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CHAPTER 1

Basic Tools of Analysis

1. Distribution Theory

This is a very short summary of distribution theory, for more exposure to the subject
I suggest F.G. Friedlander and M. Joshi’s excellent book Introduction to the Theory
of Distributions, [3]. Hormander’s first volume of The Analysis of Linear Partial
Differential Operators, [5], in Springer can also be useful.

Notation. Throughout these notes we use the notation A < B to mean a < ¢B
where c¢ is a numerical constant, independent of A, B.

1.1. Test Functions. Distributions. We start with some standard nota-
tion. We denote vectors in R™ by z = (z1,...,2,) and set Az = (Az1,...,A\x,),
x+y=(r1+y1,...,Tn+Yyn). We denote by -y the standard scalar product and
by |z| = (z - z)2 the Euclidean length of . Given a function f : Q — C we denote
by supp(f) the closure in § of the set where f(x) # 0. We denote by C*(£2) the set
of complex valued functions on §2 which are k times continuously differentiable and
by CE(Q) the subset of those which are also compactly supported. We also denote
by C%°(2) = NkenC* () the space of infinitely differentiable functions; C$°(£2) the
subset of those which also have compact support. The latter plays a particularly

important role in the theory of distributions; it is called the space of test functions
on (.

Let © C R™ and f € C®(). We denote by 8;f the partial derivative 2L, i =

69:1-
1,...,n. For derivatives of higher order we use the standard multi-index notation.
A multi-index « is an n-tuple o = (aq, ..., @) of nonnegative integers with length

la| = a1+ +ay,. Set a+8 = (a1 +5,...,an+08n). We denote by a! the product
of factorials ay!---ay,!. Now set 9°f = 9 --- 9% f. Clearly 0P f = 9*0°f.
Given two smooth functions u, v we have the Leibnitz formula,

ol
0%(u-v) = Z ﬁaﬁufm.
B+y=a A

Taylor’s formula, around the origin, for a smooth function f : R® — C can be
written as follows,

f) = 3 L0+ Oal ) as w0
laj<k

Here z“ denotes the monomial 2% = z{* - -+ 2.

3



4 1. BASIC TOOLS OF ANALYSIS

PROPOSITION 1.2. Let f € CE(R™), 0 < k < oo. Let p be a test function, i.e.
p € CP(R™) with supp(p) C B(0,1), the ball centered at the origin of radius 1, and
[ p(z)dx =1. We set pc(z) = e "p(z/€) and let

fa) = frpa) = [ o™y = [ o - ex)pl)d
We have:

(1) The functions f. are in C3°(R™) and supp(f.) C supp(f) + B(0,¢).
(2) We have 0% fe—0*f uniformly as e — 0.

Proof: The first part of the proposition follows immediately from the definition
since the statement about supports is immediate and, by integration by parts, we
can transfer all derivatives of f. on the smooth part of the integrand p.. To prove
the second statement we simply write,

0" f.(w) ~ 01 (0) = [ (0%7(a — e2) — 07 (@) (21

Therefore, for |a] < k,
|0 fe(x) — 0% f(x)] < / 0% f(z — €z) — 0% f(x)||p(2)|dz
< [ Ip@ldz sup |97 f(a — e2) - 07 (o)

|21<1
S osup [0 f(z —ez) — 0% f(z)|
|z|<1
The proof follows now easily in view of the uniform continuity of the functions 0% f.
|

As a corollary of the Proposition one can easily check that the space of test functions
C5°(9) is dense in the spaces C*(9) as well as LP(2), 1 < p < oo.

DEFINITION 1.3. A distribution u € D'(Q) is a linear functional u : C§°(Q2) — C
verifying the following property:

For any compact set K C §) there exists an integer N and a constant C = Cg n
such that for all ¢ € C§°(Q), with supp(¢) C K we have

| <u¢>|<C ) supld*gl.

lo| <N

Equivalently a distribution u is a linear functional u : C§°(€2) — C which is contin-
uous (* % *) in a certain nonmetrizable locally convex topology defined on C5°(£2)
!, In this topology a sequence ¢; converges to 0 in C3°(Q2) if all the supports of ¢;

L This topology can be constructed as an inductive limit topology of Fréchet spaces Cg , where
K C Q is compact and Cg is the space of all smooth functions supported in K, endowed with
a Fréchet space structure by the seminorms ¢ — supy [0%¢| for all multi-indices . We do not,
however, need the precise definition.
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are included in a compact subset of © and, for each multi-index o, 0%¢; — 0 in
the uniform norm. We have in fact the following characterization of distributions:

PROPOSITION 1.4. A linear form u : C3°(2) — C is a distribution in D'(Q) iff
lim;_o u(¢;) = 0 for every sequence of test functions ¢; which converges to 0, in
Cr (), as j — oo.

Proof: This proof can be found in Friedlander, section 1.3, Theorem 1.3.2. H

Example 1: Any locally integrable function f € LiOC(Q) defines a distribution,

<fp>= /f¢>, o € C(9).

We can thus identify Llloc(Q) as a subspace of D’'(Q2). This is true in particular for

- o) 1
the space C*(€2) C Ly ().

Example 2: The Dirac measure with mass 1 supported at xg € R" is defined
by,
< 5:6(” ¢ >= ¢(I0)

Remark: We shall often denote the action of a distribution u on a test function
by u(¢) instead of < w, ¢ >. Thus d,,(¢) = ¢(x¢).

DEFINITION 1.5. A sequence of distributions u; € D’'(12) is said to converge, weakly,
to a distribution u € D'(Q) if, u;(¢) — u(¢) for all ¢ € C5°(9).

For example the sequence u,, = ¢"™® converges weakly to 0 in D’(R) as m — oo.

Also if f € LY(R™), with [5, f(2)dz = 1, the family of functions fx(x) = A" f(Az)
converges weakly to dg as A — oo.

1.6. Operations with distributions. The advantage of working with the
space of distributions is that while this space is much larger than the space of
smooth functions most important operations on test functions can be carried over
to distributions.

1. Multiplication with smooth functions: Given u € D'(2) and f € C*(Q)
we define,

<Ju,d >=<u, fo>, Vel ().
It is easily verified that multiplication with a smooth function is a continuous
endomorphism of the space of distributions.

2. Convolution with a test-function: Consider, u € D'(R™),¢ € C5°(R™).
Generalizing the convolution of 2 functions in a natural way, we define

uxd(x) =< uy, (x —y) >,
the subscript specifying that u is understood to be acting on functions of the variable

y. Observe that the definition coincides with the usual one if u is a locally integrable

: 1 n
function, u € LIOC(R ).
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Remark: Observe that for every distribution v € D/(R™) and ¢ € C°(R™) we
have ux¢ € C*°(R"). Indeed, e.g. letting e) denote a standard unit vector,
uk@(x + hey) — uxg(z)
h

! <y, d(x+ he, —y) — ¢z —y) >

1
= < uw/ Oko(x + they — y)dt > .
0

Now if x € K, for some compact set K C R”, then for every sequence h; — 0,
the associated sequence of functions y +— fol Or¢p(x + thier, — y)dt, together with
all its derivatives, converge uniformly toward Ox¢(x — y) and its corresponding
derivatives. Moreover they are all compactly supported with supports contained in
some compact set K’. Therefore,
k — Uk

}LLHB U gzﬁ(:c—l—he;z) ux(x) = O (x).
and thus ux¢ has continuous partial derivatives. We can continue in this manner
and conclude that in fact ux¢ € C*(R"™).

3. Differentiation of distributions: For every distribution u € D’'(£2) we define

<%, ¢ >= (—1)l < u, 0% > .

Again, it is easily verified that we have thus defined a continuous endomorphism
of the space of distributions. Of course, the operations above were defined so as to
extend the usual operations on smooth functions.

We can now define the action of a general linear partial differential operator on
distributions. Indeed let,

P(z,0)= Y a,0%  as€C®(Q),

be such an operator. Then,
< P(z,0)u, ¢ >=< u, P(z,0)7¢ >,
where P(z,0)" is the formal adjoint operator,
P(z,0)v =" (=1)*19*(aqv).
la] <mn
Observe that if u; € D’'(Q2) converges weakly to u € D'(2) then P(x,0)u; converges
weakly to P(x,0)u.

Exercise. Show that for all u € D’'(Q) there exists a sequence u; € C§°(€2) such
that u; — w as j — oo in the sense of distributions( weak convergence). Thus
C2 () is dense in D’ (), with respect to the weak topology of the latter.

1.7. Example of distributions on the real line.

1.) The simplest nontrivial distribution is the Dirac function dy = do(z), defined

by < do(), ¢ >= ¢(0).
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2.) Another simple example is the Heaviside function H(x) equal to 1 for > 0
and zero for x < 0. Or, using the standard identification between locally integrable
functions and distributions,

< H(z),¢ >= /000 o(z)dz.
Observe that H'(x) = do(x).

3.) A more elaborate example is pv(i), or simply %, called the principal value
distribution,

< é,(b >= lim (/7 %(ﬁ(ﬂ;)daz—l—/e %gﬁ(m)dx)

e—0 oo

Observe that log |z| is locally integrable and thus a distribution by the standard
identification. It is easy to check that - log |z = pv(2).

Exercise. Let, for z € C with 0 < arg(z) < =, log z = log |z| + iarg(z). We can
regard x — log 2z = log(z + iy) as a family of distributions depending on y € R*.
For z # 0 we have lim,_+ log z = log|z| + im(1 — H(z)). Show that as y — 0 in
R+, 0, log z converges weakly to a distribution ?12.0 and,
1 —
r+i0
We now define an important family of distributions x%, with z € C, by analytic
continuation. For this we first recall the definition of the Gamma function,

z7t —indo(x).

DEFINITION 1.8. For Re(z) > 0 we define

I'(z) = /ODO et tdt (1)

as well as the Beta function,

B(a,b) = /0 57711 — 5)lds (2)

Clearly T'(a) = al'(a — 1) and T'(0) = 1. Thus I'(n) = n!. Recall that the following
identity holds:

[(a) -T(b)
B(a,b) = ——+~
(@0 =1 3)
We also record for future applications,
T
I'a)I'(1 —a)=DB(a,1 —a) = sin(ra) (4)

In particular I'(1/2) = w'/2.

Exercise. Prove formulas (12) and (13). For help see Hérmander, [5] section 3.4.

DEFINITION 1.9. For Re(a) > 0, we denote by j,(A) the locally integrable function
which is identically zero for A < 0 and

]a(A) = F(la)

AL >0 (5)
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The following proposition is well known,
PrOPOSITION 1.10. For all a,b, Re(a), Re(b) > 0,

ja * jb - ja+b

Proof : We have,

A
Jak (N = ﬁﬁ /O LT — )Py
1 1 a+b—1 ! a—1 —1
- T e
_ B(a,b) yayp-1_ 1 at+b—1 _
= W o —m/\ = e

PrOPOSITION 1.11. There exists a family of distribution j,, defined for all a € C,
which coincide with the functions j, for Re(a) > 0, such that, jo * jb = Jatb,
d%\ja()\) = ja—1(A) and jo = 0o, the Dirac delta function at the origin. Moreover
for all positive integers m, j_,(x) = 070p(x).

Proof: The proof is based on the observation that %ja()\) = ja—1(N). Thus, for
a test function ¢,

/ Jac(NS(N)dA = - / Ja(V)6 (VA
R R

Based on this observation we define, for every a € C such that Re(a) +m > 0 as
distribution

< >= (D" [ urn(3) 6™ ()
0
In particular,

<oy >=— / TR (A = / T = 6(0)

Hence jo = dp. It is also easy to see that ji*j, = ja+p for all a,b € C. [ |

Remark: In applications one often sees the family of distributions x4 = joy1.
Clearly x4 * Xl_’._ = Xi’LbH and X_T_l = dp. Observe also that x% is homogeneous of
degree a, i.e. , x4 (tA) = t*x%(A), for any positive constant ¢. This clearly makes
sense for Re(a) > —1 when x4 is a function. Can you also make sense of it for all

aeC?

1.12. Support of a distribution. The support of a distribution can be easily
derived as follows:

DEFINITION 1.13. For u € D'(Q), we define the complement of the support of u,
O\supp(u) = {x € Q |3V, > z open, such that < u,¢ >=0 Vo € C(V,)}.
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LEMMA 1.14. If u € D'(Q) and ¢ is a test function with supp(¢d) C Q\supp(u),
then < u,¢ >=u(¢p) = 0.

Proof : This follows easily by a partition of unity argument. The argument can
be found in Friedlander, section 1.4. [ |

PROPOSITION 1.15. A distribution u € D'(R™) has compact support K C R™ iff
there exists N € N such that ,Y¢ € C°(R™) we have

u()| < Csup Y [9%¢()],

zelU la|<N

where U is an arbitrary open neighborhood of K.

Proof: This is seen by using a cutoff function which is identically 1 on the support
of the distribution. ]

Remark: Note that if we endow C*°(R"™) with the Frechet topology induced by the
family of seminorms given by ¢ — sup, [0%¢|, with a € N* and K; running over
a countable collection of compact sets exhausting R, then the space of compactly
supported distributions can be identified with C*(R™)*, i.e. the space dual to
C>°(R™).

We have the following useful fact concerning the structure of distributions supported
at one point.

PROPOSITION 1.16. Let u € D'(R™) and assume that supp(u) C {0}. Then we
have u = Z|a‘<N aq0%(0g), for some integer N, complex numbers a, and g the
Dirac measure in R™ supported at 0.

Proof: See Friedlander, [3], Theorem 3.2.1 or Hérmander, [5], Theorem 2.3.4. B

In this context, it is important to observe that the convolution of two distributions
cannot be defined in general, but only when certain conditions on the support of
the distributions are satisfied. We note in particular the fact that if uq, us € D’'(R™)
one of which is compactly supported, then the convolution u;*us can be defined.
Indeed, assuming us to be compactly supported, we simply define, (* * x)

(urxus)x¢ = urx(uzxg), Vo € Cg°(R").

Here, supp(ugx¢) C {x +vy: x € supp(us), y € supp(¢)}, hence a compact set.
This definition extends the classical convolution for functions.

1.17. Pull back of distributions. Consider first the case of a C*° diffeomor-
phism f : Q — Q' and let u a distribution on €. Then the pull-back f*u is a
distribution in ) defined by,

< fru, ¢ >=<u(y), g o(y)| det Jg(y)| >, ¢ €C5P(Q)
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where g = f~! and ¢g*¢(y) = ¢(g(y)) and Jg(y) is the jacobian of the map y —
g(y). It is easy to see that this definition is meaningful and that it coincides with
the standard change of variable rule when u is a smooth function. Moreover the
derivatives of f*u can be computed by the standard chain rule.

Next we consider the pull back corresponding to a function f : © — R. This
procedure allows us to use the definition of some distributions on the real line to
obtain interesting distributions in R™.

DEFINITION 1.18. Let f : R® — R be a smooth map with surjective differential
everywhere. If u € D'(R) we can define its pull-back f*(u) as follows:

Let # € R™ such that? 9,, f(z) # 0 on a neighborhood U > z. Hence the map
yeU — (fly1,9),y') € R", with ¥/ = (y2,...,yn), is a local diffeomorphism.
Now we set, for every test function ¢ supported in U,

£ (0)(6) = uy ( / (st |0 f o) 1dly),

In this definition, u,, indicates that u operates on functions depending on the y;-
variable. Since we can proceed in this fashion for every point in R™, we can define
the pullback of u via f globally by patching the local definitions together via a
partition of unity.

Example: If f is as above, then we can explicitly obtain the pullback of the
delta function &g, namely f*(dg) = ﬁda. Here, do denotes the canonical surface

measure on the embedded sub-manifold f~1(0) C R and V f denoted the gradient
of f.

In connection with the above example, it is useful to observe that if f, g are
two smooth functions on R™ with non-vanishing differential everywhere, then the
following equality holds in the sense of distributions for all a,b € R™:

/50(f(a) —x)60(g(b) — x)dz = do(f(a) — g(b)).

Both sides are to be interpreted as distributions on R™ xR". To check this, one com-
pletes the map (a,b) € R® x R® — f(a) — g(b) € R to a local diffeomorphism, e.g.
assuming that d,, f(a) # 0, 9, g(b) # 0, as follows: (a,b) — (f(a)—g(b),g(b),d’, V),
where o/, b’ denote (as, ... ,a,), (b2, ... ,by). Using the above definition of the pull-
back of distributions and the fact that the determinant of the Jacobian of this map
is the product of the Jacobians of the maps a — (f(a),a’),b — (g(b), '), the claim
easily follows.

Remark. One cannot define, in general, a meaningful, associative, product of

distributions. Why not? Produce an example of three distributions on the real line
whose product, if defined, could not be associative.

2by surjectivity of the differential, we may always assume this.
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1.19. Fundamental solutions. Given a linear partial differential operator
with constant coefficients P(9) = >, <4 @a0%, with aq € C, we say that a dis-
tribution E is a fundamental solution if it verifies P(Q)E = d¢. If this is the case
then we can always find solution of the equation P(Q)u = f, where f € D'(R™)
is a compactly supported distribution, by setting uw = Exf. This follows easily
from the following proposition together with the observation that dyp*xu = u for any
u € D'(R™).

PROPOSITION 1.20. Assume u,v € D'(R™) one of which is compactly supported.
Then,

P(0)(uxv) = P(0)uxv = uxP(9)v.

(x % %) The question of the existence of such fundamental solutions was answered
(independently) by Malgrange and Ehrenpreis:

THEOREM 1.21 (Ehrenpreis, Malgrange). Any linear partial differential operator
P(0) with constant coefficients has a fundamental solution.

We omit the proof, which involves elementary Fourier and functional analysis.

In what follows we shall calculate the fundamental solution for some special im-
portant differential operators such as the Laplacian A = Y7 | 97 in R™, and the
D’Alembertian [0 = —9? + A in R"*1. We also consider the Heat operator 9; — A
and Schrodinger operator id; + A.

1.) (xxx) Laplace Operator A. The Laplace operator A is invariant under trans-
lations and rotations, that is the group of rigid motions. Thus, it makes sense to
look for spherically symmetric solutions.

PROPOSITION 1.22. Define, for alln >3, K,(z) = ((2 - n)wn)_1|x|2_" while, for
n =2, Ko(z) = (2m)~!log|z|. Here w, denotes the area of the unit sphere S"~1.
Then, for allm > 2,

AK, = .
Remark. By a direct calculation, AK,, vanishes away from the origin and therefore
can be expressed as a sum of derivatives of dg. By homogeneity considerations we

can easily infer that AK,, (z) = ¢dp for some constant c.

Proof : We prove the case n > 2; the proof for n = 2 is completely analogous. By
definition, we have for each test function ¢,

0 r>e
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where r = |z|. Letting I. denote the integral under the limit, then integration by
parts yields

I =— / K0, ¢dS, + / VK, -Vé
r=e r>e

r>e
:/ (— K00 + 0, K, - $)dS.

where dS, denotes the volume element of the sphere r = e¢. The last step follows
since by direct calculation, AK,, vanishes away from the origin.

Letting dS denote the volume element of the unit sphere S*~!, a rescaling yields
L= [ (Ra(e) 0,0(c) + 0, Ko () - 9(e))dS(w)
Snfl

— (=) e [ Bplends@) +upt [ o(e)ds)

§n—1 §n—1

Letting € \, 0, the first term vanishes, while the second term goes to ¢(0), as
desired. [ ]

With some basic knowledge of differential geometry, we can shorten the above
computations. In polar coordinates = rw,r > 0, |w| = 1, A takes the form,

n—1
A = 872 + 787- + TﬁQASn—l,
r
where Agn-1 is the Laplace -Beltrami operator on the unit sphere S*~1.

Exercise. Recall that the Laplace-Beltrami operator on a Riemannian manifold
with metric ¢ is given, in local coordinates z* by

1 ..
Aggp = ﬁai (g” V'919;9).
Here g% are the components of the inverse metric ¢~ ! relative to the coordi-
nates z'. The volume element dS, on M is given, in local coordinates, by dS, =
Vl]gldztdz? ... dz™. Observe that, on compact manifold M,

/Aguvng:/ uAgvdSy.
M M

Exercise 2. Calculate the Laplace-Beltrami operator for the unit sphere S"~!
and check the polar decomposition formula for A. For the particular case n = 3,
relative to the coordinates z' = rcos@!,22 = rsinf' cos6?,2> = rsinf' sin 6?2,
6! € [0,7),6% € [0,27) show that,

1

1
AS2 = (3'31 —+ COtanol 391 —+ Tagz
sin” f1

Moreover the area element dS,, takes the form, dS,, = r2sin 8'd6'df?>.
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Proof (geometric derivation): For a smooth function ¢(z) = ¢(rw), in polar co-
ordinates 7 = |z|, w € S"~! unit sphere in R", we have

n —

A6 = (0 + 0 )0
= r’("’l)&,(rnflﬁrqﬁ) +7r 2 Agn-1¢

Thus passing to polar coordinates z = rw, with dz = v~ 1drdS,,, in the integral,

<AK,, 0> = <K,,A¢p>
/ / Ky (r)0,(r"'0,¢)drdS,, + / / K, (r)Agn-16drdS,
|w|=1J0 Jw|]=1J0

((Q—n)wn)—1/||1 /Ooorn+287-(7“nlar¢)d7‘dsw

= — /oo ’l"_n-i_1 (’I’n_lar(b)d'r = - /[><J ar(b = (b(O)
0 0

we infer that, for n > 3, AK,, = dg as desired. The case n = 2 can be treated in
the same manner.

Remark : Observe that, up to a constant, the expression of K, (x) can be easily
guessed by looking for spherically symmetric solutions K = K(|z|). Indeed, the
equation AK = 0 reduces to the ODE, K" (r) + =L K’(r) = 0.

According to the general theory we can now solve the Poisson equation Au = f,
for any smooth compactly supported f, by the formula,

ua) = [ Ko=)y = [ Koo)fo =y (©
For n > 3 we observe that the solution given by (15) decays to zero as |z| — oc.
Indeed, for large |z| we can write (15) in the form

) = calel Y [ (1= B0 f(g)dy £ Jaf 0
n x

due to the fact that f has compact support. We claim that the equation Au = f

has a unique solutions u(z) which decays at oo as @ — oo and therefore it must be

represented by the integral formula (15). For n = 2, on the other hand, we only

have |u(z)| S log|z|. Observe however that

(o) 5 [ 0Kt = )| w)ldy < [o]

since |0Ka(x — y)| < |z —y[ 7t

PROPOSITION 1.23. For any f € C§°(R™), n > 3 the equation Au = f has a unique

smooth solution which vanishes at infinity, i.e. tends to zero as |x| — oo. The

solution is represented by (15). For n = 2 the same equation has a unique smooth
lu(@)| _

solution u(x) with lim|g)_ o n =0 and |Ou(x)] — 0 as |z| — oo. The solution

is represented by (15), up to an additive constant.
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Proof : By linearity it suffices to take f = 0. For n > 3 we have to show
that Au = 0, with u vanishing at infinity, implies that w = 0. The result is an
easy consequence of Liouville’s theorem which states that every bounded harmonic?
function in R™ is constant. Liouville’s theorem follows from the maximum principle
for A according to which the extreme values of a harmonic function, i.e. a solution
to Au = 0, in a domain D must be attained at the boundary of D. We shall return
to both Liouville’s theorem and the maximum principle later. However you can try
to prove directly the version of the maximum principle needed here. In the case
n = 2 we can use the same argument to show that the derivatives of a solution u(z)
of Au = 0, with the properties mentioned in the proposition, must vanish. |

We shall now give an alternative, direct, proof of the fact that the function u(x)
defined by (15) is a solution of Au = f. Indeed,

Au(z) = . Kn(y)Ayf(x —y)dy.

We would like to integrate by parts and make use of the fact that AK,(z) = 0
on R™\ {0}. We cannot do it directly because the singularity at the origin. We
circumvent this difficulty by the standard trick of decomposing the integral I(x)
on the right into a regular part R.(z) = fR"\BE K,(y)Ayf(z —y)dy and a singular
part S, = fB‘ K,(y)Ay,f(z — y)dy where ¢ > 0 is an arbitrary small number and
Be is the closed ball of radius € centered at the origin. For the singular part S, we
have, for n > 3,

[Se(@)| < €*10° £l

and therefore converges to zero as € — 0.

For the regular part,
Rlo)= [ Kaly)a,fo )y
R™\ B,

we are allowed to integrate by parts. Doing it carefully by keeping track of the
boundary terms on 9B, and powers of € we easliy infer that |Rc(z) — f(x)| tends
to zero as € — 0, for all values of x.

2.) D’Alembertian operator O .  We shall next look of a fundamental solution for
the wave operator,

-1
n OT + T_QASn—l
r

O=-0}+A=-0}+092+

in R"*1. We look for solutions of the form* ¢(t, x) = f(p) where p = (t?—|z|?)'/2, in
the region || < t. By a simple calculation we find f”(p)+2 f'(p) = 0 with solutions

flp) = ap_%1 + b. Therefore a good candidate for a fundamental solution must

have the form E = (2 — |z|2)~ "% in the region ¢ > |z|. To extend this definition
to all space R"™! and derive a distribution supported in the region {(t,z) : |z| < t}

n—1

we are led to look at the pull back f*(x; ? ) of the one dimensional distribution

3Solutions to Au = 0 are called harmonic.
4In other words we look for solutions invariant under Lorentz transformations. We shall
discuss later and in more detail the geometric significance of the wave operator and its symmetries.



1. DISTRIBUTION THEORY 15

_n=1
X4+ 2 , where f is the map f(t,z) = t* — |z[%. For simplicity we write this as

n=1
Xy 7 (= 2.

_n=1
Note that the expression x, 2 (¢*—|z|?) is not exactly rigorous, since the gradient

n—1
of t* — |z|* vanishes at the origin, and hence x| * (t* — |2|?) defines a distribution
only on R"™ — {0}. A rigorous formulation requires a bit more care. For clarity
and convenience, in what follows, we will adopt a heuristic and informal approach
to deriving the fundamental solutions.

To make sure that the proposed fundamental distribution is supported in |z| < ¢,
we set (informally)

(n+1) =25 2 2
EVT(tw) = e ()xy * (07— [2]7) (7)
with H(t) the Heavyside function supported on ¢ > 0 and ¢,, a normalizing constant
to be determined. In fact ¢, = —%wan.

PROPOSITION 1.24. The distribution ES:LH) is supported in |x| < t and verifies

Oe!"™ = 5.

_n-1
In the following heuristic “proofs” of the proposition, we treat x, 2 (¢* — |z|?) as
locally integrable functions on R™*!. In reality, this is clearly not the case, and
hence the heuristic computations performed here will need to be rigorously justified.

Proof [for n = 3]: In this case we have to check that

i7“_15(t—7°)

1
Ei(tr) = —gm "HO&( — |2?) = —

with 7 = |z|. Thus, since O¢ = —r=Y(9; + 9,.)(0; — 8;)(r¢) + Ag2h, we have with
Y(t,rw) = (0 — 5‘T)(r¢(t,rw)),

1 [ee] oo
<E,O¢> = L / / / 5(t — 1), + O, )dtdrdS,,
Am Js2 Jo  Jo
1 > d
= /) dSw(/O Jz/}(r,r)dr)
= —(0,0) = 6(0)
Thus, OF; = g as desired. ]

We shall now consider the general case. Let E(t,x) = H(t)xjr(nfl)/z. We write,
for an arbitrary test function ¢ € Cg°(R"*1),

0o oo
<OE, ¢ >= / B(t,x)Opdrdz = lim / E(t,2)O¢dtds
0 R™ e~V e R"
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We integrate by parts in the slab region [¢, 00) x R™,

/ E (~02+Y02)0
e JR» i=1

+/€ /n (0:EO0p — O;E - 0;0) + - E0:¢(e, )

/m/ OE-¢— | 8,Ed(e,x)+ | Edid(e, x)

R™ R

= — | 9E¢(e,x)+ | Edip(e x)
R™ R™

since, away from from the tip ¢ = |z| = 0, we have D(X__'r("_l)ﬂ(t2 — |z[?)) = 0.
Why?

Now, making the change of variables x = ey and using the homogeneity® of x;("_l)/ 2,

Edip(e,x) = /R X;(nfl)/z(eg—|a:|2)8t¢(e,x)dx

Rn

= /xl("fl)/z(ez(l—|y|2))0t¢(6,ey)6”dy

= 6/ TP - o, e)dy — 0 as € — 0
On the other hand,
IR — o) = 202 — ).

Hence,

OE - Pp(e,x) = 26/ X;(n+1)/2(e2 — |2*)é(e, z)dx

Rn

= 2 / e DN TN 2606, ey)endy

= 2/ X2V y2) (e, ey)dy
Rn,

Now observe that the distibution X;(n+1)/2(1 —|y|?) is supported in |y| < 1. Choose

a test function 1 (y) in R™ equal to 1 for |y| < 2 and supported in |y| < 4. Clearly,

lim [ 0 -ge) = 20m [ GOTVE0 - |y)o(e ey (y)dy
e—0 Jrn €~V JRn

= 200 [ G0 Py
Therefore we conclude that,
< OE, ¢ >= —2J,6(0)

N n+1)/2(1 — |y|*)¥(y)dy. To finish we only have to calculate J.

where J, = [ X+(

LEMMA 1.25. For a function i € C§° which is identically 1 in a neighborhood of
the origin, we have

Jn = / G = P (y)dy = =

5Tt is simple to check that, as distributions, XL (ML) = A°x5(1).



1. DISTRIBUTION THEORY 17

where ¢, = 1/2r(1=")/2,

Proof : We consider the cases n = 2,n = 3. For n = 3,

Jy = /S/ X2 (1 =) r*y(rw)dr = -2 1/8/ = r?)r(rw)dr
_ 2—1/82/0 (5(1—T2)$(rw(rw))dr:4_1/82/o 5(1—r)%(r1/)(rw))dr

as desired.

For n = 2, since X_T_l/Q(l —5?%) = 1ﬂ(l/Q)(l —s2)71/2 = 771/2(1 — 5?)=Y/2 and the
derivatives of v vanish for r < 2,

= 27! OO i —1/2 .2
oo /w|—1/0 dr O = 17))g(rw)dr
= 2*1,QW,X*I/Z(O)QZJ(O):T(J/Q'

Remark: As mentioned before, one needs to be more careful in order to express
the above fundamental solutions formally. For example, in the case n = 3, where
(3+1)

n—1
2

X4 = dp, we can write E rigorously as follows:
(3+1) o(|z|, x)
E =— ———=d
< + 7¢> R3 47T‘$| v

Since r~! defines a locally integrable function in R?, one can show that the above
defines a valid distribution on R3*1.

Finally, we can construct an analogous fundamental solution E(_"_l) supported the
past cone |z| < —t. In particular, fundamental solutions are not unique.

3.) Heat Operator H. We consider the heat operator H = 9; — A acting on func-
tions defined on R x R™ = R"*1, It makes sense to look for spherically symmetric
solutions to Hu = 0, that is functions u(t, z) = u(t, |z|) = u(t,r). It is easy to find
in this way the class of locally integrable solutions E.(t,z) = cH(t) t_%e_‘””‘Q/‘”,
with H(t) the heaviside function. Indeed H(E.) = 0 for all (t,x) with ¢ # 0. We
show below that, in the whole space, H(FE,) is proportional to dg and that we can
determine the constant ¢ = ¢, = 27 "7~ % such that the corresponding E = E. is a
fundamental solution of H, i.e. H(E) = Jo.
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Indeed, if ¢ € CS°(R™H1),

<H(E),p> = <EH¢>= —/E(t,x)(at + A)p(t, x)dzdt

= — lim /EOO /n E(t,z)(0r + A)o(t, x)dxdt

e—0t
= lim+/ / (O + A)E(t, x)p(t, z)dxdt + lim+ E(e,x)p(e, x)dx
e—0 € n e—0 R

= lim E(e,z)p(x, €)dx = ¢, lim 67"/2/ eflx‘2/46¢(9:,e)dx

e—0t Jpn e—0T

We now perform the change of variables z = 2¢!/2y,

<H(E),¢p> = 2"c, lim ¢(e7261/2y)e*|y\2dy:2ncn¢(o,o)/ e 1P dy
Rn

e—0
= ¢(0,0)
Exercise. Check that [, eI dy = 7n/2,

n

This proves that
B(t,x) = (4rt)"2H(t) t— e l2I"/4 ®)

is a fundamental solution for H.

4.) Schrodinger equation S.  The Schrodinger operator, S = id; + A has a funda-
mental solution which looks, superficially, exactly like that of the Heat operator,

E(t,x) = (dmit) "2 H(t) e'l*I*/4 (9)

—i|x|?/4t

Yet, of course, the presence of 7 in the exponential factor e makes a world

of difference.

Exercise  Show that the locally integrable function FE is indeed a fundamental
solution for S.

2. Distribution Theory

This is a very short summary of distribution theory, for more exposure to the subject
I suggest F.G. Friedlander and M. Joshi’s excellent book Introduction to the Theory
of Distributions, [3]. Hormander’s first volume of The Analysis of Linear Partial
Differential Operators, [5], in Springer can also be useful.

Notation. Throughout these notes we use the notation A < B to mean a < ¢B
where ¢ is a numerical constant, independent of A, B.

2.1. Test Functions. Distributions. We start with some standard nota-
tion. We denote vectors in R™ by z = (z1,...,z,) and set Az = (Az1,...,A\x,),
z+y=(x1+vy1,...,Tn+Yyn). We denote by -y the standard scalar product and
by |z| = (z - z)2 the Euclidean length of . Given a function f : Q — C we denote
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by supp(f) the closure in  of the set where f(x) # 0. We denote by C*(£2) the set
of complex valued functions on ) which are k£ times continuously differentiable and
by CF(€) the subset of those which are also compactly supported. We also denote
by C®(€2) = NkenC*(2) the space of infinitely differentiable functions; C§°(f2) the
subset of those which also have compact support. The latter plays a particularly
important role in the theory of distributions; it is called the space of test functions
on (.

Let Q@ C R™ and f € C*(92). We denote by 0;f the partial derivative %’ 1=
1,...,n. For derivatives of higher order we use the standard multi-index notation.
A multi-index « is an n-tuple « = (a4, . .., ;) of nonnegative integers with length
la| = a1+ -+a,. Set a+8 = (a1 +5,...,an+08,). We denote by a! the product
of factorials ay!---a,!. Now set 9%f = 7' --- 9% f. Clearly 9°tPf = 990 f.
Given two smooth functions u, v we have the Leibnitz formula,

a!
0% (u-v) = Z ﬁaﬁuﬁ'yv.
B+y=a A

Taylor’s formula, around the origin, for a smooth function f : R® — C can be
written as follows,

f@) = 3 L0+ Oal ) s w0,
laj<k

Qn

Here % denotes the monomial % = x{* - - - z%n.

PROPOSITION 2.2. Let f € CE(R™), 0 < k < oo. Let p be a test function, i.e.
p € CP(R™) with supp(p) C B(0,1), the ball centered at the origin of radius 1, and
[ p(z)dx =1. We set pe(z) = e "p(z/e) and let

fla) = frpa) = [ o™y = [ o~ ex)pl)d
We have:

(1) The functions f. are in C3°(R™) and supp(f.) C supp(f) + B(0,¢).
(2) We have 0% fe—0%f uniformly as ¢ — 0.

Proof : The first part of the proposition follows immediately from the definition
since the statement about supports is immediate and, by integration by parts, we
can transfer all derivatives of f. on the smooth part of the integrand p.. To prove
the second statement we simply write,

0" fu(w) ~ 01 () = [ (0%7(a — e2) ~ 07 (@) o2}
Therefore, for |a| < k,

0 f) 0 f @) < [10°7(a ~ c2) — 0 ()l

< / 1p(2)]dz sup 0% f(z — ez) — % f(2)|
21<1
< sup |07z — e) — 0 f ()|

|z<1
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The proof follows now easily in view of the uniform continuity of the functions 0 f.
|

As a corollary of the Proposition one can easily check that the space of test functions
CS°(9) is dense in the spaces C*(Q) as well as LP(2), 1 < p < oo.

DEFINITION 2.3. A distribution u € D'(Q) is a linear functional u : C§°(Q2) — C
verifying the following property:

For any compact set K C §2 there exists an integer N and a constant C = Ck n
such that for all ¢ € C§°(Q), with supp(¢) C K we have

| <u,p>|<C Z sup |0“¢|.

lal<N

Equivalently a distribution w is a linear functional u : C§°(2) — C which is con-
tinuous if the space of test functions is endowed with the standard Frechet space
structure®. In this topology a sequence ¢; converges to 0 in Cg°(§2) if all the sup-
ports of ¢; are included in a compact subset of ) and, for each multi-index a,
0%¢; — 0 in the uniform norm. We have in fact the following characterization of
distributions:

PROPOSITION 2.4. A linear form u : C3°(2) — C is a distribution in D'(Q) iff
lim;_,o u(¢;) = 0 for every sequence of test functions ¢; which converges to 0, in
Cr (), as j — oo.

Proof: This proof can be found in Friedlander, section 1.3, Theorem 1.3.2. ®

Example 1: Any locally integrable function f € Llloc(Q) defines a distribution,

< fp>= /f¢, Vo € C (9.

We can thus identify Llloc(Q) as a subspace of D’'(2). This is true in particular for
the space C>°(Q) C L; ().
Example 2: The Dirac measure with mass 1 supported at xg € R” is defined
by,

< 51’03 ¢ >= ¢($0)
Remark: We shall often denote the action of a distribution u on a test function
by u(¢) instead of < u, ¢ >. Thus d,(¢) = P(x0).

DEFINITION 2.5. A sequence of distributions u; € D'(€) is said to converge, weakly,
to a distribution u € D'(Q) if, u;(¢) — u(¢) for all ¢ € C°(£2).

6This is the topology induced by the countable family of seminorms ¢ +— Supg, \8(0‘)¢|, where
K; is a countable family of compact sets exhausting 2, and « ranges over all natural multi-indices.
‘We do not need however the precise definition.
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For example the sequence u,, = ¢™® converges weakly to 0 in D’(R) as m — oo.
Also if f € L*(R™), with [, f(z)dz = 1, the family of functions fx(z) = A" f(Az)

converges weakly to dy as A — oo.

2.6. Operations with distributions. The advantage of working with the
space of distributions is that while this space is much larger than the space of
smooth functions most important operations on test functions can be carried over
to distributions.

1. Multiplication with smooth functions: Given u € D/'(Q2) and f € C>(Q)
we define,

< fu,p >=<u, fo >, Vo € C3° ().
It is easily verified that multiplication with a smooth function is a continuous
endomorphism of the space of distributions.

2. Convolution with a test-function: Consider, u € D'(R"),¢ € C°(R™).
Generalizing the convolution of 2 functions in a natural way, we define

uxd(x) =< uy, (x —y) >,

the subscript specifying that v is understood to be acting on functions of the variable
y. Observe that the definition coincides with the usual one if u is a locally integrable

: 1 n
function, u € Lloc(R ).

Remark: Observe that for every distribution u € D/(R™) and ¢ € C5°(R™) we
have ux¢ € C°(R"). Indeed, e.g. letting e) denote a standard unit vector,

uk@(x + hey) — uxg(z)
h

! <y, d(x + he, —y) — ¢z —y) >

1
= < uy7/ Oko(x + they — y)dt > .
0

Now if z € K, for some compact set K C R”, then for every sequence h; — 0,
the associated sequence of functions y +— fol Ord(x + thier, — y)dt, together with
all its derivatives, converge uniformly toward Oy¢(z — y) and its corresponding
derivatives. Moreover they are all compactly supported with supports contained in
some compact set K’. Therefore,

lim ux@(z + hey) — uxp(x)
h—0 h

= ux0pP(x).

and thus ux¢ has continuous partial derivatives. We can continue in this manner
and conclude that in fact ux¢ € C*°(R™).

3. Differentiation of distributions: For every distribution u € D'(Q2) we define

<%, ¢ >= (—1)l*l < u, 0% > .

Again, it is easily verified that we have thus defined a continuous endomorphism
of the space of distributions. Of course, the operations above were defined so as to
extend the usual operations on smooth functions.
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We can now define the action of a general linear partial differential operator on
distributions. Indeed let,

P(x,0)= Y a.0%  aq€C(9),

lo|<m
be such an operator. Then,
< P(z,0)u, ¢ >=< u, P(z,0)7¢ >,

where P(z,0)" is the formal adjoint operator,

P(z,0)v = Z (—1)115% (aqv).

la|<m

Observe that if u; € D’'(Q2) converges weakly to u € D'(2) then P(x,0)u; converges
weakly to P(x,0)u.

Exercise. Show that for all u € D’'(Q) there exists a sequence u; € C§°(€2) such
that u; — w as j — oo in the sense of distributions( weak convergence). Thus
C2 () is dense in D’(€2), with respect to the weak topology of the latter.

2.7. Example of distributions on the real line.

1.) The simplest nontrivial distribution is the Dirac function dy = do(x), defined
by < do(z), ¢ >= ¢(0).

2.) Another simple example is the Heaviside function H(x) equal to 1 for x > 0
and zero for x < 0. Or, using the standard identification between locally integrable
functions and distributions,

< H(z),¢ >= /000 o(x)dx.

Observe that H'(x) = do(x).
3.) A more elaborate example is pv(%), or simply %, called the principal value
distribution,
<L g>—tim (/76 L @)z + /OO L o(@)da).
x e—0"J_x e T
Observe that log|z| is locally integrable and thus a distribution by the standard
identification. It is easy to check that - log |z = pv(2).

Exercise. Let, for z € C with 0 < arg(z) < 7, log z = log|z| + iarg(z). We can
regard x — logz = log(z + iy) as a family of distributions depending on y € R*.
For  # 0 we have lim, o+ log z = log || + im(1 — H(x)). Show that as y — 0 in
R*, 0, log z converges weakly to a distribution ﬁlio and,
1 J—
r4+i0
We now define an important family of distributions x7%, with z € C, by analytic
continuation. For this we first recall the definition of the Gamma function,

z7t —indo(x).



2. DISTRIBUTION THEORY 23
DEFINITION 2.8. For Re(z) > 0 we define
I(z) = / 1t (10)
0

as well as the Beta function,

B(a,b) = /0 57711 — 5)"lds (11)

Clearly I'(a) = aI'(a — 1) and T'(0) = 1. Thus I'(n) = nl. Recall that the following
identity holds:

I'(a) - T'(b)
B = =" 12
(0.0 = 1 (12
We also record for future applications,
T
I'a)P'(1 —a)=DB(a,1 —a) = Sn(ra) (13)

In particular I'(1/2) = w'/2.

Exercise. Prove formulas (12) and (13). For help see Hérmander, [5] section 3.4.

DEFINITION 2.9. For Re(a) > 0, we denote by j, () the locally integrable function
which is identically zero for A < 0 and

o) =

AL A > 0. (14)

The following proposition is well known,
PROPOSITION 2.10. For all a,b, Re(a), Re(b) > 0,

ja * jb - ja+b

Proof: We have,

A
Ja*gp(X) = ﬁﬁ/{) T 1) T
= L e [ gt
- r(a)l“(b)/\ /0 o

PROPOSITION 2.11. There exists a family of distribution j,, defined for all a € C,
which coincide with the functions j, for Re(a) > 0, such that, jo * jb = Ja+b,
%ja()\) = Ja—1(A) and jo = do, the Dirac delta function at the origin. Moreover
for all positive integers m, j_pm (x) = I70¢(x).
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Proof : The proof is based on the observation that - j,(\) = ja—1(A). Thus, for
a test function ¢,

/ Jar(NG(N)dA = — / Ja()& (A)dA
R R

Based on this observation we define, for every a € C such that Re(a) +m > 0 as
distribution

< >= (—1)" / Jarm (V) 6 (\)dA

In particular,

< jord >= — / T A = — / T (A = 6(0)

Hence jo = dp. It is also easy to see that ji*j, = ja+p for all a,b € C. [ |

Remark: In applications one often sees the family of distributions x4 = joy1.
Clearly x9 * Xi = Xi“”l and Xll = dp. Observe also that x4 is homogeneous of
degree a, i.e. , x4 (tA) = t*x% ()), for any positive constant ¢. This clearly makes
sense for Re(a) > —1 when x4 is a function. Can you also make sense of it for all

acC?

