CHAPTER 7

Suspended families and the resolvent

For a compact manifold, M, the Sobolev spaces H*(M; E) (of sec-
tions of a vector bundle F) are defined above by reference to local
coordinates and local trivializations of E. If M is not compact (but is
paracompact, as is demanded by the definition of a manifold) the same
sort of definition leads either to the spaces of sections with compact
support, or the “local” spaces:

(0.1) H(M;E) C Hi (M;E), s €R.

Thus, if F, : Q, — €2 is a covering of M, for a € A, by coordinate
patches over which E is trivial, T, : (F;)*E = CV, and {p,} is a
partition of unity subordinate to this cover then

(02)  peHp(M;B) & T(E, ") (pun) € HY(Qi CY) ¥ a.

Practically, these spaces have serious limitations; for instance they
are not Hilbert or even Banach spaaces. On the other hand they cer-
tainly have their uses and differential operators act on them in the
usual way,

P € Diff"(M;E) =
(0.3) PHST™(M:Ey) — HE (M:E_),

loc

P:H"™(M;E,) — H}(M;E_).

However, without some limitations on the growth of elements, as is the
case in HY (M; E), it is not reasonable to expect the null space of the
first realization of P above to be finite dimensional. Similarly in the
second case it is not reasonable to expect the operator to be even close

to surjective.

1. Product with a line

Some corrections from Fang Wang added, 25 July, 2007.

Thus, for non-compact manifolds, we need to find intermediate
spaces which represent some growth constraints on functions or dis-
tributions. Of course this is precisely what we have done for R" in
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168 7. SUSPENDED FAMILIES AND THE RESOLVENT

defining the weighted Sobolev spaces,
(1.1) HY(R") = {u € §'(R"); (z) 'u € H(R")}.

However, it turns out that even these spaces are not always what we
want.

To lead up to the discussion of other spaces I will start with the
simplest sort of non-compact space, the real line. To make things more
interesting (and useful) I will conisider

(1.2) X=RxM

where M is a compact manifold. The new Sobolev spaces defined
for this product will combine the features of H*(R) and H*(M). The
Sobolev spaces on R™ are associated with the translation action of R"
on itself, in the sense that this fixes the “uniformity” at infinity through
the Fourier transform. What happens on X is quite similar.

First we can define “tempered distributions” on X. The space of
Schwartz functions of rapid decay on X can be fixed in terms of differ-
ential operators on M and differentiation on R.

(1.3)

&Rwaz{umbuwﬁc;wpwaMnﬂ<mvakyPeM$m@}
Rx M

EXERCISE 1. Define the corresponding space for sections of a vector
bundle E over M lifted to X and then put a topology on S(R x M; E)
corresponding to these estimates and check that it is a complete metric
space, just like S(R) in Chapter 3.

There are several different ways to look at
SR xM)CC®RxM).
Namely we can think of either R or M as “coming first” and see that
(1.4) S(R x M) =C>®(M;S(R)) =S(R;C>*(M)).

The notion of a C*> function on M with values in a topological vector
space is easy to define, since C°(M;S(R)) is defined using the metric
space topology on S(R). In a coordinate patch on M higher deriva-
tives are defined in the usual way, using difference quotients and these
definitions are coordinate-invariant. Similarly, continuity and differen-
tiability for a map R — C*°(M) are easy to define and then

(1.5)

S(R;C*(M)) = {u :R — C>®(M); sup HtkDqucl(M) < oo, VEk, p, l} :
t
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Using such an interpretation of S(R x M), or directly, it follows
easily that the 1-dimensional Fourier transform gives an isomorphism
F:SRxM)—SRx M) by

(1.6) Fult,:) — a(r, ) = /Re_itTu(t, - dt.

So, one might hope to use F to define Sobolev spaces on R x
M with uniform behavior as ¢ — oo in R. However this is not so
straightforward, although I will come back to it, since the 1-dimensional
Fourier transform in (1.6) does nothing in the variables in M. Instead
let us think about L?(R x M), the definition of which requires a choice
of measure.

Of course there is an obvious class of product measures on R x M,
namely dt - vy, where vy, is a positive smooth density on M and dt is
Lebesgue measure on R. This corresponds to the functional

(1.7) /:C?(RXM)BUn—>/u(t,~)dt~V€C.

