dé
2i¢] (2m)?
e+it
— / —sl¢] e de ds.

e—it

For the inner integral, for s € C such that Res > 0, if we let (s2 + |z|2)2 be the
square root of s? + |x|? with the positive real part, then

) T (4L s
[ eierag - ()
Tz (52 + |x|2)T
Indeed, this identity is exactly (8.19)) when s lies on the positive real axis. Moreover,

both sides define holomorphic functions on {Res > 0} that agree on the positive
real axis; hence the identity follows. It follows that

=R r d+1 e+t
FR] @) = 1(3)/ s

20 % —it (s24|x|?) 2
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For d > 1, we have

o 10 (%5 1 1
Fl[Kt](x):_I (d—fl) €)2 N )2 Gt |-
b \(=(—ie? +[a?) e (= ie)? + [2f?)
Thus,
) 1T (41 1 1
Ei(t,z) = lim 1(0,00)@)1 (é) s e s v
0t Cor \(=( =i +[a?) e (= ie)? 4 [2?)

Finally, note that the RHS defines a distribution on R'*¢ that is homogeneous of
degree —d + 1 that clearly vanishes in the open set {|z|> > 2} U {t < 0}. From
these properties, as well as Lemma we see that

1T (%52) 1 1
E.;,.(t,ll?) = lim 1 0,00 (t)f 2 -1 — .
=0+ OV BT (TR 12 1 i) T (2 4 [2f2 — i) T

We now use the identity

61_i>r51+ ((s +i€)* — (s —i€)®) = 2isin(am)[(1 + a)x® (s),

which follows by first verifying both sides for Re a > 0, and then observing that both
sides are entire in a. (To see that sin(am)T'(14a) is analytic, use I'(—a)T'(1—(—a)) =
) It follows that

sin((—a)m) *

sin(—427m) T (@) P(1-91) _aa

Ep () = 1(0,00)(t) EEXT T (2 + )

1 _d—1
= —1(0,00) () —a x5 ° (= [2]*).
2772

The spacetime Fourier transform of the forward fundamental solution. Proceeding
as in the case of the heat equation, it is not difficult to see that the spacetime
Fourier transform of the forward fundamental solution takes the form

FtJ[EJr] - e£%1+ ]:t’x[e_dE—i_} - 62%:» m
e ( CE— ) .
e—0+ 20¢| \ 7 —de—[¢] T —ie+ [¢]
Let us note that, by this formula and Lemma(9.7] we obtain an alternative derivation
of the formula for F[EL](t,£) that does not involve solving the second-order ODE
in t. Indeed,

FIEL](t,€) = F; ' Fral E4](t,€)

. 1 1 1
= 1, g7 Kr € " et |§|)] ()

7 . )
= — 1000 (t eIt _ o—il€lt
2[¢] (0, )( )( )

sin t[¢|
iy

The remaining space Fourier transform, in term, can be inverted following the
procedure outlined in the preceding part.

= _1(0,00) (t)
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Without going into the details, let us point out other fundamental solutions to

the wave equation (which are all tempered distributions whose Fourier transform
agrees with ﬁ outside the cone {(7,&) : 72 = [£|?}) that naturally arise in

applications. For instance, the backward fundamental solution takes the form

1
I et .
FizlE_] = 61_1>%1+ Firale"E_| = 61_13&_ (T +ie)2 — |§|2
Another example is the following fundamental solution (called the Feynman prop-
agator), which is of importance in quantum field theory:

. 1
FralEr] = 62%1+ T2 +ie— €2
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10. ENERGY METHOD, PART I: A-PRIORI ESTIMATES

The energy method, at the rudimentary level, is a way of proving a-priori esti-
mates by multiplying the PDE by a suitable function (multiplier) and then integrat-
ing by parts. Here, an a-priori estimate refers to an estimate (which is synonymous
with “inequality” in analysis) for a solution to the PDE that is a-priori assumed
to exist.

Thanks to the simplicity and concreteness of the procedure, the energy method
tends to be robust, i.e., the method often goes through even when the PDE has
variable coefficients, or when it is nonlinear. This point is a decisive advantage
over the previous methods (fundamental solution, Fourier transform)! On the other
hand, a drawback of the energy method is that it is less clear what the a-priori
estimates tell you about the features of the solution; nor is it immediately clear
whether a-priori estimate have anything to do with the important question of the
existence of a solution. However, these points will be remedied to a large extent by
studying the Sobolev spaces in the next part of the course. Another difficulty with
the energy method, which in practice is the more serious one, is that there is no
general recipe for finding a good multiplier that leads to nice a-priori estimates for
a given PDE.

Because of the last point, it is challenging (and probably counter-productive) to
give a systematic and general description of this method. Instead, we will content
ourselves here by seeing the method in action for model constant-coefficient second-
order PDEs that we considered so far.

10.1. Laplace equation. Consider a solution u to the Dirichlet problem
{—Au =finU,

(10.1) u = g on OU.

The uniqueness of the solution to (under suitable regularity conditions)
was proved in Theorem [4.12] using the maximum principle. As an instance of the
energy method, we will give an alternative proof of the uniqueness result (with
minor differences in the regularity assumptions).

Proposition 10.1. Let U be a bounded C* domain, f € C°(U) and g € C°(dU).
The solution u to ([10.1)) with u € C?(U) is unique.

Proof. Let uy,us € C%(U) be solutions to (10.1)); then v = uy —uy belongs to C?(U)
and solves

—Av=0 inU,
{ v=0 on oU.

It remains to show that v =0 in U.
Let us multiply the equation by v and integrate by parts (i.e., apply the diver-
gence theorem) over U. We have

0=/ —Avvdx

U

:/Dv-Dvdx—/ voy - DvvdSsy.
U aU

The boundary integral is zero thanks to the boundary condition v = 0 on 9U.
Thus, [, |Dv|?*dz = 0, which implies that v is a constant in U. Invoking v =0 on
OU again, it follows that v = 0 in U as desired. O
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10.2. Heat equation. Consider a solution u to the initial value problem
{5‘tu —Au=f in (0,00); x R?

(10.2) u=g on {t=0}.

To simplify the notation, in this subsection we adopt the convention that D% only
contains space derivative.

As in the case of the Laplace equation, it turns out that it is again a good idea
to multiply the equation by u and integrate by parts.

Proposition 10.2. Let f € L}((0,7); L?>(R%)) and g € L*(R?). The solution u to
(10.2) with u € Cy([0,T); L3*(R?)) and Du € L*((0,T) x R%) is unique. Moreover,
there exist C' > 0 such that

sup [Ju(t)[|L2way + [|1Dull L2((0,7) x4
(103) t€[0,T)
< C (lgllrz@ay + 1 210,122 R2))) -

Proof. The key part of the proof is nothing but multiplication of the equation by

u and integrating by parts for a “sufficiently nice” solution u. Since this is the
first time we see an argument of this sorts, we will provide more details on the
approximation procedure, which allows us to deduce the general case from the
computation for “sufficiently nice” solutions.

Let us begin by proving under the additional assumption that u € C*°([0, 7] x

R?) and for some R > 0, suppu(t) C B(0, R) for every 0 <t < T. Multiplying the
equation by u and integrating by parts on (0,¢) x R, we obtain

t1 ty
/ /fu dzdt = / /(5‘tu)u — (Au)udzdt
to to
L m 2 " 2
3 O¢u|* dzdt + | Du|* dzdt
to tO

1 1
5”“(151)“%2(11@) - §||U(t0)||%2(Rd) + 1 Dull 22 ((10,40) x )

where we used the extra regularity assumption to justify all the manipulations,
and no boundary terms arose in the second equality thanks to the extra support
assumption on u. Rearranging terms, taking ¢ty — 0+ and taking the supremum in
t1 € [0,T], we obtain

1 2 9 1 ) T
— sup ||u(t)|72 + ||[Dul| 52 < —||lu(0)]|%2 _|_/ fu| dadt.
2,0 lu(®)|7 (R) | Dull7, ((0,T)xR4) 2|| )7 (®4) i | ful

Applying Holder’s inequality and Young’s inequality, the last term can be estimated
as

T
/ Ful dedt < [ flls omyieey sup )z
0

te(0,T)
2 1 2
<N ANz o,y L2@ay) + 1 tes(lé%) ()72 (ray-

Absorbing the last term into the term %SuPte(o,T) ||u(t)||iQ(Rd) on the LHS, we

arrive at (10.3)).

In the general case, we approximate u by wu.’s satisfying the extra assump-
tions. For this purpose, let us introduce a mollifier ¢ € C°(R'*?) such that
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J¢ =1 and suppy C (—1,1) x B(0,1). For each ¢ > 0, we deﬁnegg] pe(t,x) =
€9 2p(e7%t, e 'x). Let us also introduce a smooth cutoff x € C>°(R?) such that
x =1 on B(0, 1) and supp y C B(0, ). On the subset [¢2,T — €] x R?, we define

Ue = Pe * (X(ex)u)he?,Tfe?]de :

It is not difficult to see that, for ¢ < 1, u. obeys the additional conditions on
[€2,T — 2] x R? with R = e~!. Moreover, for any compact interval J C (0,7), as
€ — 0, using the original assumptions u € C;([0,T]; L?) and Du € L?((0,T) x R9),
it is possible to check that

uc —u  in Cy(J; L*(R?)),

Du, — Du in L*(J x R%),
uc(€?) =g in L

(0 — Aue — f in L' (J; L*(RY)).

Combined with for u. on [¢2,T — €2] x R?, the desired estimate in the
general case follows.

Finally, the uniqueness assertion follows from the application of to the
difference of two solutions (in which case f = g =0, so u = 0). O

Another idea that works well in conjunction with the energy method is to com-
mute the equation with an operator Y, and apply the energy method to Yu to
derive new a-priori estimates. In the case of a constant-coefficient operator P, one
good choice is Y = D%, since such an operator commutes with P.

More concretely, in the case of the heat equation, note that D*(9; — A) =
(0; — A)D*. If u solves (10.2), then D*u solves

{(at —A)D%u=D*f in RY™,
D*uw=g on R ={t=0}.
(Recall our convention that D only consists of space derivatives!)

Applying Proposition to D“u, we obtain a-priori estimates for higher-order
derivatives of w.