2.12. Support of a distribution. The support of a distribution can be easily
derived as follows:

DEFINITION 2.13. For v € D’'(Q)), we define the complement of the support of u,
Q\supp(u) = {x € Q |3V, > x open, such that < u,¢ >=0 V¢ € C3°(Vy)}.

LEMMA 2.14. If u € D'(Q) and ¢ is a test function with supp(¢) C Q\supp(u),
then < u, ¢ >=u(¢) = 0.

Proof : This follows easily by a partition of unity argument. The argument can
be found in Friedlander, section 1.4. |

PROPOSITION 2.15. A distribution u € D'(R™) has compact support K C R™ iff
there exists N € N such that \¥Y¢ € C°(R™) we have

[u(¢)| < Csup Y [0%¢(x)],
xzeU la|[<N

where U is an arbitrary open neighborhood of K.

Proof: Thisis seen by using a cutoff function which is identically 1 on the support
of the distribution. [

Remark: Note that if we endow C>°(R™) with the Frechet topology induced by the
family of seminorms given by ¢ — supg, [0%¢|, with o € N* and K; running over
a countable collection of compact sets exhausting R™, then the space of compactly
supported distributions can be identified with C*(R™)*, i.e. the space dual to
C>®(R"™).
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We have the following useful fact concerning the structure of distributions supported
at one point.

PROPOSITION 2.16. Let u € D'(R"™) and assume that supp(u) C {0}. Then we
have u = ZIa\SN a,0%(00), for some integer N, complex numbers a, and &y the
Dirac measure in R™ supported at 0.

Proof: See Friedlander, [3], Theorem 3.2.1 or Hérmander, [5], Theorem 2.3.4. B

In this context, it is important to observe that the convolution of two distributions
cannot be defined in general, but only when certain conditions on the support of
the distributions are satisfied. We note in particular the fact that if uy, us € D’'(R™)
one of which is compactly supported, then the convolution u;*us can be defined.
Indeed, assuming us to be compactly supported, we simply define,

< UpkUg, @ >=< U, UgxP >, Vo € Cg°(R™).

Here, supp(ugx¢) C {x+ vy : x € supp(us), y € supp(¢)}, hence a compact set.
This definition extends the classical convolution for functions.

2.17. Pull back of distributions. Consider first the case of a C*° diffeomor-
phism f : © — Q' and let u a distribution on €’. Then the pull-back f*u is a
distribution in  defined by,

< [ru, ¢ >=<u(y),g"o(y)| det Jg(y)| >, ¢ €C5e ()

where g = f~! and g*¢(y) = #(g(y)) and Jg(y) is the jacobian of the map y —
g(y). Tt is easy to see that this definition is meaningful and that it coincides with
the standard change of variable rule when u is a smooth function. Moreover the
derivatives of f*u can be computed by the standard chain rule.

Next we consider the pull back corresponding to a function f : © — R. This
procedure allows us to use the definition of some distributions on the real line to
obtain interesting distributions in R™.

DEFINITION 2.18. Let f : R — R be a smooth map with surjective differential
everywhere. If u € D'(R) we can define its pull-back f*(u) as follows:

Let # € R™ such that” 9,, f(z) # 0 on a neighborhood U > x. Hence the map
yeU — (fly1,y),y) € R*, with ¢ = (y2,... ,Yn), is a local diffeomorphism.
Now we set, for every test function ¢ supported in U,

f*(u)(¢) = uyl(/¢(f(yla y/)a y/)|ay1f(y17y,)‘71dy/)a

In this definition, u,, indicates that u operates on functions depending on the y;-
variable. Since we can proceed in this fashion for every point in R™, we can define
the pullback of u via f globally by patching the local definitions together via a
partition of unity.

7by surjectivity of the differential, we may always assume this.
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Example: If f is as above, then we can explicitly obtain the pullback of the
delta function &g, namely f*(dp) = ﬁda. Here, do denotes the canonical surface

measure on the embedded sub-manifold f~1(0) C R and V f denoted the gradient
of f.

In connection with the above example, it is useful to observe that if f, g are
two smooth functions on R™ with non-vanishing differential everywhere, then the
following equality holds in the sense of distributions for all a,b € R™:

/ 5o(f(a) — 2)d0(g(b) — 2)dz = do(f(a) — g(b)).

Both sides are to be interpreted as distributions on R™ xR™. To check this, one com-
pletes the map (a,b) € R" x R” — f(a) — g(b) € R to a local diffeomorphism, e.g.
assuming that 9, f(a) # 0,9y, g(b) # 0, as follows: (a,b) — (f(a)—g(b),g(b),a’,b),
where a’, b’ denote (ag, ... ,a,), (ba,...,by,). Using the above definition of the pull-
back of distributions and the fact that the determinant of the Jacobian of this map
is the product of the Jacobians of the maps a — (f(a),a’),b — (g(b), '), the claim
easily follows.

Remark. One cannot define, in general, a meaningful, associative, product of
distributions. Why not? Produce an example of three distributions on the real line
whose product, if defined, could not be associative.

2.19. Fundamental solutions. Given a linear partial differential operator
with constant coefficients P(9) = 3|, <4 @a0%, with a, € C, we say that a dis-
tribution E is a fundamental solution if it verifies P(8)E = dy. If this is the case
then we can always find solution of the equation P(Q)u = f, where f € D'(R")
is a compactly supported distribution, by setting uw = FExf. This follows easily
from the following proposition together with the observation that dg*xu = u for any
u € D'(R™).

PROPOSITION 2.20. Assume u,v € D'(R™) one of which is compactly supported.
Then,
P(0)(uxv) = P(Q)uxv = uxP(0)v.

In what follows we shall calculate the fundamental solution for some special im-
portant differential operators such as the Laplacean A = Y7 | 0? in R, and the
D’Alembertian 0 = —9? + A in R"*1. We also consider the Heat operator 9, — A
and Schrodinger operator 10, + A.

1.) Laplace Operator A. The Laplace operator A is invariant under translations
and rotations, that is the group of rigid motions. In polar coordinates = = rw,r >
0, |w| =1, it takes the form,

-1
A=+ 1720, + 1 2Agu,
T

where Agn—1 is the Laplace -Beltrami operator on the unit sphere S”~!. We denote
by dS., the area element of the hypersurface S"~! and by w, the total area of the
unit sphere.
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Exercise. Recall that the Laplace-Beltrami operator on a Riemannian manifold
with metric g is given, in local coordinates z! by

1 g
——=0;(9"/1919;9).
Vgl
Here ¢ are the components of the inverse metric ¢~ ! relative to the coordi-
nates z°. The volume element dSy on M is given, in local coordinates, by dS,; =
Vgldztdz? ... dz". Observe that, on compact manifold M,

Agp =

1

AguvdS :/ uAgvdSy.
M M

Exercise 2. Calculate the Laplace-Beltrami operator for the unit sphere S"~!
and check the polar decomposition formula for A. For the particular case n = 3,
relative to the coordinates z' = rcosf', 22 = rsinf' cos6?,2® = rsin g sin 62,
0! € [0,7),0% € [0,2m) show that,

1
sin? §1

Moreover the area element dS,, takes the form, dS,, = r2sin 8'd6'ds>.

Agz = 931 + cotand' 9y, + 0ps.

PROPOSITION 2.21. Define, for alln >3, K,(z) = ((2— n)wn)71|x|2*" while, for
n =2, Ky(x) = (2r)"tlog|z|. Here w, denotes the area of the unit sphere S"~1.
Then, for all n > 2,

Proof : Observe that AK,(x) = 0 for all = € R™\ {0}. Thus, in the whole
space AK,, is supported at the origin and therefore can be expressed as a sum of
derivatives of dp. By homogeneity considerations we can easily infer that AK, (z) =
cby for some constant ¢. Now, for a smooth function ¢(z) = ¢(rw), in polar
coordinates r = |z|, w € S*~! unit sphere in R", that is |w| = 1, we have

n—

Ay = (2 + . 13T+7’72Agn71)¢
= DY 19,0) + 1 2 Agn1¢

where Agn—1 is the Laplace -Beltrami operator on S*~!. Thus passing to polar
coordinates x = rw, with dz = r"~'drdS,,, in the integral,
<AK,,¢> = <K, A¢p>

o0

/ K, (r)0, (7‘"71874;5) drdS,, + K, (r)Agn-1¢drdS,,
lwl=1Jo

lw|=1 Jo

((2—n)wn)_1/ / r‘”“@r(rn_lar(b)drdSw
|w]=1J0

= — /Oo T7n+1 (’I"nilﬁr(b)dr = - /OO ar¢ = QS(O)
0 0

we infer that, for n > 3, AK,, = &g as desired. The case n = 2 can be treated in
the same manner.
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Remark : Observe that, up to a constant, the expression of K, (x) can be easily
guessed by looking for spherically symmetric solutions K = K(|z|). Indeed, the
equation AK = 0 reduces to the ODE, K" (r) + 2=LK'(r) = 0.

According to the general theory we can now solve the Poisson equation Au = f,
for any smooth compactly supported f, by the formula,

u(z) = - Kn(z —y)f(y)dy = . Kn(y)f(z — y)dy. (15)

For n > 3 we observe that the solution given by (15) decays to zero as |z| — oc.
Indeed, for large |x| we can write (15) in the form

u(w) = enlz| 7" 7Y / (1- M)_("‘”f(y)dy < Ja| D),

S
due to the fact that f has compact support. We claim that the equation Au = f
has a unique solutions u(z) which decays at oo as & — oo and therefore it must be
represented by the integral formula (15). For n = 2, on the other hand, we only
have |u(z)| S log|z|. Observe however that

|Oiu(2)| < /RZ |0: K2 (2 = y)|| £ (y)|dy < |~

since |0Ka(x —y)| < |z —y[ 7t

PROPOSITION 2.22. For any f € C§°(R™), n > 3 the equation Au = f has a unique
smooth solution which vanishes at infinity, i.e. tends to zero as |r| — oo. The

solution is represented by (15). For n = 2 the same equation has a unique smooth
[u(z)]

=]
is represented by (15), up to an additive constant.

solution u(x) with limg)_ =0 and |Ou(z)] — 0 as |z| — oo. The solution

Proof : By linearity it suffices to take f = 0. For n > 3 we have to show
that Au = 0, with u vanishing at infinity, implies that « = 0. The result is an
easy consequence of Liouville’s theorem which states that every bounded harmonic®
function in R”™ is constant. Liouville’s theorem follows from the maximum principle
for A according to which the extreme values of a harmonic function, i.e. a solution
to Au = 0, in a domain D must be attained at the boundary of D. We shall return
to both Liouville’s theorem and the maximum principle later. However you can try
to prove directly the version of the maximum principle needed here. In the case
n = 2 we can use the same argument to show that the derivatives of a solution u(x)
of Au = 0, with the properties mentioned in the proposition, must vanish. [ |

We shall now give an alternative, direct, proof of the fact that the function wu(x)
defined by (15) is a solution of Au = f. Indeed,

Au(z) = . Kn(y)Ayf(x —y)dy.

8Solutions to Au = 0 are called harmonic.
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We would like to integrate by parts and make use of the fact that AK,(z) = 0
on R™\ {0}. We cannot do it directly because the singularity at the origin. We
circumvent this difficulty by the standard trick of decomposing the integral I(z)
on the right into a regular part R.(z) = fRn\Be K, (y)Ay f(z — y)dy and a singular
part S, = fBé K,(y)A,f(z — y)dy where ¢ > 0 is an arbitrary small number and
B, is the closed ball of radius € centered at the origin. For the singular part S. we
have, for n > 3,

[Se(x)] S €10 fll

and therefore converges to zero as € — 0.

For the regular part,
Re(x) = / Kn(y)Ayf(z —y)dy
Rn\Be

we are allowed to integrate by parts. Doing it carefully by keeping track of the
boundary terms on 9B, and powers of € we easliy infer that |R.(z) — f(x)| tends
to zero as € — 0, for all values of x.

2.) D’Alembertian operator O .  We shall next look of a fundamental solution for
the wave operator,

n —

1
87- + TﬁQAS'nfl

O=-0}+A=-0}+92+ .

in R™*1. We look for solutions of the form? ¢(t,2) = f(p) where p = (t? —|z|?)'/2,
in the region |z| < ¢. By a simple calculation we find f”(p) + 2 f'(p) = 0 with

solutions f(p) = a/fan1 +0b. Therefore a good candidate for a fundamental solution

must have the form E = (2 — |#|?)~"%" in the region ¢ > |z|. To extend this
definition to all space R" ™! and derive a distribution supported in the region { (¢, z) :

|z| < t} we are led to look at the pull back f*(xjrn%) of the one dimensional

n—1

distribution x, * , where f is the map f(t,z) = ¢* — |z|*. For simplicity we write

_n—1
this distribution as x, 2 (t* — |z[?). To make sure that we have a distribution
supported in |z| <t we set,

_n-1
EVD (4 2) = e H(t)xS = (82— |af?), (16)
with H(t) the Heavyside function supported on ¢ > 0 and ¢,, a normalizing constant
to be determined. In fact ¢, = —ir 2"

2

ProPOSITION 2.23. The distribution ES_"H) is supported in |x| < t and verifies
DE(n+1) -5
+ = Oo-

Proof [for n = 3]: We first prove the proposition for the particular case of dimen-
sion n = 3. In that case we have to check that

1 1
Ey(tiw) = —om HH6(E — [2f) = —

—1 _
e o(t—r)

9n other words we look for solutions invariant under Lorentz transformations. We shall
discuss later and in more detail the geometric significance of the wave operator and its symmetries.
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with 7 = |z|. Thus, since O¢ = —r~Y(; + 9,.)(0; — 0;,)(r¢) + Ag2, we have with
1/1(157 7ﬂ"‘)) = (at - 87~)(7”¢(t, rw))

<Ep O > = /32/ / 0(t — r)(0 + Op)2pdtdrdS.,
= 47r dS (/0 —w(r r)dr)
= —w(o, 0) = ¢(0)
Thus, OF, = Jg as desired. ]

We shall now consider the general case. Let E(t,z) = H(t)xl(n_l)ﬂ. We write,
for an arbitrary test function ¢ € C5°(R"T1),

<0OE, ¢ >= /

E(t,z)dpdtdx = hm/ E(t,z)d¢dtdx
0o Jrn

R’Vl

Remark. Properly speaking the integral in the above identity does not make
sense since F is not a locally integrable function. To be completely correct one has
to write,

< OB, ¢ >=< HOxZ""(¢ = [2*),0¢ >= lim < H(t - "¢ ~ J2/*), 09 >

and then follow the same steps as below with the understanding that 0, H(t — €) =
0(t — €) and, for any test function 1,

<8t — xR — Ja), et 2) =< ;T RE - o), v(ex) >

We integrate by parts in the slab region [e, 00) x R™,

/ E (~02+Y 0%)0
¢ JRv i=1

+ /m (0E0p— 0,E-0,0) + | Edid(e,x)

R

/ /n OE- ¢ — 3tE(,25(6 9:)+/ Ed,6(e, z)

n

- atEQb(Gax) + Eatd)(ca (E)

Rn Rﬂ,
since, away from from the tip ¢ = |z| = 0, we have D(xjr(nfl)m(tz — |z[*)) = 0.
Why?

Now, making the change of variables © = ey and using the homogeneity'® of
—(n—1)/2
X+ 9

E8t¢(€a 33)

/ GV — [ef?)Bub (e, x)da
= /xl("_lw(eQ(l—IyIQ))até(e,ey)e"dy

R~

= 6/ TV ) a(e, e)dy — 0 as € — 0

101t is simple to check that, as distributions, X5 (M) = A%x 5 (D).
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On the other hand,
A" — ) = 20 VP2 — J2f?).

Hence,

OF-dle,x) = 2 / XU~ (a?)ble, ) da
Rn
— 2 / D TN 2o e e)endy

2/ R = 1y (e, ey)dy

(n+1)/2(

Rn

Now observe that the distibution x__ —|y|?) is supported in |y| < 1. Choose
a test function 1 (y) in R™ equal to 1 for |y| < 2 and supported in |y| < 4. Clearly,

hr% OE - ¢(e,x) = 2]irr(1) X_T_(n+1)/2(1 — |y1*) (e, ey) ¥ (y)dy
R™ €— Rn

= 200 [ G0 Py
Therefore we conclude that,
<OE, ¢ >= —2J,6(0)
where J,, = [5. _("+1)/2( — y[*)¥(y)dy. To finish we only have to calculate J.

LEMMA 2.24. For o function ¢ € C§° which is identically 1 in a neighborhood of
the origin, we have

—(n 1 _
T = / G2 Py = 2ot

where ¢, = 1/2x(1=7)/2,

Proof : We consider the cases n = 2,n = 3. For n = 3,

Jy = /S/ K21 = )P (rw)dr = 27! /S/ LG =) rtre)dr
- 2—1/S2/0 6(1—r2)%(rw(rw))dr:4_1/gz/0 (5(1—r)dii(m/}(rw))dr

as desired.

For n = 2, since X_T_l/z(l —5?%) = F(1/2)(1 —82)71/2 = 771/2(1 — 52)~1/2 and the
derivatives of 1 vanish for r < 2,

Jo = —27 1/w| 1/ X V21— r?)p(rw)dr

2712w x 2 (0 >w<0)—7r1/2
|

3.) Heat Operator H. We consider the heat operator H = 9; — A acting on func-
tions defined on R x R® = R™*!. It makes sense to look for spherically symmetric
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solutions to Hu = 0, that is functions u(t, z) = u(t, |z|) = u(t,r). It is easy to find
in this way the class of locally integrable solutions E.(t,z) = cH(t) t_%e_‘””‘Q/‘“,
with H(t) the heaviside function. Indeed H(E.) = 0 for all (t,x) with ¢ # 0. We
show below that, in the whole space, H(F,) is proportional to dg and that we can

determine the constant ¢ = ¢, = 27 "7~ % such that the corresponding E = E. is a
fundamental solution of H, i.e. H(E) = Jo.

Indeed, if ¢ € C5°(R™ 1),

<HE)¢> = <EHeo>= —/E(t,x)(@t + A)o(t, 2)dudt

— " lim /Oo E(t,2)(0 + A)é(t, ) ddt
€ Rm™

e—0t
= lir(r)1+/ / (Or + A)E(t, 2)¢(t, z)dxdt + h%l+ E(e,x)¢(e,x)dx
€— € n €— R

= lim E(e,x)¢(z,e)dx = ¢, lim 6_"/2/ e_lx‘z/‘leqb(x,e)dx

e—0t Jprn e—0t

We now perform the change of variables x = 2¢'/2y,

<H(E),p> = 2"¢, lim, ¢(e7261/2y)e—|y\2dy:2"cn¢(0,0)/ e 19 dy
€E— Rn n

= ¢(0,0)
Exercise. Check that [, e~ dy = 7n/2,

This proves that
E(t,z) = (4nt) "2 H(t) t~ 5 e l#1*/40 (17)
is a fundamental solution for H.
4.) Schridinger equation S.  The Schrédinger operator, S = id; + A has a funda-
mental solution which looks, superficially, exactly like that of the Heat operator,
B(t,x) = (dmit)""/2H(1) e'lol/2t (18)

—ilz|? /4t

Yet, of course, the presence of 7 in the exponential factor e makes a world

of difference.
Exercise Show that the locally integrable function FE is indeed a fundamental

solution for S.

3. Fourier transform

3.1. Basic properties. Recall that if f € L'(R"), then the Fourier transform
F(f) = f is defined as

f(6) = / f(@)e"Edx (19)
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In case that f € L'(R"), we have the inversion formula

f(x) = (2m)" / F(e)entd, (20)

whose proof we shall indicate later. The inversion formula takes particularly con-
2
crete form in the case of the gaussian function G(z) = e~ 1#I7/2,

LEMMA 3.2. The following calculation holds true for functions of one variable and
a,beR,b>0,

/ eiaze—ba:2 _ (%)1/26—a2/4b (21)
Thus in R™, fort >0
/n eix'ye—tyz — (%)"/26—\x|2/4t (22)
In particular
F(G)(€) = 2m)"*G(¢) (23)

Proof: Make the change of variables in the complex domain, z = b'/2z — 7z s

and denote by I' the contour Im(z) = — 517,
0o —a?/4b —a?/4b oo
; —bx? o (& _ .2 _ e 2
/ €laz€ * dr = 1)17 / € z dz = W/ € * dx
oo r —o0

by a standard contour deformation argument. Now recall'! that the integral J =

1= e~*"dz = /2 which proves (21). Formula (22) now follows immediately.

The Fourier transform is linear and verifies the following simple properties:

e Fourier transform takes translations in physical space Ty, f(x) = f(z—x0)
into modulations in frequency space F (T}, f)(€) = e~ %0 f(£).

e Fourier transform takes modulations in physical space Mg, f(z) = €% f(z)
into translation in frequency space F(Me, f)(§) = f&=¢&).

e Fourier transform takes scaling in physical space Sy f(z) = f(Az) into
a dual scaling in Fourier space, F(Sxf)(€) = A" f(£/)). Observe that
Sx(f) preserves size, i.e. ||Sxf|lree = | f|lz> while the dual scaling S5 f =
A" f(z/X) preserves mass, that is ||S5 il = || f]lL:-

e Fourier transform takes conjugation in physical space into conjugation

and reflection in frequency, i.e. F(f)(€) = f(=¢€).
e Fourier transform takes convolution in physical space into multiplication
in frequency space, fxg = fg.

HFor a quick proof of this observe that J2 = ng e l2Pdy = x by passing to polar
coordinates.
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e Fourier transform takes partial derivatives in physical space into multipli-
cation in frequency space, F (0, f)(§) = i&; f(£).
e Fourier transform takes multiplication by z; in physical space into the

partial derivative O¢; in frequency space, F(z;f)(§) = i0¢, f(£)-
e We also have the simple self duality relation,

/f(w)ﬁ(x)dxz/f(x)g(x)dx.

Let G 4.6, (%) = €7 G (2 —20)/V\) be a translated, modulated, rescaled Gauss-
ian. Then,

}‘(G/\’IO@)(&) — )\N/?e—i(&—&o)wo/e—iﬁy(&—&o)g(y)dy

= (@)"PG(VAE - &)

We can interpret this result as saying that G 4, ¢, is localized at spatial position
xo, with spatial spread Az ~ /A, and at frequency position & with frequency
spread A =1/ V/A. Observe that Az - A¢ =~ 1, corresponding to the uncertainty
principle.

PROPOSITION 3.3 (Riemann Lebesgue). Given an arbitrary f € L'(R™) we have,
lfllLe Sl fllzy. Moreover, f(€) — 0 as |§] — oo.

Proof : Only the last statement requires an argument. Observe that if f €
C°(R™), then we can use integration by parts to conclude that f decays rapidly.
Indeed for any multi-index «, |a| = k € N,

efe = i / dge™ " f(x)dr = (—i)" / e f(x)da
/Ol 5 [ 108 asl < C

for some constant C,. Thus, |f(€)| < (1 + |¢])~* which proves the statement in
this case. For general f € L'(R"™), given € > 0, we can choose g € C§° such that
I|f —gllzr < §. From the preceding, we know that [§(§)| < § if [{] > M = M.
sufficiently large and therefore,

sup |F(E) < IIf = gllor@n) + sup [§(E)] < e
ll>M j€1>M

The Fourier transform converts constant coefficient linear partial differential opera-
tors into multiplication with polynomials, as immediate consequence of the relations
B/m;\f(f) =i f(¢), ajj?f(f) = 10, £(€). We would like to extend Fourier transforms
to distributions. However, since the space of test functions, i.e. C§°, is not preserved
by the Fourier transform, we need to restrict ourselves to a more limited class of
distributions, namely the dual of a space of test functions that is preserved under
the Fourier transform.
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DEFINITION 3.4. A function ¢ € C*°(R") is said to be rapidly decreasing if for all
multi indices «, 8 we have

sup |z*0%¢(z)| < oc.
rER?

This so-called Schwarz space S(R™) of rapidly decreasing functions is endowed in
the usual way with a natural Frechet topology. A sequence of functions ¢; converges
to zero in this topology if, for all multi-indices o, 3, z*9° ¢; converges uniformly to
zero. Note that S(R™) contains the compactly supported functions C§°(R™). Since
this is dense in the LP(R"™) spaces, for 1 < p < o0, so is S(R™). It is also easy to
check that C5°(R™) is dense in S(R™).

We have the following important fact, which is the reason for considering the
Schwarz space in our context:

PROPOSITION 3.5. The Fourier transform is an isomorphism of S(R™) onto itself

with inverse given by the inversion formula (20). Moreover we have the Plancherel
identity, for all f,g € S(R™),

(fr9)e2 = . f(@)g(x)de = (2m) 7" (f,9) 12 (24)

In particular we have the Parseval identity || f| > = (27)~"/2|F(f)|| 2.

Proof : Observe that |[£29°¢(€)| = |2892¢| and that 8*¢(x) decays faster than
|z|~1#1="=1 Thus we easily infer that F maps S(R™) into itself. Let Rf(z) =
f(—z) and define T = RF?. Observe that 7' commutes with partial derivatives 9;
and multiplications by x;. Indeed, for all j =1,...n,

T(9;f) = 0;(Tf), T(x;f)=x;(Tf) (25)

LEMMA 3.6. An linear, continuous'?, operator T : S(R™) — S(R™) which verifies
(25) must be of the form T'¢ = c¢d for some constant c.

Proof : Exercise. |

To determine the constants we only have to remark that, in view of lemma 3.2 we
have T(G) = ((277)”/2)2G = (27)"G. Hence the constant ¢ = (27)" which ends
the proof of the inversion formula, and the proposition, for Schwartz functions.
The constant could also be determined directly by observing that G(z) = e~lzl?/2
verifies the equation (x; 4+ 0,,)G = 0 and therefore also (£; + 8@)@ = 0. Hence,
by uniqueness, G(£) = aG(&) for some constant a. Therefore, a = G(0) = (2m)"/2.
The Plancherel and Parseval identities are immediate consequences of the inversion
formula. [ |

12T hat is T(¢;) — 0 whenever ¢; — 0 in S(R™)
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COROLLARY 3.7. The following properties hold for all functions in S:.
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As a corollary to the Parseval and Plancherel formulas we can extend our definition
of Fourier to L?(R™) functions by a simple density argument. Indeed for any u € L?
we can choose a sequence of S(R™) C L' functions u; converging gto u in the L?
norm. By Plancherel, | F(u;)—F (ug)||r2 < ||uj —ugl|L2. Hence the sequence F(u;)
forms a Cauchy sequence in L? and therefore converges to a limit which we may call
u. Clearly this definition does not depend on the particular sequence. Moreover
one can easily check that the Parseval identity extends to all L? functions. Thus
we have proved,

THEOREM 3.8. The Fourier transform is an isometry of the Hilbert space L*(R™)
into itself.

We can extend the Fourier transform even further to a special class of distributions
defined on R™.

Definition. We define a tempered distribution to be an element in the dual space
of the Schwarz space. Note that the tempered distributions embed continuously
into the space of ordinary distributions defined earlier. In analogy to the properties
of ordinary distributions, for every tempered distribution u, there exists a natural
number N and a constant C' such that

| <u,p>|<C Z sup |20 |, ¢ € S(R™)
lef, IBISN

We can now easily define the Fourier transform of a tempered distribution, namely,
<A, >=<u,d>.

One easily checks that this defines a tempered distribution 4 for every tempered wu.
Moreover all the properties of the Fourier transform, which have been verified for
Schwartz functions in S(R™) can be easily extended to all tempered distributions.
In particular, since all LP spaces are included in &'(R™) we have a definition of
Fourier transform for all such spaces. Observe that, in the case of L' this definition
coincides with the definition given in (19).

The following simple, and very useful, formulas for the Fourier transform of the
Dirac measure ¢y make now sense:

F(bo) =1, F(1)=(2m)"0 (26)
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Observe also that if we denote by sign(x) the one dimensional tempered distribution

given by the locally integrable function I%\ we have,

Sign(€) = —2ipv(¢) (27)

Indeed sign’(x) = 28y. Hence, i¢ s/lg\n(g) = 2. Therefore, for any rapidly decreasing
¢, we have

i / sign(z)zd(x)dz = 26(0) = 2 / p(z)da.

Also, observe that sTg\n(x) is an odd distribution in the sense that if ¢ is even,

¢(x) = ¢(—x), then < s?g\n,¢ >= 0. Now given a general test function ¢, write

¢ = 5(p(x) + ¢(—x)) + 5(d(x) — ¢(—2)) = pev + Poaa- Hence, from the preceding,
we infer that

< sign, ¢ >=< sigmx(;qﬁodd) >=—2i < pv(;), ¢ >

as desired.
3.9. Applications to the basic PDE’s.

3.10. Uncertainty principle and localization. On the real line let the
operators X, D defined by,

Xft)y=tf@t),  Df(t)=—if'(t)

Observe that,
[D,X)|f=DXf—-XDf =—if
This lack of commutation is responsible for the following:

PROPOSITION 3.11 (Heisenberg uncertainty principle). The following inequality
holds,

1
1X Az - IDf e > IR

Proof: Observe, using the commutator relation above,
0 < [[(aX +ibD)f|7> = a®|| X fIIZ2 + V* D72 — abl fZ-
Now, pick a = ||Df]|r2 and b = || X f]| 2. [ |

The uncertainty principle, which can informally described as Az - A > 1/2 places
a limit on how accurately we can localize a function, or any other relevant object,
simultaneously in both space and frequency. Let us investigate these localizations
in more details.

1.) Physical space localization. If we want to localize a function f to a domain
D C R™ we may simply multiply f by the characteristic function xp. The problem
with this localization is that the resulting function xpf is not smooth even if f
is. To correct for this we choose ¢p € C§°(D) in such a way that ¢p is not too
different from xp. In the particular case when D is a ball B(xg, R) centered at xg
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we can choose ¢p to be 1 on the ball B(xzg, R) and zero outside the ball B(zq, 2R).
This leads to the following bounds for the derivatives of ¢p,

0%¢p| < R

In general given a domain D to which we can associate a length scale R ( such as
its diameter or distance from a fixed point in its interior), we can find a function
¢p € C§°(D) such that,

|0%p| < R, (28)

for all multi-indices o € N™.

2.) Frequency space localization. Just like before we can localize a function to a
domain D C R™ in frequency space by F~!(xpf). Once more, it often pays to use
a smoother version of cut-off, thus we set,

Ppf(€) = ¢pf(©).

Pp is an example of a Fourier multiplier operator, that is an operator of the type:

T () = m()f(©). (29)
with m = m(§) a given function called the symbol of the operator. Clearly,
T,0f(0) = fk (@) = [ fla = p)K()dy (30)

where K, the kernel of T, is the inverse Fourer transform of m,

K(z) = (2m)~" / ¢S (£)de.

Clearly any linear differential operator P(9) is a multiplier with symbol P(i€).

To compare the action, in physical space, between rough and smooth cut-off oper-
ators it suffices to look at the corresponding kernels K. Let I = [—1,1] C R and
X1 the rough cut-off (while ignoring the 27 constants). The corresponding kernel

1 .
K(z) = / et ge = o2
xX

-1

decays very slowly as |z| — co. Because of this the operator
sin(z —y)

P af)w) =2 [ 2 )y

has very poor localization properties. Indeed, the operator spreads around to the
whole R any function supported in some set J C R. This situation corresponds to
a perfect localization in frequency space and a very bad one in physical space. The
exact opposite situation occurs when we do the rough cut-off localization x;f in
physical space.

Now let us consider the frequency cut-off operator Prf = F~1(¢;f) whose kernel
is

K () = /R €7, (¢)de.
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Though we cannot explicitly calculate K (z), as before, we can nevertheless get a
good handle on its properties. Clearly, to start with, K(x) < 1. This bound is as
good as we expect for |z| < 1. For || > 1 we can do much better by exploiting the
rapid oscillations of the phase function ¢ and the smoothness of ¢;. Integrating
by parts, for |z| > 1,

1y, d\j ;0 —1\j soes dj
K _ - el ix-§ dé = _ g (7 d.
@) = [ G2 (e on@ae = [ () e () anleae
Thus, since all derivatives of ¢; are bounded, see (28), we have for all positive j,
K (2)] < ol
that is K(x) is rapidly decreasing , unlike our previous case of the rough cut-off.

Returning to Prf we can now prove the following:

LEMMA 3.12. Let I = [—1,1], ¢; a smooth cut-off on I and P;f = f*1(¢1f).
Then, if f is any L? function supported on a set D C R,

1P (f)(@)] S Cyllf o2 (1 + dist(z, D)) ™
forallj eN .

Thus Pr spreads the support of any function f by a distance O(1) plus a rapidly
decreasing tail.

Exercise. Show that there exists no non-trivial function ¢ such that both ¢ and
F(¢) are compactly supported.

The above discussion can be easily extended to higher dimensions. In particular
we can get a qualitative description of functions in R™ whose Fourier support is
restricted to a ball B = B(0, R) centered at the origin. Let ¢r be a smooth
cut-off for Bp, that is sup, |0for(§)] S R~lel for any multi-index . Observe that
we can in fact first pick ¢ a smooth cut-off for By and define ¢r(&) = ¢(§/R) If f

is a function whose support is restricted to Br then f = ¢Rf. Hence,

f@)= | ) En(r—y)dy (31)

where K (z) = F~!(¢g) ie.,

Kinwe) = [ e=Sont@de = [ () 08 onle)ie
= [ G eagonie

Thus, for any «, || = N, denoting by |Bg| = ¢, R" the volume of Bp,
oM Kn@l 5 [ 100n(©) < B VBal S RV

Hence, |Kg(z)| < CxyR™(Jz|R)™Y, for some constant Cy which may depend on N.
On the other hand, for |z| < R, |Kgr(z)| < R™. Hence, for every N € N,

|Kg(z)] S ONR™(1+ |z|R)™V.
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It is easy to check also that each derivative of K costs us a factor of R, that is,
|02 Kp(z)] S CNRYR™(1+ |z|R)™N, aeN" (32)

Now back to (31) we have

0 @) =1 [ F0)0 Kn@ -yl < R[50+ Rla = yl)Vdy

< R
Also, by Cauchy -Scwartz with % + 1% =1,

0°f @) S w0 Krll g S RIR R ]|

S R f L

We have just proved the following version (LP — L* version) of the very important
Bernstein inequality,

Lt

PROPOSITION 3.13. Assue that f is an LP function which has its fourier transform
supported in the ball Bg = B(0, R). Then f has infinitely many derivatives bounded
in L>° and we have,

1% fll oo ey S B2 £l o

Remark. Observe that the proposition could have been proved by reducing it
to the particular case of R = 1. More precisely assume that the result is true
for R = 1 and consider a function f whose Fourier transform is supported in Bg.
Let g(z) = R™"f(R 'a) and observe that, supp g(¢) = supp f(RE) € By and
therefore we have, [|0%g| 1 &) < lgllzr = R™"R™P||f||Ls. Thus, |0%f|l 1o @) <
R/PH| £ o

4. Basic interpolation theory

4.1. Introduction. Consider the Fourier transform as a linear operator F :
S(R™) — S(R™). According to the Plancherel identity we have | F(f)|rz <
27"/2|| f|l2. On the other hand, we have || F(f)|lz~ < ||f||z:. Can we get other
bounds of the type || F(f)llze < |Ifllee 7 It turns out that such estimates can
be easily established by interpolating between the two estimates mentioned above.
Complex interpolation allows us to conclude an LP to L? estimate for any values of
p and ¢ such that p~' 4+ ¢! =1 and ¢ > 2. This is known as the Young-Hausdorff
inequality. Interpolation theory is particularly useful for linear multiplier operators
of the form

T f(€) = m(§)(8)
with bounded multipler m. In view of Parseval’s identity it is very easy to check the
L? — L? estimate, || Ty, f|lz2 < || f|l2- To obtain additional estimates we typically
use the integral representation (30) 1), f(z) = f+K(z) = [ f(z—y)K (y)dy where K
is the inverse Fourier transform of m. If, for example, we can establish that K € L!
than we easily deduce that | T, fllr: < || fllze, since ||f+K|zx < ||flles - |1 K| L2
We thus have both L' — L' and L? — L? estimates for T},. and it is tempting to
conclude we might have an LP — LP estimate for all 1 < p < 2. Such an estimate



4. BASIC INTERPOLATION THEORY 41

is indeed true and follows by interpolation. If on the other hand we can establish
that K € L* then || f«K|L~ < ||f]lzr and thus can prove, by interpolation, the
same LP — L9 estimate as in the Hausdorff-Young inequality.

4.2. Review of LP spaces. Given a measurable subset Q C R™ the space
LP(Q), 1 < p < oo, consists in all measurables functions f : Q@ — C with finite L?

norm,
1/p
1l = ( / If(w)l”dx> ‘.

The space L™ () consists of all measurable functions, bounded almost everywhere,
that is,

[fll o = ess sup,eq | f(2)] < oo

For all values of 1 < p < oo the spaces LP(Q) are Banach spaces. The following is
called Holder’s inequality

1fglle < I fllza llgllze (33)

whenever 1/p = 1/g + 1/r. In particular, for p =1,

1f9lle < U fllLa 19l Lo

where ¢’ verifying % =1- % is the exponent dual to ¢q. For all 1 < g < oo the

space L7 (Q) is dual to L4(Q) while the dual of L>°(£2) consists on the space of
finite Borel masures on 2, which includes L'(Q).

Exercise. Show that C5°(2) is dense in LP(Q2) for all 1 < p < 0.

Given a measurable function f and a positive number «, denote by A(f,«) the
distribution function of f defined by

A(f, ) = [{z € Q:|f(z)] > a}].

For 1 < p < oo we have the obvious Chebyschev’s inequality
A(f,0) <a | fII7. - (34)

We can write the LP norm of f in terms of its distribution function. Indeed, the
integral [ |f|P is the measure of the set {(8,2): 0 < 8 < |f(z)[’}, hence

[1s@ras= [ A 0d5=p [ a7 A )da (35)
0 0
where the last integral is obtained from the substitution § = o?.

A measurable function f : 2 — C is said to be simple if its range consists of a finite
number of points in C, that is f = Ef\il a;xa, for a; € C and A, C Q measurable.
In this section we denote by S(Q2) the set of all simple functions in 2. Recall that
S(£2) is dense in LP(Q2) for all 1 < p < 0.
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Exercise. Let f(x,y) be a measurable function on Q; x Qs C R™ x R™2. Prove
the following version of the Minkowski’s inequality,

Fy)dy < / 1@ ey 9,
Qz Q2

LE ()
for 1 <p < oo.

4.3. Three lines lemma. The method of analytic interpolation, for linear
operators acting on LP spaces, is based on a variant of the maximum modulus
theorem for a strip-like domain called the three lines lemma. Consider the strip-
like domain,

D={ze€C:0<Re(z) <1}.
We will denote by Apc the set of bounded continuous functions on the closure of
D which are analytic on D.

LEMMA 4.4 (Three lines lemma). Let f € Apc such that
[f(0+ib)| < Mo, [f(1+ib)| < M,
for allb e R. Then for all0 < a <1 and b € R,
|f(a+ib)| < My~ M.

Proof : We may assume that My, M; > 0. Let ¢ > 0 and define the analytic
function

Fg(z) _ e—s(l—z)z 1.]1(2) )

My~ *M;f
Because of the exponential factor, F.(z) decays rapidly to 0 as Im(z) — oo,
uniformly in D; it is then possible to find L = L(e) > 0 such that |F.(2)] < 1
when |[Im(z)| > L. Since we also have |F.(z)] < 1 when Re(z) = 0 or Re(z) = 1,
it follows, from the maximum modulus principle applied to the rectangle Dy =
D n{|Im(z)| < L}, that |F.(z)] < 1 for every z € Dy, and therefore in D. This
means
|f(Z)‘ < 65(17Z)ZM01_ZMf _ eeRe((lfz)z)Mg—Re(Z)MFe(Z).

but f is independent of € and when € — 0 we obtain the result.

4.5. Stein-Riesz-Thorin interpolation.

DEFINITION 4.6. We say that a family of linear operators T, indexed by z € D, is
an analytic family of operators if,

(1) T, maps simple functions into measurable functions;
(2) For any pair of simple functions f, g € S(Q), the map z — [ g(z)T% f(z)dx
belongs to Apgc.

REMARK 4.7. The reason for choosing simple functions as test functions in the
previous definition is because they are easy to manipulate and they make a dense
set in L? for every p € [1, 00].
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hree
REM . Let T, be an analytic family of operators
ve constants My, M1 such that, for every b € R,
1Tl a0 < Mollfllwo s NTativfllpar < Myl fll e
with 1 < qo,po,q1,p1 < 00. Then, for z = a+zb € D T, ext
operator from LP to LY and
IT=fll o < Mo~ M | f 0

/ g(w)Tzf(w)dw‘ < Mieay,
for every pair of simple func H fll» H Il 1q
f,g and consider the related ( aaaaaaaa ) lllllllllllllllllllllllll
-1
F(2) = [f@)]70 7 f(2),  g:(2) = |g(@)| 7F g(w),
nents,
1 _1—z+z 1 _1—z+z
p(z)  po p d(z) @ @
We can easily check that
(Fanl S IFPP Vfreal SIS lginl < 1917750, vyl < oI/

Here we use the convention that 1/00 = 0, and in particular if py = p; = oo then
p=p(z) =0 and f, = f, similarly ¢{) = ¢} = co then ¢ = ¢’(z) =0 and g, = ¢
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It is immediate to verify that ”fZHLRe(p(z)) = ||fll,» = 1 and ||9zHLRe(q/<z)> =
gl = 1.

Now consider the map defined on D,

Md:/%@ﬂﬁwwu

It is not difficult to see from our construction and the linearity and analyticity
properties of T,, that h € Agc. By hypothesis (and Cauchy-Schwarz) we have

that |h(ib)] < My and |h(1 + ib)] < M; for every b € R. It follows from the

three-lines lemma that |h(z)| < MolfRe(Z)MlRe(Z) and in particular (36). [

4.9. Young inequality. We often need to estimate integral operators of the
form

Tf(a) = [ k) )i (37
The simplest result of this type is given by Young’s theorem below.

THEOREM 4.10 (Young). Let k(x,y) be a measurable function and assume that for
some 1 <r < oo we have

sup |k(z, )l 1, supllk(-,y)ll,- S 1.
T Yy

Then, for 1 <p <7’ and

1 1 1
1+-=-4 - (38)
q r.op
we have
1T fllpe < N fllpe - (39)
Proof: By Holder inequality,
ITfll e < WF M - (40)

On the other hand the dual operator T has the same form as T,

Tg(y) = /k(fca y)g(z)dz,

and hence,
179l e < llgll
which by duality gives the other endpoint

ITfll e < Wl - (41)
Now, we can use Theorem 4.8, with T, = T, to interpolate between (40) and (41)
and obtain (39). [ |

As an immediate consequence, when k is translation invariant, k(z,y) = k(x — y),
we obtain the well known estimate for convolutions:

£ fll Lo < &l e 111 » (42)
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whenever the exponents 1 < p, ¢, < oo satisty (38).

Exercise. Prove, using complex interpolation, the Hausdorff-Young inequality for
the Fourier transform F,

IFOllee SN fllee,  forall ¢>2, 1/¢+1/p=1.

4.11. Marcinkiewicz interpolation. A slightly weaker condition than LP
integrability for a function f is the so called weak-LP property.

DEFINITION 4.12. For 1 < p < oo, we say that f belongs to weak-LP if A(f,a) <
a” P for every a > 0. If p = 0o we let weak-L> coincide with L°°.

By Chebyschev’s inequality (34), any function in L? is also in weak-LP. The follow-
ing is the simplest example of real interpolation. It applies to sublinear operators,
that is,

IT(f +9)(@)| ST f(2)| + Ty()],

THEOREM 4.13. Consider a sublinear operator T mapping measurable functions on
X to measurable functions on'Y. Assume that T maps LPi(X) into weak-LPi(Y),
with bound

MTf,a) Sa™™

fori=1,2 and 1 < p; < ps < oo. Then, for any p, p1 < p < pa, T maps LP(X)
into LP(Y'), with the bound

ITfllLe S 1A Lo s

Proof: Given f € LP(X) and a > 0 we write f = f* + f,, where f*(z) = f(x)
if [f(z)] > « and fo(x) = f(z) if [f(2)| < . In particular f* € LP* and f, € LP>.
Consider first the case py < 0o. By our assumptions on 1" we have

ATf,20) SAMTLY ) + MT fa,0) S o [[f e + a7 [ falfe - (43)

Using formula (35) and Fubini’s theorem, we infer that

/ ITf@) de < / / ()P a? "\ dada + / / (@) PP P dadz.
O<a<\f(ac)\ [f(z)|<a

But folf N gp—p1-14q ~ |f(x)|P~P1) since p—p; —1 > —1, and fl(;o(z)| aP—P2—ldq ~
|f(x)|P~P2, since p — pa — 1 < —1, and the conclusion follows.