The analogues of (1.4) correspond to Fubini’s Theorem.

(1.8)

LA(R x M) = {u : R x M — C measurable; /]u(t, 2)Pdtv, < oo} / ~ a.e.

LR x M) = LX(R; L*(M)) = L*(M; L*(R)).

Here the subscript “ti” is supposed to denote translation-invariance (of
the measure and hence the space).

We can now easily define the Sobolev spaces of positive integer
order:

(1.9) H™R x M) = {u e LA(R x M);
DiPiue LR x M)Yj<m—k 0<k<m, Pe Diff’f(M)}.

In fact we can write them more succinctly by defining
(1.10)

DiffE (Rx M) = {Q eDIff"(Rx M); Q= > DIP;, Pje Diffmj(M)} :

0<j<m

This is the space of “t-translation-invariant” differential operators on

R x M and (1.9) reduces to

(1.11)

HI'RxM)={ue Li(Rx M); Pue LR x M), V P € Diff /(R x M)} .
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I will discuss such operators in some detail below, especially the
elliptic case. First, we need to consider the Sobolev spaces of non-
integral order, for completeness sake if nothing else. To do this, observe
that on R itself (so for M = {pt}), LA(R x {pt}) = L*(R) in the usual
sense. Let us consider a special partition of unity on R consisting of
integral translates of one function.

DEFINITION 1.1. An element p € C°(R) generates a ‘ti-partition
of unity” (a non-standard description) on R if 0 < p < 1 and

ot — k) = L.

It is easy to construct such a u. Just take py € C°(R), uy > 0 with
pi(t) = 1in |t| < 1/2. Then let

F(t) =3 mlt —K) € C*(R)
kEZ
since the sum is finite on each bounded set. Moreover F'(t) > 1 and is
itself invariant under translation by any integer; set u(t) = pi(t)/F(t).
Then p generates a ti-partition of unity.
Using such a function we can easily decompose L*(R). Thus, setting

Tk(t) =1t — k,
(1.12)
feL*R) < (rffljueLli (R)VEk€EZand Z/ |7 ful® dt < .

keZ
Of course, saying (77 f)u € L2 (R) is the same as (77 f)u € LA(R).

Certainly, if f € L*(R) then (7} f)u € L*(R) and since 0 < p < 1 and
supp(u) C [—R, R] for some R,

> [icinut <c [ it

Conversely, since » ;. o =1 on [—1, 1] for some T', it follows that

[isra<c s [ .
k

Now, Dyt f = 15(D:f), so we can use (1.12) to rewrite the definition
of the spaces HE(R x M) in a form that extends to all orders. Namely
(1.13)

u€ HyR x M) < (rpu)p € H{(R x M) and ) _|I77u|
k

s < OO

provided we choose a fixed norm on H?(R x M) giving the usual topol-
ogy for functions supported in a fixed compact set, for example by em-
bedding [T, T] in a torus T and then taking the norm on H*(T x M).
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LEMMA 1.2. With Dift}! (Rx M) defined by (1.10) and the translation-
invariant Sobolev spaces by (1.13),

P e Diff(R x M) =

1.14
(1.14) P HS™(R x M) — Hi(R x M) Vs € R.

Proor. This is basically an exercise. Really we also need to check
a little more carefully that the two definitions of Ht(iR x M) for k a
positive integer, are the same. In fact this is similar to the proof of
(1.14) so is omitted. So, to prove (1.14) we will proceed by induction
over m. For m = 0 there is nothing to prove. Now observe that the
translation-invariant of P means that Priu = 7;;(Pu) so

(1.15) we HS™(R x M) =
P(ryup) = 77 (Pu) + Y 7 (Powu) Dy ™ i, Py € Diffy (R x M).

m/'<m

The left side is in H3(R x M), with the sum over k of the squares
of the norms bounded, by the regularity of u. The same is easily seen
to be true for the sum on the right by the inductive hypothesis, and
hence for the first term on the right. This proves the mapping property
(1.14) and continuity follows by the same argument or the closed graph
theorem. O

We can, and shall, extend this in various ways. If E = (Fy, Ey) is a
pair of vector bundles over M then it lifts to a pair of vector bundles
over R x M, which we can again denote by E. It is then straightforward
to define Diff{} (R x M);E) and the Sobolev spaces H5 (R x M; E;) and
to check that (1.14) extends in the obvious way.