Proposition 10.3. Let D*f € L}((0,T); L*(RY)) and D%g € L?(R%) for all |a| <
k. Then the unique solution u to with u € Cy([0,T]; L*(R%)) and Du €
L2((0,T) x RY) also obeys D*u € C4([0,T]); L*>(R?)) and DD%u € L?((0,T) x RY).
Moreover, there exist C > 0 depending only on k such that

Z < sup_[[D%u(®)[r2 ) + ||DDau|L2((0,T)xJRd)>
(10.4) adlal<k \tE0.T]

<C Z (ID%gll L2 ey + 1D fll L1 0,1y L2 (ReY) ) -

a:la|<k

We omit the straightforward proof.

19Although not strictly necessary, we adopted the natural scaling for the heat equation, which
is (t,x) — (A2t A1),
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10.3. Schrodinger equation (optional). Consider a solution u to the initial
value problem

(10.5) {i@tu —Au=f in (0,00); x R?

u=g on {t=0}
As in Section [10.3] in this subsection we again adopt the convention that D% only
contains space derivative.

Multiplying by —iu, taking the real part and integrating by parts, we obtain the
following result (which is analogous to Proposition [10.2)).

Proposition 10.4. Let f € L}((0,T); L?>(R%)) and g € L*(R?). The solution u to
(T0.5) with u € C¢([0,T); L*(R%)) is unique. Moreover, there exist C > 0 such that

(10.6) tSE\éPT] u(®)||L2@ay < C (lgllL2®ay + £ 21 (0. 1):22®a))) -
Proof. Since the proof is very similar to Proposition [10.2] we will only present the
formal integration by parts argument (i.e., assuming that wu is sufficiently regular
to make sense of each manipulation, and also that u(t) is compactly supported for
each ¢ so that no boundary terms arise). Multiplying the equation by —iw, taking
the real part and integrating by parts on (tp,¢;) x R?, we obtain

t] tl
/ /Re(—ifﬁ) dzdt = / /Re(@tuﬂ) + Re(—Au(—i)u) dedt
to tO
i1 1
= / /78,5|u|2 — Im(Auu) dedt
to 2

t1 1 _
= / / §8t|u|2 + Im(Du - Du) dadt
to

1 1
5““(751)”%2(11@) - §\|U(t0)||2L2(Rd)-

Using this identity and proceeding similarly as in Proposition the present
proposition follows. [l

Commuting the equation with D®, and then applying Proposition [10.4] we obtain
the following a-priori estimates for higher-order derivatives of u.

Proposition 10.5. Let D*f € L}((0,7T); L*(R?)) and D*g € L*(R?) for all |a| <
k. Then the unique solution u to with w € Cy([0,T]; L2(R?)) also obeys
Dy € Cy([0,T); L>(R%)). Moreover, there exist C > 0 depending only on k such
that

(10.7)

sup [|[D%u(t)||p2ray < C Z (1Dl 2ray + 1Dl L 0,7y L2(RAY) ) -

a:|a\§kte[0’T] a:la|<k

10.4. Wave equation. Consider a solution ¢ to the initial value problem
Op=f in (0,00); x R?
(¢7 8t¢) = (97 h) on {t = 0}7

where we remind the reader that O¢ = (—97 + A)¢.
In this case, it will be useful to start with the following divergence identity, which
is called the local conservation of energy.

(10.8)
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Proposition 10.6. Let ¢ be a smooth solution to ¢ = f. We have

(109) 0| 5002+ 33 @0° | + 3 0,(0,600) = —foro.
J

J

Proof. The idea is to multiply the equation by 0;¢ and try to mimic the proof of
integration by parts (some people call this “differentiation by parts”). The goal is to
ensure that there are no terms with two derivatives, except those in the divergence
of some expression.

We begin by writing

[0 = (=070 + A§)Os
= —07¢0ip+ > 07600
J

The first term can be rewritten as a divergence, i.e., —97¢9;¢ = —0;(%(0;¢)?). For
the second term, we first move 9; to 0;¢ up to a divergence, and then proceed like
the first term:

D 0Fe0hd = 0;(0;00,0) — 0;00,0;6
J

J

J

= 320,0,600) — 01 | 5 320,07

In conclusion,

J

o0 =0, | 5007 + 5 30,0 | + 32 0,(0500.0),
J

which is precisely the desired divergence identity. O

By integrating (10.9) on spacetime slabs of the form (to,#;) x R? and applying
the divergence theorem, we easily obtain the following analogue of Propositions[10.2]

and [10.41

Proposition 10.7. Let f € L}((0,7); L?>(R%)) and Dg,h € L*(R?). The solution
¢ to (10.8) with D¢, 0:¢ € Cy([0, T); L2(R?)) is unique. Moreover, there exist C > 0
such that

sup ([[Du(t)|| L2 ray + [|0pu(t) || L2 (ra))
(10.10) telo.7]

< C (1Dgll2ray + 17l L2®ey + 1 F L2 (0.1);02(Ra))) -
Proof. Since the proof is very similar to Propositions and we will only
present the formal argument. Assume that ¢ is smooth and u(¢,-) is compactly

supported for each t. Starting from (10.9)), integrating over (0,¢) x R% and applying
the divergence theorem, we obtain

1 1
—10ip* + =Y 19,0 | dz
L 21059
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1 1 t
= —10:0)% + = d; 6| dx+// —£)0pp dxdt’.
[ |12 DL [ =no

where no spatial boundary terms arise thanks to the support assumption. The de-
sired inequality now follows by a Cauchy—Schwarz argument as in Proposition [10.2
Moreover, again as in Proposition [I0.2] the general case follows by an approxima-
tion argument. O

Commuting the equation with D®, and then applying Proposition[10.4] we obtain
the following a-priori estimates for higher-order derivatives of u.

Proposition 10.8. Let D*f € L}((0,7); L*(R%)) and DD%g, D®h € L*(R?) for
all || < k. Then the unique solution ¢ to with D¢, 8¢ € Cy([0,T]; L?(RY))
also obeys DD%¢, D*0;¢ € Cy([0,T]; L?>(R%)). Moreover, there exist C > 0 depend-
ing only on k such that

sup (|DD%u(t)||r2(ray + [|0:DYu(t)|| 12(ra))

ailal<k te[0,T]

<C Z (IDD%gll r2(ray + DBl L2ay + |1D fll L0,y 2 (RaY)) -
a:la|<k
Finally, the local conservation of energy (10.9)) leads to a simple proof the finite
speed of propagation for the wave equation. To formulate this result, given r > 0
and zg € R?, we introduce the notation

D(B.(z)) = {(t,z) e R : ¢t >0, |x — 20| <7 —t}.

The region D(B,(z)) is called the domain of dependence of the initial ball {0} x
B.(xg). Geometrically, it is the cone with aperture 90° (or half angle 45°) and base
B, (x0). Finite speed of propagation says, roughly, that a solution ¢ to is
uniquely determined in D(B,.(z¢)) by the initial data on B,.(x¢) and f in D(B,.(xo));
see also Proposition [10.9] below. This is a rigorous formulation of the property that
the data at (s,y) cannot affect ¢(t,x) unless (¢, ) can be reached from (s,y) by a
ray of speed < 1.

For simplicity, we take ¢ to be very regular in the following result, but we remark
that it can be easily improved if desired.

(10.11)

Proposition 10.9 (Finite speed of propagation). Consider ¢ in C*(D(B,(x))) N
CH(D(B,(x0))). Let ¢ solve the homogeneous wave equation O¢p = 0 in D(B,(x))
and obey (¢, 0r¢) = (0,0) on {0} x B.(x¢). Then ¢ =0 in D(B,(xo)).

Proof. Without loss of generality, we may set xg = 0. For this proof, we introduce
the following pieces of notation:

Sty = D(B,(0)) N {t =to} = {to} x By—4,(0),
Cto,h = D(B7(0)) N {t() <t < tl} = {(t,l‘) : to <t< tl’ |.’I3‘ <r- t}’
aatoto,h = {(t,l‘) : to <t< tl’ |I’| =r- t}

Here, Ot refers to the lateral boundary of the cone. Fix t; < r. Integrating (10.9)
over Cyp+, and using the divergence theorem, we obtain

Yoo 1 er ) as= [ (Lo LS er
/. g0 + 5 2 0sof | s = [ | G0 + 5 3 hef | as

1
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— / v-edo,
01atCo,t;

where v is the outward unit normal to Cy;, and

1 1
€= §|at¢|2 + §;|8j¢|2781¢8t¢a78d¢8t¢ )

so that (10.9) is equivalent to dive = 0. By elementary geometry, we have
1 ( x! x )
v=—|(1,—,...,— |.
V2 |zl Ed
Hence, the integral on 01,:Co +, takes the form

xT

1 1 1
v-edo=— —10,012 + =) |9;01? | + = - D¢pd,¢do.
~/31atco,t1 \@ 012t Co, 1 2 2 zj: ! |‘T‘
By the inequality 2ab < a? + b? and Cauchy-Schwarz, we have

0| < 3 (15 Do +10u6F) < 3 (Do + 20P).

||
Therefore, it follows that

X

/ v-edo >0,

alatCO,tl

and by the integrated energy identity and our assumptions on Sy = {t = 0} x B,.(0),
[ 5look+ 53 10508 | az < [ (G100 + 53 10,68 | e =0
s, (20 2 = Js, \ 27 2 & ‘

Since this inequality holds for every 0 < t; < r, it follows that ¢ is constant in
D(B,(0)), which must be zero by the assumption ¢ = 0 on Sp. O
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11. SOBOLEV SPACES

Recall that the energy method typically gives an a-priori estimate for the solution
of a PDE of the form

(11.1) > D%l ey < C(Data).

a:lal<k

Given such estimates, a natural question is: Can we convert the control of such a
form into the control of other norms of u? For instance, can we control the pointwise
values of w through such a control?

The answer is clearly yes in the one-dimensional case. For instance, if u is a
smooth function supported in a compact interval I, by the fundamental theorem
of calculus and Hélder’s inequality

xr
sup [u(z)| <sup| [ u'(2')de’| < [/ (@) |12 () < 117 ||| o ry-
el z€l J—oo
By the same method, we may even obtain a control of the modulus of continuity:
for z > y, we have

Y p=1
u(z) —u(y)] < / [/ (2)] da’ < | = 9| /| o)

xr

The multi-dimensional generalization of the above inequalities are called Sobolev
inequalities. These will be one of the main topics that we cover in this part (Sec-
tion . The most natural setting for such inequalities is the (vector) space of
functions u such that the LHS of is finite, equipped with the norm given (es-
sentially) by the LHS of (L1.1); this space is called the Sobolev space with regularity
index k and integrability index p.