In the case of ps = oo the proof is actually simpler. We only have to observe that
T f(z)| > a implies |Tf*(z)| > a, since |Tfo(2)] S || fallp~ < . Hence we can
replace (43) by

A(Tfa Ca) S A(Tfa, ) Sa™ ”fa”L?’l ’

where C' is some positive constant, and the proof proceeds as before. [ ]



46 1. BASIC TOOLS OF ANALYSIS

5. Maximal function, fractional integration and applications

5.1. Maximal Function. A function f which is in LP(R"), for some 1 <p <
00, may possess very bad regularity properties. Given a > 0, the set of points z
where |f(x)| > a may merely be any measurable set (with finite measure if p < 00).
It is often desirable to replace f with a positive function which has (almost) the
same integrability properties of f but better local regularity. This is achieved by
considering maximal averages of f.

DEFINITION 5.2. Given a measurable function on R™ we define its mazimal function
by

1
M (@) = sup o /B £ ()ldy.

zEB
Here the supremum is taken over all possible euclidean balls B containing z.

REMARK 5.3. It follows immediately from the definition that M f is lower semicon-
tinuous. Indeed, for every o > 0, the sets E, = {x € R” : Mf(z) > a} are always
open: if x € E, then there exists a ball B containing x such that

ﬁ /B F@)ldy > a, (44)

and this also means that M f(y) > «a for every y € B, hence B C E,.

By the triangle inequality we also see that f +— Mf is a subadditive operator,
M(f +g)(x) < Mf(x) + Mg(). (45)

The averaging process may improve local regularity, but, because of the supremum,
it is not clear whether M f preserves the integrability properties of f. If f is
essentially bounded, then M f is bounded and

[IMFll oo < M1fllpoe - (46)

But, if f is an integrable function, it doesn’t follow that M f is integrable. Take
for example f = xp € L', the characteristic function of a ball, then Mf(z) >
(1 + |z|)~™ which barely fails to be in L!. Fortunately, the maximal function still
retains most of the information about the integrability properties of f.

THEOREM 5.4. If f € L' then Mf is weakly in L', in the sense that for a > 0 we
have

1
|Ba| = AM[(2),0) S ~Ifllzs (47)
If f € LP with 1 < p < oo then Mf € LP and we have
[MfllLe Sl - (48)

Proof: The second part of the statement follows from the first and the L*° bound-
edness of the maximal operator by Marcinkiewicz interpolation, Theorem 4.13.
Hence, we only need to prove (47).
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Let f € L' and fix o > 0. By the discussion in Remark 5.3 we can find a family
of balls B = {B}, such that E, = UpepB and each ball B satisfies (44). If these
balls were all disjoint then it would be easy to conclude, since in that case

Ea< 3 Bl< 03 [y g [ 7wl

BeB
In general these balls are not disjoint and we have to be more careful.

Let K be a compact subset of E,, then it is possibile to select a finite subfamily
B’ of balls in B that cover K. (This is sometimes known as the Vitali Covering
Lemma.) Using the covering lemma proved below, Lemma 5.5, we can select among
the balls in B’ another finite subfamily B” made of disjoint balls such that

UpesB|S Y 1B
B,/GBN

Then, proceeding as above, we find

1
IK1S = 1l

and taking the supremum over all possible compact sets K we finally obtain (47).
|

LEMMA 5.5. Let By,..., By be a finite collection of balls in R™, then it is possible
to select a subcollection Bj,,...,B M < N, of disjoint balls such that

M

M
|U§V:1Bj| S Z |Bjk|'
k=1

Proof: We can assume that the balls B; = B(x;, ;) are labeled so that the radii
are in nonincreasing order, vy > 19 > -+ > ry.

Take j; =1, so that Bj, is the ball with largest radius. Then by induction, define
Jrk+1 to be the minimum index among those of the balls B; which don’t intersect
with the previously chosen balls Bj,, ..., Bj,; if there are no such balls then stop
at step k.

With this construction we have that each ball B; intersects one of the chosen balls
B, with r; <rj,, hence B; C B(zj,,3r;,). This implies that
M
N M
|Uj:1Bj| < ‘UkZIB(xjk’?ﬂnjk” < 3" Z ‘Bjk .
k=1

5.6. Lebesgue differentiation theorem. If a function f is continuous then,
clearly,

. 1
}1_{% m ) fy)dy = f(z). (49)
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As an application of Theorem 5.4 we can show that this property continue to hold
for locally integrable functions.

COROLLARY 5.7 (Lebesgue’s differentiation theorem). If f € L (R™) then (49)
holds for almost every x.

Proof : Since the statement is local we can assume that f € L.

Let A, be the averaging operator defined by A, f(z) = |B(z,r)|™! fB(x » f()dy.
The proof consist of two steps. First we prove that A, f — f in L' as r — 0, and
then it will be enough to show that lim,_.g A, f(x) exists almost everywhere.

For the first step, given € > 0, using the density of Cy in L', we can always find a
compactly supported continuous function g which approximates f in L' and have
Ay f—Argllr < |If — gl < € uniformly in 7. Then by the uniform continuity
of g, we know that A,g — g in L' as r — 0, hence there exists an 7. such that

[Arf = fllpy < [JArf = Arglips + 1 Arg = gll g + 1 = gl < 3,

for r < re.

For the second step, we define the oscillation of an L' function f by

Qf(z) =limsup A, f(z) — lim iglf A, f(x).
r—0 r—

The oscillation is a subadditive operator, Q(f+g) < Qf+Qg and is bounded by the

maximal function operator, Qf < 2M f, moreover the oscillation of a continuous

function vanishes. If ¢ is a continuous function which appoximate f in L' then we

have that

Qf <Qf —9) +Qg=Q(f —g) <2M(f — g).

We can apply now the weak-L! property of the maximal function, and for any
positive a we find that

[ 0f(2) > 0} < [z : M~ 9)(@) > 0/2)] S 1 — gl

Since ||f — g|[;1 can be arbitrarily small, we infer that set of points where the
oscillation of f is positive is of measure zero. [ |

5.8. Fractional integration. Let T be an integral operator acting on func-
tions defined over R™ with kernel k as in (37). If the only information that we have
on k(z,y) is a decay estimate of the type

k)l S e —yl™7,

for some v > 0, then Young’s inequality, Theorem 4.10, does not allow us to recover
a good control on T'f, since the function | 2 | =7 fails, barely, to be in L™/7. However,
the convolution has smoothing properties that imply some positive results which
are contained in the following important theorem, originally proved by Hardy and
Littlewood for n = 1 and then extended by Sobolev to n > 1.
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THEOREM 5.9 (Hardy-Littlewood-Sobolev inequality). Let 0 <y <mn and 1 < p <
q < oo such that

1—

= : (50)

x
n

SR
| =

then
||| : ‘_’Y * fHL‘Z(]R”) 5 ”fHLp(R") . (51)

Proof: We can split the convolution with the singular kernel into two parts:

Liw) =1 g = [ Ty /| . Wdy,

wizr Yl

where the radius R is a positive constant to be chosen later We estimate the first
term simply by Holder’s inequality,

fz—y) ”’”'
[ B Day g, ([ wra) SR
wizr Yl ly|>R

where we need the integrability condition vp’ > n, which by (50) is equivalent to
q < o0.

For the second part we perform a dyadic decomposition around the singularity and
get an estimate in terms of the maximal function,

|f(z—y)l
‘/M W Z/w PPN

g
S |f(z —y)|dy <
Z /|y|<2 *R

< Z 27" R)" T Mf(z) = R Mf (),

k=0

where we need 7 < n for the convergence of the last geometric series.

At this point we have found that for every x € R™ and every R > 0,
1177 % @) S R If Nl + R IMS (@),

with constants independent of R and x. We optimize this inequality choosing, for
each z, a radius R = R(x) such that the two terms on the right hand side are equal,

RV 7| fll e = R"IMf(x),

R(z) = (HJJ(L;OP/TL’

and since (n —y)p/n =1—p/q, we have

1—-2 P
(L f@)] Sl Mf(x)a.
Then take the L? norm on both sides,

1—2 P
Iy fllpa S Il e * IMFI s -

ie.,
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If p > 1 we can conclude using the estimates for the maximal function (48). ]

Remark. The Hardy-Littlewood-Sobolev inequality has an equivalent bilinear
formulation, which reads

// K@) 414 < 1o, Ngll o

|z —y|

for 0 <y <mnand 1< py,ps < oo such that
1 1 o

o

— 4+ — =
Py D

Remark. Using the Hardy-Littlewood-Sobolev inequality, we now show that it is
possible to give a very short proof of the Sobolev inequality,

1fllze S NOf1 s

for n/q =n/p—1, in the non sharp regime p > 1. Assume f € C§°(R"™). For every
unit vector w we have
d

fla) == [ G Ha s wnr

hence, if we integrate over the unit sphere, recalling that the volume element in R™
in polar coordinates is dy = v~ 'drdo.,, we find that

9f(y —n
s [ 2y = (o os) @)
|z =yl
We take the L? norm and use (51) to get
Il S N1 10f 1 o S TOF N s

whenever p > 1 and
n—1 1 1
1-— =-— -
n rp q

Exercise. Prove the Hilbert inequality,

oo oo T
22 oy < sl U+ 1/a=10 pa
o Jo T4y

5.10. Sobolev Inequalities. In the previous section we have seen how to
estimate the L?(R") norm of a function in terms of an L? norm, 1 — %=1 = % - %,

p > 1, of the gradient of f. We shall prove now a stronger version of this.

THEOREM 5.11 (Galgliardo-Nirenberg-Sobolev). The inequality

1l pa@ny S NO™ Fllpomny, f € C5°(R™), (52)
holds for
1 1
—:——@>0, meN, (1<p<gqg<o). (53)
q P n
While for ¢ = oo, we have
1 iy S DO Fll oy s € CRPR™), (54)

k=0
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when m > n/p.

Remark. We don’t need to remember the precise condition (53); it can be deduced
by a simple dimensional analysis. Since the estimate is homogeneous, it has to be
invariant under dilations, and (53) simply says that both sides in (52) have the
same scaling.

Remark. The following non-sharp version of estimate (52) also holds for all 1 <
p<g<ooand l/p—m/n<1/q,

1l ey S D N0 flloe £ € CR™), (55)

loa|<m

Exercise. Show by an example that the inequality (54) fails to be true for m =
n/p. Prove (55) for m = 1, using the results of theorem 5.11.

Exercise. Show by a scaling argument that if the inequality (55) holds true for
1/p=1/q —m/n < 0 then the homogeneous inequality (52) is also true.

Proof [Proof of (52)]: We obtain the cases with m > 1 by repeated iterations of
the case m = 1. Hence, we can assume m = 1 and, by (53),

1<p<n, ——<g=—"
n—1 n—op

< 0

Once we have the estimate for p = 1 and ¢ = n/(n — 1), then we get the cases
with p > 1 and ¢ > n/(n — 1) by simply applying Hélder inequality. Indeed, let
q=Mn/(n—1), for some A > 1, then

120 = NP e SFPT0f N < FPH o 1051 2

and we just have to check that

n=1.,_1

=Lg
A=1p' =211 =¢
n o q

It only remains to prove the special case m =1, p =1, ¢ = n/(n — 1). Following
Nirenberg, [15], one can show that for f € C5°(R™) we have

1/n
iy | (e (56)
j=1

When n = 1, this comes easily from writing

f@ = | " Py,

When n = 2, we do the same with respect to to each variable and then multiply
and integrate:

J[ 1@ ma)Pande < [[ [0 aolan [10:561mldvadeido,

= |01l 102f]l L1 -
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When n > 3 things become more tricky and, to separate the variables, we have to
make a repeated use of Holder inequality. Let just look at the case n = 3. To ease
the notation set f; = 0;f and [ ¢(z)dz; = [; ¢(2;). We start with

ol < ([156aam >(/|f()|>(/|f(x)l)

Then integrate with respect to x7. The first factor on the right hand side doesn’t
depend on x1, while we use Holder to separate the second from the third,

[tz < ([ incenwal) (/1’2f2<-,~,z3>|)é(/1’3|f3<~,x2,->)

Proceed similarly with the integration with respect to xo,

[t < (/ f1<-,-,az:3>)é (/172|f2<-,-,x3>) (/ f3<->|)é,

and finally do the same with z3,

faalrort= ([ o) (L., rol) (o)

14y

Nl

W=

When n > 3 the procedure is exacly the same. [ ]

Proof [Proof of (54)]: It clearly suffices to look at the case m = 1, since the cases
m > 1 will follow from it applying (52). Assume thus m = 1 and p > n, we want
to prove that

OIS I lle + 1Dl s -
Suppose first that f has support contained in the unit ball B = {|z| < 1}, then

d

f(O):—/O L frw)dr, wes (57)

Integrate with respect to w and then apply Hélder,

1/p’
rors [l <io,, ([ i) Sl0fl. 69

where the integrability condition needed here is (n — 1)p’ < n, which is precisely
p>n.

In general, fix a cutoff function ¢ € C§° with support in B and ¢(0) = 1, then in
view of the above, |f(0)] = [¢(0)f(0)] S 10(@/)lLr S IF e + 10FIl s - u

5.12. Classical Sobolev spaces. The Sobolev inequalities of theorem (5.11)
lead us to the introduction of Sobolev spaces.

DEFINITION 5.13. Let €2 be an open subset of R”. Fix 1 < p < oo and let s € N be
a non-negative integer. The space W*P(R™) consists of all locally integrable, real
(or complex) valued functions u on  such that for all multiindex « with |a| < s
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the weak'?® derivatives 9®u belong to LP(Q). These spaces come equiped with the
norms,

o 1/
lullwer) = (D2 10%ulfng) " for 1<p<oo
ler|<s
[ullwseo@) = Z 0%ul| L (o)
le|<s

We also denote by W(f’p(Q) the closure of C5°(2) in WHP(Q).

In the particular case p = 2 we write H*(Q) = W*2(Q). Clearly H(Q) = L*(Q).
We also write Hg(Q) = W2 (Q).

In the particular case p = co we work with the smaller space C*(Q) C W*>(Q),
the set of functions which are s times continuously differentiable and have bounded
I [[ws.0e norm.

Exercise. Show that for each s € N and 1 < p < oo the spaces W*P(Q) are
Banach spaces.

There is a lot more to be said about Sobolev spaces in domains Q2 C R™. We refer
the reader to Evans, [1], chapter 5. For the time being we specialize to the case
Q=R".

Exercise. Show that the spaces W*P(R") and Wéc P(R™) coincide. That means
that C$° is dense in WH»(R™).

The Sobolev inequalities proved in the previous subsection can be interpreted as
embedding theorems. Indeed (52) and (55) can be interpreted as saying that the

Sobolev space W™P(R™) is included in the Lebesgue space LI(R™) as long as % -

m 1
n — q’
PROPOSITION 5.14. The following inclusions are continuous
1 1
W™P(R"Y) © LYR™),  if - — — <=
p n q

Moreover, for ¢ = oo, W™P(R"™) embeds into the space of bounded continuous
functions on R™ provided that m > n/p.

Proof : Follows from theorem 5.11 and the density of C§°(R™) in W™P(R™). ®

5.15. Holder spaces. Together with Sobolev spaces Holder spaces play a very
important role in Analysis, especially in connection to elliptic equations. Before
introducing these spaces we recall the definitions of the spaces C™(Q) of m times

13That is derivatives in the sense of distributions.
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continuously differentiable functions u : {2 — R on an open domain €2 for which the
W% norm is bounded,

[[ul

cm@) = Z [0%u(@)|| Lo () < 00

|| <m

DEFINITION 5.16. Let 2 be an open domain in R™ We say that a function u :  — R
is Holder continuous with exponent 0 < v < 1 if|

|u(m) - u(y)|
u vy = Sup —————— < o0. 59
[ ]CO’ S ac;éyIG)SZ ‘JJ - y|7 ( )

The Holder space C*7(Q) consists of all functions u € C*(Q) for which the norm,

lullgrn @) = llullor @) + Z [0%u] o )- (60)
loe|=F

is finite.

Exercise. The space C*7(Q) is a Banach space.
The following stronger version of the Sobolev embedding in L°° is important in
elliptic theory.

THEOREM 5.17 (Morrey’s inequality). Assume n < p < oo. Then, for all u €
5o (R™),

lullcor@ny S llullwe@n) (61)
provided that v =1—n/p.

Proof : See Evans, Partial Differential Equations, section 5.6.2. [1] [ ]

5.18. Fractional H?®- Sobolev spaces. Consider the Sobolev space
HR") ={uc L?:0%%c L? Vla|<s}.

PROPOSITION 5.19. The Sobolev space H*(R™) coincides with the set of all distri-
butions u € S'(RN) for which @ is locally integrable and,

lull. = /RN(l + 1€ a(€)]* < oo (62)

Proof : Follows easily from the Parseval identity. [ ]

Observe that the equivalent definition of proposition 5.19 makes sense not only for
positive integers but for all real numbers s. We can thus talk about Sobolev spaces
H? for all real values of s. We shall also make use of the following homogeneous
Sobolev norm, for all s > 0,

Jully. = [P Ia©F < o0 (63)
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Exercise. For s € (0,1) the space H*(R™) coincides with the space of locally
integrable functions such that,

1/2
w(z) —u(z +y)?
</ / | )|y|n(+25 ) dwdy+||u|2L2(Rn)> <o (64)

Exercise. Prove that, for s > n/2 the Sobolev space H*(R™) embeds in the space
of bounded continuous functions.

5.20. A Trace Theorem. The following theorem can be found, for example,
in Renardy and Rogers, [16], Section 6.4.8.

THEOREM 5.21. Let s > 1/2 be real. Then there exists a continuous linear map
T : H5(R") — H*'Y/2(R"1Y called the trace operator, with the property that for
any smooth f, we have

Tf(x1,...,2n) = f(x1,...,Zn-1,0) (65)
Tf is the restriction of f to the hyperplane x, = 0.

Proof Take f smooth and g(2/) = f(2’,0). Let f be the Fourier transform of f in
x,, only, and f, § be the Fourier transforms of f and ¢ in R” and R”~!, respectively.
Le.

f(x’,fn) = \/%/_ f(l‘/,xn)e_m"f”dxn

By applying Fourier inversion (with x,, = 0) and then the Fourier transform, we
get

o(a) = f(a',0) = % / T )

1 >
g ! = xl? m
i) = o= [ fwen)
We can then see, using our knowledge of fractional H?® spaces:

lolre S [ 0P+ 1€

LS O; fe)ie,

s [ avierre ([T iieracierra ) ([ arier ) de

And since s > 1/2, we have

/ (1+ €2y de, = / (L4 [E + J6al?) 2 de,

— 00 — 00

2
(1 + |§/|2)571/2d§,

A

oo

(14 |¢/)>+1/2 / (14 y?)2de,

— 00

Plugging this into our above estimate for ||g|| gs—1/2 proves the result. ]
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Later on, we will see a strengthening of this result which uses Littlewood-Paley
theory.

6. Littlewood-Paley theory

In its simplest manifestation Littlewood-Paley theory is a systematic and very use-
ful method to understand various properties of functions f, defined on R"™, by
decomposing them in infinite dyadic sums f = >, _, fr, with frequency local-
ized components fj, i.e. ﬁ(f) = 0 for all values of £ outside the dyadic annulus
2F=1 < |¢] < 2F*+1. Such a decomposition can be easily achieved by choosing a test
function x (&) in Fourier space, supported in % < €] < 2, and such that, for all

£#0,
> ox@F) =1 (66)
kEZ

Indeed choose ¢(&) to be a real radial bump function supported in || < 2 which
equals 1 on the ball |£] < 1. Then the function x(§) = ¢(§) — ¢(2&) verifies the
desired properties.

We now define

PL(&) = x(&/2%) /(&) (67)
or, in physical space,
Pof = fx =mp = f (68)

where my(x) = 2"*m(2*x) and m(z) the inverse Fourier transform of y. Clearly,
from (66)

F=> Pf (69)
keZ
as desired. Observe that the Fourier transform of Py f is supported in the dyadic
interval 2F—1 < |¢| < 2%+ and therefore,
Py P.f =0, VK €Z, |k-kK|>2.

Therefore,
Pef =Y Pu(Puf)= Y, PuPif
K €Z |k—k/|<1
Thus, since Py_1, P, P;yy1 do not differ much between themselves we can write
P, = Z\kfk’|<1 PP, =~ P,f. It is for this reason that the cut-off operators Pj are
called, improperly, LP projections.

Denote P; = Zkej Py, for all intervals J C Z. We write, in particular, P<j =
P(foo,k] and P<k = ngfl. Clearly, Pk = ng — P<k.

The following properties of these LP projections lie at the heart of the classical LP
theory:
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THEOREM 6.1. The LP projections verify the following properties:

LP 1. Almost Orthogonality. The operators Py are selfadjoint and verify
Py, Pr, =0 for all pairs of integers such that |ky — ka| > 2. In particular,

1172 = D 1 PefIIZ (70)
k

LP 2. LP-boundedness: For any 1 < p < oo, and any interval J C Z,
1P fllee S N fllee (71)

LP 3.  Finite band property. We can write any partial derivative OPy f in the
form OP,f = 28 P, f where Py is a cut-off operator'* which verifies property LP2.
In particular, for any 1 < p < 0o

0P f| v
28| Py f| Lo

251 £l o (72)
10fl e (73)

AR 24N

LP 4. Bernstein inequalities. For any 1 < p < q < oo we have the Bernstein
inequalities,

IPeflle < 202 VD fll,  VkeZ (74)
|[P<oflles S ([ fllee- (75)
In particular,
[P fllnee < 2577 £l Lo
LP5. Commutator estimates Consider the commutator

(Pis f1-9="Pe(f-9) = f - Prg
with f,g € C°(R™). We have,

I[Pk f1-gllee S 27 "IV fllzellgll e

LP6. Square function inequalities. Let Sf be the vector valued function Sf =
(Pef)kez. The quantity

Sf(x) = If(@)| = (D |Puf(@)?)

keZ

/2 (76)

is known as the Littlewood-Paley square function. For every 1 < p < oo there exists
constant(s), depending on p, such that for all f € C§°

[flle S NS fllee SN f e (77)

14 Associated with a slightly different test function x which remains supported in % <l <2,
but may fail to satisfy (66).
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Proof : Only the proof of LP6 is not straightforward and we postpone it until
next section. The proof of LP1 is immediate. Indeed we only have to check (70).
Clearly,

1£12: = I3 Pfl2a= S <P, Pof >
k

k—k'|<1

IN

Z | P fll 2| P £l 2

|k—k'|<1

S Do IPflz
k

To show that Y, || Pxfl|32 < || f]132 we only need to use Parseval’s identity together
with the definition of the projections P.

It suffices to prove LP2 for intervals of the form J = (—o0, k] C Z, that is to prove
L? boundedness for P<jy. If x(§) = ¢(€) — ¢(2€) then P<i f = B(£/2%)f(€). Thus

PSk:f = mk*f7
where my,(z) = 2"*m(2*x) and m(z) is the inverse Fourier transform of ¢. Observe
that ||mg||z: = |||y < 1. Thus, using the convolution inequality (42),

[1P<kfllze < lmllpellfllze S 11f1lze

as desired.

To prove LP3 we write 0;(Pyf) = 2%(9;m)ixf where (0;m)(z) = 2"*9;m(2%z).
Clearly |[(0;m)g||rr = ||0sm]|r < 1. Hence,

10: (Pef)lze S 281 f )l
which establishes (72). To prove (73) we write f(£) = 2?21 %jj\f(g) Hence,

n

2BT(E) =3 2’3%“5/2’“)@(5) =3 28y (€/24)8, 1(6)
j=1 j=1

where ¢;(§) = Z.fgpx(g). Hence, in physical space,
n E—
2XPf = (Im)ixd; f
j=1
with (9m)g(z) = 2"% - Im(2%z) and Im the inverse Fourier transform of v;. Thus,
as before,

n

2| Pufllee SO N05fllee = 10f] e

=1
as desired.

Property LP4 is an immediate consequence of the physical space representation
(68) and the convolution inequality (42).

1Peflle = lmuxfllra S llmwllo- [l fllze
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where 1+ ¢t =7r~! +p~L. Now,

n r 1/ nko—nk/r nk(l—-1/r n —
[mgllzr =2 k(/ m(28)|"dz) " = 2R 2RI | e < 2nRASL/T) < gnik(/p=1/a)
It only remains to prove LP5. In view of (68) we can write,

Pu(f9)(z) — f(z)Prg(z) = mi(z —y) (f(y) — f(2)g(y)dy

Rn

On the other hand,

[f(y) — f(2)]

A

[ st sty = s
o = o~

A

Hence,
|Pe(fg)(x) = f(2)Prg(z)] < 27%(|0f |1~ /}Rn M (z — y)llg(y)|dy

where my,(z) = 2"*m(2%z) and m(z) = |z|m(x). Thus,

1Pe(fg) — fPrglle S 27F)0f L llgll e

We leave the proof of property LP6 for the next section. [ |

Definition. We say that a Fourier multiplier operator P, is similar to a standard
LP projection Py if its symbol yj is a bump function adapted to the dyadic region
|€] ~ 2%. More precisely we can write Yx(£) = )2(2%) for some bump function ¥
supported in the region ¢=12F < |¢| < ¢2* for some fixed ¢ > 0.

Remark. Observe that the inequality ||PxfllLr < ||f]le holds for every other
operator Py similar to P;. The same holds true for the properties LP3, LP4 and
LP5.

Remark: We have the following pointwise relation of the operator P, with the
maximal function:

|P<if] S Mf(2) (78)

Indeed we have, as before,

Peyf = iy,
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where 1My (7) = 2"%m(2kz) and m(x) € S(R™). Therefore,
Pef| < 2 / £ ) (24 @ — ) |dy < 27 / PN+ 25z — )" dy

< g / F@)I(L+ 25z — )"y
B(z,27F)

Lok / | @I+ 2 — )y

=0 27 <2k |p—y| <2041
< 2k / F@)ldy + 3 2~ / 1F()ldy)

B(z,27F) >0 z—y|<20+1-F

) ) 1
< M x) + 2—(n+1)j2nk271(]+1—k)+ d
< Mf(@) ZO B 7] o pron, O
S Mf(a)+2") 2 Mf(x) S Mf(x)
7>0
as desired.

Properties LP3-LP4 go a long way to explain why LP theory is such a useful tool
for partial differential equations. The finite band property allows us to replace
derivatives of the dyadic components f; by multiplication with 2¥. The LP — L>
Bernstein inequality is a dyadic remedy for the failure of the embedding of the
Sobolev space W%’p(R”) to L (R"™). Indeed, in view of the finite band property,
the Bernstein inequality does actually imply the desired Sobolev inequality for each
LP component f, the failure of the Sobolev inequality for f is due to the summation

f = Zk f k-
In what follows we give a few applications of LP -calculus.

1.) Interpolation inequalities. The following inequality holds true for arbitrary
functions in C§°(R™) and any integers 0 < i < m:

10" fllze S NI ™ om flLr (79)

To prove it we decompose f = P<pf + Psif = f<k + f>r. Now, using LP2-LP4,
for any fixed value of k € Z,

10l < 19 Feullr + 10 Fonlen
< 2 o+ 20707 F oo

Thus,
10°Flle < N fllze + X7 f|| 2o

for any A € 2%. To finish the proof we would like to choose A such that the two
terms on the right hand side are equal to each other, i.e.,

||aMf|Lp>1/m
N\ = [ =212
0 <||f||m
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since we are restricted to A € 2% we choose the dyadic number A € 2% such that,
A < Ao < 2) Hence,
i p 2 \m—i | am 1—i/m || qm p|i/m
10" flle < Xollfllze + (/TO) 1™ Fllee S IFIL ™ 0™ FIL"
2.) Non-sharp Sobolev inequalities. We shall prove the following slightly improved
version of the inequality (55), for functions f € C5°(R™) and exponents 1 < p <
q < oo with 1/p—m/n < 1/q,

[l pagny S (1 llze + [10™ fll Lo

We decompose f = P<of +> oy Pref = f<o+2 =0 fr- Thus, using LP4 and then
LP3,

Iflle < Nf<ollze + D Ifallee S Ifllze + > 25 O/P=HD| £y
k>0 k>0
S e+ 22N fll e S fllee + D27 0™ £ o
k>0 k>0
< Nl + 0™ f e

3. Spaces of functions. The Littlewood-Paley theory can be used both to give
alternative descriptions of Sobolev spaces and introduce new, more refined, spaces
of functions. We first remark that, in view of the almost orthogonality property

LP1,
1£13: = 1D Pefllze <D IP:fIl7
keZ keZ
STIPFIR S lIfllze

kez
We can thus give an LP description of the homogeneous Sobolev norms || | ;7. gn)
17115 ~ Y 211 Pef Iz (80)
kEZ

For k € Z*, define operator Ay = Py if kK > 0, and Ag = P<q. Also for the H*
norms,

1£17e = > 22| A7 (81)

k=0
The Littlewood- Paley decompositions can be used to define new spaces of functions
such as Besov spaces.

Definition: The Besov space B, ,(R") is the closure of C§°(R") relative to the
norm:

115y, = Q2" AkSIL,)7 (82)
k=0

The corresponding homogeneous Besov norm is defined by,

111, = o2 1PeflE) 7, (83)

keZ
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One similarly define Triebel space F); , by reversing the LP norm and [? norm in
(82). Thus, for example, the H® norm is equivalent with the Besov norm B3 ,.
Observe that, H* C B3 ;. One reason why the larger space B3 | is useful is because
of the following

1l < 171y (84)

which follows trivially from the Bernstein inequality LP4. (84) will play a key role
in the following section. Another reason to use the Besov norms B3 ; will become
transparent in the next section where we discuss product estimates.

6.2. Product estimates. The LP calculus is particularly useful for nonlinear
estimates. Let f, g be two functions on R™. Consider,

Pu(fg9) = > Pu(PwfPug) (85)

K k" €7,

Now, since Py f has Fourier support in the set D' = 28 -1 < €] < 2K +1 and
Py f has Fourier support in D7 = 2"~ < [¢| < 28"+1 it follows that Py fPyrg
has Fourier support in D’ + D”. We only get a nonzero contribution in the sum
(85) if D’ + D" intersects 271 < |¢| < 2K*1. Therefore, writing fi, = Pyf and
f<r = P<rf, and f; = P;f for any interval J C Z we derive,

LEMMA 6.3. Given functions f,g we have the following decomposition:

Pe(f-9) = HHy(f, g9)+LLx(f, 9)+ LH(f, 9)+HLr(f, g) (86)
HH(f,9) = > Pi(far - Prng)
kK> k45, [k — k| <3
LLi(f.9) = Pu(fie—sk+5 " 9k—54k+5))
LHi(f, 9) = Po(f<k—s"Gr-34+3)
HLi(f, 9) = Pu(flh—sht3) - 9<k—s)

The term HHy(f, g) corresponds to high-high interactions. That is each term in
the sum defining H Hy(f, g) have frequence ~ 2™ for some 2™ >> 2. We shall
write schematically,

HHk(fag):Pk(me'gm> (87)
m>k

The term LLg(f, g) consists of a finite number of terms which can be typically
ignored. Indeed they can be treated, in any estimates, like either a finite number
of HH terms or a finite number of LH and HL terms. We write, schematically,

LLk(f,9)=0 (88)

Finally the LH; and HL; terms consist of low high, respectively high-low, inter-
actions. We shall write schematically,

LH(f,9) = Pu(f<k-gr) (89)
HLi(f.9) = Pu(fr-g9<k) (90)
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Remark. In the correct expression of LHj, given by (86) the terms of the form
f<k—5 gk, k" € [k — 3,k + 3], have Fourier supports in the dyadic region ~ 2*.
Thus Py can be safely ignored and we can write,

LH(f, 9) ~ f<k - gk-
We have thus established, the famous trichotomy formula,
Py(f-9) = LHk(f,9) + HL(f,9) + HHk(f,9) (91)

which is the basis of paradifferential calculus. In practice whenever we apply formula
(91) we have to recall that formulas (88)—(90) are only appproximate; the correct
definitions are given by (86). However in any estimates we can safely ignore the
additional terms as they are estimated precisely in the same way as the terms we
keep.

We shall now make use of the trichotomy formula to prove a product estimate.
THEOREM 6.4. The following estimate holds true for all s > 0.

Ifglles S NNl llgllms + llgllzoe L f 1l 2 (92)
Thus for all s > n/2,

19l S 11 fllmsllgl (93)

Proof: Recall the characterization (81) of the H® norm using the LP projections.
Since s > 0 we only need to look at the positive frequencies Py (fg) with k > 0.

We need to estimate the L? norm of the square function (>, [2°*Pi(fg)|?) 12
Clearly,

s 12 s 1/2 R 12 s 1/2
(124 Pu(f)?) 2 < (O 2P L) 4+ (3 2R HL ) 4 (Y 2ok H )Y
k>0 k>0 k>0 k>0

Now, using the pointwise bound (78)

(S 2 L) = (O3 a2 ai?) 2 S IMACY 2% a)?) 2

k>0 k>0 k>0
Hence,
1/2 1/2
IO 22 ILH) Pl S UM Pl O 22 19kl?) e S 1|z llgllae
k>0 k>0

By symmetry we also have,
s 1/2 R 1/2
1> 2 HL) e S IMllze (0 220 1£l?) ™ S llgllzoe 1f 2
k>0 k>0

It only remains to estimate the high-high term. Using the Minkowski inequality for
12 sequences,

(ol Hm)" = (2% 3 Pulferagira)’)

k>0 k>0 a>0

> (> 125 P fivagira)2) 2

a>0 k>0

IN
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By Minkowski inequality in L2
s 1/2 sk 1/2
IO 12 HER) e S D010 127 Pelfrvagnra)?) e
k>0 a>0 k>0

Now, using once more the pointwise inequality (78)
|Pe(frraghra)l < M| frtraGital) S MM - |gktal)
s 1/2 s 1/2
(Z 12°% Py (frtaGhta)l?) / < M(Mf' (Z 12°% gjota|?) / >

k>0 k>0

Thus, using the L? boundedness of the maximal function,

IS 12 HH?) e < Z||M(Mf~(Zus'fgmml”)|Lz
k>0 a>0 k>0
S M= ST 2% gesal®) 2 o
a>0 k>0
S Il S 27w (1250 9 g f2) 2 2
a>0 k>0
< f e lglhare

Therefore,

s 1/2
IO 12 Pe(f9)P) Nz S I lle=llgllzre + llgllze 1 /1]
k>0

as desired. |

Exercise. Give a rigorous proof of theorem 6.4.

The proof given above can be generalized, using LP6, to W*P spaces. In what
follows we give a somewhat simpler proof of theorem (6.4) which is very instructive.
The proof'® shows that it is sometimes better not to rely on the full decomposition
(86) but rather using decompositions sparingly whenever needed. Indeed, we write,

Ifals. S D 2™IPu(f9)lZ2 S Y2 IPu(farg)llte + D 2% | Pe(forg)l 72
k k

k
Now,

Yo2UP(farg)lTe S gl D027 | falZe

k k
S gl D0 > 22k ok s 12,
k k'>k
= lgl3 D0 (D 220R) 2k s g3,
k' K<k’

< lglzellfII%.

To estimate Y, 22%*|| P (f<kg)||2. we shall decompose further, proceeding as in the
decomposition (86). But first observe that the term >°, 22%¢|| Py (fix—3,59)[|%2 can

151 thank Igor Rodnianski for pointing the argument to me.
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be treated precisely as Y, 22*%(| Py(f>19)||2.. Indeed we might as well estimated
>k 2278 Pe(f>k—39)||2. instead. Now,

Py(f<k—-39) = Zpk(fgk—zzgk'): Z Pi(f<k—39x) + Z Pr(f<k—39k)
o

K <k—2 k—2<k' <k+2
+ Z Pi(f<k—3gr)
k' >k+2
Observe that the first and last term are zero, therefore,
Pe(f<k-39) = > Pulf<r—sgr) = Pe(f<r—sgr)-
k—2<k' <k+2
Often, for simplicity, we simply write,

Py(f<rg) = f<k - 9k (94)

Of course this formula is not quite right, but is morally right. Now,

S 2R (farg)Ze = 32 fergnle
k k

£ 12 Do 2% NgellZe = I 17 llgl%.
k

A

as desired.

Remark. In view of (94) we have the following partial decomposition formula,

Pi(f9) = ferge + Pe(f>r9) = LHy(f, 9) + Pi(f>19) (95)
Contrast this with the full trichotomy decomposition (91).

Similar estimates, easier to prove, hold in Besov spaces. Indeed, for every s > 0 we
have,

1fgllzen SN fllellgllerss + gl 1 £l e (96)

Exercise. Prove estimate (96).

7. Wente’s Inequality

In this section we prove Wente’s inequality as an application of Littlewood-Paley
theory. In what follows given two functions f,g in R? we consider the bilinear
expression (df Adg)* = 0, f0yg — 0, fOzg, where * denotes the trivial Hodge duality
in R?. By abuse of language we drop the dual sign below and write simply df A dg

THEOREM 7.1. On R2, assume f, g € H*(R?), Au = (df Adg). Then u € L™, in
fact continuous.

Remark. In fact df Adg If A is replaced by ordinary multiplication, then the best
we can get is df - dg € L'. This is obviously not enough to obtain that v € L. It
turns out however that df A dg has special structure which allows us to derive the
desired estimate.
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Proof : It is easy to see from finite band property that A is a isometric operator
from B;ﬁl to B;Ez In fact we shall work with p = 2, In view of the Sobolev
inequality (84), it suffices to show that df A dg € B{% (R?). Using the trichotomy
formula and the fact that the LP projections P, commute with d we write,

I = df Ndg= LH) + HLj + HH,
LH, = dP.yfAdPyyg
HL, = dP,AdPg
HH, = Pu(Y_(dPmf AdPmg)
m>k

By symmetry we only need to deal with LH and HH. The LH term is trivial to
estimate, without using the special structure of the wedge product. Using the
Bernstein inequality we write,

2| LHll e S 278 YR o [ dPk(g)l 22
<k

S Y 2FIDRSf |2 |IDPLS e
1<k
The proof now follows with the following discrete version of the Young inequality.

LEMMA 7.2. Let f(k) € IY(Z) and g(k),h(k) € [>(Z). Then,
> fk=DgOh(k) < | fllnllgllzz e
k,l

Using the lemma, we derive,

S oMLl S (Y IDPAIZ) (S IDP )
l k

k
S IDfllz=llDgllre

We now consider H Hy. It is here that we need to use the special structure of the

wedge product. In fact we shall simply use the identity, df A dg = d(f A dg). Thus,

HH, = Y Pu(dPpf AdPpyg)

m>k

Z de(me A dPT)’Lg)

m>k

Thus, using the finite band property and Bernstein inequality,
1 Hyllz: < 2°% |1 P f A dPnglle

22| P f || 22 | DPrngll 2

222 DPy f || 22| D Pl 2

AR YANR

Therefore,

~

2 MH |2 S 25" DPnfl12]|D Pl 2

Thus, again, using the discrete Young inequality of the lemma above,

Y 27 MLH e S IDfleellDgll e
k
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as desired. ]

8. An LP Trace Theorem

In this section, we provide another application of LP theory: a stronger version
of the the Trace Theorem, in Besov spaces. It is taken from Klainerman and
Rodnianski, “Sharp Trace Theorems for Null Hypersurfaces on Einstein Metrics
with Finite Curvature Flux”, see [9].

For simplicity, let I = [0,1] and consider I x R?. We will use the mixed norm

notation:
1
gz = ([ 060yt

1flzzes = (/]R f('v””)”limd“?)

with the obvious modifications if p = oo or ¢ = oo.

1
a

We will get the following trace-like estimate:

I [ o0t Pdtlng, S 1F e e (97)

We observe that
lgllsy, S UVglsy, + lgllce

Thus, (97) follows from the “sharp bilinear trace” theorem below.

THEOREM 8.1. For any smooth, scalar functions g,h on I x R%, we have

H / Bug -t g < llgllars ey - 1Bl oy (98)
, |

Proof Immediately we see:

1 1
H / g hdtlpy = S|Pk / Org - halt 12 + [ Peo / Brg - hat | 12
I ! 0 0

k>0

1
SR / D19 - hit|| 12
0

k>0

N

We will then decompose g and h with respect to z; g = >, Prg = >, gk, h =

> x Puh =", hi. Then we can decompose Py fol((’?tg -h) = Ax + By + Cy + Dy,
where

1
A = Pk/ (0r9) <k - h>k
0

1
By = Pk/ (0:9) >k - hen
0
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1
Cy = Pk/ (0r9) <k - hen
0
1
Dy = Pk/ (0:9) >k - h>k
0

As in the Trichotomy Formula, C}, is essentially zero (with the exception of finitely
many terms which can be subsumed in Ay, By, or Dy).

We now briefly sketch how to estimate each of Ay, By, Dy, leaving the details to be

filled in. Note that P trivially commutes with the integrals fol dt and any partial
derivatives 0;.

To estimate Ay, note that we can write (using LP2):

1
il s S0 / 1@eg)ir - b |2t

k' <k<k' 0

We can then use Bernstein inequality LP4 and property LP3 on h to pull out the
power oK' —k" Writing oK'~k < 2(’“/*’“)/2*(’“’}“”)/2, using LP1, and summing over
k, we can then get:

Sl Akllzer: S N10gllzser - VAl re
k>0

To estimate Dy = Py fol (8tg)2k - h>p, write

1 1
Dyp=Dj+Di= Y Pk/ YR IVEE Y Pk/ (09w -
0 0

kSk/Sk” ksk/ék”

D,ﬁ can be estimated straightforwardly, without integration by parts. Use LP4 and
LP3 to write

IDillz S 28" (10l r2 - IVAl 2222
Then sum over k£ and use LP1 to get:

Z ||Dli||L§ S ||3tg|\L$Lg ) HVhHL?Lg
k>0

To estimate D} we use integration by parts to transfer the d; from the high-
frequency gp~ to the low-frequency hy . After integrating by parts we treat the
result exactly as D}. Thus, we need only estimate the boundary terms: |/I; (1) —
Le(0)lz2 S Mkl Lo L2, where

Iy = Z Py (grrr - i)
E<k'<k’
We use the following lemma to do so:

LEMMA 8.2. For any k,k’k” we have

_l r_ " _
1Pe(gnr - o) | S 27 70 FHEE=ED g ][
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Using this lemma, we integrate by parts and bound D7 just as D}, plus the boundary
term, and eventually get:

> IDRlzz < llgllzs - [1Alle
k

Now we estimate By, by similarly decomposing to By = >/ < Pr fol (0:g) -l -
As above, we integrate by parts and use the lemma to estimate the boundary terms
Ji = > 4 cr<pr Pe(grr) - hir). Tt is then not hard to manipulate and sum over & to
get

S 11Belzz < lgllss - [l
k

Combining all the estimates for Ay, By, and Dy, completes the proof of the theorem.

It only remains to prove the above Lemma which helped us estimate the boundary
terms. Without going into all the details, this is done by considering the three
cases:

E>K' >k K>k>E, k>kE >k

We note that the third (“low-low”) case is impossible. The other two cases are
bounded using LP3 and the the following (simple) calculus inequality:

1 1

[ fllzoorz S ||8tf||ing : ||fHZgL§ + I fllz2z2 (99)
Estimating || Py (gx - hir)|psor2 using (99) and LP3 yields the estimate in the
lemma. [ ]

Exercise. Fill in the missing steps in the proof of the above theorem.