Then main question we want to understand is the invertibility of
an operator such as P in (1.14). However, let me look first at these
Sobolev spaces a little more carefully. As already noted we really have
two definitions in the case of positive integral order. Thinking about
these we can also make the following provisional definitions in terms of
the 1-dimensional Fourier transform discussed above — where the ‘H’
notation is only temporary since these will turn out to be the same as
the spaces just considered.
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For any compact manifold define

(1.16)
Hi(R x M) ={u e L*(R x M);

ol = [ (1130 g + [ latr
(1.17)

HiRx M) ={ue SR x M);u=u + us,
ur € L*(R; H (M), up € L*(M; H*(R)) }, [|ull? = inf [Jua||* + [Juz[*, s < 0.

HSM))dT<OO} S>O

The following interpolation result for Sobolev norms on M should
be back in Chapter 5.

LEMMA 1.3. If M is a compact manifold or R™ then for any my >
mo > m3 and any R, the Sobolev norms are related by

(118)  ullmg < C (1 + R)™ ™™ lullmy + (1 + R)™ 7™ fullm, ) -

PrRoOOF. On R”™ this follows directly by dividing Fourier space in
two pieces

(1.19)

2 — 2m2Ad 2m2Ad
Jull2, /IC ol + /IC (Gl
< (R)20moma) / (C)¥™ | ald¢ + (R)2m2=ms) / (C)*™s|ald¢

>R CI<R
< (R |2 (RO 7

On a compact manifold we have defined the norms by using a partition
¢; of unity subordinate to a covering by coordinate patches F; : Y; —
Ul -

(1.20) lulls = Z 1) (@i,

where on the right we are using the Sobolev norms on R™. Thus, ap-
plying the estimates for Kuclidean space to each term on the right we
get the same estimate on any compact manifold. U

COROLLARY 14. If u € ﬁ;(R x M), for s > 0, then for any
0<t<s

(1.21) / ()i, )2

Hsft(M)dT < 0

which we can interpret as meaning ‘u € HY(R; H*(M)) oru € H5*(M; H*(R)).’
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PROOF. Apply the estimate to u(r,-) € H*(M), with R = |7|,
my = s and mg = 0 and integrate over 7. ]

LEMMA 1.5. The Sobolev spaces Hj(R x M) and Hi(R x M) are
the same.

PROOF. O

LEMMA 1.6. For 0 < s < 1u € H (R x M) if and only if u €
L*R x M) and

(1.22)
t _ t/ 2 t AN t 2
/ [ult, 2) /%£+iz)‘ dtdt’IH—/ [ult, 2) /ZEQ’Z” dtv(z)v(2') < oo,
R2x M [t —t| Rx M2 p(z,2')* 2
n = dim M,

where 0 < p € C®(M?) vanishes exactly quadratically at Diag C M?.

Proor. This follows as in the cases of R” and a compact manifold
discussed earlier since the second term in (1.22) gives (with the L?
norm) a norm on L?(R; H*(M)) and the first term gives a norm on
L*(M; H*(R)). O

Using these results we can see directly that the Sobolev spaces in
(1.16) have the following ‘obvious’ property as in the cases of R™ and
M.

LEMMA 1.7. Schwartz space S(R x M) = C>*(M;S(R)) is dense in
each Hi(R x M) and the L* pairing extends by continuity to a jointly
continuous non-degenerate pairing

(1.23) H;(Rx M)x H;*(Rx M) — C
which identifies H,;*(R x M) with the dual of Hi,(Rx M) for any s € R.

PRrOOF. I leave the density as an exercise — use convolution in R
and the density of C>°(M) in H*(M) (explicity, using a partition of
unity on M and convolution on R" to get density in each coordinate
patch).

Then the existence and continuity of the pairing follows from the
definitions and the corresponding pairings on R and M. We can assume
that s > 0 in (1.23) (otherwise reverse the factors). Then if u €
H{(R x M) and v =v1 + vy € H*(R x M) as in (1.17),

(1.24) (u,v):/R(u(t,-),ul(t,~))dt—|—/M(u(~,z),v2(~,z))yz
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where the first pairing is the extension of the L? pairing to H*(M) x
H~*(M) and in the second case to H*(R) x H~*(R). The continuity of
the pairing follows directly from (1.24).