Another motivation for studying the Sobolev spaces that they provide a nice
infinite-dimensional vector space (i.e., functional-analytic) framework that allows
us to convert a-priori estimates for (hypothetical) solutions, of which energy es-
timates are key examples, to statements about the existence of such solutions.
Roughly speaking, the story is as follows. In finite-dimensional linear algebra, we
know that the image of a linear operator P (i.e., existence of u such that Pu = f)
is closely related to kernel of the adjoint operator P’ (i.e., the degree of failure of
uniqueness of P'¢ = 0), i.e., imP = (ker P')1. If we are able to extend this idea
to the setting of a linear partial differential operator P between suitable function
spaces (i.e., infinite-dimensional vector spaces), then we would be able to charac-
terize the f’s for which there exist a u such that for Pu = f by characterizing
ker P’, which is the set of all solutions to P’u = 0. This is roughly how a-priori es-
timates for solutions to a PDE problem (formalized as P’u = 0) leads to existence
resultﬂ The relevant tools and concepts are Rellich-Kondrachov compactness
theorem (Section and characterization of dual Sobolev spaces (Section .

11.1. Definitions and basic properties.

Definition 11.1 (Sobolev spaces). Let k be a nonnegative integer and 1 < p < co.
We define the Sobolev space with regularity index k and integrability index p by

WHhP(U) = {u € D'(U) : D®u € LP(U) for all a, |a| < k}.
20Note that we used the other side of this idea to motivate the derivation of representation

formulae (which are expressions of uniqueness) from a fundamental solution (which is, at first,
motivated by the existence problem)!
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We equip the space WP (U) with the nornﬂ

1
(Za:\odﬂk ||Daqu[),P) ' when 1 < p <0,

lullwrs @) = .
Za:|a\gk | DYul| Lo when p = oo.

(Indeed, it is easy to check that the RHS defines a norm.)
As usual for a normed vector space, we will say that u; — u in WkP(U) as
J— oo if
||’U,j — uHWk,p(U) — 0 as ] — 0OQ.
Note that any u € C2°(U) is clearly an element of W#?(U). We define WP (U)
to be the closure of C*(U) in W*P(U), i.e.,

Wég’p(U) ={ue Wk’p(U) :Ju; € C°(U) st uj > uin Wk’p(U) as j — oo}

The space W(f P(U) should be understood as a closed subspace of W*?(U) that
consist of functions whose “boundary values on QU vanish up to all relevant orders”.

When p = 2, |||lwr.2v) is derived from an inner product in the sense that
[ullfyre @y = (w wwea@y,  (w,v)wes = Z / D“u - D*vdzx.
a:la|<k 4

As we will see soon, W*2(U) will be a Hilbert space with respect to (-, -)yyr.2(rr).-
Accordingly, we will use the notation

HYU) == W (U),  H{(U) =W (U), (. mr) = (5 dwrew)-
Some basic properties of the Sobolev spaces are as follows.

Proposition 11.2. Let k be a nonnegative integer, 1 < p < oo and U a domain in

R4.

(1) The normed space (W*P(U), ||-|wr. ) is complete, i.e., it is a Banach space.

(2) The inner product space (H*(U), (-, ) gr 1)) is complete, i.e., it a Hilbert space.

(3) A function u belongs to H*(R?) if and only if |(1 + |€]2)20(¢)|| 2 € L2(RY).
Moreover, there exists a constant C, depending only on the dimension d and k,
such that for any u € H*(RY),

C Ml zre ey < 1L+ €226 | 2 ey < Clull s ey

Parts (1) and (2) are easy consequences of the completeness of L?; see [Eval(,
Section 5.2, Theorem 2] for a detailed proof. Part (3) follows from basic properties
of the Fourier transform; see [Eval(, Section 5.8, Theorem 8].

11.2. Approximation results. A general element u of W*P?(U) is a fairly abstract
object, which is cumbersome to work with directly. In this subsection, we will
discuss a number of results that allows us to approximate u by smooth functions.

One basic tool for proving approximation results is the idea of mollifiers, which
we already encountered in the context of distribution theory. The gist of the mol-
lifier method was as follows: Let ¢ be a smooth compactly supported function on
R such that [ ¢ = 1. For each € > 0, define ¢.(z) := e %p(e1x) (which are called
mollifiers). Then for any u € D'(R?), the family {¢.*u} provides an approximation

21 As usual, the sum > ai|al<k includes a = 0, where [0] = 0 and DOy = u.
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of u by smooth functions, in the sense that ¢, * u € C*(R?) for each ¢ > 0 and
e *u— uin D'(RY) as e — 0.

Let us now prove that ¢ *u is also a good approximation of u for u € W*?(R9).
The essential analytic fact we need is as follows. For y € R? and any u € Llloc (RY),
define the translation (by y) opemtoﬁ

Tyu(x) = u(z —y).
Lemma 11.3. For any 1 < p < 0o, the mapping y — 7, is continuous as a linear
map on LP(R?); equivalently, for any u € LP(R?),
(11.2) lyu —ullppay =0 asy — 0.
Proof. To show the continuity of the mapping y +— 7, it suffices to verify its
continuity at 0 thanks to the property 7,7, = 7.7, = Ty4.. In other words, for each
fixed € > 0, we wish to show the existence of 6 > 0 such that |[7,u — ul|prgre) < € for
ly| < &. Using the basic fact that Co(R9) (i.e., the space of continuous, compactly

supported functions) is dense in LP(R?) for 1 < p < oo, we can find v € Cp(R?) such
that [[v — u||rrey < §. Moreover, since v is uniformly continuous (since supp v is

compact), we can find > 0 such that [v(z —y) —v(z)| < §(1+ |suppv|)_% for all
ly| < &, which implies

I Tyv — vl e ey < g for all |y| < 4.
In conclusion, for |y| < 4,
[ryu — ullLrray < Tyu — 70| Loay + ITyv — V| Lo ray + [0 — ull Lo (ra)
< € n € n €
T4 S 4C—¢
-3 3 3 ’
where on the last line, we used the preceding bounds as well as the simple fact that

7y fllLe ey = I1f ]l Lo rey- O
We have the following quick corollary.
Corollary 11.4. If u € LP(R?), then . * u — u in LP(R?).

Proof. We write
e * (@) — u(@)l| 1o gy = | / pe(y)u( — y) dy — (@) ogae
I pleute - ex)dz — [ oe)ule)deloasy

< [le@lreue) - ule)luses) 42

where on the second line, we used the property that [ ¢(z)dz =1, and on the last
line, we used the Minkowski inequality. Then by Lemma and the dominated
convergence theorem, the last line goes to zero as € — 0, as desired. O

Moreover, using the property D*(p, x u) = @, * D*u, we obtain the following
smooth approximation result for u € W*?(R%); we omit the obvious proof.

221 our previous discussion of distribution theory, we already implicitly used this operator.
It is possible to formally define this operator on D’(R%) via the adjoint method, i.e., (Tyu, ¢) :=
(u, T—y ).
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Proposition 11.5. Let k be a nonnegative integer and 1 < p < oo. If u €
WkEP(RY), then @, x u — u in WEP(RY). In particular, C(R?) is dense in
Whr(R?).

Our next goal is to prove a similar approximation result for « € W*?(U) when
U is a general domain (see Proposition below). To reduce this problem to the
case U = R? that we already handled, we use the idea of a smooth partition of
unity:

Definition 11.6 (Smooth partition of unity). Let U be a (not necessarily open)

subspace of R%. A collection {V;};e, (indexed by j € J) of open sets V; C U (with

respect to the subspace topology) is called an open covering if Uje;V; = U. A

collection {x;}jes of functions is called a smooth partition of unity subordinate to

{V;} if the following properties hold:

e cach x; is smooth;

e suppx; C Vj;

o foreachz € U, 0 < x;(z) <1,

e for each z € U, Zje s Xj(x) = 1, where at most finitely many summands are
non-zero.

The basic existence result for smooth partitions of unity is as follows:

Lemma 11.7. Let U be a nonempty subspace in R%, and let {V;}jes be an open
covering of U. Then there exists a smooth partition of unity {x;};es subordinate

to {Vj}jeu-

The deepest part of the proof is a result from point-set topology that, since U is
a subspace of a metric space R?, there always exists a continuous partition of unity
{x;};jes subordinate to any open covering {V;};cs (in general, it is a consequence
of the fact that any metric space is Hausdorff and paracompact, although more
direct constructions exist in the case of U C RY). Afterwards, it is a matter of
performing a tedious but straightforward mollification procedure to construct a
smooth partition of unity subordinate to {V;};cs; we will not go into the details.

Remark 11.8. (1) By the chain rule, it is not difficult to show that

Ixjullwer v,y < Cllullwes @y,

where C' depends on d, k, p and sup,¢y, |D%x;| for |a| < k. On the other hand,
by the triangle inequality, '

lullwer @y < Z I ullwee )
Jje€J
(2) When V; is an open set in R?, then X;u extends in an obvious way to a func-
tion on the whole space R? by defining y,u(z) = 0 for = ¢ V;. Moreover,
Ixgullwere®ey = [Ix5ulweew)-
Proposition 11.9. Let k be a nonnegative integer and 1 < p < co. Let U be any

domain in R, If u € W*P(U), then there exists a sequence u; € C*(U) such that
u; — u in WFP(RY). In other words, C*°(U) is dense in W*P(U).

Proof. Let u € WkP(U), and let € > 0. We want to find u. € C°°(U) such that
lue — ullwes @y < e
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Consider an open cover {V;};=1,2, .. of U defined by
‘/jZUj+3\Uj+1, Uj = {JTEUdlbt(Jf,aU)>1/j}
Let x; be a smooth partition of unity subordinate to {V;}. We write

oo
u = E XU
j=1

By Remark (2), we may view each y,u as an element in W*P?(U). Fix ¢q €
C>(R?) such that supp ¢ C B(0,1) and [ ¢ = 1. For each j, choose €; > 0 small
enough so that

e, * X5u — xjullwrr < 277, supp (e, * xju) € Wj :=Ujia \ ;.

For the first property, we used Proposition
The second property implies that

oo
Ue 1= Z‘pﬁj * XU
j=1
belongs to C°(U), since in each ball B(z,r) C B(xz,r) C U, there are at most
finitely many nonzero terms in the sum Z;’il @, *X; u. Finally, by the first property,

o0 o0
l[ue = ullwes@) < Z e, * Xju — Xjullwrr ) < ZTJE =€
=1 =1

as desired. O

Next, we ask the question of whether a general element u € W*P?(U) can be
approximated by functions that are smooth up to the boundary of U (or equivalently,
which are restrictions to U of smooth functions on R?). For this purpose, we need
to require some regularity on the boundary of U in order to rule out pathological
behaviors.