9. Calderon-Zygmund theory

The following L? identity

n

> l19:0ullzs = | Au]fZs.

ij=1
for any u € C§°(R™) can be easily established by integration by parts, see below in
(103). Thus,

107wl 2 < 1| Aul| 2 (100)

It is natural to ask whether such estimate still holds true for other LP norms. It
turns out that the problem can be reduced to that of study the LP? boundedness
properties for a very important class of linear operators called Calderon-Zygmund.

DEFINITION 9.1. A linear operator T acting on L?(R") is called a Calderon-Zygmund
operator if:

(1) T is bounded from L? to L2.
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(2) There exists a measurable kernel k such that for every f € L? with com-
pact support and for ¢ suppf, we have

Tf(x)= | k(z—y)f(y)dy,
R7L
where the integral converges absolutely for all z in the complement of

suppf.
(3) There exists constants C' > 1 and A > 0 such that

[ ke =)~ k)l ds < 4, (101)
|z|=Cly|
uniformly in y. For simplicity one can take C' = 2.
PROPOSITION 9.2. Assume that the kernel k(x) verifies, for all x # 0,
k(@) S J2|™, [9k(@)] S o (102)
Then k wverifies the cancellation condition (101).

Exercise. Prove the proposition.

Example 1. Hilbert transform H f(z) = [ e signff(f)dg. By Plancherel it is
easy to check that H is a bounded linear operator on L2. On the other hand we
know that the inverse Fourier transform of sign & is proportional to the principal
value distribution pv(1/z). Hence, if ¢ suppf,

+oo
Hf(z) = 0/ ! f(y)dy.

—c0 T Y

It is easy to check that the kernel k(z) = 1 verifies condition 3 above.

Example 2. Consider the equation Au = f in R™, n > 3, for f, smooth, com-
pactly supported. Recall, see (15), that any solution u, vanishing at'® co, can be
represented in the form, u = K, xf where K, (z) = c,|z|>~". Thus, if z ¢ suppf,
it makes sense to differentiate under the integral sign and derive,

0;0ju = 0;0; Kpxf = 0;0; Ky (x —y)f(y)dy.
Rn
It is easy to check that the kernel k(x) = 0;0; K, (x) verifies condition 3. To show
that the operators R;;f(z) = fR" 0;0; Ky (x — y)f(y)dy are Calderon-Zygmund
operators, it only remains to check the L? -boundedness property. This follows
easily from the equation Au = f. Indeed u = K,*f is the unique solution of
the equation vanishing at oo. Moreover |u(z)| < |2]27", |Ou(x)| < |z|*~™ and
R;;f = 0;0;u(x). Thus we can integrate by parts in the expression,

/ @l = [ Au)Au@dr = /R [0idu(e) P

R ij=1

S [ 1Ry ) s (103

1,j=1

161n the case of n =2 any solution whose first derivatives vanish at oo.
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Hence for each pair 1 <i,5 <mn,

[1Rij fllzz < Il 2

Thus the operators R;; are Calderon-Zygmund. We shall write schematically R;; =
0;0;(—A)~1.

THEOREM 9.3. Calderon-Zygmund operators are bounded from L' into weak-L'.

As a consequence we derive,

COROLLARY 9.4. Calderon-Zygmund operators are bounded from LP into LP, for
any 1 < p < oo. They are not bounded, in general, for p =1 and p = co.

Proof : The boundedness over LP for 1 < p < 2 follows from the weak-L! and
the L? boundedness by Marcinkiewicz interpolation. The cases p > 2 follow by
duality from the fact that the dual of a Calderon-Zygmund operator, with kernel
k(x), is again a Calderon-Zygmund operator, with kernel k(—z). More precisely, if
f, g have disjoint supports,

/n Tf(z)g(w)dr = /n /n k(x —y) f(y)g(z)dr = - fw) T g(y)dy
where
Tg(y) = /Rn k(—y+z)g(x)dz,  Vy ¢ suppg.

On the other hand ||T* f|lr2 = |Tf|lz2 < || f|lL2. Hence T is indeed a CZ operator.
Now, using the duality between L? and L', 1/p+1/p’ = 1 and the fact that T* is
L*" bounded for p’ < 2,

ITfllee = sup | [ Tf(x)g(x)de|= sup | [ f(z)T"g(x)dx]

loll pr <1 JR™ lgll, <1 JR™
L L

= sup | fllee - [1T79ll o S I fl2e
lgll, <1

We shall prove the main theorem 9.3 in the next two subsections.

9.5. Calderon-Zygmund decompositions.
DEFINITION 9.6. We define a dyadic cube in R™ to be a cube @ of the form
Q = [2%a1,2% (a1 + 1)) x - x [2%ap, 2% (an + 1)),

where k,ay,...,a, € Z. We then say that size (Q) = 2*. If Q is a dyadic cubes then
its parent is the only dyadic cube @* such that @ C Q* and size (Q*) = 2size (Q)
and we say that Q is a child of Q*.

LEMMA 9.7 (Whitney decomposition). Any proper open set Q2 in R™ can be covered
by a family Q@ = {Q} of disjoint dyadic cubes

Q= UQGQQv
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where each cube QQ € Q satisfies the property
size (Q) = dist(Q, 09). (104)

Proof : For each = € ) denote by @, the largest dyadic cube containing x with
the property: dist (Q.,9Q) > size(Q:). If Q* denotes the parent of @, then
dist (Q*,09Q) < size (Q*). By the triangular inequality it follows that

dist (Qz, 6Q) < /n size (Q,) + dist (Q*,69) < (v/n + 2) size (Qy).

Hence, Q. verifies (104). If y € @, then, by the maximality property of @, and
Qy, we necessarily have @, = Q.. Hence, the family Q = {Q.},., is formed of
disjoint cubes and covers ). [ ]

PROPOSITION 9.8 (Calderon-Zygmund decomposition). Let f € L'(R™) and a > 0.
Then it is possible to find a countable family of disjoint dyadic cubes Q@ = {Q} and
a decomposition f =g+ ZQEQ bg, such that:

19l S e, (105a)
supp bg C Q, (105b)
/[bQ(x)dx:: 0, (105¢)
Ibell: < @@l (105d)
(105¢)

1
DRI £l -
Q

Proof: Let Q be the Whitney decomposition of the open set Q = {Mf(z) > a}
as indicated in Lemma 9.7. For each @, define fo = |Q|™! fQ f(x)dz. Let

) fx), ifxgQ,
Wﬂ_{m, itz eQ,

and bg(z) = xo(x)(f(x) — fo) with x¢g the characteristic function of the cube
Q. Of course we have f = g + ZQ bg. The important property, which follows
from (104), is that each cube @) is contained inside a ball B which is not entirely
contained in 2 and with |Q| =~ |B|. Let = € B\ Q, we have

fol < @ﬂ /Q @)y < ﬁ /B F@ldy < Mf@@) <a.  (106)

We check now that this decomposition has the desired properties. For almost every
x outside Q, by Lebesgue’s differentiation theorem, Corollary 5.7, we have |g(x)| <
Mf(z) < a. When z € Q it follows from (106) that g(z) < «. Hence (105a) is
satisfied. Properties (105b) and (105¢) are immediate consequences of the definition
of hg. Property (105d) is implied by (106). Finally, (105¢) is nothing but the weak
L' property for M f proved in Theorem 5.4. [ ]
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9.9. Proof of Theorem 9.3. Consider f € L' and o > 0. Let f = g +
ZQ bgo = g + b be the Calderon-Zygmund decomposition of f according to Theo-
rem 9.8. Since

{ITf(2)] > a} S{[Tg(2)| > a/2} U ({[Tb(x)] > o/2})

and in view of (105e) it is enough to prove separately that
1
HITg(@)] > a/2} S ~ lIfllze s (107)

{ITb(2)| > o/2}] 5 é 11l (108)

Estimate (107) follows from Chebyschev’s inequality, the boundedness of T' on L?
and the uniform bound on g,

1 ) 1 5 1
H{ITg(@)] > a/2} S — 1 Tgllz2 S 5 l9llz2 S  llgllze <

1
< Il + D 1QIS pLLAZE
Q

1
£+ 3 el | £ =
Q

1
«

It remains to derive (108). Since the family Q is countable we denote its members
by Qj, j € N. For each Q) let y(;) be its center and take Qj to be the cube with
the same center but with the sides expanded by 2n'/2, such that for all z in the
complement of Qj,

] >9 — s
lz =yl = ynéfgjly Y0

Let = Uij and F' its complement. We denote b; = bg,. Since [bidy =0 we
write, for z € F,

7)) = [ (ko= 9) = ko~ 313) by (),
or, since the cubes Q); are disjoint,

7)) = [ (b 1)~ b~ ) Ho)d

J

Thus, in view of (101),

| o < > [ 1o e S 3 Lo oy =0 = K B0

- Z/yEQj 5(5)] /zeRn\Qj k(@ =) — k@ =yl

J

< / 1b(y)| ko= (y—yp) — k@)
G JUEQ; z€R™"\{Q; -y}

< b k(z — (y—y;) — k

<% Lo bl e ) - ke

< AZ/eQ D < 1 f ]



74 1. BASIC TOOLS OF ANALYSIS

Therefore,
{a € F: |Tb(x)| > a/2}[] S a7 |fll
On the other hand, the measure of the complement of F', i.e. {2 = UQj is given by,

20 <Y 1R S D Q; S Iflle
i i

Hence,
{z € R : |Tb(x)| > a/2}|| S o™ (||

as desired.

9.10. Michlin-H6rmander theorem. An important class of CZ operators
can bedefined by means of Fourier multiplier operators. Recall that these are
defined by Fourier transform,

T1(&) =m(©)f(©), (109)
where m is a bounded function, called the multiplier. We can view these operators

as convolution operators, T'f = k * f, where k=m.

THEOREM 9.11. Let | > n/2. Suppose m is a Fourier multiplier of class C' on
R™\ 0, such that
ogm(©)] S lgl71*, vEeR™\0

for every multiindex o with |a| < l. Then the operator defined by (109) is a
Calderon-Zygmund operator.

Proof: Consider the same dyadic partition of unity as that used in the LP pro-
jections,

1:ZX)‘(§) for £ e R"\ D0,
Ae2Z
generated by x € C5° with suppx C {1/2 < [¢] < 2}, and xx(§) = x(£/N).

Decompose m into dyadic pieces, m = ), my, where my = xam. Since [0"m(§)| <
€|~ and all derivatives of x(£) are bounded,

NG N Y P D N R
181 +17I<]al 18] +171<|al (110)

Let k) be the inverse Fourier transform of m,. Since m) has compact support k
is a smooth function. Moreover, for any integer N we have!”

ea(@)] S lal = 0¥ ma 0 S 2l =Y Am~Y.

Now take N > n and sum over A € 22. Observe that Y, ky converges to a well
defined measurable function k& on R™\0, and it easy to see that k satisfies property 2
of Definition 9.1.

17Recall that, by integration by parts, we have |.7-"1f(:t)| < |x|=N Haévf‘

Ly’
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The boundedness of T' on L? follows immediately from the boundedness of m on
R™.

For 0 < j <, by Plancherel’s theorem and (110) we obtain

/lezj kx(z)|? da ~ Z /’a?m/\(g)|2d€§)\n—2j.

la|=3

Let R > 0, using the case j = 0 we find that

/leR kx(@)| da S </ e ()| dx>1/2 R"2 < (AR)™?2, (111)

while using the case j =1 we find that

12 1/2

/ lha(2)| dar < ( / ? |kA(33)|2d33> ( / dxl> < ARV,
o[> R jel>R |2] (112)
< 1 uniformly

If we choose R = 1/, summing (111) and (112) we obtain ||kx||;1 <
in A. We can apply the same procedure to dky, which has symbol £émy = Am,, to
prove that [|0kx| . < A. Hence,

IN

ly]

[ [ 1omie = toubiaras i)
0

- 19k ]2 S Al (114)

/ a(z — y) — Ea(2)| da
[z|>]y|

but also, by (112),
[ b k@l <2 [ h)ide s ()
|z |>[yl |z =]yl (115)
We sum over \ using (113) when A|y| < 1 and (115) when A|y| > 1, and obtain'®
[ ey k@l sl 3 A+t Y A s
[z>|y| A<|y|—1 A>[y|—t

as desired. |

9.12. Square function estimates. We recall property LP6 for the square

function, Sf = (X, [PxfI?) 1/2’

THEOREM 9.13 (Littlewood-Paley). We have,
Ifllze S NS fllee S 11fllze (116)

forall1 < p < oo.

18Here we used the following summation properties, in dyadic notation, for geometric series,
Doacp AY > L% and Yo\ AT 2 L™ for a > 0.
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We give two proofs of this estimate.

Proof [first proof]: First we show using duality arguments that the first inequality
in (116) follows from the second one. Indeed using Plancherel’s theorem, the fact
that PP, = 0 unless k ~ k', and Cauchy-Schwartz inequality we obtain

/f(x)g(m)dx ~ /ZPkf(x)Pk/g(x)dx
k=k’
1/2

1/2
/ (Z |Pkf<x>|2> (Z |Pk/g<x>|2> da <
k k’

IS £l Lo 1S9l o S WS Fll o 9l o -
The left inequality in (116) now follows by taking the sup over all g with ||g|;,» = 1.

A

A

To prove the right inequality in (116) we need to introduce the Rademacher func-
tions r(t) defined on R as follows: for every k > 0, k € Z and t € R set
ru(t) = ro(2¥t), where 7o(t) is the periodic function, 7o(t 4+ 1) = ro(t), such that
ro(t) = 1for 0 <t < 1/2 and ro(t) = —1 for 1/2 < t < 1. These Rademacher
functions form an orthonormal sequence in L?[0,1] and they form a sequence of
independent identically distributed random variables. The basic property that we
need is that the LP norm of a linear combination of Rademacher function is equiv-
alent to the [2 norm of its coefficients.

LEMMA 9.14. Given a sequence of real numbers {ay} satisfying > poqai < 0o,
define

F(t) = Z ak.rk(t).
k=0

Then F € L*([0,1]) with |F| . = (X reya?)/?. In addition, F € LP([0,1]) for
1 <p < o0, and there exist constants Ay, so that

ATIFN Ly < 1F Nz < Ap[F s -

For a proof of this lemma see Stein, [18, Appendix D].

Define the operator T; so that

Tf =Y ru(t)Pef

k=0

Clearly Ty is the Fourier multiplier operator with symbol m,(£) = 3, 7 (t)x(27%¢),
where x is the smooth cut-off function used to define the LP projections. For £ # 0,
at most three of the terms in the sum defining m(§) can be non-zero. We can then
easily verify that m, verifies the condition of Thm. 9.11. That is, that

|9 me(€)] < Cal€]™1,

with constants C, independent of ¢t. Thus, by Calderon-Zygmund theory (specifi-
cally Corollary 9.4), we have:

ITefllee S 1l e



9. CALDERON-ZYGMUND THEORY T

1 1/p
( / thn’zpdt) < Fle
0

In addition, we can use Lemma 9.14 to see that:

/0 \TfIEdt / / S O o

p/2
/R (Z (Pkf><x>|2> dz

k

And so,

vV

And so combining our results we get:

ISfllee SN F e

(Note that this argument proves the theorem only in the one-dimensional case,
n = 1. It can, however, be extended to R™ as in Stein, Singular Integrals, Ch. 1V,
Section 5.)

Proof [second proof]: We recall the definition for the vector-valued function,
Sf(fE) = (Pkf(m))kez'

Clearly, if f € S(R"), for every z € R™, Sf(x) € [> and Sf(z) = |Sf(x)| denotes
the [2 norm of Sf(z). We claim that

S/ (x) = / K(x — y)f(y)dy

is a an 2 -valued Calderon-Zygmund operator with the I2-valued kernel defined by,

K() = (Ku(@)) e Kilw) =2""%(2"2)

Denote [K(z)| = (3 [Kx(@)2)"?, [0K(@)| = (5, |0Kx(x)]?)". We easily
check that the [2— valued version of the condition (102) is verified,
K@) Slal™ 0K (2)] S |27, for z#0. (117)

On the other hand,
ISfllLz = 1S fllrz < [ f]lze-

Thus S is indeed an [? valued C-Z operator and therefore, in view of a straightfor-
ward extension of Theorem 9.3 and its corollary, we infer that,

ISfllze == MISFllze = [ISFllLe S 1 F2e

In view of the beginning of the first proof of our theorem we infer that also,

[fllze S 1S fllze-



78 1. BASIC TOOLS OF ANALYSIS

Remark that, according to theorem 9.13, | >, Pif| =~ (X |P;€f|2)1/2. A more
general principle asserts that if a sequence of functions f1, fa,... fi ... oscillate at

different rates, that is any two phases are different, then | >, fil = (X4 [fx[?) 12,

The following version of the property LP6, and theorem 9.13, also holds true for
LP projections Py ~ Pj. More precisely,

~ 1/2
112D e S 1fllens 1< p < o0, (118)
k
This can be proved in the same manner as the inequality |[Sf|lzr < ||fllze by
introducing the [? valued operator, Sf = (Pyf)rez, and proceeding exactly as in

the second proof of theorem 9.13. Given an [? valued vector function g = (gx)rez
observe that

<Srg>= [ 816) gt = [ S As@m@ = [ 103 Pl
Thus,

S*g = Zpkgk (119)
k

and therefore the estimate dual to (118) has the form, ||S*g||;,» < |gll;., for
1/p+1/p’ = 1. In other words,

1" Brgallze ST 1gel?) P lles 1< p < oo, (120)
k k

The following is an easy consequence of theorem 9.13.

COROLLARY 9.15. For 2 < p < oo we have

2 2
1F1Ze S D I1PefITs - (121)
kez
For 1 < p <2 we have
2 2
S NPT SN2 - (122)
kez

Proof : Recall that Sf(z)? = >, o, |Pef|?. If p/2 > 1, in view of LP6 and
Minkowski inequality, we have

2 2
£ SUSFIZe = 1D 1Pef Pl < D NP1 e = D NP ITs -
k k k
If p/2 <1, we make use instead of the reverse Minkowski inequality,

1A 2 1Y 1P Pl =D (PP e = D IPefNZ0 -
k k k

The reverse Minkowski inequality we have used here states that for 0 < ¢ < 1 and
a sequence of positive functions (fi)rez

I 1l =Y el o - (123)
k k
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We briefly sketch a proof of (123); it can be found in many books (e.g. Gar-
ling, Inequalities or DiBenedetto, Real Analysis, from which we take this particular
proof).

One way is to first prove a reverse Holder inequality: For 0 < p < 1, ¢ < 0,
s+e=1,felLl ge L wehave [|fg| > || f]lzrllgllLe. This can be easily shown

1/p
by writing || f||z» = ( Ik I‘fgg‘f) and applying the usual Holder inequality with the

exponents p=1/p>1land §=1/(1—p) > 1.

With this in hand, the reverse Minkowski 1nequahty in two terms (|||f| + |9l L«
Ifllze + |lgllze for 0 < g < 1) follows (ertlng =1- 1)

IfI+19llZe = /(\f|+lgl)q’1(\f|+lgl)

Y

N Ve
(1007 ) ™ (Ul + haleo
71+ bl 07+ Dl

Y

9.16. W*P- Sobolev spaces. We recall that we have defined the W*? norm
of a function by,

1f lwew = D107 £l
=0
We claim the following

LEMMA 9.17. For any j >0, 1 < p < oo we have,

167 f||» ~ ||(Z |2jkpkf|2)1/2||m
k

Proof : We first write,
167 Flze S 1D & Paflle
k

As in the proof of the property LP5, we can express VI Py, f = 27* P, P, f for some
Py, similar to P. Hence, using the estimate (120)

1/2
169 fllow S ||sz’kaPkf||m S| ZIW’“PMI )|

On the other hand, we can also write 2/% P, f = P,d7 f for some other similar LP
projection. Then, in view of (118),

IS 1275 2) Pl S NS 1B £12) 2 e S 1107 f 2o

k k
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Using the lemma we can now find an equivalent definition using L P projections:

PROPOSITION 9.18. For any 1 < p < oo and any s € N we have,

1Fllwew = > (1+2%) Pef o (124)
e
Moreover, for the homogeneous W*P norm || f|lyiye0 = [10° f| v,
£ e = 1Y 25 Pl o (125)
k

Observe that the expressions on the right hand side of (124) and (125) make sense
for every value s € R. We can thus extend the definitions of W*P, and W*P? spaces
to all real values s.

Additional characterizations of the homogeneous Sobolev norms || [/j.., can be
given using the following,

PROPOSITION 9.19. For 2 < p < oo and any s we have,

1/p 1/2
(sznpkfnip> 5||f||v‘vs=p§<222k5||Pkf|ip> '

k k (126)
For1<p<2andséeR we have
1/2 1/p
(Z 2%k Pkf“QLp) S flhwer S <Z 2kpe Pkfllﬂ)
k k (127)
Proof: If p/2 > 1, by Theorem 9.13 and Minkowski inequality we have
2 2
||f||Lp S Z IPkf|2 < Z H|Pkf‘2HLP/2 = Z ||Pkf||Lp :
k Lp/2 k k
If p/2 < 1, by Theorem 9.13 and the reverse Minkowski inequality we have
2 2
Az 2 | DBl 2 D Pef Pl e = D IPfIILs
k Lp/2 k k
The remaining details should be clear to fill in. [ ]

10. Midterm Exam

Problem 1.[Distributions in R] In R? we set 2 = z + iy, 0, = 1(0, — i0,) and
9: = (0, +i0,). Let E = n~'1. Show that E is a fundamental solution for the
operator Oz. Establish a connection bewteen this fact and the Cauchy formula for
analytic functions.
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Let f(z) be a an analytic function in the domain Dy = {2z € C : 0 < Im(z) < €}
such that |f(2)| < [Im(2)|~ for all z € D. Show that there exists a distribution
f+ = f(- +10) such that for every ¢ € C§°(R"),

tm | [ fer o) = < fro>,
R

y—0,y>0

Similarly, for analytic functions defined on D_ = {z € C/) — e < Im(z) < 0} we
can define a distribution f_ = f(- —40),

lim /Dgf(x—i—iy)(ﬁ(x)dm = <f_,¢p>

y—0,y<0
This defines, in particular when f = % = ?1@, the distributions (z + i0)~! and
(x —i0)~1. Prove the formulas,
(x+140)"' — (x —i0)™t = —2midy(x).

Show also that,
(x+1i0)"' = 27! —indo(2)
where % is the principal value distribution defined in the text.

Problem 2.[Fundamental solutions] Consider the operator Lu = Au + u in R3.
Find all solutions of Lu = 0 with spherical symmetry. Show that

K(z) = _ cos |z

47 ||

is a fundamental solution for L.

Problem 3.[Initial value problem] Consider the initial value problems for the
following, four evolution equations in R x R"™,

du=Au,  u(0,z) = f(z) (128)
Ou=iAu,  u(0,z)= f(x) (129)
Pu=Au,  u(0,z) = f(z), u(0,z) = g(z) (130)
02u = —Au, u(0,2) = f(x), Owu(0,z) = g(x) (131)

In each of these cases write down solutions using the Fourier transform method. In
other words take the Fourier transform of each equation, set

a(t, &) = /e_m'gu(tw)da:,

and solve the resulting differential equation in ¢. Compare the results for the last
two equations. Show that (130) has solutions for all f,g € S(R™) while (131)
does not. Show however that if we only prescribe w(0,z) = f (this is the Dirichlet
problem for the Laplacian 7 + A in R™*1), then the problem has a unique solution
u, which decays to zero as |t| + |x| — oo, for all functions f € S(R™). In all cases
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express'? the resulting solutions as integral operators applied to the initial data(in
physical space).

Problem 4.[Extension operator] Let H be the half space z, > 0 in R™ and
1 < p < 0. Show that there exists an extension operator, that is a bounded linear
operator E : WHP(H) — WLP(R™) such that for all u € WP (H) we have Eu = u
a.e. in H and

| Eullwp@ey S llullwir -

Extend the result to any s € N. Can you extend the result to arbitrary domains
U C R™ 7 What about domains with smooth boundaries 7

Problem 5.[Trace theorems] Let R"~! be a hyperplane in R", for example z,, =
0. For any f € S(R") let Rf denote the restriction of f to R™~1.

i. Prove that, for any s > %,

IR f L2 @n-1) S 1f a2 ) (132)

ii. Show that the result is not true for s < 1/2. Show however that the following
sharp trace theorem holds for all s > 0,

1B f s @y S [ flzzesrrzen) (133)

iii. Show that f is a function with Fourier support in the ball |¢| < 2F for some
integer k then, for all 1 < p < oo and s > 1/p,

I fllze@n-1y S 22| fllwsw ey

Can you deduce from here a trace result, in LP norms, generalizing that of (132) ?
What about (133) ?

iv. Let H be the half space x,, > 0. According to the above considerations we
can talk about the trace of a function in W?(H) to the hyperplane z,, = 0( Prove
this !). Show that a function f € W'?(H) belongs®® to W, *(H) if and only if its
trace to x,, = 0 is zero.

Problem 6[Littlewood-Paley] Consider the spaces A, = C%7(R") with norm

u(z) — u(y)|
Iflla, = Ifll@n) + sup
K EDT iern |z —y
i. Show, using the Littlewood-Paley projections Py, that

[1fllav & |P<ofllze + sup 27| Pe| Lo
k>0

ii. Define the Zygmund class A, of functions with norm,

Il = fllw +  sup LEHM+Fa=h) = 2f(@)]

2€R™, 0<h<1 h

vou will have to perform the inverse Fourier tarnsform, u(t, z) = F~14(t, £). For the wave
equation this is more difficult, in general, but you can do it for dimension n = 3.
20recall that Wol’p(H) is the closure of C§°(H) in W1P(H)
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Show that
Iflla. & [|P<ofllzee + sup 2| Py Lo
k>0

iii. Prove the product estimate in Besov spaces B® = H%!, s > 0.

1fgllzs SN fllz=llgllzs + lglz<llfl5:-

Problem 7. Read on your own the section on Calderon-Zygmund operators. Indi-
cate how the theory can be extended to operators valued in a given Hilbert space,
such as (2.

11. Restriction Theorems

It is well known that when f € L'(R™) then its Fourier transform f is a bounded
and continuous function, thus the restriction of f to any hypersurface is perfectly
well defined. On the other hand, if f € L?(R") then f may be any function in L2,
hence defined only almost everywhere and completely arbitrary on sets of measure
zero like hypersurfaces.

Can one make sense of the restriction of f to a smooth hypersurface S when f
belongs to some LP with 1 < p < 27 This is a basic question in modern Fourier
analysis, which, as we shall see, turns out to be intimately tied to regularity prop-
erties of solutions to wave equations.

If we take S to be a hyperplane, we immediately see that the answer is negative.

Indeed, let f(x1,2') = u(xr)v(a’), f(&,€) = a(&)0(¢), with z1,& € R and
2’ ¢ € R*"1. The restriction of f to the hyperplane & = 0 is well defined only
when 4(0) = [wu(z)dz is well defined. For any p > 1 it is always possible to find
u € LP(R) such that [udz doesn’t make sense. We deduce that the restriction of
the Fourier transform on hyperplanes cannot be defined when p > 1.

The answer is different if we consider hypersurfaces which have non vanishing cur-
vature. For simplicity we consider the model case of the sphere.

11.1. The Stein-Tomas theorem. The following type of result was first
proved by Stein [|, then extended by Tomas [] and given its final form again by
Stein [].

THEOREM 11.2 (Stein-Tomas). Let S = S"~! be the standard unit sphere in R"
and do its standard volume element. Let f € LP(R™) with
2(n+1)
1<p< ———.
=P="13
Then Rf = fs e L*(S) and

IRl L2y S 111l o ggeny -
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This theorem has an equivalent dual formulation. Define the Stein operator to be
the dual of the Fourier restriction operator Rf = f ‘s’

Sg(x) = Rg(x) = /S ¢ € g(€)doe = (gdo) (z),

where now ¢ is a function defined on the sphere.

THEOREM 11.3. Let f € L*(S) and

D)
n—1
Then Sf € LP(R™) and
15l ey S 11l o) - (134)

REMARK 11.4. Tt suffices to prove Theorem 11.3 for p = p. = 2(n+1)/(n — 1).
Indeed for p > p., by Sobolev inequality we have

IS fllpe S NID°SFl L.
for s =n(1/p. — 1/p) > 0, where (D%u)"(£) = |¢|*0(€). But here
D*Sf=S8(-°f)=S/.
Thus, if we can prove the theorem when p = p, then

1SF e SNSFlloe S NF L2 s)

REMARK 11.5. The result remains true if we replace do by du = ¥do, with ¢ €
C§°(R™), since the theorem implies

1) lle S NFN 2y S 1SN L2y -

Moreover, using a partition of unity, it suffices to prove Theorem 11.3 just for
Sf = (fdp)Y, with du = ¥do and ¢ € C§°(R™) supported in a small neighborhood
of a point on the sphere. Though obvious, it is a very important fact that we can
localize the restriction estimate as we shall see in the future.

11.6. Knapp counterexample. The result of theorem 11.3 is false for any
p < px in virtue of the following counterexample ([?]).

Define, for some small § > 0, the region in phase space
D={¢eR":|&4 —1] <8 |¢| <6}.
Let now f = xsnp be the characteristic function of the cap SN D, then
£l 2 = IS0 D2 ~ gD/,
We can write

Sf(x) =™ / ew(x’g)dag,
SND

with phase ¢(z,£) = z1(§& — 1) + 2’ - €. It then possible to fix a region in physical
space,

R= {I ER": x| < %572, 2| < %671},
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such that for z € R and £ € D we have |¢(z,£)| < /3, hence, when x € R,

SF(a)| = Re(e 1S (@) = [ cos((e,)do = 5[5 D).

SND

This implies that

||SfHLP > |SﬂD‘1/2|R|1/p ~ 6"7717%
£l 2
For small values of §, an estimate like (134) will necessarily require 25+ — "T'fl >0,

which is possible only if p > p, =2(n+1)/(n —1).

This example suggests that there is some sort of parabolic scaling property in the
structure of the operator S which comes from the nonvanishing curvature of the
sphere.

11.7. The importance of curvature. The restriction theorem and its dual
counterpart remain true if we replace the standard sphere S*~! by a compact
hypersurface H C R™ with non-vanishing Gauss curvature. The importance of
non-vanishing Gauss curvature is illustrated by the following result.

LEMMA 11.8. Let H C R"™ be a compact hypersurface with non-vanishing Gauss
curvature (i.e. with all its principal curvatures different from zero) and volume
element do. Then, for any smooth function ¥, we have,

n—1

|($do) ()] < (1 + |=))” (135)

If exactly one principal curvature vanishes then we have instead,

n—2

|(¥do)¥ ()| < (1+|2[)” >

Proof The general proof is based on the method of stationary phase, see Stein’s
Harmonic Analysis book. For the particular case of the standard sphere H = S"!
and odd n the proof can be done by a direct computation in polar coordinates. W

Exercise Prove the lemma for S ¢ R3.

REMARK 11.9. Another interesting observation links these restiction theorems to
partial differential equations. Indeed if v = do“ * f, then u is a solution of the
linear elliptic equation

Au+u=0,
as we can be easily seen taking the Fourier transform,
Flu+Au)(§) = (1~ [§*)d(1 — [€)F(€) = 0.

where ¢ is the Dirac distribution.
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11.10. TT* principle. The following simple functional analysis result plays
an important role in restriction and Strichartz type estimates. Let B be a Banach
space and denote by B’ its dual. Let H be an Hilbert space with inner product
denoted by (-,-). Consider a linear operator T : H — B’. Since we can identify
H with its dual, we can consider T' to be the adjoint of the operator T* : B — H
defined by

(h,T"(x)) = Th(z).
Actually, T is the adjoint of T" when B is reflexive, but for our purposes we shall
keep calling T™* the adjoint of T

The TT™* principle states that the boundedness of T is equivalent to the bounded-
ness of TT*. More precisely we have:

PROPOSITION 11.11. The following statements are equivalent:

(i) T : H — B’ is bounded and ||T|| = M;

(ii) T* : B — H is bounded and ||T*| = M;

(iii) TT* : B — B’ is bounded and |TT*| = M?;

(iv) the bilinear form (x,y) — (T*x, T*y) is bounded on B x B with norm M?>.

The proof is a standard exercise in functional analysis.

11.12. TT* formulation of the restriction theorem. The TT* formula-
tion for the Stein operator corresponds to a convolution with the (inverse) Fourier
transform of the measure on the sphere. Formally, we have,

SS*f(x) = SRf(x) = /e”ff(g)dag = / /ei(m_y)fdag fy)dy = doV * f(x).
S nJs
We are thus led to the following equivalent form of the restriction theorem,

||de * fHLP(Rn) S ||f||LP’(]R") ) (136)

for p > p*.

One can give three distinct proofs of Theorem 11.3. We shall sketch the first proof
based on analytic interpolation. This is essentially the original proof of Stein and
Tomas. The second proof, based on introducing a time parameter and treating
Sf as an evolution operator allows us to regard the restriction theorem as part
of a more general framework which includes Strichartz estimates for various linear
PDE with constant coefficients. Finally the third approach, which only applies for
specific exponents, will allow us to to connect with bilinear estimates.

11.13. First proof: analytic interpolation. According to Remark 11.12
and Remark 11.4 it suffices to prove that Uf = doV x f verifies

||Uf||LP* (R™) 5 Hf”Lp; (Rn) (137)
where p, =2(n+1)/(n—1) and p, =2(n+1)/(n + 3).
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In general, to obtain LP" — LP estimates directly is usually very complicated and
we don’t know any direct proof except in cases where p is a nice exponent like
p = 4,6 (which happens only for n = 2 or n = 3). We would feel more comfortable
with L2 — L? type estimates, where Plancherel’s theorem is a powerful tool, or with
L' — L™ type estimates, since pointwise decay estimates of oscillatory integrals can
be obtained from stationary phase methods. This suggests to use some interpolation
theory for LP spaces. But, an L? — L? estimate for the operator U is ruled out by
the Knapp counterexample and a L™ — L! one is too trivial and doesn’t answer to
our question. It is here that the Stein interpolation theorem, Thm. 4.8, shows its
power, since it allows us to obtain the LP" — [P estimate for U from L2 — L? and
L> — L' estimates for other (reasonable) operators different from U.

We will accomplish this by constructing a family of convolution operators U, f =
Y f, with p, being distributions depending analytically in z. The parameter z will
essentially reflect the degree of homogeneity of the distribution p,. For this reason
it is natural to place our target at z = —1, requiring U_; = U or pu_; = do, since
do can be written as the pullback of a delta distribution (which is homogeneous of
degree —1) on the sphere: do ~ §(1 — |£])d¢.

An L2 — L? estimate for U, will follow if u, coincides with a bounded function,
indeed, by Plancherel’s theorem, we have

1l = M=) g = [z | S el 111 (138)

To have p,(€) bounded we must require that p,(€) is essentially homogeneous of
degree 0, hence when z lies on the line Re(z) = 0.

An L' — L estimate for U, will follow instead when p) coincides with a bounded
function, since we directly have

1U=fll e S el £z - (139)

To obtain (137) from the analytic interpolation of (138) and (139), we would like
the latter to happen on the line Re(z) = a, where a is chosen so that
1 6 1-6 1 6 1-94
-1=90 1-0 — =t — — =+ —
a—+( )0, P t—5 71 t—5

and this happens precisely when Re(z) =a = —(n+1)/2.

This argument leads to the precise version of the Stein analytic interpolation the-

orem that we are going to use.

ProPOSITION 11.14. Let U, be an analytic family of linear operators such that:
(1) Ufl = U,'

(1) U fllp2 SISl 2, uniformly on the line Re(z) = 0;
(i) [|Uzfllpee SISl p1s uniformly on the line Re(z) = —(n+1)/2.

Then it follows that
”UfHLm /S ”f”Lpi :
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The above discussion showed that, when we write U, f as the convolution p) * f,
then the hypothesis of the proposition are fulfilled whenever p, is an analytic family
of distribution such that

)

ne Re(z
;/(:13) c01n01des with a bounded function, with a uniform bound on the
e Re(z) = —(n+1)/2.

It thus remains to define the distributions p, and verify these properties.

Inspired by the identity § = Xll and doe ~ (1 — [{|), we define our family of
distributions as

1=(€) = e X2 (1 — [eNw (), (140)

where ¢ € C§°(R) is a cut-off function supported in a small neighborhood of 1, say

[1/2,3/2], and ¢(1) =

We recall that the homogeneous distributions x% , when Re(z) > —1, coincide with
the functions:

Z@gitﬂﬂz+n ift >0,
]o ift <0,

where the Gamma function is defined by I'(z+ 1) = [~ t*¢~*dt. From the identity
I'(z+1) = 2T'(2), it follows that

S =) (141)

Using this formula, x5 can be analytically continued for all z € C by performing
repeated integrations by parts. To do this we first observe that for Re(z) > —1 and
¢ € C§° we have

/ Y (B)d(t)dt = / B (Bt = . = (—1)" / (66 (1)t

Thus integrating by parts sufficiently many times we can make sense of f X odt
when Re(z) > —1 — m for any m, and hence for all z. To see that Xll =0 it takes
just an integration by parts, indeed

—1 __L o / _
/ Glodt =~ /0 ¢/ (t)dt = 6(0).

For more information about x% and distribution theory one can consult the books
by Gel’fand and Shilov [4] or Hormander [5].

The factor e in the definition of i, is chosen in order to garantee a uniform
boundedness of our operators for large Im(z), indeed e decreases exponentially as
Im(z) — oo, uniformly on the strip —(n+1)/2 < Re(z) < 0. This permits to allow
the various constants in the following inequalities to have a polynomial growth in
terms of b = Im(z).



11. RESTRICTION THEOREMS 89
Clearly pi—1 ~ 6(1 — |€])%(|€]) = do. This verifies (17).

Condition (ii’) is immediately verified, since x;* is always a bounded function
when Re(z) = 0. Condition (iii’) will follow from stationary phase arguments,
more generally we have:

ProrosITION 11.15.

Y (@) S (1 4 o)) D=5 (142)

11.16. Second proof: evolution operators approach. In this section we
make the following assumption on f:

feC™(S), suppfcC{& >1/2}. (143)
With this assumption we can relabel 1 = t as a time parameter and rewrite Sf as
3 df’
Sf(t,a:’):/ e (CVA RTINS
l<vir VI=I[E?
= [T (i gl

with 8 € C§° supported in |£/| < 1 and g(& F(V/T=1€2,€)/\/1— €2 Ob-
serve that
2
Jlo@rae = [ aoc= 1115,

by the assumption on the support of f.

THEOREM 11.17. Let 3 € CSP(R™ 1) be supported in the unit ball {£ € R :
|€] < 1} and consider the operator

Ty(t,x) = / VIR G(E)g(€)ds, tEeR, e R
Rn—1
Let q,r be Lebesgue exponents verifing the conditions:

0< 3 < min{1,v(r)}, (144)

(240) # @, (145)

where y(r) = (n — 1)(1/2 — 1/r). Then the following estimate holds true for all
g€ R,

HTQHL;?L;(RXR'MI) S ||g||L2(R’"*1)' (146)

where we use the mized norm notation defined in section 7.

By Remark 11.5, Theorem 11.3 follows from the special case ¢ = r = 2%.

REMARK 11.18. We can run again the Knapp example to prove the necessity of
condition (144), when ¢ > 2. Indeed let D C R™"! be the disk defined by [¢| < 4,
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for sufficiently small § > 0, and take g = xp to be the characteristic function of D.
We write,

Ty(t,z) = o / VTP i () e
D

and observe that for |t| < §72 and |x| < §~! we have, with a fixed constant ¢ > 0,
|Tg(t,z)] > c. Indeed this follows easily from ¢| < § and |{/1 — [£]2 — 1] < 6%
Therefore, if (146) holds true, we must have, for all sufficiently small § > 0,

54
from which (144), ¢ > 2 follows.

» Slixolie <

REMARK 11.19. The end-point restriction (145) can be removed when n # 3, due
to a well known result by Keel and Tao [14] (“Endpoint Strichartz Inequalities”).
The other restriction ¢ > 2, implicit in (144) will be discussed in the next chapter.

We start by calculating T and TT™.

<T*F,g>=<F,Tg >:/ FTgdtdr =

// (t / tVI-IER e —im € e g(€)dedtda =

_/ <// —ity/1=[€ =i (4. x)dtdx) de.

T F(€) =@// e VIR T By ) dtda,

Hence

and

TT"Fltyn) = [ VI ()1 F(e)d
= [[ VIR S s F(s, ) dels,

where F(s,€) = [ e ¢ F(s,z)dz. If we introduce the family of operators
UOf@) = [ VIR a0
we can write TT* as a convolution operator,
TTF(L, ) = /U(t _ $)F(s, )ds. (147)

By Proposition 11.11, to show that T is a bounded operator from L{L"(R") to
L2(R™ 1) it suffices to prove that TT* is a bounded operator from LY L7 (R™) to
LILT(R™).

We shall first prove an estimate for U ().

PROPOSITION 11.20. Let 2 < r < oo and y(r) = (n —1)(1/2 — 1/r). Then U(t)
verifies the estimate

U@L a1y S QA+ DTNl ey - (148)
( ( )
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Proof Once we have proved the two extreme cases r = 2 and r = oo,
U@ fll2gn-1y S Il L2 @1y (149)
U@ Fll e -1y S T+ D™D 2N f ]| s gy (150)

then the estimate follows from the standard Riesz interpolation theorem.

We obtain (149) immediately using Plancherel formula, since

U FNE) = e™VITEE B2 £(£).

To prove (150) we write

Ut f(x) = / Ki(x — ) f(y)dy,
where

Ki(z) = / e e VIZIER | 5(6) 2de
~ / / e EHTS(1 — 72 — [€2)/T— [EPIB()2drde

~ / / D A5~ |(7,))pi(r, )drde,  (Bi(r, &) = TIBE)),
= (ﬁldgnfl)v (t7.%‘).

Hence K is just the Fourier transform of a measure supported on the sphere S~ !,
for which we have the decay estimate

Ko@) S (L4 Je] + [a) =072,
which implies (150). [ |

We next apply Proposition 11.20 to (147),

" 1
17T PN, % | e sl s (151)

Finally, we are in a position to apply the Hardy-Littlewood-Sobolev inequality and,
if 0 < v(r) < 1, we obtain

ITT" Fllygy < 1F ]y,
when —y(r) + 1+ 1/q = 1/¢’, hence y(r) = 2/q. Therefore we proved Theorem
11.17 in the case 0 < v(r) =2/g < 1.
On the other hand if ¢ = 2 and () > 1 we have from (151),

ITT*Fll 2y, S 12
by an application of the standard Hausdorff-Young inequality.

Finally, if 2/q < 1 and ~(r) > 2/q the result follows from the case y(r) = 2/q using
Sobolev inequalities.
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11.21. Third proof: bilinear forms (n = 2 and n = 3). We present
now another method to prove the restriction theorem for the sphere that works
for the special cases n = 2, p = 6 or n = 3, p = 4. The idea is that when p
is an even integer, the restriction theorem can be viewed as an L? estimate for a
multilinear form, which, through the Fourier transform, has a convolution structure
that provides some smoothing effects. The proofs given below are at the root of the
so called bilinear trilinear estimates, which play a fundamental role in the modern
theory of nonlinear wave and dispersive equations.