So, it remains only to show that the pairing is non-degenerate — so
that

(1.25) HP*(RxM)>0v+— sup |(u,v)|

llull g, (e x 2y =1

is equivalent to the norm on H;*(R x M). We already know that this
is bounded above by a multiple of the norm on H® so we need the
estimate the other way. To see this we just need to go back to Euclidean
space. Take a partition of unity v; with our usual ¢; on M subordinate
to a coordinate cover and consider with ¢; = 1 in a neighbourhood of
the support of ;. Then

allows us to extend ;v to a continuous linear functional on H*(R")
by reference to the local coordinates and using the fact that for s > 0
(F71)*(¢u) € H*(R™1). This shows that the coordinate representative
of 1;v is a sum as desired and summing over ¢ gives the desired bound.

0

2. Translation-invariant Operators

Some corrections from Fang Wang added, 25 July, 2007.

Next I will characterize those operators P € Diff{! (R x M; E) which
give invertible maps (1.14), or rather in the case of a pair of vector
bundles E = (Ey, Ey) over M :

(2.1) P: HSP™RxM; Ey) — Hi(RxM; Es), P € Diff *(Rx M;E).

This is a generalization of the 1-dimensional case, M = {pt} which we
have already discussed. In fact it will become clear how to generalize
some parts of the discussion below to products R™ x M as well, but
the case of a 1-dimensional Euclidean factor is both easier and more
fundamental.

As with the constant coefficient case, there is a basic dichotomy
here. A t-translation-invariant differential operator as in (2.1) is Fred-
holm if and only if it is invertible. To find necessary and sufficient
conditons for invertibility we will we use the 1-dimensional Fourier
transform as in (1.6).

It

(22) P €Difff (R x M);E) <= P =Y DiP;, P; € Diffi" '(M;E)

1=0
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then
P:S(R x M;E;) — S(R x M; E,)
and
(2.3) Pu(r,) =Y r'Pi(r, )
i=0

where u(7, ) is the 1-dimensional Fourier transform from (1.6). So we
clearly need to examine the “suspended” family of operators

(2.4) P(r)=> 7'P, € C* (C;Diff"(M;E)).

i=0
I use the term “suspended” to denote the addition of a parameter
to Diftf™(M;E) to get such a family—in this case polynomial. They
are sometimes called “operator pencils” for reasons that escape me.
Anyway, the main result we want is

THEOREM 2.1. If P € Diff]!(M;E) is elliptic then the suspended
family P(T) is invertible for all T € C\ D with inverse

(2.5) P(r)™": H*(M; Ey) — H*™™(M; E))

where

(2.6) D C Cis discrete and D C {Tr € C; |Re7| <c¢|Im7|+1/c}
for some ¢ > 0 (see Fig. 7?7 — still not quite right).

In fact we need some more information on P(7)~! which we will
pick up during the proof of this result. The translation-invariance of
P can be written in operator form as

(2.7) Pu(t+s,-) = (Pu)(t+s, ) VseR

LEmMMA 2.2. If P € Diff}]}(R x M;E) is elliptic then it has a para-
metriz

(2.8) Q: SR x M;Ey)) — S(R x M; Ey)

which is translation-invariant in the sense of (2.7) and preserves the
compactness of supports in R,

(2.9) Q:CX(R x M; Ey) — C*(R x M; Ey)

PROOF. In the case of a compact manifold we contructed a global
parametrix by patching local parametricies with a partition of unity.
Here we do the same thing, treating the variable ¢t € R globally through-
out. Thus if F, : Q, — € is a coordinate patch in M over which E}
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and (hence) Fy are trivial, P becomes a square matrix of differential
operators

Pu(z, Dy, D) -+ Pu(z,Dy, D)
(2.10) P, = : :
Pll(Z7-Dt7Dz) Bl(27Dt7Dz>

in which the coefficients do not depend on t. As discussed in Sections 2
and 3 above, we can construct a local parametrix in €2/, using a properly
supported cutoff y. In the ¢ variable the parametrix is global anyway,

so we use a fixed cutoff Y € C°(R), x = 1 in |¢| < 1, and so construct
a parametrix