Proposition 11.10. Let k be a nonnegative integer and 1 < p < co. Let U be a
C' domain in RY. If u € WEP(U), then there exists a sequence uj € C°(U) such
that uj — u in WEP(R?). In other words, C*(U) is dense in WFP(U).

The basic tools for proving this result are again mollifiers and a smooth partition
of unity. For the proof, see [Eval0l, Section 5.3, Theorem 3].

So far we were concerned with approximation of an element of u € W*P(U)
by smooth functions. Our last approximation result concerns approximation of an
element u € W*P(R9) by compactly supported functions. Let x(z) be a smooth
compactly supported function on R such that x(0) = 1.

Proposition 11.11. Let k be a nonnegative integer and 1 < p < oco. Ifu €
WkEP(RY), then x(R™1z)u — u in WFP(RY) as R — .

Proof. Let u € WFP(RY). For each « such that |a| < k, we have
ID* (X(R™'@)u = u) | ogey < |(x(R™'2) = 1) Dl 1o (o)
+C > RV DP || poo (mey | D7 | 1o Ry
Bry:B+y=a,|8|21

As R — oo, the first term goes to zero by the dominated convergence theorem; the
last term vanishes since |5]| > 1. O
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Combining Propositions and we immediately obtain the following
result:

Corollary 11.12. Let k be a nonnegative integer and 1 < p < oo. Then C°(R?)
is dense in WHP(R). In short, WP (RY) = Wk»(R4).

We remark that this result necessarily fails for any C' domain U other than R?.

11.3. Extensions. Next, we seek for ways to extend an element in W*P(U) to a
function in W*P(R%).

Proposition 11.13. Let k be a nonnegative integer and 1 < p < co. Let U be a

C* domain in R and let V be a domain in R such that U C V. Then there exists

a linear mapping € : WhP(U) — WEP(RY) with the following properties:

(1) & is bounded, i.e., there exists C > 0 that depends only on k, p, U and V such
that ||E[u]llwr.rwey < Cllullwerw);

(2) Elully = u;

(8) supp&lu] C V.

Proof. We begin by noting that it suffices construct the operator £ for u € C=(U).
Indeed, by Proposition C>=(U) is dense in W*P?(U), so once we construct a
bounded linear operator & on C*°(U), we can extend £ to WP (U) by continuity.
The remainder of the proof splits into two steps:

Step 1. The first step is to reduce the proof of Proposition [[1.13] to verifying the
following statement:

There exists a linear operator that maps u € C*(B(0,1) N @)
with suppu C B(0,1) ﬂ@ to an element [u] € C*(B(0,1))

(11.3) such that supplu] C B(0,1), [u] =y and

|B(o,1)n@
||<§[U]HW’€’17(B(0,1)) < CHUHW’“P(B(OJ)ORi)
for some constant C' that only depends on d, k and p.

Indeed, by the assumption that U is C¥, for each x € AU, there exists r(x) > 0
and a C*-diffeomorphism ¥, : B(x,r(x)) — B(0,1) such that ¥, (B(x,r(x))NU) =
B(0,1)NRY and W, (B(z,r(z))NOU) = B(0,1)NORE. Shrinking r(x) if necessary,
we may assume further that B(x,r(z)) C V. By compactness, we can find finitely
many such balls Wy,..., Wy that cover OU. In addition, let Wy be an open set
such that

U\(WiU---UWy)C Wy CWyCU.

Then {Wo, W1 NU,...,Wy NU} is an open covering of U. Let xo,...,x~ be a
smooth partition of unity subordinate to this covering.

We now split
N

U = Xou + Z X5U
j=1
and define £[u] by extending each piece separately. Note that xou is easily extended
to R? by zero outside Wy. For each X;u, we define the extension by

Elxjuo ;o v,
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where ¥, is the C*-diffemorphism from V; to B(0,1). At this point, by the chain
rule, it is easy to verify that if £ has the properties listed in , then the resulting
operator £[u] has the desired properties.

Step 2. It remains to prove (11.3). We will use a high-order reflection technique.
We introduce k + 1 real numbers «y, ..., ax and k + 1 positive numbers By, . . ., Bk,
which will be chosen later, and define the extension % = £[u] on B(0,1) by

i(x) u(x) when z¢ > 0
u(x) =
Z?:o aju(z’,—Bxz?)  when ¢ < 0
where ' = (x!,...,2%"1). By construction, 1l = u. Now, our goal is to

B(0,1)NR%
choose the parameters so that @ belongs to C*¥(B(0,1)); the remaining properties
will then easily follow.

To show that all derivatives up to the k-th order of @ are continuous in B(0, 1),
we need to show that

: 14 ! 1 0 ~c 0
(11.4) Zl_1>r(r)1+ Opau(a’, z) = Zl_1>r51+ Opat(x’, —2).
Note that
k
. ¢ - € ¢
Zl_lgl_’_ azdu('r/a _Z) = Zoaj(_ﬂj) z1_1>1(r)1+ aa;du(xlvz)-
=

Thus, we need to find a;’s and 3;’s so that

k
1= (-B)'e; forl=0,1,...k

j=0
or in the matrix notation,
(—B0)® -+ (=Br)°
1 «
(—Bo)* =)' | [7°
) ; Q.
(=Bo)* o (=Br) ;
The (k + 1) x (k + 1) matrix is the Vandermonde matriz in —fo,...,—fk. In
particular, if we choose —3;’s to be pairwise distinct, then this matrix is invertible{fl7
so there exists a choice of a’s so that (11.4]) holds. If we further restrict 5; < 1, then
supp@ C B(0,1). Finally, the inequality ||&[|yw».»5(0,1)) < C’||uHWk,p(B(071)mRi) is
easy to check. O

231 general,

Lo T,
det | . = I @i—a).
. . 0<i<j<k

To see this, note that both sides define polynomials of degree 0+ 1+ ...+ k that vanish whenever
x; = x; for some i # j; it follows that the two polynomials are proportional. To show that the
proportionality constant is 1, note that the coefficient of in front of the monomial ach} ‘.- w’,z is 1
on both sides.
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Remark 11.14. Our construction of £ clearly depends on k, and we need U to be
C* in order to perform the k-th order reflection procedure. Amazingly, it turns out
that there exists a universal extension operator £ that works for all W*?(U) with
k>0, 1 < p < oo, which moreover only requires U to be C! (even a bit weaker).
This result is due to E. Stein; see [Ste70, Chapter VI].

11.4. Traces (optional). Let U be a bounded C! domain. Then by Proposi-
tion C>(U) is a dense subset of W1P(U). Each element in u € C*°(U) can
be meaningfully restricted to a smooth function u|,;, on C*(0U); we will call u|,,,
the trace of u on OU, and will write tropy u = uly;;. The following result allows us
to extend this notion to a general element of W1?(U).

Proposition 11.15. Let 1 < p < 0o, and let U be a bounded C' domain.
(1) There exists a constant C > 0 that depends only on p and OU, such that for all
ue C=()
[trov ull ooy < Cllullwrew)-
Hence, tray extends to a bounded linear map WP (U) — LP(0U).
(2) An element u € WHP(U) belongs to Wy P(U) if and only if tray u = 0.

See [Eval0l, Section 5.5] for a proof.

Proposition leaves open the question of precisely identifying the image of
the trace map. It turns out that answering this question necessitates the intro-
duction of fractional regularity spaces. Here, we will only discuss the model case
p=2,U=R% and OU = R?~! x {0}, and leave the details to other references (see
Remark below).

The advantage of this case is that it is easy to extend the definition of the Sobolev
space to general regularity indices s € R via the Fourier transform.

Definition 11.16. Let s € R. For u € S’(R?), we define the L2-Sobolev norm
with regularity index s by

lull gy = [1(1+ €)@ 2

2m)—ddg
The L?-Sobolev space with regularity index s on R? is defined as
HA(RY) = {u € S'(RY : [[ull -y < 00}
We equip H*(R?) with the norm [|-|| s ga).
By Proposition m(S), H*(R9) agrees with our previous definition when k is a

nonnegative integer.
The sharp trace theorem in this context is as follows.

Proposition 11.17. For u € H'(R%) N C*>®(R%), we have

ltroms ol 13 sy < Cllular ).
Proof. In what follows, we will denote the first d — 1 variables by 2’ and the cor-
responding Fourier variables by &’. We will use ~ for the Fourier transform in the
first d — 1 variables, and ~ for all d variables.

We begin by noting that, by a reflection argument as in the proof of Proposi-
tion [11.13] we may find an extension Eu € H*(R?) N C*(R?) with [|Eul| g1 gay <
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CHUHHI(Riy Let us write g = trops u = 5u|aRi~ By the Fourier inversion theorem

in 2, we have

() = [ Eule e’ .

Hence we may estimate

1.
913 oy = 1L+ EPYAFE 22

)—(d—l)dg/

1+|§| 12 dfd
S sm( FIEP + EDHEE €l SNz

A+t ae\® L
Sgéﬁgl </1+|€/|2+§§27T> 11+ €' + €32 Eu(e, 5d)HL(22) d e

< CllEul| g1 (ray
< CHu”Hl(Riy
where the second to last line follows by bounding the £;-integral using the change

of variables s = (1 + \§’|2)—%§d_ 0

That Hz (R4 is precisely the image of tropa follows from the existence of a
left inverse.

Proposition 11.18. There exists a bounded linear map ext : Hz (R=1) — H'(RY)
such that trops oext = Id.

Proof. There are many possible ways to define ext; we will take ext to be the
Poisson integral of g € Hz(R%1) and smoothly cut off in z¢. As in the previous
proof, let us denote by = the Fourier transform in the first d — 1 variables z’. For
now, let g € S(R4~1). We define u = extg by

a(e',a) = nla)e " I5(e),
where n € C*°(R) is such that n(s) =1 for s < 1 and n(s) = 0 for s > 2. It is not
difficult to see that @ € C*°(R%), and that trors u = g. Moreover, by Plancherel’s
theorem, v and the tangential derivatives Oju (j =1,...,d — 1) obey

2
1
el +Z|\a ull3ae) = |H 1+ [¢'1)3a(e, x )\LQ i
(2m)~(d=Dqg/ L2, (Ry)
2
= 1.