Let us see the case n = 3 first. We consider the Stein operator Sf = (fdo)Y, and
use the fact that (Sf - Sf)" ~ (fdo) x (fdo). Let B(f,g9) = Sf - Sg, then an L*
estimate for Sf corresponds to an L? estimate for B(f, f). We have

B(f,9)(€) = (fdo) * (9do) (&) = /1.13 o(1 = 1€ =nN)o(1 = [n[) (€ —n)g(n)dn,
and applying Cauchy-Schwarz with respect to the measure 6(1— | —n|)d(1—|n|)dn
we find

[B(f,9)(©)° < B(1,1)(&)B (If1% 19) ().
Integrating with respect to &, we obtain

||B(f7g)\|i2(R3) SA ||f”i?(82) Hgﬂiz(s% ; (152)
with

A=sup|B(L,1)(¢)] = Sup/5(1 — 1€ =nDé(1 = [nl)dn. (153)
¢ ¢

Thus, to prove the theorem in this case it suffices to check that A is finite. It is

useful to carry out the explicit calculation of A(§) = B(1,1)(§). For any dimension
n > 2 we have:

LEMMA 11.22.
1 n-3
A© = [ s-le—nhs -l g (1= (159
Proof
A(8) = /5(1 —[€=n)o(1 = In|)dn ~ /l | 5(1 — € = n[*)doy, =
nl=1
1 [
= 5(€)? — 2¢ - n)do, ~ — §<~n)da.
o, S0 =2 maon =g [ (55~ ) ae
Because of the rotational symmetry, we may assume that & = (|£],0,...,0), so that

A(€) ~ %/0 ) <|§| — cos 9) (sin )"~ 2df =

L[ () ame _1(_|£|2)"53
_|§|/_15(2 u) (1wt = g (15 ,

when |£]/2 € [-1,1]. [ |
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When n = 3, A(§) ~ 1/|¢| is singular only at £ = 0, but we can avoid this difficulty
by assuming that f and g are supported in a small neighborhood of a point in
S? (recall that without loss of generality we can localize the estimate on a small
cap on the sphere). Then the supremum in (153) can be taken over just all £ €
supp(f) + supp(g), which is a set bounded away from 0. Hence we may restrict
to [£] > C > 0 in (153) and the singularity disappears leaving A < oo.

From the L? estimate (152) of the bilinear form B(f, g), it follows the L* estimate
for the Stein operator Sf:

1S 12 sy = B Plle = AY2 1260,

with the assumption that f is supported in a small cap on the sphere.

In the case n = 2 what we want is an L% estimate for Sf. Since 6 = 3 x 2 we
can try to repeat the same calculation using this time a trilinear form, T'(f, g, h) =
Sf-Sg- Sh, and the fact that HSf”iG =||T(f, f, f)|| ;2. We have

T(f,9,0)(€) ~ (fdo) * (gdo) = (hdo)(€) =
B //R2 0= 1g=m = <D = nDo(1 — [CPS(E — mg(mh(Q)dndd,

and applying Cauchy-Schwarz with respect to the measure 6(1—[§—n|)d(1—|n|)é(1—
|¢|)dnd¢ we find

IT(f, 9, h)(€)]* < T(1,1,1)(E)T (1f[% 1912, |h?) ().
Integrating with respect to &, we obtain
IT(f, 9. D) 722y S AN gz 1Rl E2 sy » (155)
with
A = sup |T(1,1,1)(€)] = sup / / 5(1— | — n)S(1L — [n)S(1 — [¢])dndC.
13 3 (156)

The convolution structure allows us to restrict £ to the set suppf+ suppg+ supph,
and, if we make the hypothesis of f, g, h supported in a small cap of the sphere, we
can assume 1 < |¢] < 3. Using Lemma 11.22 we can evaluate T'(1,1,1) and show
that A is bounded,

T(1L,1,1)(€) = / B(L1)(€ — ) 6(1 — |¢)d¢ ~

Oy . E1 NV doe
le—¢l<2 (4— 1€ —¢2)1/2 e5C)<2 (3 =26 C+ [€]2)1/2

N /1 da N /1 da o1
~ () (3 . |§‘2 + 2|f|a)1/2(1 _ a2)1/2 a(€) (a _ a(f))1/2(1 _ a)1/2 -5

where a(§) = —3;||§||2. From the L? estimate (155) of the trilinear form T'(f, g, h),

it follows the L% estimate for the Stein operator Sf:
3 3
IS £ I oy = IT(Fs £ Pl g2 = A2 1 f Iz g2y -
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We can also try to repeat the bilinear argument for n = 2. As before, for B(f,g) =
Sf-Sg we have

1B(£,9)©€)I* < BL,DE)B (111719 (©)-

Integrate with respect to &, and use Lemma 11.22 to evaluate B(l 1),

B0 ey 5 [ S e~ )Pl Pana,

Change variable, £ — ¢ = £ — 7, and observe that when |n| = || = 1 we have
€l =In+¢l =~ 1 +n-OY
A= [P =@=In+ )P =1 —n-Q"2,

2
IB(f,9)|72 2 //51 . ;'Z; ;|1/2da do. (157)

hence

This is an interesting formula. Observe that if the supports of f and g on S' are
projectionally disjoint, i.e. don’t contain points in the same direction, then the
quantity 1 — (1 - ¢)? is bounded below by a positive constant and in this case we
obtain the bilinear restriction estimate

[B(f, g)||L2(R2) S ||f||L2(Sl) ”gHL?(Sl) .

We can consider also other types of bilinear forms which have a special struc-
ture that cancel the singularity in the denominator. Take for example Q(f,g) =
01Sf025g— 0S8 f015¢, then taking the Fourier transform and proceeding as before
we see that

U 5 [ B O

||fHL2(s1) HgHL2(S1) J

A

since we have the identity |91 — 72¢1|2 =1 — (- ()?

12. Strichartz inequalities for the wave equation

Strichartz inequalities are an important tool in the study of linear and nonlinear
wave equations. They are intimately tied to restriction theorems. In this chapter
we shall only consider the case of the standard linear wave equation. Similar in-
equalities hold true however for linear dispersive equations such as the Schrodinger,
linear KdV etc.

12.0.1. Homogeneous wave equation. Consider solutions u = u(t,z),t € R,z €

R™ to the equation
Ou = F, (158)
’LL(O,.%) = f(x)a atu(ovx) = g(m), (159)
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with O the wave operator O = —d?u + A. Clearly, a solution to eqrefeq:genwave
can be written as a superposition between a solution to the homogeneous wave
equation,

Ou =0, (160)
verifying the initial condition (159) at time ¢ = 0, and a solution to the purely
inhomogeneous wave equation

Ou = F, (161)
with zero initial data

u(0,2) =0, Owu(z,0)=0.
We denote by W (t)h the fundamental solution of the homogeneous problem (160),
i.e. u(t,x) = (W(t)h)(x) is the unique solution of (160) which verifies the initial
conditions
w(0,2) =0, Owu(0,x) = h(z)

By Duhamel’s principle any solution of the inhomogeneous equation can itself be
written as a superposition of solutions to the homogeneous equation according to
the formula,

u(t) = /Ot Wt —t)F(t)dt, (162)

Before stating the main result of this section we make the following definition.

DEFINITION 12.1. We say that the pair of real numbers (g, r) is an admissible wave
pair if they satisfy the conditions

q

2 1 1

P oon(-g)
(g;rn) # (2,00,3).

IV
n

We are now ready to state the following.

THEOREM 12.2. Suppose that n > 2 and (q,r) is a wave admissible pair 2L with
r < 00.

(1) Assume the dimensional condition, %—l—% = 5 —7. Then, if u verifies the
homogeneous equation (160) with initial conditions (159),

lullzgry + llull ooy + 10sull poe =2 S g + 9l o (163)

(2) Assume the dimensional condition,** % +L=2_y= % + 2 —2, with ¢’
dual to q and v dual to r. Then, if u verifies the purely inhomogeneous
problem (12.0.1) with zero initial conditions, then on a finite time interval
[0,T]:

l[ullLa(o,7); L) + ||u||C([0,T];H7) + ||3tUHc([o,T];m—1) S ||F||Lq/([O,T];LT')(164)

21The case when r = oo can also be included provided that we modify the spaces on the left
of the estimates below to appropriate Besov spaces.
22Thus, in fact, y=1/2.
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_|a
172

1/q

FIGURE 2. Admissable exponents for n > 4

(3) We also have the following more general version of (164) for admissible
pairs (q1,71), (q2,r2) with r1,19 < 0o verifying the dimensional condition,

1 n n 1 n
= —y= 2
q1 1 2 qs Ty

Then,

ll o o) + Nelleqo,miry + 10lloom S IFgoryat
(165)

REMARK 12.3. For n > 4, the region of admissable exponents corresponds to a
quadrilateral OEPQ in the plane (1/¢,1/r) with vertices O = (1/00,1/00), E =
(1/00,1/2), P = (1/2,2(’;7131)) and Q = (1/2,1/00). When n = 3 the point P
coincides with @ and the region reduces to the triangle OEQ. When n = 2 we have
a smaller triangle OEQ2 where Q2 = (1/4,1/00).

For n = 3, the boundary of the triangular region is allowed except for the endpoint
P. For n > 4, the boundary of the quadrilateral region is entirely allowed, as we
will note below.

The interesting cases are the ones on the segment EP and the ones on P(Q close
to P, since all the others can be deduced from these using Sobolev embeddings.
The point E corresponds to the energy estimates. There are counterexamples that
exclude the point P when n = 3, while the inclusion of P in higher dimensions were
recently obtained by Keel and Tao [14].
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n—1 n—1 )

The standard Strichartz estimate®? corresponds to the point S = (D 37D

REMARK 12.4. We remark that in even though the end-point case n = 3,q = oo, r =
2 is forbidden, the estimates holds in the spherically symmetric case. Indeed let ¢
be a solution of the homogeneous wave equation ¢ = 0 in R3*! subject to the
initial conditions

¢(O,J}) = Oa at¢(07 l‘) = f(l‘)
and assume that f is spherically symmetric i.e. f(z) = f(|z|). Then,

/O 1606, )2 sy < 12 (166)

The proof is an immediate consequence of the Hardy-Littlewood maximal theorem?*

in view of the fact that, for spherically symmetric f,
||+

o) =1 /| AFOV) dA.

ot

REMARK 12.5. We give an elementary example below to illustrate how the end point
result n = 3,q¢ = oo, = 2 fails in the general case due to possible concentrations
along null rays. We show below that there exists a sequence of functions f, in
C§°(R3), with ||fn]|z2 = 1 such that for the corresponding solutions ¢y,

/ (o (t,1,0,0)2dt > n. (167)
0

assume by contradiction that in fact, J := fooo d(t,t,0,0)p(t)dt < C for all f €
Cs°(R3) with || f||zz = 1 and some ¢ € S(R), ¢ # 0. In view of the formula (see
section on the fundamental solution of [J in R3*1),

ot x) = (4m) 1t /5_1 fa +16) de

we find that,
7= 6w [l A+ ol v )l dy
or, changing the variables z = y + (|y|,0,0)
|22

J = (4m)~1 / %f(z)w(—)dz<c.

22’1
21>0

Since f is an arbitrary C§°(R?) function, ||f||z2 = 1, we must have that,

1 (|z|2)
z— —p| —
2190 22’1

is in L?(R3) which is false whenever ¢ # 0. In fact,

1 /|2 / 1 9 /°° 9 /7T sin 0
— —|dz = —_— dy = 27 A —df
/Ri 2(5) oo G+ oDl ” D=2 ) T s

diverges logarithmically if ¢ # 0.

23 e. the one actually proved by Strichartz.

24This is obviously so in the region r < ¢t while for r > t the argument is elementary.
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12.6. Fourier representation of solutions. We can solve the homogeneous
problem (160) by the Fourier method. To recall, If we apply the Fourier transform
with respect to the space variables, the initial value problem (160), (159) becomes
a Cauchy problem for an ordinary differential equation:

Fu+lePu=0, w0,8)=f(&), 9u(0,¢) =3q(),
which can be solved explicitly:

9(&)

(t, ) = cos (t16]) /() + sin (te]) T (168)
Thus the fundamental solution W (¢)h, defined above, takes the form,
W(t)h(z) = / s Si“g'g)h(g)dg. (169)

By Duhamel principle, see (162), the general solution of the inhomogeneou equation
Ou = F can be expressed in the form,

u(t) =W (t)f + W(t)g + /0 W(t — s)F(s)ds. (170)

let D = (—A)'Y2 be the operator whose symbol in Fourier space is given by |£|.
Observe that,

(DW(E)f(x) = (WHDf)(x)= / ¢ sin 1]¢]) £ (€) .

n

Since sin ¢|¢] and cos t|¢| are bounded the operators ;W (t) and DW (t) map H*(R™)
in itself. In particular, solutions u of (160), (159) preserves the (Sobolev) regularity
of the initial data f and g. More precisely, If f, D~'g € H® for some s € R, then
u(t), D~*0;u(t) € H* uniformly for t € R. We can also write,

[ull gy + 10l e gy S W fller + N9l

which provides the easy part of estimate?® (163). Therefore to prove (163) it suffices
to prove,

lullpory < If g + gl g (171)

for and wave admissible pair (g, 7).
We also remark that,

WD) = [ e costrlehh)ie
and,

DT'W(t)h(z) = /nem'gcosgﬂf)ﬁ(f)dé

We can rewrite (168) as

a(t, &) = el fr(g) + el f=(¢),

25 Another derivation, based on energy identities, is given in the next subsection.
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where f* =1 (f+ D7 1g). It follows that u = u™ 4+ u~ where

wt = [ f g
Observe that to prove (171) it suffices to prove,
lullpocy < N Ngn (172)

and a similar estimate for f—.

12.7. Energy estimates. We will derive a simple L? estimate for general
solutions of CJu = F' by integration by parts. It all follows from the simple algebraic
identity:

—%8t(|8tu|2 +IVul?) + & (Oudsu) = Oyu - F (173)

where |Vul|? = Y1 (Qu)? and 9; = 0,:. Integrating with respect to z, and
assuming that u and its derivatives vanish?® at infinity we derive,

8,5/ (Ow)* + |Vul?)de =2 | Ou- Fdx

RTL
Thus integrating in ¢,

t
(Ol + [ Vu(Olz < [0(O) 2= + [Vu0)[2: +2 [ [ oy Fasds
O R’Il
which we rewrite, with |Ou|? = |0;u|? + |Vul?,

t
|0u(t)||22 = ||0u(0)]|22 + 2/ Ou - Fdxds. (174)
0o Jre

In particular, applying Holder,

t
[ou(®)l[Z2 < 0u(0)[IZ +2/0 10ru(s)l| L2 | F' ()| 2ds

from which we derive the inhomogeneous energy estimate,
T
sup [[Qu(t)[|L> < [|0u(0)[| 2 +/ 1F(s)]|2ds (175)
t€[0,T] 0

Now let D* be the operator D* = (—A)*/? whose symbol in Fourier space is given
by [£|®. Since D*® commutes with [J we easily derive,

|0D*u(t)||32 = |0D*u(0)||2. +2 [ 0;D%u- D*Fdx
R"L

We can write, using Plancherel with respect to the x variables,

0yD*u - D*Fdx = 0;D**u - Fdz,
Rn R™

Therefore, by Holder, in the slab Dy = [0,T] x R",

sup [|0D*u(t)[[72 < [0D*u(0)l|72 + 2 D**sull Ly (o |1 F | o

te[0,T) Ly (Dr)

26This can easily be justified by the finite propagation speed property of solutions to the
wave equation
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Choosing s = —1 we infer that,

Bl 10D~ 2u(t)|[ 7 < 10D~ 2u(0)I[72 + 21D Ol gy (00 1F Lo v
cl, /Ly

We apply this energy estimate to solution of the inhomogeneous problem (12.0.1)
with zero initial conditions. We also assume that the dimensional condition %Jr T =

F—7= % + % — 2 is verified. That implies v = % We thus have,

sup [|0D™?u(t)||3. < 2HD_latunL;?L;(DT)||F||

LY L' (D
te[0,T] : Ly (Dr)

Assume for a moment that we can prove the estimate,

HD_latU”LgL;(DT) SIE (176)

Ly Ly (Dr)
Then,
sup ||8D_1/2u(t)”lz2 5 ||F||L3/L;/(DT)

t€[0,T]
which is equivalent to,

sup (llu(®)ll gy + 10wl go-1y) S IF N par o707
t€[0,T]

thus proving half of estimate (164). Therefore the inhomogeneous estimate (164)
reduces to proving,

lullzaqo,rpszry + 1D 0sull Laqoryiry S NF e qo.ryzry (177)

12.8. Homogenous Case. In this section we prove estimate (172) and thus
complete the proof for the homogeneous Strichartz estimate of theorem 12.2. Using
the space-time Fourier transform, i.e. Fourier transform with respect to both ¢ and
x?

iy (7,6) = 0(r — [ENF1(6),  T-(r,€) = —8(7 + €N - (). (178)
These are the components of @ living on the forward null cone Cy = {7 = [¢|} and
on the backward null cone C_ = {7 = —|£|}, respectively. Thus we can interpret

(172) from the point of view of a restriction theorem for the half light cones C or
C_. We next show that it suffices to prove (172) for the case when f. is included
in fixed dyadic piece. More precisely, dropping the label + it suffices to show that,

luf o, S 2801 (e (179)
where ut =3, o uf, uf = Pout, fif = PofT and Py the standard LP projec-

tions with respect to the spatial variables x.

To show that (180) implies (172) is highly nontrivial®” as we need to rely on corollary
9.15 adapted to the mixed norms L{L" with both ¢ and r larger than 2. Thus,

3o, S Yol Bone S D 2S5 S 1FF 14
kEZ keZ

2TWithout using corollary 9.15 we would only derive a weaker estimate with the Besov norm
B; ; replacing H” norm on the right.
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Finally we observe, using a simple scaling argument, that (180) follows from,

lugllzery < Ifollee (180)

We now define the truncated cone operator C' to be the operator

Cf(tz) = / eHIEl i€y (€) f(€)de, (181)

where y is a cut-off function supported in 1.2 < |£| < 2, such as the one used in
the definition of the LP projections, see (66). The operator C' can be viewed as the
adjoint of the restriction of the Fourier transform to a truncated cone,

C*F (&) = x(€) F(¢],€)
Estimate (180) is an immediate consequence of the following theorem.

THEOREM 12.9. Let (q,7), (q1,71), (g2, 72) be admissable pairs of exponents. Then
we have the estimates

1€ gzy SIS Nze (182)
and also
1CC Pl S IFN g - (189)
Composing C' with C* we derive,
CCF(tx) ~ / e MmN 5(6)[2 F (s, y)dsdyd,
which can be rewritten as the convolution
CC*F(t,-) = /U(t —s)F(s,)ds, (184)

with the evolution operator

U(t)f () = / U0y ()2 f(€)de (185)

(Observe that U is essentially the same operator as C'!) By the TT* principle, we
know that the estimate (182) is equivalent to the following estimate for CC*,

|CC*Fll g, SIIF (186)

Li'Ly
which is also equivalent to the polarized form (183). Thus, to prove the theorem it
suffices to prove (186). As in the second proof of the restriction theorem presented
in the previous section to prove (186) we need to prove the following properties for
the evolution operators U (t).

PROPOSITION 12.10. Let x(§) be a fized C§°(R™) function supported in 1/2 < |¢| <
2 and,

UOf () = [ OO (€ o) de (187)
Then,

U@ fl>

S Clifllee (188)
U@ fll~ < (T+[E)~

| f e (189)
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from which, interpolating, for all 2 < r < oo,

U@ fler S QA+ D)) (190)

~

Moreover, if in addition, x = X, is supported in a cube of size u, then (189) can
be strengthened to

n

WUl S w@+ )T (1 flloe (191)

Proof We prove directly the stronger version (191). We only need to check (?7?).
We write,

U()f = K # f, me:/é@““Mmo%

It suffices to show that,

1
(K@) S
(L4 [t + [z])
In the regions |z| < |t|/2 and |z| > 2|t| we integrate by parts k times with respect to
48 _ )
the operator L = —i 3~ %8&, such that L(e!(@&+tEl) = ¢i(@-E+1eD  We also
Ter

make use of the straightforward estimate, [0gx,.(§)] < p=lel to derive, |Ky(z)| <
(14 [t])~*u"=* or, choosing k = 251,

n+1

Ko@) S L+ [e) = w7

On the other hand, in the region |t| &~ |z|, we write, with §(]£|) vanishing on the
support of hy,

142
T _ eit)\ eiz~§ o
K () A MM[;A h(€)do (€)

—2u
We now need to rely on the following estimate,

. n—1
sup | eTER(E)do(§) S (1 +|2))~ 7
172552 Jjgl=x

(192)

which follows easily from the decay of the Fourier transform of measures supported

on S"~! discussed in the previous section, see lemma 11.8. Therefore, for |t| ~ |z,
_n—1

|Ki(2)] S p(1+[z))™ 7= < p(l+t)

as desired. m

_n—1
2

We are now ready to prove (186) by following the same argument as in the second
proof of the restriction theorem. Indeed, in view of (184) and (190) we derive,

+oo
ICC™ Ly (1) S / (L4 [t —s) " ONF ()l ds (193)
where y(r) = —251(1 — 2). We are now precisely in the same situation as in the

second proof of the restriction theorem, see the argument following formula (151).
If 0 < v(r) < 1 we can apply the Hardy-Littlewood-Sobolev inequality to obtain

ICC Fllyyp, < 1Py

’
lr?
x
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when —y(r) + 1+ 1/q = 1/¢’, hence v(r) = 2/q. This proves (180), and thus
theorem 12.9, in the case 0 < y(r) =2/q < 1. If ¢ = 2 and (r) > 1 we have from
(193),

ICC Fll 2 < IF Ny

by an application of the standard Hausdorff-Young inequality.

Finally, if 2/q < 1 and «(r) > 2/q the result follows from the case v(r) = 2/q using
Sobolev inequalities. Due to the fact that one of the principal curvatures of the
light cone vanishes, the Strichartz estimates for the wave equation is not as strong
as it could be. Using the improved dispersive estimate (191) we can however derive
a stronger statement ,which is very useful in applications.

PROPOSITION 12.11. Let0 < pu < 1. Let f be an L? function with Fourier transform
supported in a cube of size p at a distance 1 from the origin. Let (q,r) be an
admissable pair of exponents for the Strichartz estimates. Then

ICHllpery S HEF) £l g (194)

The proof is based on the improved dispersive estimate (191). Interpolating it with
(188) we derive,

2 _n—1 _2
U@ fller S w75 @+ )T )
The proof the continues exactly as above to derive,
* _2
ICC Fllyan, S 1Fl

and therefore, by the T'T* argument, [|Cf|l ;. < plz=3) Ilf]l;2, as desired. As a
straightforward corollary to the proposition we derive:

THEOREM 12.12. Consider a general solution of Ou = 0 with data f,g supported,
in Fourier space, on a cube of size p situated in a dyadic shell of size \, with X
much larger than w, say A > 8u. Then,

—2
lull gy < a7 (1l + 11l z2-0) (195)

Proof The proof follows easily by a scaling argument from the proposition above.
n

Finally we state below another result, which follows easily from the decay estimate
(189).

THEOREM 12.13. Let u be a free wave, i.e. solution of the homogeneous equation
Ou = 0, with nitial data (f,g). Then,

_n=1 nti1 n—1
@l s 17730 (N 1l + AT llgall )
Ae2?

_n=1
1727 (1 072 + gl gy ) -

The uniform decay rate |t|*"T_1, for large ¢, plays a very important role in the study
of nonlinear perturbations of the standard wave equation.
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12.14. Inhomogeneous Strichartz estimates. We have already reduced
the inhomogeneous Strichartz estimate (164) of theorem 12.2 to estimate (177).
Proceeding as in the case of the homogeneous estimates we can now reduce (177)
to the case when the spatial Fourier transform of F' is supported in the unit dyadic
ring 1/2 < |¢| < 2. Moreover, decomposing u as before in the + parts it suffices to
prove the estimates separately for uy and u_. Therefore we need to prove,

lut | Laqo.rpiery + 1D 0wt aqoryiery S IF o100 (196)
We have,

wi(t) = /OU(t—s)F(s,-)ds
D 0wy (t,) = /tatDlU(ts)F(s,~)ds
0

Since, in view of the dyadic restriction, 9;D~1U(t) ~ U(t) it suffices to prove
the estimate for |u™|pe(jo, 77,0y Clearly, ut differs from CC*F in (184) only by
the restriction of the interval of integration to [0,¢]. In view of this fact we write
uy = (CC*)gF. We are thus led to the following theorem, from which (196) and
thus (164).

THEOREM 12.15. Let U(t) defined as in (187) and let

(CCYRP(t) = /0 Ut — s)F(s,)ds

Then, for all admissible pairs (q1,71), (g2,72),

ICCT)RE Lo Lo o, r1xmmy S ”F”LféL;é([O,T]x]R") (197)

Proof The proof is straightforward in the case (¢1,71) = (g2,72) = (¢, 7). Indeed
in this case we can simply repeat the proof of estimate (186) and just take into
account the limits of integration. We have also treated the case when ¢; = oo,
r1 = 2, see the subsection on energy estimates. The other non-diagonal case cases
are a little more difficult and will be treated in the more general abstract setting
discuss later in this section. The proof we have given covers however the most
interesting case of estimate (164). We have thus given complete proofs for the first
two parts of theorem 12.2 [ |

12.16. Necessity of the admissibility conditions. To understand what
is the optimal range of exponents ¢ and r we consider the analog of the Knapp
counterexample in the context of the truncated cone operator C' defined in (181).
For some small § > 0, let

D={¢eR":|& — 1| <1/2,/¢| <6},

and consider f = xp. We have

Cf(tyl') = ei(t+m1) / ei[t(lgl_gl)+(t+$1)(€1_1)+w/~§/]d§7
D
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and observe that
|€| _ gl — |§/‘2 < (52
€l +& ™

We can then choose a region of space-time R defined by
672 lt+alSL Jo/| S0

such that, when (t,z) € R and £ € D, then the oscillatory factor inside the last
integral can be treated as a constant. Hence, |Cf(¢,2)| 2 |D| for (¢,z) € R and we
have

||Of||L§L; > |D| HXRHL;*L; gtz
1fll ™~ [D]/2 '
In the limit § — 0, an estimate of the form (186) will necessarily imply that ¢ and
r satisfy the condition

zg(n—l) (23«)' (198)

The other restriction on the range for ¢, i.e. ¢ > 2 is a consequence of the invari-
ance of the operator CC* under time translations. Indeed for translation invariant
operators we have the following general result due to Hérmander, [7].

PROPOSITION 12.17. Let T : LP(R™) — L4(R™) be a (non trivial) linear operator
which commutes with translations, in the sense that (T'f) o1, = T(f o1,), where
Ty(x) =z +vy, forx,y € R". If T is bounded from LP to L7 then we necessarily
have q¢ > p.

The proof is based on the following lemma.
LEMMA 12.18. Let f € LP(R"™), then

Jm f+ £ oyl =27 5,

Proof For every R > 0 consider the decomposition f = gr + hr, where gg(z) =
f(x) if |z] < R and 0 if |z| > R, and hr(x) = 0 if || < R and f(z) if |z| > R.
Then
Rlim lgrllze = Ifllzs - el = 0.
— 00
For R = |y|/2 we have
f+fory=gr+groTy+hr+hromy.

The functions gr and gg o 7, have disjoint supports, so that

lim
R—o

lgr +gr oyl = lgrlls + llgr o Tyl = 2lgrllY,
while

lim ||hg +hgroTy|,, < lim 2|hg| ., =0,
y|—o0 y|—o0

hence

tim || + oyl =

lim 27 |lggllp, =27 || fll,. -
lyl y|—o0
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Proof [Proof of Proposition 12.17] Let C' > 0 be the optimal constant for the
estimate
HTf”Lq gC”f”LP? VfELp

Then by linearity and the translation invariance,
ITf+Tfomyllye SCIf+ fomyllp,-

When |y| — oo, applying the lemma we obtain
2T fllpe < C2P | fllpn. VS e LP.

The optimality of C' implies that 254 > 1, hence q¢ > p. [ ]

The proposition generalizes easily to vector valued LP spaces and if we consider
CC* as an operator from L7 (R;L”) to LI(R;L%), then we must have ¢ > ¢/,
which is the condition ¢ > 2.

12.19. A general, abstract framework. It turns out that the method of
proving Strichartz estimates described above applies to many other equations, such
as Schrodinger, KdV etc. It thus pays to have a general framework which applies
to all these cases.

Let (X, du) be a measure space and H a Hilbert space. Consider a family (U(t)),cg

of operators U(t) : H — L?(X), which describes the evolution of some system with
data in H. We assume that this evolution satisfies the following two properties:

e for all t € R and f € H we have the energy estimate:

U@l 2y S s (199)
e for all t # s and g € L'(X) we have the dispersive inequality:
||U(t)U*(3)9||Loo(x) Slt—sl ||9||L1(X) ) (200)

for some 7y > 0.

Interpolating between (199) and (200) we obtain the estimate
IO ()9l e xy S 1= 817 gl o xy » (201)

Y(r) =0 <1 - i) :

THEOREM 12.20. If the evolution operator U(t) satisfies (199) and (200), then the
estimates

for r > 2, where

OOl pors, S NN (202)
hold for all q,r > 2 verifing:
2
6 = ’Y(T)v (qa T, 70) # (27 0, 1) (203)

REMARK 12.21. This form of the Strichartz inequalities applies to linear dispersive
equations such as Schrédinger.
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Proof If we consider the operator T': H — L L’ defined by T'f(¢t,z) = (U(t) f)(x)

then it is easy to verify that the dual of T is the operator T* : L] LS; — H given
by T*F = [U*(s)F(s,-)ds. By the TT* method, (202) is then equivalent to the

estimate
H / Ut)U*(s)F(s)ds

By duality and symmetry considerations, this is in turn equivalent to

<|\NFl .0 204
one Sy (204)

IBE,G) S NFN g Gl (205)
where B(F,G) is the bilinear form
B(F.,G) / / (U (B F (), U*(5)G(s))dtds. (206)
From the bilinear version of (201) we have that
F)|l . |G(s)||
t — Sl'Y(T)

If v(r) < 1, we can apply the Hardy-Littlewood-Sobolev inequality and obtain
(205). This concludes the proof for the cases ¢ = 2/v(r) > 2.

The endpoint case, corresponding to v(r) = 2/q = 1, is allowed when r < oco. Its
proof will be described in the next section. [ |

REMARK 12.22. If we strengthen the dispersive condition (200) to

IUOU ()9l Lo () S A+ [t =) Mlgll L1 (x) » (208)
then (207) can be improved to
+ |t - Sl)W

Now we can obtain (205) from Youngs inequality when 2/¢ = 1/p and (1 +
)= € LP(R), i.e. y(r)p > 1. Hence, (208) allows us to extend the Strichartz
estimates (202) in Theorem 12.20 to the range

3 <), (g7 70) # (2,00, 1). (210)

This case applies to the linear wave equations.

REMARK 12.23. We observe that there is a natural scaling associated to the objects
in this abstract formulation. More precisely, the estimates (202) in Theorem 12.20
are invariant under the change of scale defined by

Ut) <= Ut/N), U'(s) <= U (s/A), dp—X"dp, (f,9)u <~ X°(f,9)n.
(211)

We can also consider the endpoint case.

270

=9 =
q b 70_17

Yo > 1.
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This, in fact, is more difficult than the previous non-endpoint case, and requires
a two-parameter estimate which is better than the one-parameter family given by
the interpolation (201). This proof is presented in the previously mentioned paper
by Keel and Tao, “Endpoint Strichartz Estimates”. We omit it here.

12.24. Inhomogeneous estimates. Saying that an operator 7" maps the
Hilbert space H into L]L’, is equivalent to saying that its dual 7* maps Lg,LS(,
into H, and is also equivalent to saying that the TT™* operator maps LglL’)“é into
LIL% . If the pair (¢,r) is allowed to vary in a set E of admissable exponents, we
can view TT* as a composition of two operators associated with different pairs of
exponents. It follows that TT™ actually satisfies a larger set of mapping properties,
since it maps L?Lgé into L{L", for any couple of pairs (¢,7), (¢,7) € E.

The operator T'f(t) = U(t) f defined in the previous subsection can be viewed as the
solution of some homogenous, translation invariant, linear evolution equation. The
solution of the corresponding inhomogenoues problem, using Duhamel’s principle,
would be represented by the retarded operator

RF(1) = / U(t)U* (s)F (s)ds.
s<t
Observe that operator R looks very similar to the TT™ operator, which is given by

TTF(t) = / U()U* () F(s)ds.

The restriction s < ¢ in the definition of R, however, destroys the composition
structure of TT*. Fortunately, all the mapping properties of T'T"*, which we have
derived above, can be transfered to R.

THEOREM 12.25. The operator R maps Lg/ ’;; into L{L", for any couple of pairs
(q,7),(q,7) for which the Strichartz estimate 202 holds.

Proof First of all observe that in the proof of theorem 12.20 we have actually
proved the diagonal case (q,7) = (¢, 7). Indeed, the bilinear form defined in (206)
can be written as B(F,G) = [[ R(F) - Gdadt and (205) is the dual formulation of
the mapping property for R.

The non diagonal cases with % + % < 1 follow from the mapping properties of TT*
by using a general argument about integral operators due to Christ and Kiselev
(see [] and []) which we summarize in Proposition 12.27 below.

It remains to consider the cases with ¢ = ¢ = 2 and r # 7, under the assumption
that the evolution U (t) satisfies the stronger dispersive inequality (208) with o > 1.
Since, we have already proved the case r = 7, by interpolation it is enough to

. 2 ~
consider the extreme case: r =r, = W’f’l, 7 = 0o, and show that

BOE,G) S 1PNy 1G] a1, -
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This estimate follows by decomposing B(F, G) into dyadic pieces, B = ), .2 Bx,
where

BA(F,G) = / / A/QS‘H‘S%W*(t)F(t), U*(5)G(s))dtds, (212)

The desired conclusion follows immediately from the lemma below. ]

LEMMA 12.26. Let By(F,G) be the bilinear form defined in (212). Then, there
exists an € > 0 such that

|BA(F,G)| < min {\, X7} || F||

L2y Gllzzz, -

Proof We may assume that F' and G are supported on disjoint time intervals of
length O(X) separated by a distance O(A). Then By(F,G) = (T*F,T*G)y. We
use the energy estimate to bound ||T*F||; and the Strichartz estimate with ¢ = 2
and r = oo to bound || T*G||, so that

[BA(E,G) S Fll 2z Gz, -

We then apply Holder inequality and use the assumption on the support of F' to
obtain

[BA(E,G)| S A2 (|F| 22 Gl paps -

We can also write B\(F,G) = [[[ F(t)-U(t)U*(s)G(s)dzdsdt and make use of the
dispersive inequality,

[BA(E,G) S (L+A) " [ Fllpy G-

Again, we apply Holder inequality and use the assumption on the support of F' and

G to obtain
A
< -
[BA(F,G)| S TN IE N L2 1GN L2 -

Hence, By is bounded on L?L% x L?L% with constant A\'/2 and on L?L} x L?L%
with constant W By standard interpolation of LP spaces we obtain that B)

is bounded on L?L'y x L?L% with constant C, where

A =01 9 1-9 2%
Oy =N2 (2 S AT S .
A Gxne) w2t 1 T

Simplyfing the expression we find that

Jo+1
270 < . _14¢
C/\:1+)\Nmm{)\’/\ } ,

with

1 1 -1 1
Ezmin{%+ gt }:70 _ 1,
27 270 270 T«
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12.26.1. Integral operators with restricted kernel. In this subsection we give a
self contained exposition of the results of Christ-Kisselev mentioned above. Con-
sider an integral operator with a measurable kernel K (s,t),

T4) = [ Ks,0)f(s)ds,
R
and its restricted version associated with the kernel K (s,t)x(s < t),

Rf(t) = K(s,t)f(s)ds.

s<t
If T maps LP into L? and 1 < p < ¢ < oo then we have that R also maps L? into
L%, An equivalent formulation of this fact is given in the following proposition.

PROPOSITION 12.27. Let K (s,t) be a measurable function on R x R. Let B(f,g)
be the bilinear form with kernel K,

B(f.9) = [ [ Kls.0r0(0dsct
and E(f, g) the bilinear form with kernel restricted to the region s < t,

B(f.9) = // _ K6 0fG)g(t)dsa.

Let p,q > 1, with the condition
1 1
-+->1 (213)
p q
If B is bounded on LP x L9,
1B < e gl s

then B is also bounded on LP x L,

|B(1.9)| < 111z Nl -

REMARK 12.28. There are cases for which equality in condition (213) is not allowed.
Consider for the example the case of the Hilbert transform, which corresponds to
the kernel K (s,t) = -, with p = ¢ = 2.

Pl
Proof Let f € L? and g € L7 with || f||;, = llgll;« = 1.

Define F(t) = [,_,[f(s)|Pds. F is a continuous non-decreasing function which
maps [—o0, +o0o] onto [0,1]. In particular, the inverse image of an interval of the
type I = [a,b] C [0,1] will be an interval of the same type, F~1(I) = [A, B], with
F(A) =a, F(B) = b, and [} |f(s)["ds = F(B) — F(A) = b — a. Hence,

”fHLp(F*l(I)) = |I|1/p~ (214)

Consider now a Whitney decomposition of the set Q0 = {(as,y) ER?:zx < y} into
disjoint dyadic squares, as in Lemma 9.7, Q = Ug(Q), where each square Q =1 x J
has the property

dist (I, J) = |I] = |J| = A, (215)
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for some dyadic value of A. If we look only at those squares needed to cover the
triangle QN [0,1]2, then A < 1/2.

Observe that s < ¢ implies that either F(s) < F(t) or f = 0 almost everywhere on
the interval [s,t]. Hence, we can write

0[] (5,0 f(5)g(t)dsdt = S~ Blxr oy fs Xr-1(0)9).
F(s) <F(t

Q
Using the boundedness of B on LP x L? we obtain

[B(£:9)| £ M flloie-say I ar-1cay -
Q

Now we use (214), (215) and the fact that, for each given dyadic interval J, the
number of intervals I for which I x J is one of the squares in the decomposition of
Q is bounded by a universal constant. Hence,

~ 1
‘B(fag)‘ PP N9l o (p—1(y) -
A<1/2 [J]=A

Next, we apply Holder’s inequality to the summation over the dyadic intervals J of
length A\ and since there are A~! of them in [0, 1] we have

~ 11 1,1
BUro|s 3 AT gl = 3 M s

A<1/2 A<1/2

13. L? bilinear estimates

13.1. Bilinear proofs of some Strichartz estimates. Consider the ho-
mogeneous wave equation Ju = 0 in R!*3. The Strichartz estimate (163) with
qg=r =4 and v = 1/2. Takes the form,

lullpaivsy S e + gl g-1/2

Writing u = u* + u~ it suffices to prove,

lutllpagivsy S 1 e (216)
where
we(to) = [l g)ag
Clearly,
2oy =t - utlge = [lut st e

Now, recalling (178), and dropping the index +,
avalrg) = [ [or=x-le=ahte - motr— ) fmiray
= [ 8~ Inl = kg = ) F 7€~

Clearly, (216) follows from the following:
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THEOREM 13.2. The bilinear operator,

BIRG) = [atr=lnl~ I~ a2 Ban

verifies the estimate,

| B(F, G)llp2i+sy S IF 223 |Gl L2 ra+s) (217)

Proof By Cauchy-Schwartz,
BEGROP S I [ 8 —lal - I =~ aIFE ~ n)PIGE)Pdy

J(r€) = /6<r—|n\—|f—n|>|£in|

It suffices to show that J is uniformly bounded. Indeed, if that is the case,

IBE. Gl S supT(r.6) / / 57— Il — [€ — n)F(€ — ) 2\G () Pdndrde

S SHEJ(T,f)IIFH%aIIGHiz

1
||

Therefore the bilinear estimate is an immediate consequence of the uniform bound-
edness of J. This follows from the following more general lemma below. [ |

LEMMA 13.3. Let F be an arbitrary function of two variables and Jr the integral

TEE = | o=l I = aDF (il €~ )
Then,
1
Jp(r) = (P —[)T /_1 F(* +28|§|7 g +28|§‘ ) (72 = 2?[€?) (1 — |2?) "7 da,
(218)
J;(Tyg) = (7'2 — |§|2)7L;3 /1 F( T +25|£‘ 7 7'+23‘§| )(7_2 _ JI2|§|2>(1 _ |I|2)“T’3dx

(219)

Proof: Observe that in the case F = — the measure 0(7—|n| —|£ —n]) is supported

on the ellipsoid of revolution with fociat 0 and &, £(7,&) = {n e R" : |n| + [ —n| =7} ..
In this case |¢| < 7. In the F = + the measure §(7—|n|+ | —n|) is supported in the
hyperboloid of revolution with fociat O and &, H(7,§) = {n e R™ : |n| — | —n| = 7},
which is an unbounded hypersurface with infinite volume. In this case |£]? < 72.

In the sense of distributions, we have the identity

N B T —1g—nl?
S(t—nl F 1§ —nl) o 27 — 1)) )

(
= 27 — )8 ((r — [nl)* ~ |€ —nl*)
= 2 = nDa(r? ~[€P — 22 +2X¢ coso)
= 2(7 —[n)d (7 — [€]* — 27\ + 2al€])
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with a the cosine of the angle between 7 and . Thus, for fixed 7 and ¢ we must
have, on the support of the measure,

72 — €)% — 27X
@ = ——F——— (220)
2[¢|A
Observe that in the ellipsoidal case a can take any values in the interval [—1, 1] and
thus, since \ = 2@:752‘), we have %‘5‘ <A< %‘5‘ On the other hand, in the

hyperboloidal case when |£]? > 72, we must also have the restriction,

_ oTHlE? S THg
and thus, )\—mz 5

Thus, since dn = A"~ 1dAdS,, = (1 — a?) "= A"~ 1dAdS,,

T+€]
_ 1 [ _ 72 — €| — 27 22
Jz = — FOT =M1 =MA2[1 = (——=—")] 7 dA
n— T+I€]
(7 — [¢*) "7 /T T+ I¢] 7 l€l 25
At Je FOT= NG ) 0= T5R)]
At last we perform the change of variables x = 2)“5 T to derive the desired formula

(218). The proof for (219) follows in the same manner.

13.4. Improved Bilinear Strichartz. Consider two solutions of the homo-
geneous wave equations, Lu = Ov = 0. For simplicity, and without loss of general-
ity, we assume that u, v verify the reduced initial data at ¢t = 0,

u(0,2) = f(z), v(0,z) = g(z), Jwu(0,z) = dw(0,z) = 0.
We consider estimates of the form,
1D~ (o)l parz e S N fllzellgll e

with (g,7) an acceptable pair. By dimensional analysis and recalling the exponent

v=n((3 — 1)) — ; in (163), we must have,

=

2a = —b+2(n(z->)- 1) =—b+2y (221)

We decompose the product w - v by the trichotomy formula,
u-v = Z U U + Z v + Z P, (uxvy)
<A pn<A pn<
= (u-v)pg+ W -v)gr + (u-v)gy
Here p, A € 2%, uy = Pyu and Py the usual LP projections. Now,

—b —b —b
D (UU)LH”L;!/?L;/Z < Z)‘ ”UuUA”Lg/ZL;/? < Z)‘ ||Uu||L§L;HU>\||L§L;
HEA HEA
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in view of the Strichartz estimates of the previous section
lupllzaz: S nO N full ga = 672 full o
loallizors S AT gl e = X7 lgall

and therefore, for b > 0,

_ b
1D~ (wv)Larll pare e S Z(X) 1l gra llgal g7
HEA

1/l zrallgll g7

A

By symmetry,
—b
1D (wo)rullparapre S 1l allgll e

It thus only remains to estimate the high-high term |[(u - v)gul| as2;r/2. This
PG
requires a more subtle argument based on theorem ??7. We write,

HD_b(u . ’U)HHHLf/zL;/Q < Z //L_b”PH(u)\’U)\)HL(tI/zL;/Q
n<A

If we use the standard Strichartz estimate, i.e.,
1Pu(uxon)ll parzpre S luall oz loallzare 2O~ £l ol e

= NIl llgll e (222)

we would derive,

1D~ (- v)mall or e S D2 AW F e llgl e
159
which diverges. We need to replace (222) by a stronger estimate which takes into
account the presence of P, in front of uyvy. To achieve this, we need first to exploit
some orthogonality properties. We decompose the the data fy, gx, in Fourier space,
into pieces supported on cubes of size u, f) = ZQ fo, g = ZQ gq and denote by
uQ, vg the corresponding solutions. Clearly the decomposition commutes with the
wave operator UJ. Thus, ux ~ 3> ug, va ~ > g vq and

Pu(ux-vy) ~ Z Py (uq,vq.)
Q1,Q2

Observe that P,(ug,uqg,) # 0 only if Q1 + Q2 intersects the region of frequencies
of size p where P, is supported. For each cube @1, of size u, there are only a finite
number (which depends only on n) of cubes Q2 for which this happens. Morally,
by enlarging the cubes if necessary we may assume that Qo = —@Q1 and thus,

PM(’UO\-U)\) ~ ZUQU_Q.
Q

Hence,

1P Cuso)l g < 3 luguallgry < 3 llucl
Q Q

We are now in a position to apply theorem 12.12. Thus,

LiLT ”U—Q ”L;?L; .

pyh-2
lealzey S (5)* 7 lfallan
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and similarly for v_g. Hence,

py1-2
|PuCwrosllarepre S (5)77 D IMellallsela

Q
pyi-z
S (5 I oAl
Hy1-2 —
S (X) X772 fxll gra llgal g
I

1—2
S (5) A AN e llgall e

>

and, consequently,
_ Hy1—2-b
1D~ (w-0)mrll pareger S D (5) 13 e L9l e
pn<A
S I lgellgl e
provided that b < 1 — % We have just proved the following bilinear estimate, see
[13].