211)  Quf(t2) = / Gt — 2 DT — )5z ) F(E, ) dt .

a

This satisfies
(2.12) P.Q,=1d—-R,, Q.,P,=1d —R;

where R, and R are smoothing operators on €2, with kernels of the
form

R.f(t,z) = / R.(t —t', 2z, 2)f(t', 2)dt' d2’
Q

U
a

(2.13)
R, €C®(R x Q?), Ry(t,2,2") = 0if [t| > 2
with the support proper in €2/,.

Now, we can sum these local parametricies, which are all t-translation-
invariant to get a global parametrix with the same properties

(2.14) Qf = XalF, ) (T, ) QT Fy f

where T, denotes the trivialization of bundles E; and FE5. It follows
that @ satisfies (2.9) and since it is translation-invariant, also (2.8).
The global version of (2.12) becomes

PQ=1d—R,, QP =I1d—Ry,

:CC(R x M; B ©(R x M; E;
(2.15) R; :C(R x M; E;) — C*(R x M; E;),

R f = Ri(t—t,z2)f(t', ) dt' v,

Rx M
where the kernels

(2.16) R; € C* (R x M* Hom(E;)), i =1,2.
O
In fact we can deduce directly from (2.11) the boundedness of Q.
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LEMMA 2.3. The properly-supported parametriz () constructed above
extends by continuity to a bounded operator
Q :H(Rx M;FEy) — H'(Rx M;E)Vs€R

(217) Q SR x M;Ey) — SR x M; Ey).

PRrROOF. This follows directly from the earlier discussion of elliptic
regularity for each term in (2.14) to show that

(2.18) @ :{f € Hi(R x M; Ey; supp(f) C [-2,2] x M}
— {u € H™(R x M; Ey; supp(u) C [-2— R, 2+ R] x M}

for some R (which can in fact be taken to be small and positive).
Indeed on compact sets the translation-invariant Sobolev spaces reduce
to the usual ones. Then (2.17) follows from (2.18) and the translation-
invariance of Q). Using a 1 € C2°(R) generating a ti-paritition of unity
on R we can decompose

(2.19) HyR x M;Ep) 3 f = 7i(ur", f).
keZ
Then
(2.20) Q=7 (Quri))) .
keZ

The estimates corresponding to (2.18) give

1Qf N gz < ClIf |l
if f has support in [—2,2] x M. The decomposition (2.19) then gives
D M i = £l < 00 = 1QAIP < C'lI -
This proves Lemma 2.3. U

Going back to the remainder term in (2.15), we can apply the 1-
dimensional Fourier transform and find the following uniform results.

LEMMA 2.4. If R is a compactly supported, t-translation-invariant
smoothing operator as in (2.15) then

(2.21) Rf(r,-) = R(r)f(7,")

where R(t) € € (C x M?;Hom(E)) is entire in 7 € C and satisfies
the estimates

(2.22) Vk,p3C,y such that |75 R(7)||er < Cprexp(AlIm|).
Here A is a constant such that

(2.23) supp R(t,-) C [-A, A] x M*.
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ProoOF. This is a parameter-dependent version of the usual esti-
mates for the Fourier-Laplace transform. That is,

(2.24) R(r,") = /e—”tR(t, ) dt

from which all the statements follow just as in the standard case when
R € C*(R) has support in [—A, A]. O

PropoOSITION 2.5. If R is as in Lemma 2.4 then there exists a

discrete subset D C C such that (Id —E(T)) ezists for all T € C\ D
and

~

(2.25) <Id —E(T))_l — 1d—S(r)

where S : C — C>®(M?*;Hom(E)) is a family of smoothing operators
which is meromorphic in the complex plane with poles of finite order
and residues of finite rank at D. Furthermore,

(2.26) D c {r eC; log(|Re7|) < c|Im7|+1/c}
for some ¢ > 0 and for any C > 0, there exists C' such that
(2.27) Im7| < C, |Re7| > C" = |7*5(D)]ler < Cpu.