[n(ae L+ IP)¥a(e)

a(Ry) 2

(27\,)7(1171)(1&/(“3(1—1)
On the one hand, thanks to the support property of n, it is not difficult to show

that Hn(:cd)e’zd l < 1. On the other hand,
L2, (Ry)

</ 21 /) .
L2, (R) - 0 2|§/ )z

< Cmin{l,|¢'|"2} < C(1 + i
ey S ORI < 00+ )"

A

d)e—md\ﬁ’\‘

e

It follows that

Hn(wd
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SO
d—1
s ey + 210l < CIHO+1E DTN o
j=1
= C”g”H%(]Rd_l)

Next, by the identity
o~ _ad _dyel|
04t = n' (") 1 Ig(e) — 1 In(xh)e " 1€ Ig(e"),

as well as the preceding bound, it follows that the normal derivative obeys

104 3a) < Cllall g ooy
Hence, ||“||H1(Ri) < C||g||H%(Rd71), as desired. Now the general case follows by the
density of S(R41) in Hz (R4 ). O

The results that we discussed so far can be generalized to the case when U is a
general bounded C! domain in R?. However, to define H*(9U) for s € R, we need
additional tools that we do not currently have (e.g., interpolation theory). We refer
to [Ste70, Chapter VI].

Remark 11.19. When p # 2, the image of WP (U) under the trace map turns out
to be slightly different from the space Wl_%’p((‘?U); in fact, it is equal to what is

1-1, . . .
called the Besov space Bp * p(@U ). We will not go into any details, but note that

_1
as in the case p = 2, there exists an extension map ext : B; "’p(BU) — WhP(U)
such that trgy ext = I'd. Moreover, BS’Q = H*. See [Ste70, Chapter VI] for more
details.

11.5. Sobolev inequalities. Sobolev inequalities relate a Sobolev norm of a func-
tion with other norms (such as Sobolev, C* or Holder norms, where the latter will
be defined later).

Gagliardo—Nirenberg—Sobolev inequality. We start with an inequality for smooth
and compactly supported functions, which will be one of the basic building blocks
for obtaining general Sobolev inequalities later.

Theorem 11.20 (W!1-Gagliardo-Nirenberg—Sobolev for C>°(R?)). Letd > 2 and
u € CX(R?Y). Then
Jull gt ey < IPUlr oy

Remark 11.21 (Dimensional analysis & scaling exponent). The exponent ﬁ on
the LHS need not be memorized; it can be quickly computed through a process
called dimensional analysis, which is also called scaling analysis. The idea is to
note that both sides of the inequality behaves in a simple way under the scaling
transformation u(t,z) — ux(t,7) := uw(A~',A"tx). Then by requiring that the
inequality to hold for uy for all A > 0 and a nonzero function u, we will be able to
read off the exponent %.

The ideas are as follows. We will say that a semi-norm (or more generally, a
nonnegative function) u — |lu||x is homogeneous if there exists a € R such that

luallx = A*|u|lx  for all A > 0.
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The exponent « is called the degree of homogeneity of ||-||x. An example of a
homogeneous norm is |[D*(-)||L»(ray. By a quick computation, we see that

1Dl o ey = A7 7D o o),

ie., [[D*(-)||Lr(ray is homogeneous of degree % — |a. A quick way to read off the
degree of homogeneity is to note that:
e cach derivative gives a factor of A7!;
e the LP-integral in each variable gives a factor of AP

Let ||||x and ||-||y be homogeneous semi-norms of degrees a and b, respectively.
If an inequality of the form

[ullx < Cllully

were to hold for all uy, where ||u||x # 0, then both sides must have the same degree
of homogeneity. Indeed, we would have

N lullx = lluallx < Clluxlly = CX[lully

so unless a = b, we can take A — 0 or oo to conclude that |lul]ly = 0, which is a
contradiction.
Applying the above procedure to the inequality of the form

lullr < Cl[Dul[L1,
we see that in order for such an inequality to hold for w # 0, the value of p must
be exactly %, as in Theorem |11.20

In the proof of Theorem [11.20, we will use the following inequality, which is of
independent interest:

Lemma 11.22 (Loomis-Whitney inequality). For each j = 1,...,d, let f; be a
nonnegative measurable function of all of x',..., 2% except x/ (we will write this

as f = f(z,...,29,... . 2%)). Then

/~~/f1~~fddfﬂ1~~d:ﬂd <l gamy - [ fall o iy,

where 1
— dad—1
1l s sy = ( / ff”dxl-~-dxj~-~dxd> .

Proof of Lemma|11.29 The proof is integrating one variable at a time, and repeat-

edly applying of Holder’s inequality. In what follows, we use the notation Lg i ein

to denote the L? norm in the variables 271, ..., z7*

We start by integrating f; --- fy in ='. Using the independence of f; on z! to

pull it out of the integral, and applying Holder’s inequality for the rest, we obtain
/fl"‘fddfl =f1/f2"'fdd$1

< fillfolpacs -l fall s

Next, we integrate in 22. Using the independence of ||f2HLd1—1 on z? to pull it out

of the integral, and applying Holder’s inequality for the res%7 we obtain
Jf 51 gadatas® < Wl sl Ul Wl
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If we carry out this procedure for each variable, all the way up to %, then

/~--/f1"'fd dz'---da? < ||f1||Ld2_1 n ||deLd1_1 ’

2d—1

which prove the lemma. O

Remark 11.23 (Application to geometry). Lemma [11.22{has the following amusing
geometric application. Consider a measurable subset E of R%. Foreach j =1,...,d,
let m; : RY — R9~! be the j-th projection map (x!,...,2%) — (2!,...,29,...2%),

-~

where 7 indicates that the xz7-th coordinate is taken out. The question under
consideration is this: If we know the measure of each projection |m;(E)| of E, do
we have an upper bound on the measure of the original set E? As we will see, the
answer is yes; in fact, we have

d

1

Bl < [T 1w ()l 7.
j=1

The constant 1 in this inequality is sharp, as we can easily check by taking F to be
the unit cube.

Indeed, applying Lemma [11.22| to f; = 1, (), it follows that

|E|=/--~/1de1--~dxd
:/"'/17r1(E)"'17rd(E)d$1"'dId

d d
_1
<[ 1n @ lper =[] Im(EB)|7,
j=1

Jj=1
as desired.

We are now ready to prove Theorem [11.20

Proof of Theorem[I1.20 By the fundamental theorem of calculus, as well as the
assumption that u is compactly supported, for j = 1,...,d, we have

ju()| = ‘ / Opsulz + ye;) dy

< [ 1Dul(e + yep)

—00

where e; is the unit vector in x-direction. Note furthermore that expression on
the last line is independent of z7. Thus, introducing the notation

g;(@) = (/w |Du<x+yej>dy)dll,

—0o0

we have
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Thus, by Lemma [TT1.22]

/|u dldx</HgJ , (z) = gj(x 1,...,3?1,...,3361)
d
H |gy||Ld 1

cxd

But for each j,

losles = ([ [ [1pulaet. )11—|Du|

Now the desired inequality follows. (I

Remark 11.24 (Relationship with the isoperimetric inequality). Theorem [11.20]im-
plies the isoperimetric inequality: If U is a sufficiently regular domain (say C*),
then

(11.5) U < clou).

Applying Theorem to e * 1y and taking € — 0, it is not difficult to show
that holds with C = 1.

Remarkably, it turns out that the also implies the Gagliardo—Nirenberg—
Sobolev inequality, with the same constant. The proof involves approximating
a general smooth compactly supported function by a linear combination of the
characteristic functions of suitably regular domains, to each of which we apply
(11.5)). This connection is often used in geometric analysis to control the constant in
the Sobolev inequality on a Riemannian manifold in terms of geometric information.

Sharp Sobolev inequalities for WHP(U) for 1 < p < d. From Theorem [11.20, we
can deduce analogous inequalities for W?(R9) when 1 < p < d.

Theorem 11.25 (W!P-Gagliardo—Nirenberg—Sobolev inequalities for u € C°(R%)).
Let d > 2 and u € C°(R?). Suppose that 1 < p < d and let p* = ddfpp, Then there
exists a constant C, which depends only on d and p, such that

[ull Lo~ ey < CllDul|Le-

As in Theorem [TT.20] there is no need to remember the exponent p*; it can be
read off by a dimensional analysis, which leads to

d d
— =-—1.
p* p

Proof of Theorem[11.25. We apply Theorem 0/to |u|7, where v = “=1p*. Then

/|u|p* dx:/|u|”d%1 dz
_d
d—1
< ([ 1pturac)
=
<7 (/ |u7_1|Du|dx)
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To justify the inequality on the third line, we may approximate |u|” by (2 +|u|)?,
for which we can apply the usual chain rule, and take ¢ — 0 via the dominated
convergence theorem. By Hélder’s inequality, the last line is bounded by

d
— d—1
< (Il g 1 Pl )

745 (1)

— d—
- ,VHu”Lpl'%l(a,fm(Rd)”DUHLpl‘

At this point, we note that

p . d . d
£ (y-1)= = (=1 =p - ——.
p_l(v )=r" =) =0 oy
(The algebra may seem miraculous, but they are supposed to work out due to
homogeneity!) Then after rearranging factors, the desired inequality follows. O

We now discuss the extension of the above results to elements in Sobolev spaces.

Theorem 11.26 (Sobolev inequalities for W1P(U), 1 < p < d). Let U be a domain
in R? and let 1 < p < d. Let p* be defined as in Theorem |11.25,

(1) Then anyu € Wy (U) belongs to L¥" (U), and there exists C > 0, that depends
only on d, and p, such that

1wl Lo 0y < CllDull Lo ().

(2) Assume, in addition, that U is a bounded C' domain. Then any u € W1P(U)
belongs to L”*(U), and there exists C' > 0, that depends only on d, p and U,
such that

lull o= 0y < Cllullwirw)-

Proof. The statement for u € WO1 P(U) is obvious, since by definition u can be
approximated by smooth and compactly supported functions on R%. Next, when U
is a bounded C! domain, Proposition allows us to extend a general element
u € WHP(U) to E[u] in WHP(RY) with a compact support. By Proposition m
E[u] can be approximated by smooth and compactly supported functions. By these
observations, the second part follows. ([

Failure of the Sobolev inequality from W' into L. The borderline case (p, p*) =
(d,00) turns out to be exceptional, and the Sobolev inequality fails in this case
unless d = 1. For instance, the function

1
u(z) = loglog <1 + ) ,
|z|

turns out to belong to W14(B(0,1)) for d > 2, but it is unbounded near = = 0
(although ever so slowly, at a double-logarithmic rage!). By applying a smooth
cutoff and mollifying this example, we can also produce a family of counterexamples
to the inequality ||ul| e ra) < C||Dul|pa(ray for u € C(RY).

