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CHAPTER 1

Heat Equation

1. Introduction

In R =R" x R, n > 1, let us consider the coordinates z € R® and ¢t € R. The
differential operator in R**!

H—Q—A here A—ia—2
SOt e _jilaa:z

is called the heat operator. The three most important problems concerning the heat
operator are the Cauchy Problem, the Dirichlet Problem, and the Neumann Problem.

Cauchy Problem in R”. The problem consists in finding a function u € C?*(R" x
(0,00)) N C(R™ x [0,00)) such that

{ w(x,t) = Au(z,t), x€R" t >0,

(1.1) u(z,0) = f(z), x eR",

where f € C'(R") is an initial distribution of temperature.

Dirichlet Problem. Let 2 C R" be a bounded open set. The problem consists
in finding a function u € C*(Q x (0,00)) N C(Q x [0,00)) such that

w(x,t) = Au(z,t), x €, t>0,
(1.2) u(z,t) = g(x,t), xed, t>0,
u(z,0) = f(x), x €.

The problem describes the evolution of the temperature of a body 2 having prescribed
temperature g € C(9Q x (0,00)) at the boundary of Q (for any positive time) and
having an initial distribution of temperature f € C'(Q2) at time ¢ = 0.

Neumann Problem. Let Q C R™ be a bounded open set of class C'. We search
for a function u defined in the cylinder Q x (0, 00) (with gradient defined up to the
boundary) such that

u(z,t) = Au(z,t), €, t>0,

(1.3) %(x,t) =g(z,t), xe€dQ t>0,
W0 = f(z),  weQ

ou | L. . .
where — is the normal derivative of u at the boundary of €. In this case, prescribed
v
is the variation g of the temperature on the boundary.
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2. The foundamental solution and its properties

We derive a representation formula for the (a) solution of the Cauchy Problem
using a formal argument.

2.1. Preliminaries on the Fourier transform. For a given function f &
L*(R™), we define its Fourier transform f : R" — C as

(2.4) floy = [ e fayas, ¢ e,

We shall also write F(f)(€) = f(£). Let us recall some properties of the Fourier
transform.

1) If f,g € L'(R") are integrable functions, then also their convolution

frg(r) = - flx—y)g(y)dy = / g(xr —y)f(y)dy

n

is in L'(R") and there holds
(2.5) S(f*9) =3(f)3(9)

2) If f, fe L*(R™) are both integrable functions then we have the inversion formula:

(2.6) @) =F(f)(x) = f(—z) for almost every x € R",
1 af 1 .
3) If f € L'(R™) and also P € L' (R") for some j =1,...,n, then
9 .
27) 5(25) (@) = 2mig, Fle).

—s|z|?

4) Consider the Gaussian function fy(z) = e , where s > 0 is a parameter. The

Fourier transform of f is the function

~ T\2 _x2el?
(2.8) e =(5) e
2.2. Euristic computation of the foundamental solution. We transform
the Cauchy Problem (1.1) with a Fourier transform in the spatial variables x € R™.
Assuming that the Fourier transform commutes with the partial derivative in ¢ we
obtain

du ou
E(f:t) = E(f,t)-

From the rule (2.7) — we assume that the rule can be applied to all second derivatives
in x of u, — we obtain

F(Au)(&, 1) = —An’[€[*u(&, 1)
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Finally, if the initial datum f € L'(IR") is integrable, then we also have u(&,0) = f(€).
Thus, we obtain the transformed problem

6.0 = 4w kA D), €150

~

u(&,0) = f(6), {eR™
The solution of the problem is the function
(2.9) a(E,t) = FE)e
From the formula (2.8) with s = 1/4¢ we obtain
- = 1 n _@
o—am2te? _ [i(§), dove TI'y(z)= (R> /28 "

By the convolution formula (2.5), identity (2.9) reads as follows:

~ o~

u(§,t) = fOI(E) = F(f *Te)(&).

Using the inversion formula (2.6), we obtain the representation formula for the solu-
tion

n/ oyl
(210)  w(a,t) = f*Dy(x) = (4%) 2/nf(y)e| - dy, xR

DEFINITION 2.1. The function I' : R"*! — R defined by
_le? .
[(x,t) = We w, xreR" t>0,
0 t<0

is called the foundamental solution of the heat equation.

THEOREM 2.2. The function I' has the following properties:
1) T € C=(R"™\ {0});
[(x,t
2) () = AT(z,t) for all (x,t) € R™\ {0},

ot
3) For any t > 0 we have

(2.11) / [(z,t)dz = 1.