PRrOOF. Thisis part of “Analytic Fredholm Theory” (although usu-
ally done with compact operators on a Hilbert space). The estimates

(2.22) on R(7) show that, in some region as on the right in (2.26),

(2.28) IR(T) ]2z < 1/2.
Thus, by Neumann series,
~ . k
(2.29) S(r) =" (R(m)
k=1

exists as a bounded operator on L*(M; E). In fact it follows that S (1)
is itself a family of smoothing operators in the region in which the
Neumann series converges. Indeed, the series can be rewritten

(2.30) S(r) = R(7) + R(7)* + R(7)S(7)R(r)

The smoothing operators form a “corner” in the bounded operators in
the sense that products like the third here are smoothing if the outer
two factors are. This follows from the formula for the kernel of the
product

~

/ Rl(T;272/)3\(7—;2/’2//)§2(7-; ZN72> Uyt Vgt
MxM
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Thus S(r) € C®(M?2;Hom(E)) exists in a region as on the right in
(2.26). To see that it extends to be meromorphic in C\ D for a discrete
divisor D we can use a finite-dimensional approximation to ]/%(7')

Recall — if neccessary from local coordinates — that given any p €
N, R > 0,q > 0 there are finitely many sections fi(T) €C>®(M; E, gZ(T) €
C>(M; E) and such that

(2.31) IR(T) — S o) fr e <e lrl <R,

Writing this difference as M(7),
Id—R(r) = 1d—M(7) + F(7)
where F(7) is a finite rank operator. In view of (2.31), Id —M(7) is

—

invertible and, as seen above, of the form Id —M(7) where M (1) is

holomorphic in || < R as a smoothing operator.
Thus

Id—R(r) = (Id =M (7))Id +F(7) — M(7)F(7))

is invertible if and only if the finite rank perturbation of the identity
by (Id —M(7))F(7) is invertible. For R large, by the previous result,
this finite rank perturbation must be invertible in an open set in {|7] <
R}. Then, by standard results for finite dimensional matrices, it has a
meromorphic inverse with finite rank (generalized) residues. The same
is therefore true of Id —]/1;,(7') itself.

Since R > 0 is arbitrary this proves the result. 0

PROOF. Proof of Theorem 2.1 We have proved (2.15) and the cor-
responding form for the Fourier transformed kernels follows:

(2.32) P(1)Q' (1) = Id —Ry(7), Q'(7)P(7) = 1d — Ry (7)

where R (7), Ry(7) are families of smoothing operators as in Proposi-
tion 2.5. Applying that result to the first equation gives a new mero-
morphic right inverse

Q(1) = Q(T)(Id =Ry(r)) ™" = Q'(7) — Q'(T)M(r)

where the first term is entire and the second is a meromorphic family
of smoothing operators with finite rank residues. The same argument
on the second term gives a left inverse, but his shows that (7) must
be a two-sided inverse.

R This we have proved everything except the locations of the poles of
Q(7) — which are only constrained by (2.26) instead of (2.6). However,
we can apply the same argument to Py(z, Dy, D.) = P(z,¢eD,, D,) for



180 7. SUSPENDED FAMILIES AND THE RESOLVENT

0] < 6, 6 > 0 small, since Py stays elliptic. This shows that the poles
of Q(7) lie in a set of the form (2.6). O

3. Invertibility

We are now in a position to characterize those t-translation-invariant
differential operators which give isomorphisms on the translation-invariant
Sobolev spaces.

THEOREM 3.1. An element P € Diff}! (R x M; E) gives an isomor-
phism (2.1) (or equivalently is Fredholm) if and only if it is elliptic and
DNR =0, i.e. P(7) is invertible for all 7 € R.

ProOOF. We have already done most of the work for the important
direction for applications, which is that the ellipticity of P and the
invertibility at P(7) for all 7 € R together imply that (2.1) is an
isomorphism for any s € R.

Recall that the ellipticity of P leads to a parameterix () which is
translation-invariant and has the mapping property we want, namely
(2.17).

To prove the same estimate for the true inverse (and its existence)
consider the difference

(3.1) P(r)'=Q(r) =R(r), T € R.