Later, we will discuss a substitute for the false L°°-Sobolev inequality that turns
to be useful in many applications; see Proposition below.
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A potential estimate. As a preparation for the discussion of the case p > d, we
state and prove an inequality for smooth functions on R?, which will be our basic
building block.

Lemma 11.27 (A potential estimate). Let u € CY(B(z,r)). Then

1 1 | Du(y)|
11.6 —_— u(y) —u(x)|dy < / ——dy.
QL8 B Jown "W ™ Y < G Joen Tyl

We call ([11.6) a potential estimate, since the RHS resembles the gradient of the
Newtonian potential.

Proof. We start by estimating the integral
[ ) - ule)] as).
OB(z,r")

By the fundamental theorem of calculus and the change of variables formula from
polar coordinates to rectangular coordinates, we may estimate

/ Ju(y) — u(z)| dS(y) = )+ / fu(z + ') — u(x)| dS(2)
OB(z,r’)

8B(0,1)

< ()i / / \Du(z + 52)| ds dS(2)
8B(0,1) Jo

= /aB<o ) /0 s~ Du + s2)|s" ds dS(z)

(11.7) _ (r')dl/B( ) ADu@)l

o=yl

Taking [ (---)dr’ of both sides, we obtain

/Bu,r) [uly) - ul@)ldy = / /aBW) July) — u(z)|dS(y) dr’

:/ (T/)dfl/ |Du(zii)_|1 dyd,rl
0 B(x;r') |1‘ - y|

1 D
Slaf Dl
d B(x;r) |1‘ - y|

Recalling that |B(z,r)| = a(d)r?, the desired inequality follows. O

Remark 11.28. Let u € C°(R?). Then if we take ' — oo in (T1.7), the integral
m faB(x ) u dy vanishes, so we obtain

(11.8) lu(z)] < /R m dy.

This estimate can be used as an alternative starting point for Theorem [I1.25] for
p > 1; see Remark |11.38| below.
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Holder spaces and Morrey’s inequality. In the case p > d, it turns out that an
element v € WHP(U) is not only continuous{fl7 but also it enjoys a bound on the
modulus of continuity. To precisely state this property, we introduce the notion of
Holder spaces.

Definition 11.29 (Hélder space). Let K be a closed subset of R, For 0 < o < 1,
the Holder semi-norm of reqularity index « of a continuous function uinC(K) is
defined as

ulr) —u
[u]co,a(K) = Sup 7‘ ( ) iy)‘
syek |z —yl

The C%“-norm of u € C(K) is defined as
l[ullco.«(ry = llullcox) + [u]cow k)

The space C%*(K) is defined to be all continuous functions on K for which [|ul|co.a (k) <
oo, equipped with the norm ||-||co.o (k).
More generally, for any C* function v on K, we define

||U||ok,a(K) = HUHC"(K) + Z ||DaUHCOﬂ(K)7 ||U||ck'(K) = Z [ D%ul|co-
a:lal=k a:lal<k
The space C**(K) is defined to be all continuous functions on K for which [[u|cr.e(x) <
00, equipped with the norm ||-||co.o (k).

We state, without detailed proofs, some elementary properties of Holder spaces:
Lemma 11.30. Let K be a closed subset of R?. Let k be a nonnegative integer and
O0<a<l.

(1) C**(K), equipped with the norm I-llck.a iy s a Banach space.
(2) We have |Jullcr k) < |lullcroxy < Cllullerrixy. Moreover, for 0 < o' < a,
||U||ckva’(K) < C||U||Ckva(1<)-
(3) If L C K, then
uller.ary < lluller.ox)-
Using Lemma we obtain the following inequality.

Theorem 11.31. Let u € C®°(RY) N WLP(R?). Let p > d, and define o by
d

a=1--.
p

Then there exists C' > 0, which depends only on d and p, such that
[ullco.a@ay < Cllullwpma)-

Although both sides are not homogeneous, the exponent « can still be read
off by performing dimensional analysis of the top-order terms. Indeed, note that
the degree of homogeneity of [u]co.o is —a, whereas that of || Dul|p»(gay is % —1;
equating the two gives the above value of a.

2475 be pedantic, we have to be careful since u is, at the outset, only a locally integrable
function, it is defined only up to identity almost everywhere. See Theorem [I1.32] for a precise
statement.
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Proof. We begin by bounding |lulco@ray = sup,ega [u(z)]. For any z € R? and
r > 0 to be chosen, we may estimate
1
u(z)] <
|B(I7 T)| B(z,r)
For the second term, we simply use Hélder’s inequality to estimate

1 d
B lu(y)|dy < Cr™»|lull Lo (Ba,r))-
|B(1},7’)| B(z,r) (Blzr)
For the first term, we use Lemma and Holder’s inequality to estimate

1 Du(y)
_ u(z) —u(y)|dy < C —_—
‘B(.’IJ,T” B(z,r) | ( ) ( )| B(z,r) ‘Q? - y|d !

1
|u<x>—-u<y>|dy-+ug(r,T”./;(xﬂq|u<y>dy.

dy

p—1

dy v
sc/ — YW ) DUl
( Bl |z —y| ”p*)

Since p > d, we have (d — 1)% < d so that the integral converges. Computing its
value, we obtain

1
11. . B < Cr | Dl pea .
(19 |MwNLWW”)“W@—“|uLw«»

Thus,
o _d
lu(z)| < Cr||Dull Lo (B(z,ry) + O 7 [ull Lo (B(a,r))-

Taking r = 1, we obtain a bound for ||u|co(gay in terms of [|uly1.» @)
Next, we estimate the Holder semi-norm. For z,y € R? such that |z —y| = r,
we estimate

1
u(z) —u(y)| < / u(z) = u(z)| + [u(z) — u(y)|dz
‘ ‘ B((E, 'f’) N B(yv T) B(z,r)NB(y,r) | ‘
1 1
SCi/ u(x) —u(z dz—l—Ci/ u(y) —u(z)|dz
B(IL',T') B(z,r)| ) ( )‘ B(y,T’) B(y,r)| ( ) ( )|
D D
<cC LG N e Du@]
B(z,r) |.’E - Z‘ B(y,r) |y - Z|

On the second line, we used the simple geometric fact that all of |B(x,r) N B(y, r)],
|B(z,7)| and | B(y, )| are proportional to r?. On the third line, we used Lemmal11.27

By (11.9), it follows that
u(z) = u(y)] < Cr®|[Dul| L ga)-

Recalling that r = [z — g/, it follows that [u]cage) < C||Dul|ps(ray, as desired. O

Theorem 11.32 (Sobolev inequalities for W1P(U), p > d). Let U be domain in
R? and let p > d. Let o be defined as in Theorem |11.31]

(1) For any u € Wy (U), there exists a function u* € C%*(U) that agrees with u
almost everywhere in U. Moreover, there exists C' > 0, which depends only on
d and p, such that

[ullco.e @y < Cllullwrrw)-
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(2) Assume, in addition, that U is a bounded C' domain. Then for any u €
WLP(U), there exists a function u* € C%*(U) that agrees with u almost every-
where in U. Moreover, there exists C' > 0, which depends only on d, p and U,
such that

[ullco. @y < Cllullwrow)-
Like Theorem [11.26] this result follows from Theorem [11.31] via approximation

and extension.

The exceptional case: Whe < L and the space of bounded mean oscillation
(Optional). Just like what happened for Sobolev inequalities, for many results in
analysis concerning Lebesuge spaces, the space L often turns out be exceptional.
In many cases, the following larger space serves as a good substitute:

Definition 11.33 (Functions of bounded mean oscillation). For a locally integrable
function wu, the bounded mean oscillation (BMO) semi-norm is defined as

1 1
Wovo= s oo [ ) - g [ aedsldy,
z€R, r>0 ‘B(va” B(z,r) B(:L’,?") B(z,r)
If [u] papro < 00, then we say that u has bounded mean oscillation, and the space of
all functions of bounded mean oscillation on R? is denoted by BMO(RY).

Remark 11.34. Note that [u]paro = 0 if and only if u = const. Thus, it is natural to
identity two elements in BMO(RY) that differ by a constant function (i.e., quotient
out by the subspace of constant functions). On the resulting quotient space, [u] o
becomes a complete norm.

A proper discussion of the uses of the BM O space in analysis, and an explanation
of why BMO often serves as a good substitute for L>°, lies outside the scope of
this course; we refer to [Ste93l Chapter IV] for those who are interested. Here, let
us just show W ¢ indeed embeds into BMO.

Proposition 11.35 (Sobolev inequality for W4 into BMO). Let u € C=(R?)
ford > 2. Then
[u] prromey < Cllullwr.agay-
In [Eval(, Section 5.8.1], you can find a proof that involves a contradiction argu-

ment. Here, we give an alternative direct proof, which instead relies on Lemmal|l1.27
and the following result from real analysis:
Theorem 11.36 (Hardy—Littlewood maximal function theorem). Given a locally
integrable function f on R?, define the associated maximal function M f as
1
Mf(z) = m— fly)dy.
‘B(l’, T‘)| B(z,r)
Then for any 1 < p < oo, there exists C' > 0 that depends only on p, such that
1M £l e ey < CllfllLe(way-
For a proof, see [Fol99, Theorem 3.17].

Proof of Proposition[11.35. Let x € R% and r > 0. We first estimate

1 1

_ u(y —7/ u(z) dz| dy
|B(fE,T)| B(z,r)| ) B(:v,r) B(z,r)
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1 1 /
< = = lu(y) —u(z)|dydz
|B({L‘7T)| B(z,r) B(‘T7r> B(z,r)

1 1
§2_d7 7/ u(y) —u(z)|dy dz
|B(,7)| Jp(a,r) B(z2r) (er)| W) ~ula)l

[Du(y)|
dy dz.
|B$r|/xr/;(z2r ‘Z_ |d1 :

Here, it is tempting to apply Young’s inequality, but it unfortunately fails since
|z — |+t (barely) fails to be in L4~1(R9). To get around this issue, we appeal
to Theorem [11.36] as follows. For each z, we may estimate

|Du | Du(y)|
/B Yl 1d <Z/ y|d71dy

(z,2r) |Z - k=lr<|z—y|<2=Fkr |Z -
oy oy | [Duy)] dy
k=0 2=k—lrg|z—y|<2—Fr

< C> 27¥rM|Dul(z) < CrM|Dul(2).
k=0
Therefore, by Theorem [11.30} m with p = d,

D
/ / ADu)l g4,
.137“| B(xz,r) J B(z,2r) |Z_ |

< C’TﬁdJrl/ M|Dul(z) dz
B(z,r)

< C|M|Dul||egey < Cl|Dul| pa(ray,
as desired. O

Remark 11.37 (Hardy-Littlewood—Sobolev fractional integration). By essentially
same argument as in the previous proof, one obtains the Hardy—Littlewood—Sobolev
fractional integration theorem: Let 0 < a < d and 1 < p < ¢ < 0o obey

d d

- =—-4+d-o.