THEOREM 13.5. The following estimate 2® holds for solutions Ou = Ov = 0, any
admissible pair (q,r) and any 0 < b < 1 — %,

1D~ (- 0) parzyrre S O]l e 0[O e (223)
provided that the dimensional condition,
b 1 1 1
-2 =n(=—2)== 224
a=-—35+7,  v=n(3-) . (224)

13.6. Bilinear estimates for null forms. In this subsection we discuss the
simplest bilinear estimates for null quadratic forms, see [8], [11], [12] and [2].

DEFINITION 13.7. Let u,v be two smooth solutions of 0 = Ov = 0 on R**!. The
standard null quadratic forms are Qo(u,v) = —Qudw + Y., d;ud;v, as well as
Qij(u,v) = Qudjv — d;vd;u, and Qo;(u,v) = dudw — divdu for i,j =1,... ,n.

THEOREM 13.8. For any null form Q and any solutions to 0 = Ov = 0 on R**1,
n > 2, we have,

1QCw, )l z2@nsay S N0l g ey 100N 22 (225)

REMARK 13.9. Without loss of generality, it suffices to consider the reduced initial
value problems

u(0,2) = f(z), v(0,z) = g(z), dwu(0,z) = dw(0,z) =0 (226)

In what follows we show how to deduce the estimate (13.8) from a more general
form of bilinear estimates presented in the next section.

DEFINITION 13.10. Let D%, D¢ and D2 be the operators in R™*+1 defined by the
multipliers with symbols, respectively

€%, (I +leDe,  |irl - el

*Here [[u[0]]| ga = [w(O)l gra + 18:u(0)] o
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Observe that we can write, for any smooth functions u, v,
2Qo(u,v) = O(uww) — Ouv — uu
Thus, if Ou = Ov = 0, using Plancherel,

IN

1 1 _ —
Qo(u, v) L2 (n+1) S0 L2@nny = 52m) 7" (72 — €7 uvl| 2y
S ID4+D—(w)l|p2gn+1)
Therefore,
|Qo(uw, V)|l Lzmn+1y < [[DyD—(uv)||L2@n+1) (227)
Thus, in the case of the null form @, theorem 13.8 reduces to,

(228)

104D (w0)ll g2ty S N0 sy 10100 g1

which is a special case of theorem 13.15.
Below we show that similar estimates hold true for the other null forms, Q;;, Qo;.

REMARK 13.11. Given a solution u of Ou = 0 with initial data u(0,z) = f(x),
Oru(0, z) = 0 we denote by v’ the solution of the same equation with data u'(0,z) =
f(x), 8/ (0,2) = 0 where f/ = F~'(|f]). Observe, of course, that ||f'| 7. =
|| f]l 7o and thus, from the point of view of the L? type estimates we are considering
uw and v’ are indistinguishable.

PROPOSITION 13.12. Let u,v be smooth solutions of the homogeneous wave equation
with initial . The following estimates hold true:

1Qij(u, )| L2@ntry S ||D1/2D1_/2(D1/2u’-D1/2v’)||L2(R,L+1) (229)
1Qoi(u, v) [ L2ey S IDY2DY2(DY2u! - DY) o mery  (230)

Proof : We first decompose, as before, u = vt +u~, v = v + v~ We write, in
Fourier variables,

Quj(ut vt)(r€) = / 4iy (1€ — (7 — [n| £ 1€ — nl) Fm)a (€ — m)d

where g;;(n,§ —n) = n:(§—n); —n;(E—n)i = (§An)i; We now rely on the following
simple lemma.

LEMMA 13.13. The following inequalities hold true,

lEnnl < EM2mIM2E + 2 (€l + |n) — 1€+ )2 (231)
Ennl <12 RIE + 2 (1€ + 0l - (1] - )2 (232)

We have indeed,
4le Anl?

A([¢lInl =& - m)(&llnl + & - n)
= (1€l + Inl = 1€ +nD (&l + 7] + 1€ +nl)
(1€ +nl = [1] = Inl[)(€ +nl + [1€] = Inl])

from which the lemma immediately follows.
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Therefore, in both cases, ‘Qij@_,/vi)(T, £)| can be bounded by the expression,
[ e =l 86 =l & 1¢ = ) Feo)l (€ — mlan

1/2 . .
S |l =1l H”Q/éﬁ—hﬂiK—WDMP”K—mUﬂﬂmHMMWn
_ D1/2D1_/2(D1/2u’D1/21)’)
as desired.

According to proposition 13.12, theorem 13.8 reduces, for Q) = Q;;, resp. @ = Qu;,
to the statements,

IDY2 DY (w - v)| ey
IDY2 D2 (- ) L2ty

which are particular cases of theorem 13.15.

S w0l gase - 11w [0]]] /2
S w0l /2 - [[ulO]]| gn /2

13.14. General Bilinear Estimates. In this section we investigate the space-
time regularity properties of products of solutions to the homogeneous wave equa-
tion. Let D%, D¢ and D¢ be the multipliers with symbols

€1 (Ul +1eh™s Irl = lell”
respectively. We are interested in blinear estimates of the form

|p* DY D ()| < 1D ul0] 2 | D2=0[0]) 12 (233)

L2 (R1+n)

*#* discuss history of this type of estimates with references

THEOREM 13.15. FEstimate (233) holds true, for arbitrary solutions of the homoge-
neous equations Ju = v = 0, in any space dimensions n > 2. if and only if the
exponents oy, s, Bo, Bt, B— satisfy the following conditions:

50+5++5—:041+042—ng1a (234)
o> (235)
;%>—”;1, (236)
mgﬁ_+”;{ i=1,2, (237)

: (238)

1
2

m“@4¢(”13—"_3),i:13, (239)
#(

4
—"_3>. (240)
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*** discuss special cases

As before, it suffices to prove the theorem for the case when u, v verify the standard
initial value problem

u(0,x) = f(z), v(0,2) = g(x), du(0,z) = dw(0,z) = 0.

We also need to decompose, u = ut+u~, v = vt +v~ with, i (7, &) = §(rF|€]) f(€),
04 (7,€) = 8(7 F |€])9(§) Thus, taking the spacetime Fourier transform,

TT(nE) = /&T—n—m—mﬁ@—nMMMn (241)
Wt (r,6) = /av+wﬂ—w—mvmm@—nwn (242)

wvt(r) = /&w—vw+m-m#mm@—m%

o (r.€) =l/aw+w+m—mMmm@—mm

In the proof below, by symmetry, it will suffice to consider the cases uTv*. The
two integrals look similar but have different behaviors: (241) is an integration over
the ellipsoid of revolution with foci at 0 and &,

Em & ={meR":Inl+|¢—nl=r1}, (243)

which is a compact manifold; (242) is an integration over the hyperboloid of revo-
lution with foci at 0 and &,

H(m &) ={neR":|n[ - —nl=7}, (244)

which is an unbounded manifold with infinite volume. Also, notice that utvt is

supported on the region 7 > |¢|, while uTv~ is supported on the region || < |¢].

We decompose uv by the trichotomy formula,

Z u:v/\i + Z uj\rvf + Z P, (uivy) (245)
< H<A p<A
= Y +39+ 35 (246)

With the exception of some end points the bilinear estimates of theorem 13.15
follow from their following dyadic version.

THEOREM 13.16. Let 0 < p < X and vy > —”—_3. Then,

D7 (o ) | paggrsny S BTV UA - gl (247)
17 P o) | pagrvsy S 177 XA llgal (248)

107 P o) sy S 1 - llgal (249)

Assuming theorem 13.16 to be true we prove below a slightly weaker version of
theorem 13.15. In fact we replace the main non-scaling conditions (235)— (238) by
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the following,

-3
o> -, (250)
-1
By > -2 — (251)
-1
ai<,3,+n2 L i=1,2, (252)
1
o1 + o > 5 (253)
Proof : We have, ¥; =3 _, ul‘fvf Clearly,

ID%* DI D5y <Y A D (w0n) 2
<A
Using the dyadic estimate (247) with v = S_ we derive,

1D (o)l S Muwoallze £ 3w+
p<A pn<A

n—1

ZAT D A D2 g

Therefore,

(n—1)

IDP D DI S| e 5 D ATy e e | Do gy ||| D2, |
pn<A

We now apply condition (252) which we write in the form, € := (n—gl) +0_—as > 0.
According to the dimensional condition (234),

(n—-1)
2

Bo+ B —ar = —( +0- —ag) =—¢

Therefore,
- He « « « «
102D DT s £ S0 (5 IDM A ID% g, S 1D 1] 1D
<

as desired. The term X5 can be estimated in precisely the same manner.

To estimate X3 we write,
IDP D D2 Sylpe <3 p D D Py (ufvf) | oo
n<A

The operator Dy behaves differently in the cases ++4 and +—. We first estimate
in the ++ case , when the symbol |7| + || is dominated by |7 which is no better in
size than A. Thus, applying (248) with v = (_,

n—1

IDF DI Puufof)lle S NN p T AT AT DY £ |D 2 g5

~

from which,

n—1

ID* DI DIyl e S Y pR I A ez | D ||| D2 g, |

pn<A

We now use (251), i.e. By > —”T’l, to set € = By + ”T’l > 0, and the scaling
condition (234) to write,

n—1

€:= 0o+ 2 =04 —f- —a1—
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Thus,
- H @ «@ «@ (%
102D DY S5l £ 32 (5)TID™ A D0 S 31D Al D05
u<A A
< [[D¥ D™y
as desired.

—_~—

In the (+—) case P,(ujvy) is supported in the region |7| < [¢| where the symbol
|7] + |€] is dominated by |¢| ~ u. Hence, applying (249) with v = 8_,
— no2 iy —a a e
1D D Pyufvy)lpe S wH A2 AT N | D £y | D2y |
and thus,
n2\1l_o;—a @ e
D% DL DY Sylle £ Y ST N e DY fy || D gy |
H<A

We now make use of condition (253) according to which ¢ = a3 + ag — % > 0.
Hence, in view of the scaling condition,

n—2
Bo + B+ + B- 5 ¢
and thus,
- ILt o « « «
D% DY DT a2 £ D0 (5)T I AHID 0l < D ]| D]
n<A
as desired.

We give below a sketch of the proof of theorem 13.16
Proof : We start with a proof of (247). By Cauchy -Schwartz,
DY (ux-va)* S JA,u(T,E)~/5(T* [ 1€ = 1) [Ax()*1§u(€ = m)I* dn

JA,N(Tv g)

] — €2 / 57 — [l F 1€ — nl)xx (1) X (€ — )y

where x,, is a fixed C* function, 0 < |x,| < 1, supported in the dyadic piece
|€] ~ . We claim that the proof of (247) reduces to the proof of the bound,

| Tau(7: €)] S 2O+ (254)
Indeed, assuming this to be true, we deduce,
17 (vl S w2 [ [ otr = il 16— P lan(€ - m)Pdndsdr

v+1) .

A

s I£3I1Z2  lg,al1Z2

To prove estimate (254) we observe that, on the support of the corresponding
integral we have |n| £ |£ —n| = 7. Thus,

|7 — 1€l Inl £ 1€ =0l — €] < 1€ =l + [In] — €]
< 21 =1 S p
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Thus,

T (r O] S / 5(r — n| £ 1€ — nl)dn

[E=nlShsnl~A
Since p << A we also must have £ ~ A on the support of the integral. We can
always rescale the integral and thus assume that p << 1 and || ~ 1.

Estimate (254) follows easily from the following,

LEMMA 13.17. Let |p << 1. Then, for all £, such that 1/2 < |£] < 2, and all
T # €],

n+1

/ 5(r — nl £ 1€ — al)dn < |Ir] — €] T ™2 (255)
[ S

Proof : Consider first the ++ case, when |£| < 7 < 4. We can Introduce polar
coordinates and write the integral (255) in the form,

n
. / / S(r — A — € — M)A TdAA(W)
Sn—l 0

Clearly, on the support of the measure, |¢ — \w|? = (7 — A)2. We can thus solve for
2 2
A and find, \ = % We are led to

Thus, writing 7 — § - w = 7 — z|§| with & = cosf the cosine of the angle between &

and w,
I O e R 2
I = ‘/_1 (mln(ﬂ77__x|§|)> (1 — X )

n+1 n—

We split A»~1 = \"3* - A" Thus,

ntl n—3 1
e ) =2
§n—1 (T—f‘w) 3
nt1 n—3 n+1 n—3
S wr (P-EP)T SpE(r—lE) e

since 7 > [£].
In the +— we have 1 < |7| < |¢| and the integral (255) becomes,

m
I o= / / 5(r — A+ [€ = Aw|)A""TdAdA,
sn=1Jo

Proceeding as before, |¢ — Aw|? = (1 — )2, thus A\(§,w) = T:_}'i'j and,
1

n+1 n—3
IS (gl / s dw
wesn—1; AMzw)<p (|7 — & w|) 72







CHAPTER 2

BASIC TOOLS IN LINEAR PDE

1. Laplace Equation in R”

The Laplace operator A = Agn = 0?2 +05+...+02 is the Laplace Beltrami operator

of the euclidean space R™. Recall that the latter comes equipped with the standard

coordinates z = (z!,z2,...2") relative to which the euclidean metric has the form,

ds® = (dz')? + (dz?)* + ... (dz™)%.
Recall that the form of the euclidean metric is invariant relative to translations
T, (z) =z + zo, zo € R”

and rotations,
O(.’E) :Oij(E], OOt =1
Thus T and O are isometries of the euclidean metric. In addition to these the

Euclidean space admits as conformal isometries the dilations Syx = Ax and the
inversion Rz = |z|~2x.

Exercise:  For any function u : R® — R let Sju(z) = u(Sxz) and R*u(z) =
|z|>~"u(R x). Check that,
A(Siu) = MS}(Au), VreR"
|22 "A(R*u)(z) = R*(Au)(z), Yz eR™\O.

In particular, if u is harmonic, i.e. Au = 0, so are Sju and R*u. Recall from Ch.
1 that the fundamental solution of A is given by,

K,(z) = ((2—7”L)cun)71|x\2_"7 for n>3
Ks(x) = (2m)"'loglal.

We gather together the elementary properties of harmonic functions in the follow-
ing:

THEOREM 1.1. Let D C R™ be a bounded, connected open set.

i.) Mean Value Property. Let u € C3(D). If u is harmonic then, for each ball
B(z,R) C D with boundary S(z,r),

(@) =[S /S L HaA) (256)

B(a,r)|™! /B L)y (257)

123
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Conversely, if (256) is verified, for all B(x, R) C D, then u is harmonic.

ii.) Strong Maximum Principle. If u € C*(D) N C%(D), is harmonic in D then,

max u = maxu.
D o

Moreover if the maximum is reached at some interior point xo € D then u is
constant in D. A similar statement holds for the minimum of u.

iii.) Uniqueness of Dirichlet Problem. The Dirichlet problem in D,
Au=f, ulgp = g,
with f € C(D) and g € C(OD) has a unique solution u € C*(D) N C°(D).

iv.) Local regularity estimate. If u is harmonic in D and B = B(xo,7) C D,
0%u(zo)| S "1l o1 ). (258)

As a consequence we deduce that any harmonic function in u € C*(D) must in fact
be smooth, u € C*(D). By keeping track of the precise constants in (258) one can
in fact show that in fact u is real analytic in D. Another consequence of (258) is
Liouwville’s theorem, according to which any bounded harmonic function u : R™ — R
must be constant.

v.) Harnack inequality. If K C D is compact, then there exists a constant C
depending on K such that, for all non-negative harmonic functions u in D

supu < Cinf u.
K K

Proof: To prove i.) let

be(r) = |S(z,r)| ! /S(' )u(y)dSy: \S(O,l)|_1/3 u(z +rz)dA,

(0,1)
d

|S(o,1)|—1/ Oulz +12) - 2dA.
5(0,1)
On the other hand, by Green’s formula,

/ Au(y)dy = / du(y) - - xdsy = 7“"_1/ Ou(x +rz) - 2dA,
B(z,r) S(z,r) S(0,1)

r

d
_ 1 n—1 .
S0, D)l 6,(r)
Hence,

d

o =18 [ Audy =0, (259)

B(z,r)

So ¢, (r) is a constant, so ¢ (r) = limy_q ¢, (t) = u(z). For the other statement,

/B(w) u(y)dy = /0 (/S(m) u(y)dSy)ds = u(z) wn /O s""tds = | B(x,r)|u(z)

as desired.
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To prove ii.) assume that u(xzg) = supp u for some xg € D. Then, for any 0 < r <
d(zg,0D), the mean value property implies,

M = u(zg) = |B(a:,r)\_1 /( )u(y)dy <M
B(xz,r

with equality holding only if u = M in B(x, R). From this, we see that {z : u(z) =
M} is both open and closed in D, and therefore equal to D. This proves the
strong “moreover” statement, from which the weaker first statement follows. For
the analogous result for minima, replace u by —u.

Statement iii.) is an immediate consequence of and ii.) and the linearity of the
Dirichlet problem.

To prove iv.) we proceed by induction with respect to |a|. The case |a| = 0 follows
easily from (257). Indeed, for every B(y,r’) C D,
lu(y)] < By, ™) "Ml =wn )l sy (260)
To understand how the induction works it suffices to understand the case |a| = 1.
Note that if u is harmonic, then so is d;u. Apply (257) to d;u and any r > 0 for
which B(zg,r) C D,
1 1

S Duuly)dy = ———

|B(0,7/2)| JB(z0,r/2) |B(x0,7/2)| Js(z0,r/2)
with n;(y) the exterior unit normal to y € S(zg,r/2). Hence,

Oiu(zo)| < nw,  (2/7) wn (r/2)" " ull Lo (8 (20,r/2))

2n
< 7||U||Loo<s<xo,r/z>>

Now, since for any y € S(zg,7/2) we have B(y,r/2) C B(z,r) C D, we make use
of estimate (260) with ' = r/2 to infer that,

2n  _ _n —n—
|Oiu(zo)| < 7%1(7“/2) ull 2t (Beory) = ™" HullLr (B(zo.r)

with the constant ¢ = 22" The general case can be done by induction in the

same way. The fact that "u is smooth then follows easily. The analyticity of u
can be shown by simply writing down the Taylor series and noting its convergence
using these bounds and the exact constants (see Evans [1] section 2.2 for details).
Liouville’s theorem follows by letting » — oo with |a| = 1.

It remains to prove v), the Harnack inequality. Let r denote +d(K,dD). Let z,y €
K with |z — y| <r. According to (257), since u is non-negative and B(zx,2r) C D,

- 1By r)| 1
uw) = B2l [ a2 g P (1Bl u(z)dz
B(xz,2r) |B(£C7 2T)| ( B(y,r) )
= 27"u(y)
Hence, for all z,y € K with |z — y| < r, we must have 2"u(x) > u(y). Since K is
compact we can cover it by a chain of finitely many balls By,... , By of radius r

such that B; N B;11 # @. Thus, recursively,
u(@) = 2"Nu(y), Va,ye K.
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Exercise. (Evans, [1], Ch. 2). We say v € C3(D) is subharmonic if —Av < 0 in
D.

(a) Prove for subharmonic v that
o@) < 1B [ oy
B(z,r)

b) Prove that therefore maxs v = maxgp v
D

(c) Let ¢:R — R be smooth and convex (i.e. ¢(tx+(1—t)y) <tf(x)+(1—1t)f(y),
Vz,y € Rt € [0,1]). Assume u is harmonic and v = ¢(u). Prove v is harmonic.

(d) Prove v := |0u|? is subharmonic, wheneven u is harmonic.

1.2. Representation formulae. The formula v = K, *f with K, the funda-
mental solution of the Laplacian, allows us to solve the Poisson’s equation Au = f
in the whole space R™. Can we get similar formulas for other domains D € R™ ?
We first check the following integration by parts formula, called Green’s identity

d d
/ (vAu — Avu)dz = / (v—u — u—v) (261)
D 8D dn dn
where g—z denotes the derivative with respect to the exterior unit normal n to

0D. We apply the idenitity to K(y) = K, (y — x¢) and make use of the fact that
Ay Ky, (x0 — y) = 04y to derivel,

ulo) = /D K(y — 7o) Au(y)dy — /8 (K- xo>j;‘y<y> — u(y)d,, Ky xo>22cl§273

for any 2o € D and any function u € C?(D).

Assume that Au = f and that the boundary values of u on 9D are given. We need
to eliminate the term on the right hand side of (??) which contains the normal
derivative of u; without that term, (262) would allow us to solve for u. We can do
that by introducing, as correction, a harmonic function v, (y) which such that the
Green’s function for D,

G(mOa y) = Kn(y - .%'0) + Pz, (y) (263)

verifies

AyG(l‘Ovy) = 61()’ G(l‘o,y) =0 on 0D (264)

Thus, using formula (262) with K,,(y — xo) replaced by G(xg,y) we infer that,

ua) = [ Glavpsuay+ [ SLG@omu)is,uw) (265

D Y

1To prove it we need to show that the singularity of K(y — zo) at y = zo does not create
problems. One does that by replacing D with D \ B(zo,€) and then let € — 0. See Evans, [1],
section 2.2 for details.
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Recall that 59-G(zo,y) is the derivative in the direction to the exterior normal
y

ny at a point p € dD. In practice it is not at all easy to find such corrections.
There are however two important examples when this can be done by symmetry
consideratins.

1.) Dirichlet problem for a half space. Let ,

Ri :{SU: (mlax2a"' 7xn)/xn >0}

Let x € R’} and consider its reflection T relative to the hyperspace x, = 0. It is
then easy to show that G(z,y) = K(y —x) — K(y — %) is a Green function for R”}.
Thus, since the exterior normal derivative at x,, = 0 is given by 0,, we easily find
the Poisson’s Kernel for R’

2x, n
Py (z,y) = 0.G(z,y) = TL’U*Z/\ (266)

n

Thus,
u@ = [ Puleg)dy (267)
x,=0
is a solution to the Dirichlet problem in R’ :
Au =0, u=g on xz,=0. (268)

PROPOSITION 1.3. Assume g € CO(R"~1) N L°(R"~1). The the function u defined
by (267) is a bounded harmonic function in R’ and verifies

w(xz) — g(xo) as x— a9 Vao € ORY.

Exercise: Prove proposition (1.3) by observing that Py (x,y) is a positive har-
monic function in y, for all z € R} and y € OR}. Moreover, for all x € R}, we

have faRi P (x,y)dy = 1.
Exercise. Rederive formula (267) using the Fourier transform.

2.)  Dirichlet problem for a ball. Let D = B(0,a), the ball centered at 0 of radius
a. Let z¢ be an arbitrary point of D. Let xf = GQI;TOIZ be the inverse of x( relative

to the sphere |z| = a. Observe that for any = on the boundary of D we have,
o=l _ a  Thys
[z—o] lzol ’

a

Glao, ) = K (2o — ) — (=) "K (5 — o) (269)

[zol

vanishes for x € dD. Moreover the correction (I%O‘)Q_HK (zf — x) is clearly har-

monic in the domain D = B(0,a). After a simple computation we infer from (265)
that,

u@) = [ Hayewds, Hey -2 o)
bl=a v T awy Jy — |
is a solution to the Dirichlet problem,

Au=0 in B(0,a), u=g on S(0,a).
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PROPOSITION 1.4. Let g be continuous on S(0,a). Then the function u(x) defined
by (270) for |x| < a, is continuous for |x| < a and harmonic in |z| < a.

Exercise. Prove the above proposition by taking advantage of the fact that H
is a positive harmonic function in |z| < a for all y € S5(0,a). We also have,

gz H(@,y)dSy = 1.

1.5. A-priori estimates for A in R”. First recall the L? identity,

n

> 19:0ullz = |Aullz., (271)

ij=1

for any u € C§°(R™). According to the Calderon-Zygmund theory (see the discus-
sion at the beginning of chapter 1, section 9) we also have, for any 1 < p < oo,

0:0;ullLe < [|Aul L. (272)

The cases p = 1 and oo are exceptional. It turns out, in particular, that the
estimate (272) is false for p = co. This is due to a logarithmic loss of derivatives in
the estimate and can be circumvented in various ways. The simplest?, introduced
by Schauder, is based on the Holder norms with fractional exponents 0 < v < 1

oo — sup L@ = 1)

THY |.7J - y|7

7

see chapter 1, section 5.15. Using these norms one finds the Schauder estimate,
[0%u]cony < co[Aucon. (273)

The proof of (273) can be derived from the identity,

0idju(z) = [ 0;0;K(x —y)(f(y) — f(x))dy (274)

R’Il
where f = Au.

Exercise. Prove formula (274) and the Schauder estimate (273).

We can also derive first derivative estimates applying the Hardy-Littlewood-Sobolev
inequalities of Theorem 5.9 to the representation,

ou = 0K, (x — y)Au(y)dy,
R"'L

Thus, since |0K,(z —y)| < |z — y[* ™™, we derive for 1 < p < ¢ < oo,

[OullLe S 1 Aulle,  1/qg=1/p—1/n. (275)

20ther refinements, which also work for L', are based on more complicated spaces such
BMO, Hardy or Besov spaces.
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1.6. Dirichlet problem for general domains. The methods developed in
the treatment of the Dirichlet problem in a given domain D have had a huge im-
pact throughout the field of partial differential equations. There are four major
approaches to the Dirichlet problem in a given domain. These are known under the
following names:
A. Variational method ( Dirichlet Principle),
B. Perron’s method( subsolutions and supersolutions)
C. Method of continuity
D. Potential theory

1.7. Energy methods and Dirichlet Principle. Consider the Dirichlet
boundary value problem,

—Au=f in D, ulap = g. (276)

We have already proved uniqueness with the help of the maximum principle. In
what follows we give an alternative prove of uniqueness based on integration by
parts, or energy method. Consider two C?(D) solutions uj,us and set v = u; — us.
Then clearly,

Av =0, v|0D=0.
Therefore, by integration by parts,

Oz/vAv:/ |ov]?
D D

Thus v must be constant in D and zero on the boundary; that is v = 0.

The energy metod can also be used to construct solutions to (276). This is based
on the idea that solutions of (276) are minimizer of a functional. To see this we
define the Dirichlet Integral,

1
Iw] = / (|0w]? —wf)dz. (277)
D 2
with w belonging to the set of admissible functions,
A={w e C*D):wlap = g}.

THEOREM 1.8. A function u € A is a solution of the Dirichlet problem (276) if and
only if uw minimizes the Dirichlet integral among all functions in A,

Iu] = 113161511 Tw] (278)

Proof : Assume that u is a solution of (276) and w € A. Since (u — w)|sp = 0
we derive by integration by parts,

- [@u= =)= [ @u-dtu=w) - fu=w)ds

D

/D(|8u|2—uf)dx—/D(“)u-(“)wdx—k/Dwfda:

0
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Hence, using the inequality [Ou - Qw| < 1|0u|? + £ [0w|?,

/D(|3u|27uf)d:c = /8u awd:cf/ wfdx
3 [ 10+ [ 0wk = [ wpar

Conversely assume that (278) holds and consider the function J(e) = Ifu + ew).
Since J(0) is a minimum Value for J we must have J'(0) = 0. By a simple integration
by parts we derive 0 = J'(0) = [, (—=Au — f)wdz. Since this is true for all w €
Ce° (D) we infer that —Au = f in D. [ |

IN

Thus, I[u] < I[W] as desired.

It turns out however that the functional I[w] cannot be easily minimized in the
class A of admissible functions. The avoidance of this difficulty has led to some of
the most exciting developments in PDE last century. Here are the main ideas.

Step 1. It is easy to see that the general solution of (276) can be reduced to the
case g = 0.

Step 2. Instead of the admissible set A, with ¢ = 0, we consider the Sobolev
space H}(D). Consider also the bilinear form,

(u,v) g1 (py =< u,v >= / Ou - dvdzx. (279)
D
Observe that H}(D) is a Hilbert space relative to the scalar product < u,v >=
(u,v) g3 (py- Clearly, if u is a C%(D) solution of (276) then, for every v € H}(D),
<wu,v>=(f,v).
with (f,v) = [ f(z)v(z)dz denoting the standard inner product in L?*(D).

Definition. We say that u € Hi(D) is a weak solution of (276) if,
<wu,v>=(f,v) (280)
for all v € H} (D).

Step 3. To find a weak solution of the Dirichlet problem we only need to use
a little bit of Hilbert space theory. The idea is to consider the linear functional
Fv] = = [, f(z)v(x)dz defined on the Hilbert space Hj(D). According to
the RlebZ reprebentatlon theorem in Hilbert spaces to find a weak solution of our
Dirichlet problem it suffices to show that our linear functional F[v] is bounded on
H}(D). This reduces to a simple functional inequality,

[oll2(p) S vl (o) (281)
called the Poincaré inequality.

THEOREM 1.9 (Poincaré inequality). Let D be a bounded open set in R™ and u €
Wol’p(D), 1 <p < n. Then we have the estimate,

lullLa(py S 10Ul Lr(D)- (282)
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np
n—p°

for each q € [1,p*] with p* =

Proof : By definition, there exists a sequence uy € C5°(D) which converges to u
in WLP(D). We extend each function wu,, to be zero on R™ \ D. According to the
sharp Gagliardo-Nirenberg-Sobolev inequality of Theorem 5.11 we have,

[umll o= (D) S Nl Lo+ @y S [10Uml| Lo (D)
Taking m — oo, we infer that
[ull Lo (p) S 0ullLe(p)

Since |D| < oo, this holds by the Hélder inequality for ¢ € [1,p*].

One can prove this inequality for functions v € C§°(D). Thus, F[v] is a bounded
linear functional on Cy>° (D) and therefore can be extended by density to the Hilbert
space H}(D).

Step 4. We now have a weak solution u € H} (D) of our Dirichlet problem.
Clearly u is a distribution in D, u € D'(D), and we have

—AU:f,

in the sense of distributions. We expect to be able to show that u is in fact better
than H} (D). In fact, recalling the regularity results of the previous paragraph, we
expect that if f € L?(D) then u € HIQOC(D).

THEOREM 1.10 (Interior regularity). Assume that f € L?>(D) and that v € H'(D)
is a weak solution of —Au = f in D, i.e. <u,v >= (f,v) for allv € H}(D). Then
uw € H? (D) and, for every V C D,

loc

lullzr2vy S N2y + llull 2 (o) (283)

Proof : Choose open sets V CC W C D and a test function 0 < ¢ < 1 equal to
one on V and zero on R™ \ W. Since u is a weak solution we have

/@u@ivdm:/ fvdx (284)
D D

We introduce the difference quotients,

u(x + hey) — u(x)
h )

Observe that for all w € L?(D), supported in W we have,

(—h) = - (h)vxwx
/Dvu)ak w(z) = /Dak (@) ()

for all sufficiently small i # 0.

oMy = h 0.
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Now set v = fa,g‘h)@?a,g’”u) in (283). Thus,
/ dudvdr = — / 0;ud; (0 (¢ )
D D
- /D 8:0(ud; ((¢20u))
- 2 / ;¢ 0 0u 0 u + / 2o ouoM o =1, + I
D D
Bo= [ o ou
D
¢ [ ciooul 10"
D
< ce/ gﬂa,ﬁ“au\%ﬁ/ |a,§h>u|23/ g2\a,§h>au|2+ce*1/ Jul?
D D D D

Therefore, chosing € such that Ce = %,

/ dudhvds > 1/ 0™ gu? —c/ 1Oul?
D 2 D D

Thus, in view of (284), and our choice of ¢, we deduce

/ 0 auf? < / oM ouf? < / uf? + / P (285)
% D D D

for all k = 1,...n and all sufficiently small h # 0. Using (285) it is easy to conclude
that Ou € H' (V) and therefore u € H%(V) as desired. Moreover,

I

IN

lull g2y S I flezpy + llulla oy (286)

To end the proof of theorem 1.10 we only need to replace ||u[/f1(p) in (286) by
llull L(py- We first remark that we can replace the right hand side in (286) with
Ilfllz2owy + |lullgrwy. To eliminate [Jul| g1y we choose a new cut-off 0 < ¢ < 1
supported in D and equal to 1 on W. Setting v = (%u in (284), fD O;ud;vdr =
Jp fvdz, we easily check that

/D (C210uds S 111220 + 142
Hence,

lullzrowy S N llzz2oy + llullz2(py,

as desired. m

Step 5. Having proved that f € L?(D) implies u € H?

IOC(D) we would like to

show that if f is more regular so is u.

THEOREM 1.11 (Higher interior regularity). Assume that u is a weak solution of

—Au=fin D and f € H™(D). Then u € Hfg0+2(D) and we have the estimate,

lull g24m Dy S fll (D) + lull22(D) (287)
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Proof : Consider again (284) and take v = (—1)I*19%% with & € C°(W) and
|a] =m. As before V.CC W C D. Clearly, integrating by parts,
<a,0>=(f, 0
where @ = (—1)l*19%u, f = (=1)l*1d2 f. According to theorem 1.10, & € H2(V)
and,
10%ull g2 vy S UFL2wy + Nl 2wy S I lzrmsr oy + 1l e )-

Hence,

lull gtz vy Sl e 0y + 1wl z2m (D),

and the proof of the theorem proceeds now by induction on m. [ ]

Step 6. So far we have established interior regularity but have no informations
about the behavior of u on the boundary of D. In particular we cannot yet show
that ulsgp = 0 in the traditional sense. Clearly, to achieve this, we need more
regualrity information about the boundary of D.

THEOREM 1.12 (Boundary regularity). Assume that u € H} (D) is a weak solution
of —Au = f,ulspp = 0 with f € L*(D). Assume also that D is C? regular. Then
u € H*(D) and

lull 2oy S 1fle2py + lullz2(p) (288)
Moreover if f € H™(D) and 0D is C™*? then u € H™2(D) and,

|l zr2+m Dy S 1l zm (D) + 1wl L2 (D) (289)

Proof : We only sketch the proof for the particular case when D is a half ball
U = B(0,1) N R}, where R} = {(x1,...,2,)/x, > 0}. Proceeding exactly in
a similar manner as for the interior estimates of theorem 1.10 we can first derive
estimates for the tangential derivatives finite difference derivatives of u i.e.,

/V\a,gh>au|2dxg/D|f|2dx+/D\au|2dx (290)

where V' = B(0,1/3) "R} and k = 1,2,...n — 1. This can be achieved with the
help of the smooth cutoff function 0 < ¢ < 1, ( =1 on B(0,1/3) and ¢ = 0 on

R™\ B(0,2/3) and choosing v = —8,i7h)(c28,(€h)u) in the identity < w,v >= (f,v).
One can easily infer from (291) that,

n—1 n—1

> N0idsull a2y + Y N10i0null 2y S 1|2y + Nl g2o)-

ij=1 i=1
To derive the remaining estimate for 92u we only have to observe that, since —u =
f we have,

n—1

107wl z2vy S I D N0Dullpacvy S W flleey + lull s (-

ij=1
Hence, in fact,

llullz2vy S NIz oy + llullzr oy (291)
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We can then proceed, as we did for the interior estimates, to eliminate ||ul|z1(py in
favor of [|ul|z2(p)-

The higher derivatives estimate (289) can be proved in a similar manner, see proof
of theorem 1.11. ]

2. Dirichlet problem on compact Riemannian manifolds

Let M be a compact Riemannian manifold and consider the problem,
—Apmu=f (292)

Let C*°(M) denote the space of smooth functions on M. For two such functions
u, v, we have,

7/ Auvdong :/ DiuD;v dupg =< u,v > (293)
M M

Observe that < u,u >= 0 if and only if u is a constant. We say that two continuous
functions are equivalent if they differ by a constant. We consider the space of classes
of equivalence of C*°(M) functions on M modulo constants. Let H'(M) be the
completion of this space relative to the scalar product < u,v >. We also introduce
the Sobolev space H'(M) which is defined as the completion of C*°(M) relative to
the norm

ullfr vy = (@, u)+ < wyu> .

Definition. We say that u € H'(M) is a weak solution of (292), for f € L?*(M),
if, for all v € H'(M),
<u,v>= (f,0),

with (fa 'U) = (fv U)M = fM fvde'
Clearly weak solutions must be unique. Indeed if uj,us are two solutions and

u = u; — ug then < u,v >= 0 for all v € Hl(M)7 hence < u,u >= 0 and thus u;
and us are equivalent.

To prove existence we have to show that the linear functional v — (f,v) is contin-
uous on the Hilbert space H'(M). Since
|(f,0) S 1 fllz vy llvll 22 vy s
we need to check an inequality of the form,
[ =0l 2y S (1P| 2 () (294)

where v the average of v defined by,

i,
V= — v dum,
M| Jm

and |M]| the volume of M. The proof of this version of the Poincaré inequality is
based on the Rellich compactness theorem.
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THEOREM 2.1 (Rellich compactness). The embedding of H' (M) C L*(M) is com-
pact operator, i.e every bounded sequence in H'(M) has an accumulation point in
L2(M).

We use Rellich’s theorem to prove estimate (294).

Proof of (294). In view of the definition of H'(M) it suffices to prove (294) for
functions v € C>*°(M). By contradiction assume that (294) is false. Thus there
exists functions vy, € C°>°(M) veifying
||U}C — ﬁkHL%M) > k”kaHLZ(M)
Let
Vg — Uk
W =57 ——7 -
vk — Ukl z2 )

Clearly wy, = 0 and ||wg||z2(v) = 1. Moreover,
[ Dwg|| 2y < 1/k (295)

Thus wy, is a vounded sequence of functions in H'(M). By the Rellich theorem
there exists a subsequence w; = wy, which converges to a function w in L2(M).
Clearly, w = 0 and ||w||2(v) = 1. On the other hand, according to (295), for any
¢ € C*°(M) and any smooth one form A, using the integrations by formula,

I / fdiv Adong = — / Df - Advn, (296)
M M

/ wdiv A = lim w;div A = — lim / Duw; - A
M M

J—00 ™M J—00

On the other hand,
|| Dus - A5 10wl |Alzon S 1414200
Hence,

lim Dw;-A=0

j—o0 M

Thus, for every smooth one form A,

0:/ wdiv A
M

and therefore w must be a constant scalar function. Since w = 0 it follows that
w = 0 which is in contradiction with ||wl|z2n) = 1.

Exercise. Prove Rellich’s theorem. ]
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2.2. Regularity theorey. We start with an a-priori energy estimate on man-
ifolds which is the exact analogue of (271). We shall prove the following,

LEMMA 2.3 ( Bochner identity). The following identity holds for a scalar function

u € C*(M),
/|D2u|2+/ RijDiuDju:/ | Aul? (297)
M M M

with R;; = g“bRia]—b the Ricci curvature of M.

Proof :
Do(Au) = Do(DcDeu) = DeDoDeu+ [Dg, D] Deu
= D.D.D,u+~+ RegacDau
= A(Dgu) — RagDgu
Thus,

—/ D,(Au) - Dyu = —/ ADyu- Dyu+ RopyDyuDyu
M M

| 1aar

M
/ |D?ul? + / RapDauDyu
M M

as desired. |

Remark. If M is 2-dimensional we have, Ry, = gq.p K with K the Gauss curvature
of M. Thus, in that case,

/|D2u|2—|—/ K|Du\2:/ |Aul?.
M M M

subsectionMaximum Principle for second order elliptic equations We consider a
second order elliptic operator in the form,

Lu = —a"0;0;u + b'"0;u + cu (298)
where the coefficients a, bc are continuous and verify the ellipticity condition,
a'j(w)&i&; = mlgf* (299)

We also assume that a* are symmetric, i.e. a¥/ = a’°.

THEOREM 2.4 (Weak maximum principle). Assume D is a open bounded doamin
in R" and u € C*(D) N C°(D) such that, for ¢ =0, u is a subsolution

Lu(z) <0, zeD.

Then,

max u = maxu.
D dD

Proof Assume first that LU < 0 in D and there exists xg € D such that u(xg) =
maxup. Since xp is a point of maximum we must have du(zp) = 0 and, as a
matrix, the hessian 9%u(xg) is negative definite, i.e. 9?u(zo) < 0. Since the matrix

i

A= (aij)iyjzl__,n is positive definite it is diagonalizable. Let O = (O])m-:l,___j be
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an orthogonal matrix such that, OAOT = D with D the diagonal matrix with
strictly positive entries dy,...d,. Writing, y = ¢ + O(x — ), or in components
Y= 95%0) + O;(xj — x{o), we derive 0,,u = 0%y, u, 9%, ;u = O?O?@;aybu. Hence
at xg,
ij 52 ij b2 T\ ab 52
a?0iu = a?070;0, . u=(0-A-0")"0. . su

= D™ u= did}u<0
k

since for each k we have, at zg, dp > 0 and 8§kyk < 0. Consequently at the point
Zo, - ]
Lu = —a”@%u + b*0;u > 0,

which contradicts our assumption.

To treat the general case let
u®(z) = u(z) + e

where ¢ > 0 and A > 0 sufficeintly large. According to the uniform ellipticity
condition we have a®(x) > m > 0. Now, at all points of U,

Lut = Lu+eL(e <ee* (=A%l + b))
< e (= Nm+ Al|b]|r=) <0

provided A > 0 sufficiently large.

3. Minkowski space

3.1. Basic definitions. The n+1 dimensional Minkowski space, which we de-
note by R™*1, consists of the manifold R"*! together with a Lorentz metric m and
a distinguished system of coordinates z®, a = 0,1,...n, called inertial, relative
to which the metric has the diagonal form m,s = diag(—1,1,...,1). Two iner-
tial systems of coordinates are connected to each other by translations or Lorentz
transformations. We use standard geometric conventions of lowering and raising
indices relative to m, and its inverse m~! = m, as well as the usual summation
convention over repeated indices. The coordinate vectorfields aga are denoted by
Oa, an arbitrary vectorfield is denoted by X = X9, with X = X“(2°, ... 2™).
Observe that by lowering indices relative to m we get Xg = —X° and X; = X?
for alli =1,...,n. We denote by D the flat covariant derivative of R"*!, that is
Dywg = 0ywg for an arbitrary 1- form w = wedz®. We also split the spacetime co-
ordinates x® "

into the time component 29 =t and space components r = xi, R A
Note that tg = —t and ' = z; fori =1,... | n.

A vector X is said to be timelike, null or spacelike according to whether m(X, X)

is < 0, = 0 or > 0. Accordingly a smooth curve z(s) is said to be timelike,

null or spacelike if its tangent vector % is timelike, null or spacelike at every
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one of its points. A causal curve may be timelike or null. Similarly a hyper-
surface u(z?,...2") = 0 is said to be spacelike, null or timelike if its normal
N® = —maﬁagu is, respectively, timelike, null or spacelike. The metric induced by
m on a spacelike hypersurface is necessarily positive definite, that is Riemannian.
A function t(2%,21,... ,2") is said to be a time function if its level hypersurfaces
t =t are spacelike. On a null hypersurface the induced metric is degenerate relative
to the normal direction, i.e. m(NN, N) = 0. In particular function u = u(z%,...2")

whose level surfaces u = u are null must verify the Eikonal equation
m*?9,udsu = 0 (300)

Equation (300) can also be written in the form Dy N = 0. We call N a null geodesic
generator of the level hypersurfaces of u.

A causal curve can be either timelike and null at any of its points. The canonical
time orientation of R™*! is given by the vectorfield Ty = 9y. A timelike vector X is
said to be future oriented if m(X,Ty) < 0 and past oriented if m(X,Ty) > 0. The
causal future J¥(S) of a set S consists of all points in R"*! which can be connected
to S by a future directed causal curve. The causal past J(S) is defined in the
same way. Thus, for a point p = (t,z), T (p) = {(t > to,x)/|x — x| <t — 1o}
Given a smooth domain D, its future set J (D) may, in general, have a nonsmooth
boundary, due to caustics.