Since P(7) € Diff™(M;E) depends smoothly on 7 € R and Q(7) is a
paramaterix for it, we know that

~

(3.2) R(r) € C®(R; U~°(M;E))

is a smoothing operator on M which depends smoothly on 7 € R as a
parameter. On the other hand, from (2.32) we also know that for large
real T,

P(r)™! = Q(1) = Q(r)M(7)
where M(7) satisfies the estimates (2.27). It follows that Q(7)M(7)
also satisfies these estimates and (3.2) can be strengthened to

(3.3) sup |7*R(7, -, Y||er < 00 V p, k.
T7ER

That is, the kernel R(7) € S(R; C®(M?; Hom(E))). So if we define the

t-translation-invariant operator

(3.4) Rf(t,z) = (2m)~" / e R(T) f (1, -)dr
by inverse Fourier transform then
(3.5) R:H(Rx M;Ey) — HX(Rx M;E;) Vs eR.
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It certainly suffices to show this for s < 0 and then we know that the
Fourier transform gives a map

(3.6) F:H5(R x M; Ey) — (0)FILAR; H (M E,)).

Since the kernel f%(T) is rapidly decreasing in 7, as well as being smooth,
for every N > 0,

(3.7)  R(r): (NFILAR; H¥IM; Ey) — (1) ™ NL2(R; HN (M E,))
and inverse Fourier transform maps
FLiAr)"NHY(M; Ey) — HY (R x M; Ey)

which gives (3.5).

Thus @@ + R has the same property as ) in (2.17). So it only
remains to check that ) + R is the two-sided version of P and it is
enough to do this on S(R x M; E;) since these subspaces are dense
in the Sobolev spaces. This in turn follows from (3.1) by taking the
Fourier transform. Thus we have shown that the invertibility of P
follows from its ellipticity and the invertibility of P(7) for 7 € R.

The converse statement is less important but certainly worth know-
ing! If P is an isomorphism as in (2.1), even for one value of s, then
it must be elliptic — this follows as in the compact case since it is
everywhere a local statement. Then if ]5(7') is not invertible for some
7 € R we know, by ellipticity, that it is Fredholm and, by the stability
of the index, of index zero (since P(7) is invertible for a dense set of
7 € C). There is therefore some 79 € R and fy, € C>*(M; Ey), fo # 0,
such that

(3.8) P(r0)* fo = 0.

It follows that fy is mot in the range of ﬁ(Tg). Then, choose a cut off
function, p € C*(R) with p(7y) = 1 (and supported sufficiently close
to 79) and define f € S(R x M; Es) by

(3.9) F(r,) = p(1) fol).

Then f ¢ P - Hi(R x M; E;) for any s € R. To see this, suppose
u e HE(R x M; Ey) has

(3.10) Pu=f= P(r)a(r) = f(r)

where @(7) € (r)¥IL2(R; H=FI(M; Ey)). The invertibility of P(7) for
T # 7o on supp(p) (chosen with support close enough to 7y) shows that

i(r) = P(r)7' f(r) € C*((R\{mo}) x M; E}).
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Since we know that P(7)~' —Q(7) = R(7) is a meromorphic family

of smoothing operators it actually follows that u(:) is meromorphic in
T near Ty in the sense that

(1 — TO)_jUj + v(7)

—~
N
S~—
Il
(-

(3.11) a

where the u; € C*(M; Ey) and v € C°((7 —€,7 4+ €) x M; Ey). Now,
one of the u; is not identically zero, since otherwise P(19)v(r0) = fo,
contradicting the choice of fy. However, a function such as (3.11) is not
locally in L? with values in any Sobolev space on M, which contradicts
the existence of u € H(R x M; Ey).

This completes the proof for invertibility of P. To get the Fredholm
version it suffices to prove that if P is Fredholm then it is invertible.
Since the arguments above easily show that the null space of P is empty
on any of the HZ (R x M; Ey) spaces and the same applies to the adjoint,
we easily conclude that P is an isomorphism if it is Fredholm. U

This result allows us to deduce similar invertibility conditions on

exponentially-weighted Sobolev spaces. Set
(3.12)
eHE(R x M3 E) ={ue H (Rx M;E); eue H(R x M;E)}

for any C*> vector bundle E over M. The translation-invariant differ-
ential operators also act on these spaces.