P q

Then for any u € C°(R9),

|/ 2L,
Ra [T —y|*

where C' > 0 depend only on d, p, ¢ and «.

< Cllullpr (rays

La(R4)

Remark 11.38 (Alternative proof of Gagliardo—Nirenberg—Sobolev for p > 1). Com-
bining Remarks|[11.28]and [11.37] we also obtain an alternative proof of the Gagliardo—
Nirenberg—Sobolev inequality (Theorem [11.25) for 1 < p < d.

General Sobolev inequalities. From the inequalities proved so far, it is not difficult
to deduce the following general Sobolev inequalities for W+,

Theorem 11.39 (Sobolev inequalities for W*?). Let k be a nonnegative integer
and let 1 < p < 0o. Assume that either

e U is a domain in R and u € Wi (U); or

e U is a bounded C* domain in R? and u € WFP(U).
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Then the following statements hold.
(1) Let £ be a nonnegative integer such that £ <k and let 1 < g < oo. If

d d
- = g 2 - kv
q p
then u belongs to W9(U). Moreover, there exists C > 0, which depends only

ond, k, ¢, p, q and U, such that

lullweawy < Cllullwes -
(2) Let £ be a nonnegative integer such that £ <k and let 0 < a < 1. If

d
—A—a>—-—k,
p
then there exists a function u* € C**(U) such that u* = u almost everywhere
in U. Moreover, there exists C' > 0, which depends only on d, k, £, p, a and

U, such that
lu*[lce.o @y < Cllullwer -

The assumptions seem rather complicated, but actually they are not too difficult
to remember. The key points are:

e The regularity exponent ¢ on the LHS cannot exceed the regularity exponent k
on the RHS;

e The integrability exponent g on the LHS cannot be oo;

e The degree of homogeneity of the top-order term on the LHS cannot be bigger
than that of the RHS (to remember which direction this condition goes, just
think about the trivial case ||ul|rr < ||u||we.»!)

Theorem [11.39]is a straightforward consequence of concatenating earlier results;
we leave the details of the proof as an exercise.

11.6. Compactness (optional). We now study compactness properties of a se-
quence of functions that are bounded in W*?(U) or C**(K). Compactness is a
key tool to show the existence of a solution to a PDE; roughly speaking, its typi-
cal use is to show that an appropriate sequence of “approximate solutions” to the
equation converges (may be after passing to a subsequence) to an actual solution.

A bounded sequence in W*?(U) or C*<(K) will not be compact in the same
space (because they are infinite dimensional!), but it will be in appropriate larger
spaces. The key notion is that of a compactly embedded Banach space:

Definition 11.40. Let X,Y be Banach spaces such that X C Y. We say that X

is compactly embedded in Y, and write X CC Y if

(1) |lully < CJlullx for some constant C' > 0 (independent of u € X); and

(2) if {uy} is a bounded sequence in X (i.e., supy, [|uk|x < 00), then there exists a
subsequence {ug; } of {ux} that is convergent in Y.

Recall the Arzela—Ascoli theorem:
Theorem 11.41. Let K be a compact subset of R, and let {uy} be a sequence of

continuous functions on K with the following properties:

(1) (uniform boundedness) supy, sup,¢ g |uk(x)| < co.
(2) (equicontinuity) for every e > 0, there exists § > 0 such that |ux(x) — uk(y)| < €
for every k and x,y such that |z —y| < 4.
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Then there exists a subsequence {uy,} of {ur} that is uniformly convergent on K.

By Theorem [11.41] it is not difficult to prove the following compact embedding
property of Holder spaces.

Proposition 11.42. Let K be a compact subset of RY. Let 0 < o < a < 1. Then
CO(K) cc 0% (K),
where CY°(K) should be interpreted as C(K) equipped with the uniform topology.

Proof. Let {uy} be a bounded sequence in C%(K). Clearly, {us} is uniformly
bounded; moreover, since |ug(z) — ug(y)| < Clz — y|* for a constant C' > 0 inde-
pendent of z,y and k, it follows that {uy} is equicontinuous. By Theorem
there exists a uniformly convergent subsequence {uy,}. Hence, the case o/ = 0
follows. When 0 < o/ < «, we note that

[k, — e Jeowr = sup o=y~ l(un, —ur, ) (@) — (un, — e, ) (y)]
z,yc K

< sup [z —y[™* [(uk, — uky, ) (@) — (ur; — uk, ) (y)]
z,yeK

g

gﬁ&w%—mﬁmum%—%mm)

o

« 17%’
<2|\Ukj — Uk, ||CO(K)) .

The first factor is uniformly bounded, where as the second factor goes to zero as

J,j" — 0o by the uniform convergence. Hence, {ug,} is convergent in C% (K) as
well. O

< ([Ukj]COvQ(K) + [Ukj/]CUv@(K)>

The key idea was that the excess regularity a@ — o’ implies the equicontinuity
property needed for compactness in the Arzela—Ascoli theorem. It turns out that
a similar phenomenon holds for non-sharp Sobolev inequalities:

Theorem 11.43 (Rellich-Kondrachov). Let U be a bounded C* domain. Let 1 <
p<dandl<gqg<p*. Then

(11.10) whP(U) cc LYU).

As a preparation for the proof, we prove a property of convolutions that is of
independent interest, namely, that if u € W*P?(R?) for £ > 0, then mollifications of
u converge to u in LP(R?) at a controlled, accelerated rate.

Proposition 11.44 (Accelerated mollification). Let k be a positive integer and
1<p<oo. Let o € C(R?) obey

/<p:1, /wo‘go:O for1 <la|<k-—1.
If u € WEP(RY), then

lu = pexulle < Ce* Y (1D 1o

a:lal=k

We note that the second condition for ¢ is vacuous when k = 1.
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Proof. As in Proposition [I1.5 we begin with the identity
(o) = g ula) = [ o) (o) — ula - )

By Taylor’s formula, we have

_eyla
u(z —ez) = Z ( a)! z2*D%u(x)

Z/ 2Dz — etz)(1 —t)* 1 dt.

a:|lal=k

Thus,

/<p(z) (u(z) —u(x — €z)) dz
_g)lel
= Z ( a)' / 2%p(z) dz D%u(x)

a:l<|a|<k—-1

Y / )/01 Du(z —etz)(1 —t)* 1 dtdz.

alal=Fk

By hypothesis, all terms but the last term on the RHS vanish. For the LP norm of
the last term, we use Minkowski’s inequality to estimate

Y / 22D%(z — etz)(1 —t)* T dt <C¥ N ID%u] poray,

a:lal=k Lp(RY) a:lal=k
as desired. O

Proof of Theorem[I1.]3 The first step of the proof is notice that it suffices prove
(11.11) Whr(U) cc LP(U).

Indeed, if 1 < ¢ < p, then (11.10)) would follow from ([11.11]) and the embedding
LP(U) C LY(U) (Holder inequality). In the case, p < ¢ < p*, by Holder’s inequality
and Theorem [T1.26, we have

lullzawy < lullfe@)lull? ) < CllulZo @ lulliy s @)

where 0 < 6 < 1 is characterized by 2 7= 0]% +(1— 9)1%. It follows that if {ug} is a

sequence that is bounded in W1?(U) and convergent in LP(U), then it is convergent
in L9(U). Using this observation, follows from (11.11)).

It remains to prove . Here, the idea is combine Proposition|11.44|with the
Arzela—Ascoli theorem. We claim if {uy, } is a bounded sequence in WP (U), then for
every n > 0, there exists a subsequence uy; and J such that [Jux; —uk, [[Lr < L for
all j,7 > J. Then by a standard diagonal argument, we may extract a convergent
subsequence of the original sequence.

Let us prove the claim. Let {u;} be a bounded sequence in W1?(U) and fix n >
1. Choosing an open domain V such that U C V, we may apply Proposition
to extend {uy} to a bounded sequence (which we will still denote by uy,) in WP (R9)
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with suppuy C V. Fix ¢ € C°(R?) such that [¢ = 1. If € > 0 is sufficiently
small, then supp ¢, * u C V. Moreover, by Proposition [11.44

(11.12) lug — e * ug||rr < Cel|Dugl|re,
so choosing € small enough, we may also ensure that

1
(11.13) llue = @e * k|l Logay < 3n
for every k.

Next, for such an € > 0, note that {p. *uy }x is a sequence of continuous function
supported in V whose CY and C'! norms are uniformly bounded. Hence Theo-
rem is applicable, so there exists a subsequence uy, so that {@e * ug,} is
uniformly convergent. In particular, there exists J such that for j, 7’ > J,

1 1
lpe x wr; — e x ur llprmey < [VIFllpe * un; — @ * unyll e ray < 5
Combined with (11.13]), it follows that
1 ..
llug, — Uk, | Lrray < n for j,j' > J
as desired. 0

We note the following consequence of Theorems (when 1 < p < o0) and
(p = o0).
Corollary 11.45. Let U be a bounded C' domain, then for any 1 < p < oo,
Whr(U) cc LP(U).
We omit the straightforward proof.

11.7. Poincaré and Hardy inequalities. We now discuss ways to obtain infor-
mation about a function « from only the information Du € LP(U). A principal
example of such an inequality is Poincaré’s inequality:

Proposition 11.46 (Poincaré’s inequality). Let U be a bounded connected C*
domain. For any 1 < p < oo and u € WHP(U), we have

u—ﬁ/UU(y)dy

where C' only depends on d, p and U.