4) The function T wverifies the equation HU = &y in R™™ in the sense of dis-
tributions, where dqg is the Dirac mass in 0. Namely, for any test function
¢ € C(R™1) there holds

| T ol ot = ~p(0),
Rn+1
whre H* = 0/0t + A is the adjoint operator of H.

ProOOF. Claim 1) follows from the fact that, for any x # 0, the function
1 \7/2 2
t+—><—> e &, t>0,
47t
can be continuously extended to t = 0, is differentiable infinitely many times at ¢t = 0,

and all derivatives vanish. Claim 2) can be verified by a short computation which is
left as an exercise.
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Identity (2.11) follows from the well known formula

o0 )
/ e ¥ ds =/

[e.9]

and from Fubini-Tonelli theorem. In fact, we have:

1 \n/2 L2 1 \n/2 n 400 _ﬁ 1 n +o00 2
/Rn<4_7-[-t> e 4tdl'_<4—ﬂ_t> Z];!/Ooezltd(ﬂi—mg/ooe idr; = 1.

We prove Claim 4). For TH*p € L*(R™"!), by dominated convergence we have:
/ D(x, t)H p(z, t)dzdt :/ / D(x, t)H p(x,t)dx dt
Rn+1 0 n
= lim/ / D(x, t)H*p(x, t)dx dt.

el0

For any fixed t > 0, by an integration by parts we obtain

/n Lz, t)Ap(z, t)de = /n AT (z,t)p(z, t)dx.

There is no boundary contribution, because ¢ has compact support. Moreover, we

have - 5 % g
/ [(x,t) SOéxt’t)dt = —/ éxt’t)go(x,t)dt —T'(z,e)p(z,e).

Summing up and using HI' = 0, that holds on the set where t > 0, we obtain

/00 /n D(z, t)H* p(z,t)dx dt = /OO - HT(x,t)p(z, t)dx dt — /n ['(x,e)p(z, e)dx
=— /n [(x,e)p(z, e)dx
S R GRENCIET S

Taking the limit as € | 0, by dominated convergence we prove the claim. 0

2.3. Cauchy Problem: existence of solutions.

THEOREM 2.3. Let f € C(R™) N L*(R™). The function u defined by the repre-
sentation formula (2.10) solves the Cauchy Problem (1.1), and namely:
1) u € C®°(R™ x (0,00)) and wy(x,t) = Au(x,t) for all x € R™ and t > 0;
2) For any xo € R™ there holds
lim  wu(x,t) = f(xg),

r—xg,t|0

with uniform convergence for xq belonging to a compact set;
3) Moreover, |[u(-, )]s < ||fl|lco for all t > 0.

ProoOF. Claim 1) follows from the fact that we can take partial derivatives of any
order in x and ¢ into the integral in the representation formula (2.10). We prove, for
instance, that for any € R and for any ¢ > 0 there holds

0 _la—y? 0 _lz—y?

at .. (y)em # dy = Rnf(y)ge - dy.
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By the Corollary to the Dominated Convergence Theorem, it suffices to show that
for any 0 < to < T < oo there exists a function g € L'(R™), in variable y, such that
(for fixed x € R™ and) for any ¢ € [ty,T] we have

a2 e
|$4t2y| o < g(y), forall y € R™

This holds with the choice

|z — y> o=y
e 4T

The case of derivatives in the variables x and the case of higher order derivatives is
analogous and is left as an exercise.

By the previous argument, it follows that, for ¢ > 0, we can take the heat operator
into the integral:

u(w,t) — Au(z,t) = /

= . f@){T(z —y,t) — AT(z — y,t) }dy = 0.

Thus, u solves the heat equation for positive times.
We prove claim 2). Let K C R" be a compact set and let xy € K. We may rewrite
the representation formula (2.10) in the folloperwing way:

u(z,t) = # /Rn T, 1) f(2VteE +x)dE, = €R™ t>0.

F) (2~ 80—y, )y

n

Hence, we have

) = S0l < = [ TEDIFVEE +) = Flaolds

Fix now € > 0 and choose R > 0 such that

1
— /,§|>RF<’5’ 1)de < e.

As f is uniformly continuous on compact sets, there exists a § > 0 such that for all
€] < R we have

lz—zol <dand 0<t<d = [f2VEE—z)— flzy)] <e.

The choice of § is uniform in xg € K. After all, we get

fule, 1) — f(xo)] < A DDV ) — )i

an/2

+%/2/ L&D f2VEE + ) — f(wo)|dE
T l€|>R

< e 42| f]l oot

This proves claim 2). Claim 3) follows directly from the representation formula. [