We consider conservative domains J+(D1) N J (D) with Dy C %y, Dy C 3o,
spacelike hypersurfaces. The domain is regular if both D;, Dy are regular and
its non- spacelike boundaries N7 C 9(J " (D1)) \ D1 and Ny C (T~ (D2)) \ D2
are smooth. In the particular case, when D; = ¥; and D = Dy C 35, we obtain
JT(Z1)NT (D), called domain of dependence of D relative to X1, consisting of all
points in the causal past of D C X9, to the future of ¥3;. Similarily J(D)NJT ~(22),
with D C X is called the domain of dependence of influence of D relative to
3. Particularly useful examples are given in terms of a time function t with
¥ = {{t,x)/t(t,z) = t1}, Lo = {(¢t,z)/t(t,x) = t1} two, nonintersecting, level
hypersurfaces, Yo lying in the future of .

A pair of null vectorfields L, L form a null pair if m(L,L) = —2. A null pair
en = L,epr1 = L together with vectorfields eq,...e,—1 such that m(L,e,) =
m(L,e,) =0 and m(eq, ep) = dap, for all a,b=1,... ,n — 1, is called a null frame.

The null pair,

L=0;+0.,, L=0 -0, (301)
with r = |z| and 8, = 2%/rd;, is called canonical. Simmilarly a null frame
€1,...epy1 with e, = L;e,11 = L is called a canonical null frame. In that case
€1,...,enp—1 form, at any point, an orthonormal basis for the the sphere S; .., of con-

stant ¢t and r, passing through that point. Observe also that L is the null geodesic
generator associated to u =t — r while L the null geodesic of u =t + 7.

3.2. Conformal Killing vectorfields. Let z* be an inertial coordinate sys-
tem of Minkowski space R**!. The following are all the isometries and conformal
isometries of R"*1.
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1. Translations: for any given vector a = (a,al,....,a") € R**1,

zt — gt + at

2. Lorentz rotations: Given any A = A2 € O(1,n),

at — AL x”

3. Scalings: Given any real number \ # 0,

o — Az

4. Inversion: Consider the transformation z# — I(z*), where
h
()

defined for all points x € R™™! such that (z,x) # 0.

I(z") =

The first two sets of transformations are isometries of R**!, the group generated
by them is called the Poincare group. The last two type of transformations are
conformal isometries. the group generated by all the above transformations is called
the Conformal group. In fact the Liouville theorem, whose infinitesimal version will
be proved later on, states that it is the group of all the conformal isometries of R?+1.

We next list the Killing and conformal Killing vector fields which generate the above
transformations.

i. The generators of translations in the z* directions, p =0,1,...,n:

0

B O

ii. The generators of the Lorentz rotations in the (u,v) plane:
L, =x,0, — 2,0,
iii. The generators of the scaling transformations:
S=ua"0,
3

iv. The generators of the inverted translations

0
— p Y (e VL
K, =2z,z Eyn (x xp)ax“

3Observe that the vector fields K,, can be obtained applying I to the vector fields T,.
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We also list below the commutator relations between these vector fields,

Laﬁv L’yé] - na"/Lﬁé nB’YLaé + nﬁ&La'y - naéLﬁ'y

[

[L(Xﬁv ] = NayTp =13y Ta

[T,, Tg] =0

[Tom S] = Ta (302)
[Ta, Kp] = 2(nasS + Lag)

[ aBs ] [KOUKB] =0

[Lag, Ky] = 107 K — 15, Ka

Denoting P(1,n) the Lie algebra generated by the vector fields T, L, and (1, n)
the Lie algebra generated by all the vector fields T,,Lg,S,Ks we state the fol-
lowing version of the Liouville theorem,

THEOREM 3.3. The following statements hold true.
1) P(1,n) is the Lie algebra of all Killing vector fields in R™*1.
2) If n > 1, K(1,n) is the Lie algebra of all conformal Killing vector fields in R 1.

3) If n = 1, the set of all conformal Killing vector fields in Rt is given by the
following expression

f(@® 4+ 2" (00 + 1) + g(a° — 2)(00 — O1)

where f, g are arbitrary smooth functions of one variable.

Proof: The proof for part 1 of the theorem follows immediately, as a particular
case, from Proposition (0.15). From (399) as R = 0 and X is Killing we have

D,D,X\=0.
Therefore, there exist constants a,,,b, such that X* = a,,x” 4+ b,. Since X is
Killing D, X, = —D,X, which implies a,, = —a,,. Consequently X can be
written as a linear combination, with real coefficients, of the vector fields T, Lg.
Let now X be a conformal Killing vector field. There exists a function 2 such that

X = e (303)
From (399) and (400) it follows that

1
DDy Xy = 5 (Quiior + Qumux = Qaip) (304)

Taking the trace with respect to u, v, on both sides of (304) we infer that

—1
OX), = ——

Oy

n+1
2

and applying D* to the first equation, O to the second one and subtracting we
obtain

DFX, =

Q (305)

00 =0 (306)
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Applying D,, to the first equation of (305) and using (306) we obtain

n—1
(n - 1)DMD,\Q = T(DND)‘Q + D)\DMQ) = —D(DMX,\ + D)\XM)

= —(O9)m, =0 (307)

Hence for n # 1, D,,D»§2 = 0. This implies that {2 must be a linear function of x*.
We can therefore find a linear combination, with constant coefficients, ¢S + d* K,
such that the deformation tensor of X — (¢S + d*K,) must be zero. This is the
case because 1 = 2y and Kulr = 4z,n. Therefore X — (¢S + d°K,,) is Killing
which, in view of the first part of the theorem, proves the result.

Part 3 can be easily derived by solving (303). Indeed posing X = ady + bdy, we
obtain 2DOX0 = —Q, 2D1X1 = Q) and DOX1 + D1X0 = 0. Hence a,b verify the
System

Oa 0b 0b Oa

920 ~ Ozl 920 oxl
2 02
Hence the one form adz® + bdz! is exact, adz® + bdx' = d¢, and 8‘10’2 = %7 that
is ¢ = 0. In conclusion

X=;<8¢+a¢)(80+61)+;<8¢ 59

0z Ox! a0 8x1)(80 —9)

which proves the result.

Remark. Expresse relative to the canonical null pair,

To=2"YL+L), S=2'uL+ul), K;=2'(*L+u’L).
(308)

Both T = 9; and Ko = (t2+|z|?)9;+2tx!0; are causal. This makes them important
in deriving energy estimates. Observe that S is causal only in J+(0) U7~ (0).

3.4. Null hypersurfaces. Null hypersurfaces are particularly important as
they correspond to the propagation fronts of solutions to the wave or Maxwell
equation in Minkowski space*. The simplest way to describe the geometry of a
null hypersurfaces is to start with a codimension one hypersurface Sy C 3¢, where
Yo is a fixed spacelike hypersurface of M"*!1. At every point p € Sy there are
precisely two null directions ortogonal to the tangent space T;,(Sp). Let L denote
a smooth null vectorfield orthogonal to Sy and consider the congruence of null
geodesics® generated by the integral curves of L. As long as these null geodesics
do not intersect the congruence forms a smooth null hypersurface N. We can also
extend L, by parallel transport, to all points of N'. Clearly D, L =0, m(L, L) = 0,
moreover m(L, X) = 0 for every vector X tangent to A/. Observe also that L is
uniquely defined up to multiplication by a conformal factor depending only on Sy.
Define, for all vectorfields X,Y tangent to N,

They are both symmetric tensors, called, respectively, the first and second null fun-

damental forms of N'. Observe that y is uniquely defined up to the same conformal

40Or more generally on a Lorentz spacetime.
5These are in fact straight lines in Minkowski space.
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factor associated to L. Clearly (L, X) = x(L,X) = 0 for all X tangent to N,
therefore they both depend, at a fixed p € NV, only on a fixed hyperplane transver-
sal to L,,. Define s, called affine parameter, by the condition L(s) =1, s = 0 on 5.
Its level surfaces defines the geodesic foliation of N'. Given coordinates w = (w?),
a=1,...n—1on Sy we can parametrize points on Ss by the flow 2#(s,w) defined
by % = L* with 2#(0,w) the point on Sy of coordinates w. Let,

00 0o
Yab = 7Y O’ dwa’’ Xab = X O’ Db

denote the components of v and x relative to these coordinates. One can easily
check that %’yab = 2Xqab- The volume element of S is given by

das, = \/|y|dw" ... dw"™?

with v the determinant of the metric . Observe that d% log || = Vabd%%b = 2try,
with try = 7*xap the expansion coefficient of the null hypersurface. Thus,

d
= — try\/]].
7S v = trx /|y

The rate of change of the total volume |Ss| is given by the following formula,

d
£|SS| :/S trxdasg, . (310)

We also remark that x verifies the following Ricatti type equation,
d 2
=0 311
X T X (311)

which can be explicitely integrated. Thus one can verify that try(s,wg) may become
—o0 at a finite value of s > 0 if trx(0,wp) < 0 at some point of Sy. This occurence
corresponds to the formation of a caustic.

An arbitrary foliation S, on A can be parametrized by v(s,w) with (s,w) the
geodesic coordinates defined above. We call Q2 = g—g the null lapse function of the
foliation and denote by 7’ and ' the restiction of v, x to S,. If X is a vectorfield
tangent to the geodesic foliation Ss then X’ = X — Q7' X (v)L is tangent to S,.
Thus, if X,Y are tangent to Ss then v(X,Y) = (X', Y’) and x(X',Y’) = x(X,Y).
Relative to the coordinates (v,w) we have

'Yflb = Yab; X;b = Xab-

To define the volume element on a null hypersurface N/ we choose an arbitrary

foliation v with null lapse function % = () and induced metric v and set

day = Q tdag,dv (312)

where dag, denotes the area element of S, induced by 7. The definition does not
depend on the particular foliation.
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3.5. Energy momentum tensor. An energy momentum tensor in R™*! is
a symmetric two tensor (Qop verifying the positive energy condition,

QIX,Y) >0,
for all X,Y causal, future oriented. We say that @) is divergenceless if,
DPQ, 5=0 (313)

Given an arbitrary vectorfield X,
1
D*(QapX”) = QP DaXp = 5Q° Mo,

where ()7 = £ym denotes the deformation tensor of X. Recall that (X)ﬂ'ag =
0aXpg + 08Xo. In the particular case when X is a Killing vectorfield, that is
X7r =0, we derive

D (QapX") = 0. (314)

The same identity holds if X is conformal Killing and @ is traceless, that is
ma'BQ(,g = 0.

A typical conservation law is obtained when we integrate the latter identity, and
apply Stokes theorem, on a regular conservative spacetime domain( see section 3.1)
JT(D1)NJ~(Ds) with smooth spacelike boundaries D; C ¥; and null boundaries
N;, i = 1,2. We denote by T4, Ty the future unit normals to the spacelike hyper-
surfaces Y1, Y9 and chose the null normals L, Lo such that m(L;,T;) = —1 along
the boundaries D; C ¥;, ¢ = 1,2. For simplicity we denote both timelike normals
by T" and both null normals by L whenever there is no possibility of confusion.

PROPOSITION 3.6. Assume that Qqp is a divergenceless energy momentum tensor
and X a Killing vectorfield in a neighborhood of the regular conservative domain
J (D1, Ds) as above. Then,

QX L)+ | QX.T)= [ QX L)+ [ QXT) (315)
N> Do M D,
The integrals are taken with respect to the area elements danr along the null hyper-
surfaces N1, N and the area elements of the Riemannian metrics induced by m on
31, %9. Observe that all integrands are positive if X is causal. The identity (315)
remains valied if X is conformal Killing and Q is traceless.

Proof: Let P, = QapX”. According to eqrefeq:cons-lawl we have D®P, = 0. B

The result simplifies for domains of dependence J+(X1)NJ ~ (D C X3), or influence
JT(D C %) NJ (82), with X5 in the future of ¥;. We normalize L by the
condition m(L,T) = —1 on D C Xy where T denotes the unit normal to X, Xs.

COROLLARY 3.7. If Q is divergenceless, X is Killing and D C X,

A@XD+L@ﬁMﬁb/ QX,T) (316)

J~(D)N%y
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Similarily, if D C ¥4,

/ QX L) + / QX.T) = / Q(X,T) (317)
N DCY¥,4 JH(D)NZs

The identity remains true if X is conformal Killing and Q is traceless.

4. Wave Equation in R"**!

We rely on the notations and results of section 3.1. The wave operator in Minkowski
space R"*1 is defined by 0 = m*?9,05 = —0? + >.;_, 0?. It is the simplest
scalar operator invariant with respect to the Poincaré group, consisting of both
translations and Lorentz transformations, i.e. the group of isometries of R**!. To
solve the wave equation means to find solutions ¢(t,z) which verify O¢ = 0. The
Cauchy problem® for O consists in finding solutions to (¢ = 0 with prescribed ¢
and normal derivative of ¢ on a given spacelike hypersurface 3. In the particular
case when X

Definition. The energy momentum tensor (see section 3.5) of a solution (¢ = 0
is given by,

Quis = Qusld] = 0u00s0 — s (3,00, (315)

ProrosiTION 4.1. The tensor @ is symmetric and divergenceless, 8ﬁQa5 = 0.
Moreover, for any time-like or null(that is causal), future oriented, vectorfields
XY, we have,

Q(X,Y) > 0.

Proof: The only part which is not immediate is the positivity of ). Take X,Y
arbitrary future oriented causal vectors. The 2-plane which they generate intersects
the light cone through the origin along two distinct null directions. Choose L, L two
null, future oriented, vectors along the these directions such that < L, L >= —2.
Choose also vectors (e,)1=1,...n—1 such that they form a null frame together with
L, L. Observe that,

QL L) =|L()]>, Q(L.L)=I|L(), QULL)=|Vel= > leal(d)

a=1,..n—1

On the other hand both X,Y are linear combinations of L, L with positive coeffi-
cients. |

It is easy to observe that We are thus in a position to apply proposition 3.6 and
its corollary, see section 3.5, concerning conservation laws associated to (. In
particular we derive the following,

6more generally one may consider, in addition to the Cauchy problem on ¥p a boundary

condition on the timelike boundary of a spacetime domain C R*t1,
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THEOREM 4.2 (Noéther theorem). Consider an arbitrary solution of O¢ = 0, a
Killing vectorfield X and any domain of dependence J~ (D C ¥o)NJH (%) € R*T!
with 31,%, spacelike hypersurfaces, Yo C JT(31), and regular null boundary N .
Then, with Q = Q[¢] as above and L,T as in corollary 3.7 (section 3.5),

/ Q(X,L)+ / QX,T) / QX,T) (319)
J—(D)N%,

When X = Tg = 9; we obtain the law of conservation of energy. For X = T; = 0;,

i =1,...,n we derive conservation of linear momentum while with X = O;; =

x;0; —x;0; ( see section 77) we derive the conservation law of angular momentum.

Observe that,
1
Q(To, T) = 5 (10:]” + | Dg[*).

where |D¢| denotes the norm of the gradient of ¢ along ¥;. Also Q(L,Tp) =
1(|L|? + |V¢|?) with |[V¢| the norm of the gradient of ¢ restricted to the n — 1
dimensional surfaces £; NN

COROLLARY 4.3. Consider D C Yo C JT(21). Assume that ¢ and its normal
derivative T'(p) vanish on J— (D) N Xy and that O¢ = 0 in a neighborhood of the
domain of dependence J~ (D) N T (X1). Then =0 in J—(D)N T (Z1).

COROLLARY 4.4 (Huygens Principle). Any solution of O¢ = 0 with initial data
supported in the closure of a domain in D C X1 is supported in J— (F)U JT(F).

5. Representation formulas. The above uniqueness results applies in par-
ticular to the standard initial value problem (i.v.p.) for the equation,

O¢p=F,  ¢0,2) = f(z), 0:¢(0,2) = g(x) (320)

According to the results of the previous section any two solutions of (320) must
coincide. By the principle of superposition” to solve (320) it suffices to consider,
separately,

Case 1. F =0 and f,g arbitrary,
Case 2. f =g =0 and F arbitrary.

Case 1 can be further reduced to what is called reduced i.v.p.,

Lo =0, ¢(0,z) = f(z), 0,9(0,z) = 0. (321)
Exercise. Show how to deduce the general homogeneous solution of case 1 from

the reduced problem.

We have already found a fundamental solution for [J,

n—1

EV(t2) = e Ht)x 2 (82 —2?), (322)

Tthat is linearity of O
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We can now show, using the results of the previous section, that ES_"H) is the
unique fundamental solution of [J, supported in the upper half plane ¢t > 0%

The fundamental solution takes a particularly simply form for n = 3 and n = 2.
Indeed, for n = 3, Xjrl = Jp, the one dimensional Dirac measure supported at the
origin. In that case the solution to the reduced initial value problem takes the form,

ot =g [ o, (323

For n = 2 we have X;1/2()\) = )\;1/2, with A, the positive part of A\. In all other
odd dimensions, n > 3, the fundamental solution £, can be expressed in terms of
derivatives of dg. The case of even dimensions can be reduced to odd dimensions
by the so called method of descent. In particular, for two space dimensions the
solution to the reduced Initial value problem takes the form,

1 / 1
=— ——g(y)dy
21t Jjp—yi<t /12 — |z — y]?

Exercise. Derive (324) from (323) by interpreting solutions ¢(¢, ', 2%) of (¢ = 0
in R'*?2 as solutions ¢(t, z!, 22, 23) of O¢ = 0 in R*3 which are constant in 2°.

o(t, z) (324)

Remark. It is a remarkable fact that in all odd space dimensions’ the funda-
mental solution is supported on the boundary of the future null cone of the origin,
{(t > 0,2)/t* — |x|*> = 0}. This is called Strong Huygens Principle.

The fundamental solution allows us to find explicit representations for (321). There
are three other known methods of solving directly (321), without the a-priori knowl-
edge of the fundamental solution.

Fourier transform. The best known method is based on taking the Fourier
transform of equation (321) with respect to the space variables. Thus, denoting
by ¢(t,€) the Fourier transform of ¢(t,z) in x, one derives 82¢ + |£|2¢ = 0 and
$(0) = f, 9,¢(0) = 0. Hence, solving the differential equation and using the
inversion formula for the Fourier transform,

n

ot x) = (2m) " / cos (tfe])e™  (€)de (325)

Plane waves. The method is based on the observation that if g, (z) = g(z - w),
for w € "1, then ¢(t,x) = 27 (gu(z - w + t) + gu(z - w — t)) verifies (321) with
f = go- On the other hand, for odd n > 3, an arbitrary smooth function f can
be expressed in the form ' f(2) = ¢ [,y 9w (2)dSs with gu(z) = [z (2 —y) -

w| A;"H)/ 2 f(y)dy. Alternatively one can reexpress (325) using polar coordinates.

8in fact it is supported in the future null cone with vertex at the origin, lz| < t.

9while for even dimensions the support of the fundamental solution extends to the interior
of the cone

10For some constant ¢,,. Indeed Jzn |( —y)w| = anlz — y| for some constant a,. Also, using
the fundamental solution of A, A™+1/2|g — y| = b, 60(z — y) for another constant by,.
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Thus, for odd n,

0

ot,z) = (2m)™ /| Hdsw / " cos (tN)eNT) F AN LN

1 e - s
= 5@en)™ / ds., / cos (tN)e @) f(Aw) A" ~LdA
Jw|=1 S
_ i(Qﬂ)in‘/ dSw/ (ei)\(tJr:v-w)+ei)\(tfz~w))f()\w)>\nfld)\
Jw|=1 —00
_ 3(27{_)— f( ) / dSw(/ ( IX(t+(z—y) w) +ei>\(t—(x—y)~u)))\n—1d)\)
R™ |w|=1 -
1 —n-+1 (n— 1) (n—1)
= 107 it e (% —y)-w)+8y (= (z—y)-w) fy)dy

where 6" denotes the n — 1 derivative!® of the Dirac measure &. Therefore,
dnfl S
¢(t,$) = ol W(p+(f7w) + (_1) p_(f,LU))(t,Z‘)dSw (326)
wl|=1

where p (f,w) define the plane waves, p (f,w)(t, ) = 4=1(27) "+1fx ) e ﬂf( ) dS,,.
In the particular case of dimension n = 1 we derive

o(t, ) :271(f(x7t)+f(t+x)). (327)

Spherical means. One considers the spherical means of a function g in R™,
My(x,r) = |S(z,r)|~* fs(xm g(y)dS, with S(x,r) the sphere of radius r centered
at « and |S(z, r)| its area. It is easy to see that My(z,r) verifies the Darboux
equation (02 + =10, )M, = AM,. If ¢ verifies (321) then My(t,r,z) verifies the
Euler Pmsson—Draboux equation

—1
Op(My) = (32 + “—=0,) My, My(0,7.2) = My(r,), 9:My(0,7,) = 0.
This can be explicitely solved for odd values of n. In the particular case n = 3,'2

o(t, ) = By ((4mt) / f(y)ds,) (328)

|z—y|=t

Formulas (325)—(328) can be easily extended to O¢ = 0, ¢(0,x) = f, 9;¢(0,z) =
g(z). To solve the inhomogeneous problem [(0¢ = F one needs to rely on the fol-
lowing,

Duhamel Pr1nc1ple The solution to O¢ = F, $(0) = ¢:(0) = 0 can be expressed

in the form, ¢(t,x) fo (t,z)ds where, for every 0 < s < t, ®4(t, x) verifies
O®, = 0 with initial data at tlme s, O (s,x) =0, 0;Ps(s,z) = F(t x).

Hin the sense of distributions

12Clearly (328) can also be derived from (325), by evaluating [ cos (t|¢])ei—v)Ede.
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4.6. A-priori estimates. We can see from both representation formulas (326)
and (328) that the solutions ¢(¢,x) of g = 0 in R™! n > 1, lose derivatives
in the uniform L norm relative to the space variables . One can show that this
phenomenon, due to focusing of waves, holds true any LP norm with p # 2. For
p = 2, on the other hand, the law of conservation of energy gives,

10:0(0) 72 + D 10:06D 1 F2mny = Y 10:f 1 2an) (329)
i=1 i=1
This follows easily from theorem 4.2 applied to D = Y5 and X, Y5 level hypersur-
faces of the standard time function ¢t = 2°. This global energy identity can also be
derived, by Plancherel formula, from the Fourier representation formula (325).

In particular we have the energy inequalities

10:0(B)] L2, IV ()| L2 < [V F]l L2

Thus, if f € HY(R") the solution ¢ remains in H'(R") for any later time ¢ > 0.
Morever, using the fact that all partial derivatives 0; commute with [J, one can
easily show that,

sup [|06(t) s < || fll rs+1 (330)
t>0

In particular f € H*(R™) implies ¢(t) € H*(R"). Also, for every positive integer
k, 0Fp(t) € H*~F(R™). Thus, in particular, f € C* implies ¢ € C°°. Singularities
of f, however, propagate, along null hypersurfaces, to all spacetime. This fact
is in sharp contrast to solutions of the boundary value problem for the Laplace
equation( see section ? ) A¢ = 0, in a regular open domain D C R"™, which
are automatically in C°°(D), independent of the regularity at the boundary of D.
Precise information about the propagation of singularities can be given using wave
front sets and bicharacteristics.

Estimate (330) to derive a global uniform bound for ¢. Indeed, using the Sobolev
inequality in R”, ||g|le < |9l z ®ny, with s > n/2, we infer that,

109 oo @n+1y S | fllzorr@ny, s >n/2 (331)

Thus L? bounds for sufficiently many derivatives of the initial data f assures the
uniform boundedness of solution ¢ of (321). What is significant in this derivation
of uniform boundedness is its a-priori character, that is we did not need to appeal
to the exact form of solutions. This plays a fundamental role in dealing with more
complicated situations, when the exact form solutions is impossible to establish.
In fact one can use an extension of the method presented above, called invariant
vectorfield method to derive not just uniform boundedness but also uniform decay.
Indeed one can see from the explicit representation in terms of spherical means
that solutions ¢(t,x) to (321), corresponding to sufficiently smooth, compactly
supported, data, decay uniformly in time like t~(*=1)/2_ One can derive this fact,
by a-priori estimates, observing that [J commutes not only with the coordinate
derivatives T, = 0, but also with the Killing vectorfields Ong, that is [0, O] = 0.
Morever, [J,S] = —200. Thus if I'* denotes any product of k vectorfields T, O, S,

O¢ = 0= 0O0rk¢ = 0.
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As in the derivation'® of (330), we infer that
[T* ()] 22 < Ix(f),

for a constant depending on f and k. Denoting
Eog(t) = > [or* ()],
T,0<k<s
we infer that,
£09](t) S Ls(f)-
Finally, using a global Sobolev inequality for s > n/2,t > 0,

06(t, )] S (1+t+ |2)~ D24 [t — |2)) 72 L(f). (332)
In particular, if I,(f) is finite,
10¢(t) | Lo S (1 41)~ 7172

as desired. In fact (332) provides more information, most of the energy of ¢ propa-
gates along the boundary of the outgoing null cones t — || = u, for ¢ > 0. Moreover
one can easily show that, relative to a canonical null frame L, L, e,, a =1,... ,n—1,
the derivatives L(e), eq(¢) decay as t~("+1)/2 as t — oo, while L(¢) improves only
by a power of the degenerate weight u. This simple fact explains the improved
behavior of null forms,

Qap(6,0) = 0ad0s) — 0pddath,  Qo(4,¢) = m*P9ndsy. (333)
One can easily show that, for any solutions ¢ = v = 0 and any null form @, we
have [ Q(6, 1)(1)l|zns1) = O +D/2) as ¢ — o014

13taking into account that f is smooth, compactly supported. One only needs, in fact, bounds
for some weighted Sobolev norms of f.

14This distinguishes null forms from typical bilinear expressions in 9¢,dv for which the
corresponding decay rate is only O(t~("=1)/2),






CHAPTER 3

Equations Derived by the Variational Principle

1. Basic Notions

In this section we will discuss some basic examples of nonlinear wave equations
which arise variationally from a relativistic Lagrangian. The fundamental objects
of a relativistic field theory are

e Space-time (M, g) which consists of an n + 1 dimensional manifold M
and a Lorentz metric g; i.e . a nondegenerate quadratic form with signa-
ture (—1,1,...,1) defined on the tangent space at each point of M. We
denote the coordinates of a point in M by %, o« =0,1,... ,n.

Throughout most of this chapter the space-time will in fact be the
simplest possible example - namely, the Minkowski space-time in which
the manifold is R"*! and the metric is given by

ds? = mpdr®da® = —dt* + (dw1)2 + o4 (da™)? (334)

with t = 2% m,s = diag(—1,1,...,1). Recall that any system of coordi-
nates for which the metric has the form (334) is called inertial. Any two
inertial coordinate systems are related by Lorentz transformations.

e Collection of fields v = () @) ... ®) which can be scalars, ten-
sors, or some other geometric objects! such as spinors, defined on M.

e Lagrangian density L which is a scalar function on M depending only
on the tensorfields 1 and the metric? g.

We then define the corresponding action S to be the integral,
S=Skhg: U = / Ligldvg

u
where U is any relatively compact set of M. Here dvg denotes the volume element

generated by the metric g. More precisely, relative to a local system of coordinates

%, we have
dvg = /—gd2z’dz! - - - dz" = \/—gdx
with g the determinant of the matrix (gq3).

By a compact variation of a field ¢ we mean a smooth one-parameter family of
fields ),y defined for s € (—¢,€) such that,

IFor simplicity we restrict ourselves to covariant tensors.
2as well as its inverse g !
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(1) At s = 0, ?/1(0) = 1/)
(2) At all points p € M\ U we have (5 = 9.

. _ R T
Given such a variation we denote §v := ¢ := 12; )

o Thus, for small s,

sy = + s+ O(s)
A field v is said to be stationary with respect to S if, for any compact variation
(Y(s),U) of 1, we have

=0
s=0

—-5(s)

where,
S(s) = S[ts), g U]

‘We write this in short hand notation as

Action Principle, also called the Variational Principle, states that an acceptable
solution of a physical system must be stationary with respect to a given Lagrangian
density called the Lagrangian of the system. The action principle allows us to derive
partial differential equations for the fields v called the Euler-Lagrange equations.
Here are some simple examples:

1. Scalar Field Equations :

One starts with the Lagrangian density
1
Lig] = — 58" 0,60, ~ V(@)
where ¢ is a complex scalar function defined on (M, g) and V(¢) a given real
function of ¢.

Given a compact variation (¢,U) of ¢, we set S(s) = S[d(s),g;U]. Integration
by parts gives,

= [ 10,00, - V'(0)ily g
= | 00~V (@)ny
where [g is the D’Alembertian,

Og6 = <=0, (8" V=E0.9)

In view of the action principle and the arbitrariness of ng we infer that ¢ must satisfy
the following Euler-Lagrange equation

Ogop — V'(¢) = 0, (335)
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Equation (335) is called the scalar wave equation with potential V(¢).

CONFORMAL PROPERTIES 2. Wave Maps :

The wave map equations will be defined in the context of a space-time (M, g), a
Riemannian manifold N with metric h, and a mapping

¢:M — N.

We recall that if X is a vectorfield on M then ¢, X is the vectorfield on NV defined
by ¢.X(f) = X(fo¢). If wisa l-form on N its pull-back ¢*w is the 1-form on M
defined by ¢*w(X) = w(¢.X), where X is an arbitrary vectorfield on M. Similarly
the pull-back of the metric A is the symmetric 2-covariant tensor on M defined by
the formula (¢*h)(X,Y) = h(¢. X, ¢.Y). In local coordinates 2 on M and y* on
N, if ¢* denotes the components of ¢ relative to y*, we have,

0p® Op® 09 0
(6" Mas®) = 92 20 h((p) = (o, 09

where < -, - > denotes the Riemannian scalar product on N.

Consider the following Lagrangian density involving the map ¢,

L= —%Trg(qﬁ*h)

where Trg(¢*h) denotes the trace relative to g of ¢*h. In local coordinates,

1 e Og®
L[(b] = _7guyh¢1b(¢) a;f)ﬂ 8fu :

2

By definition wave maps are the stationary points of the corresponding action.
Thus by a a straightforward calculation,

d

0 = £S(S) 8:0211-‘1-[2 (336)
1 Ohap(d) o o w

I, = _§/ugw a;£¢>¢ 8,00, 0"/ —gda

b= - [ g ha(0)0,000,6 gl
u

After integrating by parts, relabelling and using the symmetry in b, ¢, we can rewrite
I5 in the form,

8hab

0g°
a 1 ., (0h, Ohge .

= /u¢ (hab(¢)|jg¢b + §gﬂ (8(;5: + BYC ) 8u¢b8u¢ ) dvg

Also, relabelling indices

_ - ny a c
I 5 /ug 96 ¢ 0,0°0,,¢° dvg.

I, = /M * (hab(¢)mg¢b+ ghv 8M¢68V¢b> dvg (337)
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Therefore,

0 = L+

. ]. 8hab ahac ahbc
a b b C 1V _
/ud) <hang¢ +0,9°0,9°g 5 <8¢C + Do 96° >) dvg

. 1 oh oh oh
a d b Cotv = 1 ds . sb sc be
/Z/{qs (hadDg¢ + 6u¢ 0,0°g 2h haa ( 9g° + a¢b d¢° )) d’Ug

/ $haq (Dgd® + 8,670, 6°g" L) dug
u

where Fgc = %hds (%};jj’ + %};f,f — %Z’;ﬁ are the Christoffel symbols corresponding

to the Riemannian metric h. The arbitrariness of ¢ yields the following equation
for wave maps,

Ogo® + T, 8" 0,6°9,6° = 0 (338)
Example: Let N be a two dimensional Riemannian manifold endowed with a

metric h of the form,
ds® = dr* + f(r)*d6?

Let ¢ be a wave map from M to N with components ¢!, ¢2, relative to the r, 0
coordinates. Then, I't, =2, =T, = T2, = 0 and '}, = —f/(r) f(r), [2, = L&)

- f(r) -
Therefore,
Dg¢1 = f/(r)f(T)guyau¢28v¢2
2 _ (1) 1 2
Dg(b - - f(r) g“ 8},L¢ an)

The equations of wave maps can be given a simpler formulation when NV is a sub-
manifold of the Euclidean space R™. In this case, the metric h is the Euclidean
metric so the first term in (336) vanishes.

99 09
_ afy 7Y T
5=0 /ug <5)x0‘ " OB Jdvg

/ < O, ¢ > dug
u

d
£5(5)

where (-,-) is the Euclidean scalar product and O the D’Alembertian operator on
M. Thus the Euler-Lagrange equations take the form,

(@s(p)" =0 (339)

where T here means the projection onto the tangent space of N at ¢(p).

In the special case when N C R™ is a hypersurface, we can rewrite (339) in a
more concrete form. Let v be the unit normal on N and k the second fundamental
form k(X,Y) = (Dxv,Y), with Dx the standard covariant derivative of Euclidean
space. The hypersurface N is defined (locally) as the level set of some real valued
f. Differentiating the equation f(¢(x)) = 0 with respect to local coordinates z* on
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M yields 0 =< v(¢), 9,,¢ > along M. Hence,
0 = O <v(g),dup>=<0¢,v>+g"" < 0r(9),0u0 >
<0¢,v>+g" <V (g, ¢« (Ey) >

Where ¢, (E,) = %8%1- is the pushforward of E,, = %. In particular, ¢.(E,) is

tangent to N. Therefore,
< Op,v >= —k(¢.(EY), ¢+ (Ey)) (340)

In view of (??) the equation for wave maps becomes,

O¢ = —k(¢«(E®), ¢+ (Ea))N
In the case when N is the standard sphere S™~! C R™, k(X,Y) = - < X,Y >
and the equation for wave maps becomes, in coordinates =%, y¢,

09 0
O = 48" < 20 00 >

3. Maxwell equations:

An electromagnetic field F' is an exact two form on a four dimensional manifold
M. That is, F is an antisymmetric tensor of rank two such that

F=dA (341)
where A is a one-form on M called a gauge potential or connection 1-form. Note

that A is not uniquely defined - indeed if x is an arbitrary scalar function then the
transformation

A— A=A+dyx (342)

yields another gauge potential A for F. This degree of arbitrariness is called gauge
freedom, and the transformations (342) are called gauge transformations.

The Lagrangian density for electromagnetic fields is
1
LIF] = _iFWFW‘
Any compact variation (Fi,,U) of F' can be written in terms of a compact variation
(As),U) of a gauge potential A, so that F,) = dA. Write
d d

F=—F A=—A
ds® ) ls=0’ ds”® |0

so that relative to a coordinate system 2® we have F,, = 0,4, —0, A, and therefore
F,, =0,A, —0,A,. The action principle gives

d 1 .
:_7/ F. F" dug
0 2 Jm
1

= - /u (0,4, — 0, A,)F' dug

. . 1
= — 0, A, F* dv :/A,, <3V gF’“’)dv
Lo &= ), A\t (VoeE) ) dvg

s=
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Note that the second factor in the integrand is just D, F'** where D is the covariant
derivative on M corresponding to g. Hence the Euler-Lagrange equations take the
form

D, FH = . (343)
Together, (341) and (343) constitute the Maxwell equations.

Exercise. Given a vector field X% on M, show
1
DaXa = \/?gaa (\/ —gXa)
We can write the Maxwell equations in a more symmetric form by using the Hodge

dual of F,

1
Fy = 5 Envos FoB

and by noticing that (343) is equivalent to d*F = 0. The Maxwell equations then
take the form

dF =0, d’F =0 (344)
or, equivalently,
D, F* =0, D, *F* =0 (345)

Note that since Lorentz transformations commute with both the Hodge dual and
exterior differentiation, the Lorentz invariance of the Maxwell equations is explicit
in (344).

Definition. Given X an arbitrary vector field, we can define the contractions
E, = (ixF), = X'F..
H, = (ixF), = X'F,

called, respectively, the electric and magnetic components of F'. Note that both
these one-forms are perpendicular to X.

We specialize to the case when M is the Minkowski space and X = d% = %. As
remarked, E, H are perpendicular to %, so By = Hy = 0. The spatial components
are by definition

E;, = Fy
H, = "Fy= % Coijr FI* = % €ijx FI*
We now use (344) to derive equations for F and H from above, which imply
D, *F* =0 (346)
and (343), respectively. Setting p = 0 in both equations of (345) we derive,
oO'E; = 0, 0'H; =0 (347)
Setting 1 = 4 and observing that Fj; =&, HF*, *Fij = — €ijk E* we write
0 = —-0"E;+0'F;; =0E;i+ €ijx “H" =0,E; + (V x H),

0 = OH;— Cijk (%Ek =0 H; — (V X E)z
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Therefore,
QGE+VxH = 0 (348)
O0H—-VXxE = 0 (349)
Alongside (348) and (349) we can assign data at time t = 0,
E(0,2) = EY,  Hi0,2)=H"

Exercise.  Show that the equations (347) are preserved by the time evolution
of the system (348)-(349). In other words if E(©), H(©) satisfy (347) then they are
satisfied by F, H for all times t € R.

4. Yang-Mills equations :

The Lagrangians of all classical field theories exhibit the symmetries of the space-
time. In addition to these space-time symmetries a Lagrangian can have symmetries
called internal symmetries of the field. A simple example is the complex scalar
Lagrangian,

L= —5m™0,6056 — V(I6)

where ¢ is a complex valued scalar defined on the Minkowski space-time R™+!,
¢ its complex conjugate. We note that L is invariant under the transformations
¢ — e with @ a fixed real number. It is natural to ask whether the Lagrangian
can be modified to allow more general, local phase transformations of the form
p(x) — €@ p(z). Tt is easy to see that under such transformations, the La-
grangian fails to be invariant, due to the term m“ﬁaa(b%. To obtain an in-
variant Lagrangian one replaces the derivatives 0,¢ by the covariant derivatives
D,(IA)¢ = ¢,o +1A4¢ depending on a gauge potential A,. We can now easily check
that the new Lagrangian

1 ~ (A
L= —3m*’DM6DEY 6 — V(o))
is invariant relative to the local transformations,
o(x®) = @D p(z®) | Ay — Ag — 04
called gauge transformations.
Remark that the gauge transformations introduced above fit well with the definition

of the electromagnetic field F'. Indeed setting F' = dA we notice that F' is invariant.
This allows us to consider a more general Lagrangian which includes F,

1 1 5
L=~ FapF™ = m*P.06.5~ V(9])

called the Mazwell-Klein-Gordon Lagrangian.

The Yang-Mills Lagrangian is a natural generalization of the Maxwell-Klein-Gordon
Lagrangian to the case when the group SU(1), corresponding to the phase trans-
formations of the complex scalar ¢, is replaced by a more general Lie group G. In
this case the role of the gauge potential or connection 1-form is taken by a G valued
one form A = A, dz* defined on M. Here G is the Lie algebra of the Lie group G.
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Let [-,-] its Lie bracket and < -,- > its Killing scalar product. Typically the Lie
group G is one of the classical groups of matrices, i.e. a subroup of either Mat(n,R)
or Mat(n,C). We pause briefly to recall some facts about the relavent Lie groups
and their Lie algebras.

(1)

The orthogonal groups O(p,q). These are the groups of linear transfor-
mations of Re™ which preserve a given nondegenerate symmetric bilinear
form of signature p,q, p + ¢ = n. We denote by Ry, the corresponding
space. The case p = 0 is that of the FEuclidean case, the group is then
simply denoted by O(n). The case p = 1,q = n is that of the Minkowski
space-time R™*1, the group O(1,n) is the Lorentz group. In general let
Q be the diagonal matrix whose first p diagonal elements are —1 and the
remaining ones are +1. Then,
O(p.q) = {LeMat(n,R)|LTQL =Q}
= {L € Mat(n,R)|LML" = M}
Note that for L € O(p, ¢q), det(L) = £1.
Recall that the special orthogonal groups SO(p, ¢) are defined by
SO(p.q) ={L € O(p,q)|det L =1}.

They correspond to all orientation preserving isometries of R} . Both
O(p,q) and SO(p, q) have as Lie algebra®

SO(p,q) = {A € Mat(n,R)|AQ + QAT = 0}.

and that dimg O(p, ¢) = dimgSO(p, ¢) = n(n — 1)/2. The Lie bracket on
SO(p, q) is the usual Lie bracket of matrices,
i.e. [A,B] = AB — BA and we have the Jacobi identity

[Av [B, OH + [Ca [A7 BH + [Ba [Ca A]] =0 (350)
and its Killing scalar product < A, B >= —Tr(ABT) (where Tr is the
usual trace for matrices) enjoys the compatibility condition

< A,[B,Cl>=—-<[A,B]|,C> (351)

The unitary groups U(p,q). These are the complex analogues of the
orthogonal groups. They are the groups of all linear transformations of
C™ which preserve a given nondegenerate hermitian bilinear form. Denote
by C} , the corresponding space. Then, with the matrix @ as above,

U(p,q) = {U € Mat(n,C) | U"QU = Q}

and

3

SU(p,q) ={U € U(p,q) | detU = 1},
The corresponding Lie algebras are,
Ulp,q9) = {AeMat(n,C)| AQ+ QA" =0},

where the trace trg A = Q% A;;. The Lie bracket is again the usual one for
matrices. The Killing scalar product is given by < A, B >= —Tr(AB*).
Remark also that dimgrU(p, q¢) = n?, dimrSU(p, q) = n? — 1.

3Recall that the Lie algebra of a Lie group G is simply the tangent space to G at the origin.
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In the Yang-Mills theory one is interested in compact Lie groups with a positive
definite Killing form. This is the case for the groups O(n), SO(n),U(n), SU(n).

In a given system of coordinates the connection 1-form A has the form, A,dz* and
we define the (gauge) covariant derivative of a G-valued tensor ¢ by

DM =Dyt + [A,, 9] (352)

where D is the covariant derivative on M. Observe that (352) is invariant under
the following gauge transformations, for a given G-valued gauge potential A and a
G- valued tensor v,

v = U WU, Ag =UA U+ (DU YU (353)
with U € G.
ProprosITION 1.1.
A) .7 -1 A
DV = Ut (Dv)U
_ b

Proof : This just requires some patience. First we will show

D, (U'U) = U™ (Dot + [, UDU]) U

Indeed
D, (U 'U) = (DoU ') ¢U+ U (Do) U+ U ¢ (D)
U~ ( (D U)U )+ Dyt + 9 (DU) U™ )U
= U ' (Do + [0, DU) U U
as desired. Hence
DY = Do+ [Aa, )

U™t (Dot + [, U (DoU™Y)]) + [UTT AU + (DU ™) U, U U]
= U ' (Dot + [, DU) U+ [Aa, ] + [U (DaUY) 0] ) U
U

(Dot + [Ag, ¥]) U = DEYep

As in Riemmanian geometry, commuting two (gauge) covariant derivatives produces
a fundamental object called the curvature, here denoted by F

D D[ﬂ/) DﬁDaw [ aﬁv'l/)} (354)

where the components F,g of the curvature can be deduced by the following
straightforward computation:

DaDﬂw = Da (DBT/J) + [Aaa Dﬁw]
= Do (Dgt + [Ap,¢]) + [Aa, Dty + [Ap, ¢]]
= D.Dgy + [DaAg, ] + [Ag, Datt] + [Aa, D] + [Aa, [Ag, ¥]]
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So that
(DaDy—DyDo)¥ = [DaAs — DA, v
+[Aa, [Ap, Y] = [Ap, [Aa, V]
[[Aa,Ag],¥]
Therefore,
Fos = DyAg—DgA, + [Aa, Al (355)

We leave it to the reader to show that the curvature tensor F' is invariant under
gauge transformations. That is,

F (z U’lF(A)U> = F(4)
and that F' satisfies the Bianchi identity
D, Fs, + D, Fap+DgFyy =0 (356)

We are finally ready to present the generalization of the Maxwell theory provided
by the Yang-Mills Lagrangian:
1 A o
LA = -3< F) FMas 54 (357)
We derive the Euler-Lagrange equations just as in the Maxwell theory,

d 1 :
= —S == Fop, FP >g d
0 750 2/M< 85 >g dvg

1 . . . .
= —5/ <DoAg — DAy + [Aa, Agl + [Aa, A, F*P >g dug
u

s=0

—/ < DoAp, FOP > + < [Aq, Agl, F*P >¢ dvg
u

= / < Ag, Do F? >g + < Ag, [Aa, F*?] >g dvg
u

which implies
D, F* =0 (358)
Together, (356) and (358) form the Yang-Mills equations.