< C||Dul| e vy,
Lr(U)

The proof involves application of Theorem and argues by contradiction.
Proof. For the purpose of contradiction, assume that Proposition does not

hold; then there exist a sequence u; € W?(U) of nonconstant functions such that

1 .
uj — 7/ u;(y) dy = jllDuj || Lo (v)-
Ul Ju

Le(U)

Define

1 1
vj = i (uj - —/u](y) dy) .
lwj = w7 J wi(y) dyll e oy |U|

Then v; obeys the following properties:

1 1
lvilley =1, I1Dvjllr @y < =, */ v;(y)dy = 0.
J |U| U
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In particular, {v;} is a bounded sequence in W?(U), so after passing to a subse-
quence, it converges strongly in LP to some limit v (when p = oo, this statement
follows from Arzela—Ascoli). By the first property,

= 1. > == 1
HU”LP(U) jig)loHvJ”LP(U)

On the other hand, since ||Dv;||zry — 0, it follows that Dv; = 0 in the sense of
distributions; hence v must be a constant. But then, by the third property,

1 / ) 1
v=— [ v(y)dy = lim —/ vj(y)dy =0,
Ul Ju j—oo [U] Ju !

which contradicts [[v|| sy = 1. O

It is interesting that the proof gives the existence of a constant C' > 0, but no
control whatsoever on its size!
Another example, which we already saw, is Theorem [11.26}(1); when 1 < p < d,
ifue Wol’p(U) (i.e., u is “vanishing on the boundary”), then
1wl Lo 0y < CllIDull Loy,
where C' only depends on d and p. Note also that, as a consequence of Theo-
rem [11.26](1), for any 1 < p < oo and u € Wy (U), we also have
lull ey < CllDull e

where C only depends on d, p and |U|; this is sometimes called Friedrich’s inequal-
ity. A useful strengthening of Friedrich’s inequality near the boundary is Hardy’s
inequality:

Proposition 11.47 (Hardy’s inequality near a boundary). Let U be a bounded C*
domain. For any 1 <p < oo and u € Wol’p(U), we have

(11.14) [[dist (-, 0U) " ull 1o way < CllDull o (ra)-

where C' depends only on d, p and U.

Proof. By density, we may assume that u € C°(U). By a smooth partition of
unity, boundary straightening and Friedrich’s inequality (as in the proof of Propo-

sition [11.13)), it suffices to prove the following statement: For u € C* (Ri), we
have

||($d)_1u|\Lp(R1) < C||Dul| o (ra)y.-
where C' depends only on p.

To prove this, we start with ||(z) " ul| ) and compute as follows:

P
p(Rd
Lr(RE

c 1Ay e 14..d 3,7
/Rd—l/o (xd)P|u(x o) [P dade

: h ! rodyip 34..d 3.7
T p—1 Jran o a’”dWW(waz )P dzdz

1 SO o
_;fl/Rd,l/O W@adlwm,x )P dz?da,

where the boundary terms vanish by the support assumption on u. We have

1 * 1 /o d\|p d /
Zﬁ/ﬂ§d71/0 Wawd\u(x,x )| dx%dz




176 SUNG-JIN OH

IN
B

o0
p—1 /Rd v o )P 1|“(x/’xd)|p_l\8zdu|dxddx’

—— @)~ l)up I

b—

IN
’E

p— e 1(Rd)||DU||LP(1Ri)

= I T g 1Dl o

Dividing both sides by ||(z¢) ™ ul/” i( N we obtain the desired inequality. O
p—1 R+

Next, we discuss the case when U = R%. One useful inequality is the Gagliardo—
Nirenberg—Sobolev inequality (Theorem [11.25)), which states

1wl Lo+ (may < Cl|Dul| e gy

when 1 < p < d and v € W'P(R?). Another useful inequality, which does not
follow from Theorem [11.25] is Hardy’s inequality from infinity:

Proposition 11.48 (Hardy’s inequality from infinity). Let 1 < p < d and u €
WLP(RY). Then r~'u € LP(RY) and

(11.15) 7~ | o gay < Cl|Dul| o (ray.-
where C' depends only on d and p.

Unlike Proposition but like Theorem [11.25 note that Hardy’s inequality
is homogeneous. The proof is very similar to that of Proposition

Proof. Since C2°(R?) is dense in W1P(R9) by Corollary [11.12] it suffices to prove
(11.15) for u € C*(R?). We work in the polar coordinates = ry. We begin by
performing an integration by parts in r as follows:

/ / — |u(ry)|Pri=t drdS(y / / u(ry)|PO,r?=P dr dS(y)
8B(0,1) rP 8B(0,1)
ry)|Pri=P dS(y
d_p/wmu ) )

1 oo
—_ / / 8T\u(ry)|prd*p drdS(y).
— P JoB(o,1) Jo

Since u is smooth and compactly supported, and d — p > 0 by hypothesis, the
boundary term is zero. We estimate the rest as follows:

/ / O JulPrd=P dr dy

aB 0, 1

< 7/ / (P~ [Bufrd=P dr dS(y)
9B(0,1)

57/ / r*(p*1)|u|p*1|8ru|rd*1drdS(y)
d—p 8B(0,1) Jo

p — _
= HHT 1uH1[7/P(1Rd)||Du||LP(Rd)-

1
d—p

Dividing both sides by [r~! we obtain the desired inequality. O

-1
u”ip(]Rd)?
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11.8. Duality and negative regularity Sobolev spaces (optional). We now
turn to the question of identifying the dual spaces of WP (U) and W*?(U). As
we will soon see, the notion of negative reqularity Sobolev spaces appears naturally
in the process:

Definition 11.49 (Sobolev spaces with negative regularity index). Let k be a
nonnegative integer and 1 < p < co. We define the Sobolev space with regularity
indexr —k and integrability index p by

WRP(U) = {u € D'(U) : Iga € LP(U) for |a| < k such that u = D%a}.
a:la|<k

We equip this space with the norm

=

||y —«, = inf Z 14
lullw r) 9o €ELP(U):u=3 . o<k D% ga a:la\<k”gaHLp

As usual, we adopt the convention of writing p’ = p%’ so that (LP)" = L' for
1 < p < oo by the Riesz representation theorem.

Identification of (WEP(U))’. When 1 < p < oo, the dual space of W (U) turns
out to be exactly W52 (U):

Proposition 11.50. Let k be a nonnegative integer and 1 < p < oo. For any
domain U,

Wo P (U)) = W' (),
where u € W2 (U) defines a linear functional on Wé’c’p(U) by CU) 5 v —
(u,v), whose norm is equal to |[ullyy - (17)-

Proof. Let us start with the left inclusion D, which is easier (but this part breaks
down for W*?(U)!). Let u € W% (U), which by definition admits a decomposi-
tion of the form u=3", , <x 9o With g, € L (U). Then for v € C=(U),

(u,v) = Z /Dagavdx

a:la|<k

=) (—D‘“'/gaD%dx,

a:lal<k
SO
[(w, o) < D Ngallpr @) IP0llowy < Clluly—r @ lollwes ),
ol <k
where C' > 1 can be taken to be arbitrarily close 1. Hence u defines a bounded
linear functional on Wéc’p(U) (the closure of C2°(U) with respect to ||[|yx.r (),
whose norm does not exceed |[uly -k (17)-

For the right inclusion C, we make an argument involving the Hahn—Banach
theorem and the Riesz representation theorem. Let us enumerate all multi-indices
a with |o| < k as ag,a1,...,ax (where K = Z?:o ﬁ) For v € C*(U),
consider the mapping

v Tv:= (Dv, D*v,...,D*v) € LP(U)®X,
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Note that T" defines an injective map from C$°(U) into the above direct sum of
LP(U)’s. Moreover, if LP(U)®X is equipped with the norm |(vag,---,Vax)|| =
(ZJK:O HUQJ.HZP(U))%, then T is an isometry. Hence any linear functional u €
(Wéc’p(U))’ defines a bounded linear functional @ on T(C°(U)) by a(Tv) := u(v).
By the Hahn-Banach theorem, % extends to a bounded linear functional on L?(U)®¥

with the same bound, so by the Riesz representation theorem there exist Gog, - - -, Gax
LP (U) such that

K
WTv) = (Ga;> D),
j=0
for every v € C°(U), where
K 7
1, 117, < sup ja(0)] = [l wron (o) -
j;) L) veCE (U)ol y1.p () <1

Defining g,; = (71)|a1|§aj, it follows that

K
u(v) = a@(Tv) = (=1)1*{ga,, D)
3=0
for every v € C°(U), i.e.,u = Ef:o D% g, as distributions. Hence, u € wWkP' (1)
with [[ullyy e @) < lull(wer @)y, as desired. O

Identification of (WP (U))" (optional). Next, we turn to the question of identifying
(WkP(U))'. Note that, in general, it cannot be expressed as a subspace of D’ (U),
since C2°(U) is not dense in WP (U). Instead, (W*P(U))’ turns out to be a closed
subspace of W~—*P(R%) consisting of elements whose support is in U.

To facilitate the statement of the result, let us introduce a notation. Let k € Z
and 1 < p < oo. Given a closed subset K of a domain U, we write

WEP(U) = {u e WEP(U) : suppu C K}.
Note that Wf(’p(U) is a closed subspace of WkP(U).

Proposition 11.51. Let k be a nonnegative integer and 1 < p < co. Let U be a
bounded C* domain. Then

(WEP(U)) = W (RY),

We need the following result from functional analysis, whose straightforward
proof we omit.

Lemma 11.52. Let X be a Banach space, and let Y be a closed subspace of Y.
Denote by Y+ the subspace of X' consisting of bounded linear functionals whose
kernel contains Y, i.e.,

Yt ={ueX :u(v)=0 foralveY}.
Then the following relations hold:
(11.16) Y =X')Y+,
(11.17) (X/)Y) =Y+
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A sketch of the proof of Proposition [I1.51]is as follows. By Proposition [IT.13] it
can be shown that
WHhP(U) = WhEP(RY) /WER  (RY).

RI\U
By Lemma|l1.52 with X = W*?(R?) and Y = WX ;(R?), we have

(WEP(U))' = (W (RY)*.

We claim that

(Weik (R = W7 (RY).

The right inclusion C is not difficult to show. For the left inclusion O, we need to
show that if u € W~5? (R?) with suppu C U and v € W5P(RY) with suppv C
R?\ U, then u(v) = 0. To prove this, we need to find an approximating sequence v,
such that suppv. € R\ U and v, — v in W*P(U). If U is sufficiently regular, then
such a sequence can be constructed by a boundary straightening and translating
argument (cf. the proof of Proposition .

Remark 11.53. The two spaces (Wf’p(U))’ and (W*P(U))’ are related to each other
as follows: / o o

W (U) = Wb (R W (R
This identity is a quick consequence of Lemma [11.52| with X = WkP(U) and
Y = WPP(U).
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