Note that the equations are invariant under the group of gauge transformations.
A solution of the Yang-Mills equations, then, is an equivalence class of gauge-
equivalent potentials A, whose curvature F' satisfies (358).

In our later treatment of Yang-Mills, we will almost always specify a representative
of a solution’s equivalence class by imposing additional constraints - called gauge
conditions - on A. There are three standard ways of doing this, each yielding its
own rendition of the Yang-Mills equations with its own faults and advantages:

e Coulomb Gauge is defined by,
ViAi(t,z) =0 (t,z) € R"H! (359)
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To simplify notation, first write (358) in terms of the current J.

DPF.5 = J, = —[A° F, 4] (360)

When a = 0 (359) allows us to write (360) as
Jo = 0'Fy =9 (0gA; — 0;Ag + [Ao, Ai]) — AAg + 0'[Ag, A
giving us for the time component of A:

AAy = 2[0;A0, Ai] + [Ao, 0L Ai] + [Ai, [Ao, Aj]] (361)

When « = 4, (360) reads
Ji = =0+ 0 Fy; = -0, (0;A0 + [Ai, Ao)) + & (0;Aj — 0;A; + [Ai, A)))
and after simplifying,
0A4; = —0.0;A0—2 [Aj, ain] + [Aj,aiAj] + [0: A, Aj}

+2[Ao, 00 A;i] — [Ao, 0;A0] — [A;, [Aj, Ail] + [Ao, [Ao, Ai]]  (362)
e Lorentz Gauge is specified by,
oA, (tx) =0 (t,z) € R (363)
Appealing in its symmetric treatment of the time and space components
of A, , the Lorentz gauge also allows (358) to be written as a system of
wave equations:
D°F,5 = D" (0,45 — 95Aa + [Aa, Ap))
= —O0A, + 0°[Aa, Ag] + [Ap, 0aAp) — [AP,05A,] + [Ag, [Aa, A7]]
The system can be written schematically in the form
0¢ = &-00+@°

Again, it is not at all clear that one can transform an arbitrary solution
into the Lorentz gauge. In addition, we will have a hard time finding good
estimates for this purely hyperbolic system of nonlinear wave equations.

e Temporal Gauge is specified by the condition Ay = 0.

5. The Einstein Field Equations:

According to the general relativistic variational principle the space-time metric g
is itself stationary relative to an action,

S:/Ldvg.
u

Here U is a relatively compact domain of (M, g) and L, the Lagrangian, is assumed
to be a scalar function on M whose dependence on the metric should involve no
more than two derivatives®. It is also assumed to depend on the matterfields ¢ =
W @ P present in our space-time.

4In fact we only require that the corrsponding Euler-Lagrange equations should involve no
more than two derivatives of the metric.



162 3. EQUATIONS DERIVED BY THE VARIATIONAL PRINCIPLE

In fact we write,

S=8c+S8m
with,
SG = /Lgdvg
u
SM = /LMdvg
u

denoting, respectively, the actions for the gravitational field and matter. The mat-
ter Lagrangian Lj,; depends only on the matterfields v, assumed to be covariant
tensorfields, and the inverse of the space-time metric g®® which appears in the
contraction of the tensorfields v in order to produce the scalar Ly;. It may also
depend on additional positive definite metrics which are not to be varied °.

Now the only possible candidate for the gravitational Lagrangian L¢, which should
be a scalar invariant of the metric with the property that the corresponding Euler-
Lagrange equations involve at most two derivatives of the metric, is given® by the
scalar curvature R. Therefore we set,

Lc =R.

Consider now a compact variation (gs),U) of the metric g. Let g, = %gw|5:0.
Thus for small s, g, (s) = 8w + 58w + O(s?). Also, g (s) = g — sgh” + O(s?)

where gh" = g*gP"g,5. Then,
= / Rdvg + / Rdvg
s=0  Jy u

. 1 )
dvg = ig’“’gwdvg

d
£SG(3)

Now,

Indeed, relative to a coordinate system, dvg = v—gdx%dx' ... dz™ Thus, the above
equality follows from,

& = 88" 8ap,
with g the determinant of g,3. On the other hand, writing R = g"”R,, and using

= —g", we calculate, R = —g" R —|—g/“’RW. Therefore,
s=0

the formula - gé”)

d
£SG(5)

1 . .
= / (R — g R)iudvg + / g Rydvg  (364)
5= u u

To calculate le we make use of the following Lemma,
LEMMA 1.2. Let gu.(s) be a family of space-time metrics with g(0) = g and

Lg(0) =g. Set also, LRap(s)|s=0 = Rag. Then,

R,, =D,I'Y, —D,I2,

5This is the case of the metric h in the case of wave maps or the Killing scalar product in
the case of the Yang-Mills equations.
6up to an additive constant
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where T is the tensor,

R 1 . . .
By = ggaA(Dﬁgw\ +D,gsx — Dagsy)

Proof: Since both sides of the identity are tensors it suffices to prove the formula
at a point p relative to a particular system of coordinates for which the Christoffel
symbols I' vanish at p. Relative to such a coordinate system the Ricci tensor has
the form R, = D,I'j;, —D,I'g,. ]

Returning to (364) we find that since g“”RW can be written as a space-time di-
vergence of a tensor compactly supported in U the corresponding integral vanishes
identically. We therefore infer that,

d

—S¢(s) = —/ ENg,, dvog (365)
dS U

where E#” = R* — %g“”R. We now consider the variation of the action integral
Sy with respect to the metric. As remarked before Lj; depends on the metric g
through its inverse g”. Therefore if we denote Sy/(s) = Sas[t), g(s); U] we have,
writing dvg = %gwg‘“’dvg,

s=0

d OLar . .

B |, = [ G v+ [ Ly
oL 1 o

= [ Gt S L o

Definition. The symmetric tensor,
oLy 1
T == (gt ~ i)

is called the energy-momentum tensor of the action Sy;.

With this definition we write,

d
—S
ds w(s)

_ / T, dug (366)
s=0 u

Finally, combining 365 with 366, we derive for the total action S,

d
—_— = — nyo KV G
dSS(s) o /M(E T8, dvg

Since g,,,, is an arbitrary symmetric 2-tensor compactly supported in U we derive
the Einstein field equation,
EXY — T

Recall that the Einstein tensor E satisfies the twice contracted Bianchi identity,
D"E,, =0



164 3. EQUATIONS DERIVED BY THE VARIATIONAL PRINCIPLE

This implies that the energy-momentum tensor T is also divergenceless,

D, T" =0 (367)

which is the concise, space-time expression for the law of conservation of energy-
momentum of the matter-fields.

2. The energy-momentum tensor

The conservation law (367) is a fundamental property of a matterfield. We now
turn to a more direct derivation.

We consider an arbitrary Lagrangian field theory with stationary solution . Let
®, be the one-parameter group of local diffeomorphisms generated by a given vec-
torfield X. We shall use the flow ® to vary the fields ¢ according to

gs = ((I)S)*g
Vs = (Ds)sth
From the invariance of the action integral under diffeomorphisms,
S(s) = S[tbs, gs; M| = Sas[1h, gs M.
So that

d oS

= _— = R T‘U'V > v
0 dSS(s) o 5wdvg+/M 8, dVg (368)

The first term is clearly zero, ¥ being a stationary solution. In the second term,
which represents variations with respect to the metric, we have

. d
Suv = %(gS)HV

0: Lxguw =D,X, +D, X,

s=

Therefore
0 = / TH Lx g dug :2/ T"D, X, dvg = 72/ D, T* X, dvg
M M M
As X was arbitrary, we conclude
D, T* = 0. (369)

This is again the law of conservation of energy-momentum.

We list below the energy-momentum tensors of the field theories discussed before.
We leave it to the reader to carry out the calculations using the definition.

(1) The energy-momentum for the scalar field equation is,

1 1
Taﬁ =35 <¢,a¢7,6’ - §

9 gap (gwj(b,u(b,u + 2V(¢))>
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(2) The energy-momentum for wave maps is given by,

2 2

where < , > denotes the Riemannian inner product on the target mani-
fold.
(3) The energy-momentum tensor for the Maxwell equations is,

1 1
Taﬁ =3z (< ¢,aa¢,6 > _*gaﬁ(glw < ¢,ua¢,u >))

. 1 v
Top = F' Fp, — Zgaﬁ(F;wF# )
(4) The energy-momentum tensor for the Yang-Mills equations is,

1
Tag =< F&”,Fgﬂ > —Zga5(< FIL,,,F‘W >)

An acceptable notion of the energy-momentum tensor T must satisfy the following
properties in addition of the conservation law (369),

(1) T is symmetric
(2) T satisfies the positive energy condition that is, T(X,Y) > 0, for any
future directed time-like vectors X,Y.

The symmetry property is automatic in our construction. The following proposition
asserts that the energy-momentum tensors of the field theories described above
satisfy the positive energy condition.

PROPOSITION 2.1. The energy-momentum tensor of the scalar wave equation sat-
isfies the positive energy condition if V' is positive. The energy- momentum tensors
for the wave maps, Mazwell equations and Yang-Mills satisfy the positive energy
condition.

Proof : To prove the positivity conditions consider two vectors X,Y, at some
point p € M, which are both causal future oriented. The plane spanned by X,Y
intersects the null cone at p along two null directions’. Let L, L be the two future
directed null vectors corresponding to the two complementary null directions and
normalized by the condition
<L/, L>=-2
i.e. they form a null pair. Since the vectorfields X,Y are linear combinations
with positive coefficients of L, L, the proposition will follow from showing that
T(L,L) >0, T(L,L) > 0 and T(L,L) > 0. To show this we consider a frame at
p formed by the vectorfields E, 1) = L, E,) = L and E(yy,. .., E_1) with the
properties,
< E@y, By >=< E), By >=0
and
< By, By >= 0y

foralli,j=1,...,n— 1. A frame with these properties is called a null frame.

If X,Y are linearly dependent any plane passing through their common direction will do.
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We now calculate, in the case of the wave equation,

T(LL) = E()
T(LL) = 5L

which are clearly non-negative. Now,

T(L.L) = 5 [LO)L() + (666 +2V (9)]

and we aim to express g"¢ ,¢ , relative to our null frame. To do this,
observe that relative to the null frame the only nonvanishing components
of the metric g, are,

gn(n+1):_2 ’ 917/:11:17”7*_1

and those of the inverse metric ¢g®° are
9 ’ Yt
Therefore,

9" b = —L(6)L(0) + |Vl

where

Vo> = (E1y(9))” + (E@)(8)* + ... Egi_1)(8)>.

Therefore,
1
T(L,L) = 5Vo +V(0).

For wave maps we have, according to the same calculation.

T(E,E) = % < E(¢), E(¢) >

T(EE) = 5<E0).E0)>
n—1

T(E,E) = %Z < E)(9), Ey(o) > .
i=1

The positivity of T' is then a consequence of the Riemannian metric i on
the target manifold N.

To show positivity for the energy momentum tensor of the Maxwell equa-
tions in 3 4+ 1 dimensions we first write the tensor in the more symmetric
form

1 * *
Tap = 5 (Fo "Fpy + "Fo " Fp) (370)

where *F' is the Hodge dual of F, i.e. *F,5 = % Easuw M.

Exercise. Check formula (370).

We introduce the following null decomposition of F at every point
peM,

oa = Fyy ; ay = Fy3



2. THE ENERGY-MOMENTUM TENSOR 167

which completely determines the tensor F. Here the indices A = 1,2
correspond to the directions F'1, F5 tangent to the sphere while the indices
3,4 correspond to E3 = L and E4 = L. We then calculate that for *F

"Fag = —"ay = ) "Fag = "oy
Fs4 =20 ) “Fz4 = —2p

where "oy =€ 4p ap. Here €4p is the volume form on the unit sphere,
hence € 45= % € AB34, 1.6. €E11=Egy= 0, €19= —€31 = 1. With this
notation we calculate,

2
1 1
T(Bay Ew) = 5 (F4A Fia+ g Fia- *F4A)
A=1
2
1
= 32 (aa-aataa-Tay)
A=1

2
= ZaA-aA:|a|220.
A=1

Similarly,

2
T(E@3), E)) = ZQA cay=la)*>0
A=1

and in the same vein we find
T(E,E)=p*+02>0

which proves our assertion.

(4) The positivity of the energy-momentum tensor of the Yang- Mills equa-
tions is proved in precisely the same manner as for the Maxwell equations,
using the positivity of the Killing scalar product < -,- >g.

Another important property which the energy momentum tensor of a field theory
may satisfy is the trace free condition, that is

gagTaﬂ =0.
It turns out that this condition is satisfied by all field theories which are conformally

invariant.

Definition. A field theory is said to be conformally invariant if the corresponding
action integral is invariant under conformal transformations of the metric

ap — goz,ﬁ = anﬁ
Q) a positive smooth function on the space-time.

PROPOSITION 2.2. The energy momentum tensor T of a conformally invariant field
theory is traceless.
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Proof: Consider an arbitrary smooth function f compactly supported in U C M.
Consider the following variation of a given metric g,

g;w(s) = esfg,uu-
Let S(s) = Sy[¢, g(s)]. In view of the covariance of S we have S(s) = S(0). Hence,
d v
0= 28(s)]um0 = /u T dug

where
d

g;w = %guu(s) = fg;uw

s=0
Hence, fu (T"g,.) fdvg = 0 and since f is arbitrary we infer that,
trl = g1, = 0.
|

We can easily check that the Maxwell and the Yang-Mills equations are conformally
invariant in 3 x 1-dimensions. The wave maps field theory is conformally invariant
in dimension 1+ 1, i.e. if the space-time M is two-dimensional®.

Remark: The action integral of the Maxwell equations, S = fz,{ FogFBdvg is
conformally invariant in any dimension provided that we also scale the electro-
magnetic field F. Indeed if o5 = Q?gag then dvg = Q" 'dvg and if we also set

Fop = Q*nTﬂFag we get

S[F, g]

/ FopF 588" dvg

/FaﬁFvég“gﬂ‘sdvg
= S[Fgl.

We finish this section with a simple observation concerning conformal field theories
in 141 dimensions. We specialize in fact to the Minkowski space R'*! and consider
the local conservation law, 0*T,,, = 0. Setting v = 0,1 we derive

Too+0'To1 =0, T +0'T11 =0 (371)

Since the energy-momentum tensor is trace-free, we get Too = T11 = A, say. Set
To; = Ti9 = B. Therefore (??) implies that both A and B satisfy the linear
homogeneous wave equation;

04 =0 = OB. (372)

Using this observation it is is easy to prove that smooth initial data remain smooth
for all time.

For example, wave maps are conformally invariant in dimension 1+ 1. In this case

1
A = Ty = §(< 0,00 > + < 010,050 >),

8Similarly for the linear scalar wave equation
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Given data in C§°(R), (372) implies that the derivatives of ¢ remain smooth for all
positive times. This proves global existence.

3. Conservation Laws

The energy-momentum tensor of a field theory is intimately connected with con-
servations laws. This connection is seen through Noether’s principle,

Noether’s Principle: To any one-parameter group of transformations preserving
the action there corresponds a conservation law.

We illustrate this fundamental principle as follows: Let S = S[t, g] be the action
integral of the fields 1. Let x; be a l-parameter group of isometries of M, i.e.,

(xt)+g = g. Then
S[(xt)«¥,8] = S[(xt)«¥, (x1)-8]
= S[y, gl

Thus the action is preserved under ) — (x¢)«%. In view of Noether’s Principle we
ought to find a conservation law for the corresponding Euler-Lagrange equations®.

We derive these laws using the Killing vectorfield X which generates y;.

We begin with a general calculation involving the energy-momentum tensor T of )
and an arbitrary vectorfield X. P the one-form obtained by contracting T with X.

Py =TasX"
Since T is symmetric and divergence-free
1

D°Py = (D"Tap) X7+ Tag (D*X7) = ST Moy
where (X )ﬂag is the deformation tensor of X.
O = (£x8),5 = DaXp + DpXa

Notation. We denote the backward light cone with vertex p = (£,z) € R"*! by
N=(tz)={(t,2) [0 <t < & |ow — 7| =1 — t}.

The restriction of this set to some time interval [t1,ts], t1 < ta < ¥, will be written

/\/'[;1 ta] (t,z). These null hypersurfaces are null boundaries of,
TNt = {(ta)|0<t<tlz—z[<t—1t}
Ty ®2) = {tz) 2 <t <tis|z—z| <t}

We shall denote by S; = S;(¢, %) and By = By(t, %) the intersection of the time slice
¥, with N, respectively J .

9The same argument holds for conformal isometries acting on a conformally invariant field
theory. We therefore also expect conservation laws in such a setting.
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At each point g = (¢,x) along N~ (p) , we define the null pair (E,, E_) of future
oriented null vectors
T, L=BE_ =08~ "y,

L:E+ == 8t+ —
|z — 7|

|z —Z|
Observe that both L, L are null and < L, L >= —2.

The following is a simple consequence of Stoke’s theorem, in the following form.

ProprosITION 3.1. Let P, be a one-form satisfying 0" P, = F. Then'°, for all

t; <ts <t,
(P.0)) + / (PE.) = /
N it ® B,

J,
/7 . (P,E):/: dt/st (P, E_) day.

[t1,t2]

(P,8;) — / Fdtdz (373)
‘7[’5_17%](1])

t2

where,

Applying this proposition to Stoke’s theorem to (373 ) we get

THEOREM 3.2. Let T be the energy-momentum tensor associated to a field theory
and X an arbitrary vector field. Then

(0., X) + T(E, X)
By, N[Zl,tz](p) By,

T(9, X) (374)

- T X, sdtdz
‘7[:1,752] (®)

In the particular case when X is Killing, its deformation tensor 7 vanishes identi-
cally. Thus,

COROLLARY 3.3. If X is a killing vectorfield,

/B T(@t,X)—F/

Ny 01 (P)
[t1,t2]
Moreover (375) remains valid if T is traceless and X is conformal Killing.

T(L, X) = / T(d,, X) (375)

to Btl

The identity (375) is usually applied to time-like future-oriented Killing vectorfields
X in which case the positive energy condition for T insures that all integrands in
(??7) will be positive. We know that, up to a Lorentz transformation the only
Killing, future oriented timelike vectorfield is a constant multiple of 9;. Choosing
X = 0; (375) becomes,

T(at,at)—i—/ T(E_,0) = | T(d,0) (376)
N, o ® B,

Biy [t1,t2

10The brackets (-,-) in (373) denote inner product with respect to the Minkowski metric.
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In the case of a conformal field theory we can pick X to be the future timelike,
conformal Killing vectorfield X = Ko = (¢2 + |z|?)0; + 2tx'9;. Thus,

T(9, Ko) + / T(L, Ko) = / (9, Ko) (377)
o B

By, [t1,t ]( ) t1

In (376) the term T(0;, 0;) is called energy density while T(E_, 0;) is called energy
flur density . The corresponding integrals are called energy contained in By,, and
B, and, respectively, fluz of energy through N'~. The coresponding terms in (377)
are called conformal energy densities, fluxes etc.

Equation (376) can be used to derive the following fundamental properties of rela-
tivistic field theories.

(1) Finite propagation speed
(2) Uniqueness of the Cauchy problem

Proof : The first property follows from the fact that, if [ By, T(d¢, 0) is zero at
time ¢ = ¢, then both integrals fB T(0, 0;) and fo (E_,(?t) must vanish

also. In view of the positivity propertles of the T it follows that the corresponding
integrands must also vanish. Taking into account the specific form of T, in a
particular theory, one can then show that the fields do also vanish in the domain
of influence of the ball B;,. Conversely, if the initial data for the fields vanish in
the complement of By, , the the fields are identically zero in the complement of the
domain of influence of of By, .

The proof of the second property follows immediately from the first for a linear
field theory. For a nonlinear theory one has to work a little more. [ |

Exercise.  Formulate an initial value problem for each of the field theories we
have encountered so far, scalar wave equation (SWE), Wave Maps (WM), Maxwell
equations (ME) and Yang-Mills (YM). Proof uniqueness of solutions to the initial
value problem, for smooth solutions.

The following is another important consequence of (376) and (377). To state the
results we introduce the following quantities,

) - / T (), 0) (t, )da (378)
£.(H) = / T (Ko, ) (1, 2)dz (379)

THEOREM 3.4 (Global Energy). For an arbitrary field theory, if £(0) < oo, then
E(t) = &(0) (380)
Moreover, for a conformal field theory, if £.(0) < oo,
Ec(t) = E:(0) (381)
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Proof: Follows easily by applying (376) and (377) to past causal domains J~ (p)
with p = (£,0) between t; = 0 and t5 = t and letting ¢ — +oo0. [ ]

3.5. Energy dissipation. In this section we shall make use of the global
conformal energy identity (381) to show how energy dissipates for a filed theories
in Minkowski space. Consider a conformal field theory defined on all of R**!. At
each point of R"*1, with ¢t > 0, define the standard null frame where

L = E+ = 815 + a,,n

L=E_ = 0;—90.
Observe that the conformal Killing vectorfield Ko = (t? + 72)0; + 2rtd, can be
expressed in the form,

1
KO = 5 [(t + T‘)2E+ + (t — T')2E,.}
Thus,
1 1
Et) = / Z(t + 72Ty + Z(t —r)PT__+ ((t+r)*+(t—r)*) Ty_da.
RTL
2(t2412)
1 2 L oo 2 1 2
= z(t—F’/’) T+++§(t +7r )T+_ +Z(t—’l") T__dZE (382)

E(0) = /n T(0, Ko)(0,z)dx = /n || T (0, 0y )dx

According to (381) we have E.(t) = £.(0). Assuming that £.(0) = [5., [x[*T (8, O;)dx
is finite we conclude that,

R

n t2
T ()i 5 0

o t

The remaining term in (382) contains the factor (¢ — r)? which is constant along
outgoing null directions r =t + ¢. Hence for any 0 < e < 1

/ T _ = 02
| >(1+e)t

/ T _ = 0@,
|z]<(1—e)t

We conclude that most of the energy of a conformal field is carried by the T__
component and propagates near the light cone.



CHAPTER 4

APPENDIX: BASIC GEOMETRIC NOTIONS

In what follows we give a short overview of the basic notions in Riemannian and
Lorentzian geometry. These will allow us to extend some of the basic facts about
the standard Laplace, Heat and Wave equations, to manifolds. It will also allow us
later to discuss more complicated nonlinear geometric equations.

0.6. Pseudo-riemannian metrics, tensor fields. A pseudo-riemannian man-
ifold ', or simply a spacetime, consist of a pair (M, g) where M is an orientable
p + g-dimensional manifold and g is a pseudo-riemannian metric defined on it, that
is a smooth, a non degenerate, 2-covariant symmetric tensor field of signature (p, q).
This means that at each point p € M one can choose a basis of p+¢q vectors, {e(q)},
belonging to the tangent space TM,,, such that

gle,e@) = Nap (383)

for all o, 3=0,1,...,n , where 7 is the diagonal matrix with —1 in the first p entries
and +1 in the last ¢q entries. If X is an arbitrary vector at p expressed, in terms of
the basis {e()}, as X = X%e(q), we have

g(X,X) = —(XH2 — ... — (XP)2 4 (XPTH)2 4 . 4 (XPH9)? (384)

The case when p = 0 and ¢ = n corresponds to Riemannian manifolds of dimension
n. The other case of interest for us is p = 1, ¢ = n which corresponds to a Lorentzian
manifolds of dimension n+ 1. The primary example of Riemannian manifold is the
Euclidean space R™. Any other Riemannian manifold looks, locally, like R™. Sim-
ilarly, the primary example of a Lorentzian manifold is the Minkowski spacetime,
the spacetime of Special Relativity. It plays the same role, in Lorentzian geometry,
as the Euclidean space in Riemannian geometry. In this case the manifold M is
diffeomorphic to R™*! and there exists globally defined systems of coordinates, 2,
relative to which the metric takes the diagonal form —1,1,...,1. All such systems
are related through Lorentz transformations and are called inertial. We shall denote
the Minkowski spacetime of dimension n + 1 by (R"*! m).

Relative to a given coordinate system z*, the components of a pseudo-riemannian
metric take the form

G = 80, 00)

I\We assume that our reader is already familiar with the basics concepts of differential ge-
ometry such as manifolds, tensor fields, covariant, Lie and exterior differentiation. For a short
introduction to these concepts see Chapter 2 of Hawking and Ellis, “The large scale structure of
space-time”, [6]
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where 0, = % are the associated coordinate vectorfields. We denote by g"* the
components of the inverse metric ¢! relative to the same coordinates x, and by |g]|
the determinant of the matrix g,,,. The volume element dvng of M is expressed, in

local coordinates, by \/|g|dz = /|g|dz" ...dz". Thus the integral [, fdvm of a

function f, supported in coordinate chart U C M is defined by [, f(z)+/|g(z)|dx.
The integral on M of an arbitrary function f is defined by making a partition of
unity subordinated to a covering of M by coordinate charts. One can easily check
that the definition is independent of the particular system of local coordinates.

In view of (384) we see that a Lorentzian metric divides the vectors in the tangent
space TM,, at each p, into timelike, null or spacelike according to whether the
quadratic form

(Xa X) = g,ul/XﬂXV (385)

is, respectively, negative, zero or positive. The set of null vectors N,, forms a double
cone, called the null cone of the corresponding point p. The set of timelike vectors
1, forms the interior of this cone. The vectors in the union of I, and N, are called
causal. The set S, of spacelike vectors is the complement of I, U IN,,.

A frame ey verifying (383) is said to be orthonormal. In the case of Lorentzian
manifolds it makes sense to consider, in addition to orthonormal frames, null frames.
These are collections of vectorfields? e, consisting of two null vectors e,41, e, and
orthonormal spacelike vectors (eq)g=1,... ,n—1 Which verify,

g(en, en) = glens1,ns1) =0, glen, eni1) = —2
g(en7 ea) = g(en+17 ea) =0, g(eaa 6b) = dap

One-forms A = A,dx® are sections of the cotangent bundle of M. We denote
by A(X) the natural pairing between A and a vectorfield X. We can raise the
indices of A by A* = g®#Az. A’ = A%9,, defines a vectorfield on M and we have,
A(X) =g(A’, X). Covariant tensors A of order k are k-multilinear forms on 7M.

Notation: We will use the following notational conventions: We shall use bold-
face characters to denote important tensors such as the metric g, and the Riemann
curvature tensor R. Their components relative to arbitrary frames will also be de-
noted by boldface characters. Thus, given a frame {e(q)} we write gos = g(€a,€s),
Rogys = R(ea, e, €4, €5) and, for an arbitrary tensor T,

Ta,B'y(S... = T(eon €3, €, €5, )

‘We shall not use boldface characters for the components of tensors, relative to a
fixed system of coordinates. Thus, for instance, in (385) g, = g( 0_ 93 In the

oxH )’ dxv
case of a Riemannian manifold we use latin letters ¢, j,k,[,... to denote indices
of coordinates z',z2,... 2™ or tensors. For a Lorentzian manifold we use greek
letters a, 3,7, ... to denote indices 0,1, ... ,n.

2We write eq instead of €(a) to simplify the notation, whenever there can be no confusion.
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We will review the following topics below:
1.) Lie brackets of vectorfields. Frobenius theorem
2.) Lie derivative of a tensorfield
3.)  Multilinear forms and exterior differentiation
4.) Connections and covariant derivatives
5.) Pseudo-riemannian metrics. Riemannian and Lorentzian geometry.
6.) Levi-Civita connection associated to a pseudo-riemannian metric.
7.) Parallel transport, geodesics, exponential map, completeness

8.)  Curvature tensor of a pseudo-riemannian manifold. Symmetries. First and
second Bianchi identities.

9.)  Isometries and conformal isometries. Killing and conformal Killing vector-
fields.

0.7. Covariant derivatives, Lie derivatives. We recall here the three fun-
damental operators of the differential geometry on a Riemann or Lorentz manifold:
the exterior derivative, the Lie derivative, and the Levi-Civita connection with its
associated covariant derivative.

0.7.1. The exterior derivative. Given a scalar function f its differential df is
the 1-form defined by

df (X) = X(f)
for any vector field X. This definition can be extended for all differential forms on
M in the following way:

i) dis alinear operator defined from the space of all k-forms to that of k+ 1-forms
on M. Thus for all k-forms A,B and real numbers A,

d(MA + puB) = MdA + pdB
ii) For any k-form A and arbitrary form B
d(ANB)=dAANB+(-1)*ANdB
iii) For any form A,
d?A=0.
We recall that, if ® is a smooth map defined from M to another manifold M’, then
d(®*A) = *(dA) .
Finally if A is a one form and X,Y arbitrary vector fields, we have the equation

4ACX.Y) = 5 (X(AE) - Y(AG0) - A@X.Y) )
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where [X,Y] is the commutator X(Y) — Y(X). This can be easily generalised to
arbitrary k forms, see Spivak’s book, Vol.I, Chapter 7, Theorem 13. [17]

0.7.2. The Lie derivative. Consider an arbitrary vector field X. In local coor-
dinates z*, the flow of X is given by the system of differential equations

dz# ” ptq
— = XN (1), 2" ())

The corresponding curves, z*(t), are the integral curves of X. For each point p € M
there exists an open neighborhood U, a small € > 0 and a family of diffeomorphism
O, : U — M, [t| < ¢, obtained by taking each point in U to a parameter distance
t, along the integral curves of X. We use these diffeomorphisms to construct, for
any given tensor T at p, the family of tensors (®;).T at ®;(p) .

The Lie derivative LxT of a tensor field T, with respect to X, is:
o1
LxT|p, = tlg% 7 (Tp = (), Tp) -

It has the following properties:

i) Lx linearly maps (p, ¢)-tensor fields into tensor fields of the same type.
ii) Lx commutes with contractions.

iii)  For any tensor fields S, T,
Lx(SQRT)=LxS@T+SQLxT .

If X is a vector field we easily check that
»CXY = [Xv Y]
by writing (LxY)" = =4 ((®,).Y)" . and expressing (®;),Y)!| = %@()‘m}’j ,
t= p q
where ¢ = ®_;(p). (See [6], Hawking and Ellis, section 2.4 for details.)

If A is a k-form we have, as a consequence of the commutation formula of the
exterior derivative with the pull-back ®*,

d(LxA) = Lx(dA) .

For a given k-covariant tensorfield 1" we have,

k
LxT(Ye,..., Vi) = XT(V1,... . Ye) = Y T(V1,...,LxY;,... Vi)
=1

We remark that the Lie bracket of two coordinate vector fields vanishes,

1o} 0
[axax} =0

The converse is also true, namely, see Spivak, [17], Vol.I, Chapter 5,
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PROPOSITION 0.8. If X(g), ...., X(x) are linearly independent vector fields in a neigh-
bourhood of a point p and the Lie bracket of any two of them is zero then there exists
a coordinate system z#, around p such that X, = % for each p=0,...k .

The above proposition is the main step in the proof of Frobenius Theorem. To state
the theorem we recall the definition of a k-distribution in M. This is an arbitrary
smooth assignment of a k-dimensional plane m, at every point in a domain U of
M. The distribution is said to be involute if, for any vector fields X,Y on U with
X|p, Y|y € mp, for any p € U, we have [X,Y]|, € m,. This is clearly the case for
integrable distributions®. Indeed if X|,,Y|, € TN, for all p € N, then X,Y are
tangent to N and so is also their commutator [X,Y]. The Frobenius Theorem
establishes that the converse is also true?, that is being in involution is also a
sufficient condition for the distribution to be integrable,

THEOREM 0.9. (Frobenius Theorem) A necessary and sufficient condition for a
distribution (mp) ;s to be integrable is that it is involute.

0.9.1. The connection and the covariant derivative. A connection D is a rule
which assigns to each vectorfield X a differential operator D x. This operator maps
vector fields Y into vector fields DxY in such a way that, with o, 8 € R and f, g
scalar functions on M,

a) DyxyyvZ = fDxZ + gDy Z
b) Dx(aY +8Z) =aDxY + DxZ (386)
¢) DxfY = X()Y + fDxY

Therefore, at a point p,

DY =Y %0 ® ey (387)
where the 8(%) are the one-forms of the dual basis respect to the orthonormal frame
e(p)- Observe that Y5 = 9(“)(DG(B)Y). On the other side, from c),

DfY =df Y + fDY

so that
DY = D(Yae(a)) =dY*® €a) T YaDe(a)

and finally, using df () = e(q) ()0 (-),
DY = (e(s) (V™) + Y70 (Do ) ) 07 @ ey (388)
Therefore
Y = ea)(Y) 4T3,V
and the connection is, therefore, determined by its connection coefficients,
Ty = 0 (Degey) (389)
3Recall that a distribution 7 on U is said to be integrable if through every point p € U there

passes a unique submanifold N, of dimension k, such that 7w, = TN).
4For a proof see Spivak, citeSpivak, Vol.I, Chapter 6.
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which, in a coordinate basis, are the usual Christoffel symbols and have the expres-
sion

0
- H P
If, =det(Da =

)

Finally
DxY = (X(Y*) +I§,X°Y7) ey (390)
In the particular case of a coordinate frame we have

oYV
OxH

v g 8
+TY, XPY ) 507

xl/

DyY = (X“

A connection is said to be a Levi-civita connection if Dg = 0. That is, for any
three vector fields X,Y, Z,

Z(g(X,Y)) =g(DzX,Y)+g(X,DzY) (391)

A very simple and basic result of differential geometry asserts that for any given
metric there exists a unique affine connection associated to it.

ProroOSITION 0.10. There exists a unique connection on M, called the Levi-Civita
connection, which satisfies Dg = 0. The connection is torsion free, that is,

DyY -DyX = [X,Y].

Moreover, relative to a system of coordinates, x*, the Christoffel symbol of the
connection is given by the standard formula

1 T
Fﬁv = 59# (apgl/‘r + 6u97’p - aTng) .

Exercise: Prove the proposition yourself, without looking in a book.

So far we have only defined the covariant derivative of a a vector field. We can
easily extend the definition to one forms A = A,dz* by the requirement that,
X(A(Y)) =DxA(Y) + A(DxY),

for all vectorfields X, Y. Given a k-covariant tensor field T we define its covariant
derivative DxT by the rule,

k
DxT(Y1,...,Y) = XT(Y1,...,Ys) —ZT(Yl,... ,DxY;,....Y})
=1

We can talk about DT as a covariant tensor of rank k + 1 defined by,
DT(X,Y1,...,Yy) =DxT(Y1,...,Ys).

Given a frame e, we denote by Ty, ... a,:8 = DT(€3,€q,,--- ,€q,) the components
of DT relative to the frame. By repeated covariant differentiation we can define
D2T,...D™T. Relative to a frame e, we write,

Dﬁl s DﬁmTOéln-ak = Tal---ak;ﬁ1---ﬁm = DmT(eﬁl s €85 Cagy ey eak)'
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The fact that the Levi-Civita connection is torsion free allows us to connect covari-
ant differentiation to the Lie derivative. Thus, if T" is a k-covariant tensor we have,
in a coordinate basis,

(‘CXT)O'l...Uk = XHTol...Uk;u + Xl—go—lzjuag...ak + ...+ X'u;lg—kTal...O'kflu .

The covariant derivative is also connected to the exterior derivative according to
the following simple formula. If A is a k-form, we have® Ay A
and

mUk,;lJ«] = Ulmtfk,u]

dA =" Ag, oppda? Nda® Adz® A ... \da* .

Given a smooth curve x : [0,1] — M, parametrized by ¢, let T = (%)X be the
corresponding tangent vector field along the curve. A vector field X, defined on
the curve, is said to be parallelly transported along it if D7 X = 0. If the curve
has the parametric equations ¥ = z"(t), relative to a system of coordinates, then
T = dst“ and the components X* = XH*(x(t)) satisfy the ordinary differential
system of equations

D dxr da?
Zxh = h & xyo
S X = e Tl (x(1) - X7 =0

The curve is said to be geodesic if, at every point of the curve, DT is tangent
to the curve, DT = AT. In this case one can reparametrize the curve such that,
relative to the new parameter s, the tangent vector S = (%)X satisfies DgS =0 .
Such a parameter is called an “affine parameter”. The affine parameter is defined
up to a transformation s = as’+b for a, b constants. Relative to an affine parameter

s and arbitrary coordinates z* the geodesic curves satisfy the equations
d?zH dxP dx°

+ v

ds? P ds ds

A geodesic curve parametrized by an affine parameter is simply called a geodesic.
In Lorentzian geometry timelike geodesics correspond to world lines of particles

freely falling in the gravitational field represented by the connection coefficients. In
this case the affine parameter s is called the proper time of the particle.

Given a point p € M and a vector X in the tangent space T,M, let x(¢) be the
unique geodesic starting at p with “velocity” X. We define the exponential map:

exp, : I,M — M .

This map may not be defined for all X € T,M. The theorem of existence and
uniqueness for systems of ordinary differential equations implies that the exponen-
tial map is defined in a neighbourhood of the origin in T, M. If the exponential
map is defined for all T,M, for every point p the manifold M is said geodesically
complete. In general if the connection is a C” connection® there exists an open
neighbourhood Uy of the origin in 7,M and an open neighbourhood of the point

5[01~-ka; u] indicates the antisymmetrization with respect to all indices (i.e. %(alternating
sum of the tensor over all permutations of the indices)) and “, 1” indicates the ordinary derivative
with respect to xz*.

6A CT connection is such that if Y is a C*! vector field then DY is a C™ vector field.
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p in M, V,, such that the map exp, is a C" diffeomorphism of Uy onto V. The
neighbourhood V), is called a normal neighbourhood of p.

0.11. Riemann curvature tensor, Ricci tensor, Bianchi identities. In
the flat spacetime if we parallel transport a vector along any closed curve we obtain
the vector we have started with. This fails in general because the second covariant
derivatives of a vector field do not commute. This lack of commutation is measured
by the Riemann curvature tensor,

R(X,Y)Z =Dx(DyZ) - Dy(DxZ) - Dix v|Z (392)
or written in components relative to an arbitrary frame,
R ;=0 ((D,Ds — DsD,)e(s) (393)

Relative to a coordinate system z* and written in terms of the g,,, components,
the Riemann components have the expression

I
R:, = sy LY e T —TH T (394)

vpo Oz - ox° pT+ oV oTt pv

The fundamental property of the curvature tensor, first proved by Riemann, states
that if R vanishes identically in a neighbourhood of a point p one can find families
of local coordinates such that, in a neighbourhood of p, g, = 1, 7

The trace of the curvature tensor, relative to the metric g, is a symmetric tensor
called the Ricci tensor,
Raﬂ = g’yéRa’yﬁﬁ
The scalar curvature is the trace of the Ricci tensor
R =g"R,s .
The Riemann curvature tensor of an arbitrary spacetime (M, g) has the following
symmetry properties,

Ra,@'\/& = _Rﬁa'yé = _Roc,(i’ﬁ’y = R'y(iozﬁ
Raﬁ'y& + Ra’y&ﬂ + Ra5ﬁ'y =0 (395)
The second identity in (395) is called the first Bianchi identity.

It also satisfies the second Bianchi identities, which we refer to here as the Bianchi
equations and, in a generic frame, have the form:

D[GR'yé]aﬂ =0 (396)

The traceless part of the curvature tensor, C is called the Weyl tensor, and has the
following expression in an arbitrary frame,

1
Capys = Rapys ——— (8arRgs + gssRay — 83/ Ras — 8asRpy)

1
—— 8« — Ba R
+ n(n — 1) (g ~835 — 8 Jgﬂ’}’) (397)

"For a thorough discussion and proof of this fact, refer to Spivak, [17], Vol. II.
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Observe that C verifies all the symmetry properties of the Riemann tensor:

Capys = —Cpgays = —Capsy = Crsap
Caﬁ'yﬁ + Ca'yéﬁ + Caéﬁ’y =0 (398)
and, in addition, g*7Cupys =0 .

We say that two metrics g and g are conformal if § = A2g for some non zero
differentiable function A. Then the following theorem holds (see Hawking- Ellis,
[6], chapter 2, section 2.6):

THEOREM 0.12. Let § = \g, C the Weyl tensor relative to g and C the Weyl
tensor relative to g. Then
Ao e
Bys T B6 -
Thus C is conformally invariant.

0.13. Isometries and conformal isometries, Killing and conformal
Killing vector fields. Definition. A diffeomorphism ® : i/ € M — M is said
to be a conformal isometry if, at every point p, ®,.g = A2g, that is,

(©*g)(X,Y)]p = 8(2:X, 0.Y)|a(p) = A%g(X, V)],
with A £ 0. If A =1, ® is called an isometry of M.

Definition. A vector field K which generates a one parameter group of isome-
tries (respectively, conformal isometries) is called a Killing (respectively, conformal
Killing) vector field.

Let K be such a vector field and ®; the corresponding one parameter group. Since
the (®;). are conformal isometries, we infer that £xg must be proportional to the
metric g. Moreover Lig = 0 if K is a Killing vector field.

Definition. Given an arbitrary vector field X we denote (X)r the deformation
tensor of X defined by the formula

(X)ﬂ'ag = (EXg)aﬁ = Dan + DBXQ .

The tensor (X)7 measures, in a precise sense, how much the diffeomorphism gener-
ated by X differs from an isometry or a conformal isometry. The following Propo-
sition holds, (see Hawking-Ellis, citeHawkEll, chapter 2, section 2.6):

PROPOSITION 0.14. The vector field X is Killing if and only if )7 = 0. It is
conformal Killing if and only if ) is proportional to g.

Remark: One can choose local coordinates such that X = %. It then immedi-
ately follows that, relative to these coordinates the metric g is independent of the

component, x*.

ProprosITION 0.15.  On any pseudo-riemannian spacetime M, of dimension n =
p + q, there can be no more than %(p +q)(p+ q+ 1) linearly independent Killing
vector fields.
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Proof: Proposition 0.15 is an easy consequence of the following relation, valid for
an arbitrary vector field X, obtained by a straightforward computation and the use
of the symmetries of R.

DpDaXy = Raaps X + F (399)
where

X pr = = (DpTar + Damsr — Damags) (400)

N | =

and m = 1 is the X deformation tensor.

If X is a Killing vector field equation (399) becomes
Dj(Do X)) = Raaps X° (401)

and this implies, in view of the theorem of existence and uniqueness for ordinary
differential equations, that any Killing vector field is completely determined by the
%(n +1)(n+2) values of X and DX at a given point. Indeed let p, ¢ be two points
connected by a curve z(t) with tangent vector T. Let L, = D, X3, Observe that
along z(t), X, L verify the system of differential equations

D D
—X=T-L —L=R(,-, X, T

dt ) dt ( A ) )

therefore the values of X, L along the curve are uniquely determined by their values
at p.

The n-dimensional Riemannian manifold which possesses the maximum number of
Killing vector fields is the Euclidean space R™. Simmilarily the Minkowski space-
time R™*! is the Lorentzian manifold with the maximum numbers of Killing vec-
torfields.

0.16. Laplace-Beltrami operator. The scalar Laplace-Beltrami operator
on a pseudo-riemannian manifold M is defined by,

Apmu(z) = g*'D,Dyu (402)

where u is a scalar function on M. Or, in local coordinates,

1
—9,,(g"" z)|0,)u(x 403
0] (9" |9(2) |0, )u(z) (403)

The Laplace-Beltrami operator is called D’Alembertian in the particular case of a
Lorentzian manifold, and is then denoted by [ps. On any pseudo-riemannian man-
ifold, Apg is symmetric relative to the following scalar product for scalar functions
U, v:

Apmu(z) =

(u,v)m = /u(x)v(m)de
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Indeed the following identities are easily established by integration by parts, for
any two smooth, compactly supported® functions u, v,

(—Au,v)m = / Vu - Vudom = (u, —Av)m (404)
M

where Vu-Vv = ¢"9;ud;v. In the particular case when u = v we derive, (—Au, v)p =
Jor IVul?, with [Vu|? = Vu - Vu. Thus, —A = —Ap is symmetric for functions
u € C°(M). It is positive definite if the manifold M is Riemannian. This is not
the case for Lorentzian manifolds: [y is non-definite.

8This is automatically satisfied if the manifold M is compact.
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