LEMMA 3.2. For any a € R, P € Diftf}}(R x M;E) defines a con-
tinuous linear operator

(3.13) P e HP™(R x M; Ey) — e HET™(R x M; E).

Proor. We already know this for a = 0. To reduce the general
case to this one, observe that (3.13) just means that

(3.14) P-eu € eH5(R x M; Ey) Vu€ HiY(R x M; E)

with continuity meaning just continuous dependence on u. However,
(3.14) in turn means that the conjugate operator

(3.15) P,=e .- P-e": H(R x M;E)) — H(R x M; E5).
Conjugation by an exponential is actually an isomorphism
(3.16) Diff (R x M;E) > P+ e~ Pe™ € Diff’ (R x M;E).

To see this, note that elements of Diff’(M; E) commute with multipli-
cation by e and

(3.17) e " Die™ = D, —ia
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which gives (3.16)).
The result now follows. O

ProposiTION 3.3. If P € Dift} (R x M;E) is elliptic then as a map
(3.13) it is invertible precisely for

(3.18) a¢ —Im(D), D= D(P)CC,
that is, a 1s not the negative of the imaginary part of an element of D.

Note that the set —Im(D) C R, for which invertibility fails, is
discrete. This follows from the discreteness of D and the estimate (2.6).
Thus in Fig ?7? invertibility on the space with weight e* correspond
exactly to the horizonatal line with Im 7 = —a missing D.

Proor. This is direct consequence of (?7) and the discussion around
(3.15). Namely, P is invertible as a map (3.13) if and only if P, is in-
vertible as a map (2.1) so, by Theorem 3.1, if

and only if
D(P,)NR = 0.
From (3.17), D(P,) = D(P) + ia so this condition is just D(P) N (R —
ia) = ) as claimed. O

Although this is a characterization of the Fredholm properties on
the standard Sobolev spaces, it is not the end of the story, as we shall
see below.

One important thing to note is that R has two ends. The exponen-
tial weight e treats these differently — since if it is big at one end it
is small at the other — and in fact we (or rather you) can easily define
doubly-exponentially weighted spaces and get similar results for those.
Since this is rather an informative extended exercise, I will offer some
guidance.

DEFINITION 3.4. Set
(3.19)
H*Y (R x M;E) = {u e H (R x M; E);

ti,exp
x(t)e™u € Hi(R x M; E)(1 — x(t))e"u € H(R x M; E)}
where x €C¥R), x=1imt>1, x=0int < —1.

Exercises.

(1) Show that the spaces in (3.19) are independent of the choice of
X, are all Hilbertable (are complete with respect to a Hilbert
norm) and show that if a+b >0

(3.20) HY* (Rx M;E) = eH5(R x M; E) 4+ e "H:(R x M; E)

ti,exp
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whereas if a + b < 0 then
(3.21) HZ*' (R x M;E) = e®H:(R x M; E)Ne " H(R x M; E).

ti,exp
(2) Show that any P € Diff{;(Rx M;E) defines a continuous linear
map for any s, a, b € R

(3.22) P HTYR x M; Ey) — HS™ (R x M; E,).

ti- exp ti- exp

(3) Show that the standard L? pairing, with respect to dt, a smooth
positive density on M and an inner product on F extends to
a non-degenerate bilinear pairing

(3.23) HSY (R x M;E) x H >~ "(Rx M;E) — C

ti,exp ti,exp
for any s, a and b. Show that the adjoint of P with respect to
this pairing is P* on the ‘negative’ spaces — you can use this
to halve the work below.
(4) Show that if P is elliptic then (3.22) is Fredholm precisely
when
(3.24) a ¢ —Im(D) and b ¢ Im(D).

Hint:- Assume for instance that a+b > 0 and use (3.20). Given
(3.24) a parametrix for P can be constructed by combining the
inverses on the single exponential spaces

(3.25) Qup = X'Px + (1 =X")P5(1 = x)
where x is as in (3.19) and X’ and x” are similar but such that
Xx=1 1 =x")1-x)=1-x.
(5) Show that P is an isomorphism if and only if
a+b <0 and [a, —bJN—Im(D) = 0 or a+b > 0 and [—b, a]N—Im(D) = 0.
(6) Show that if a + b < 0 and (3.24) holds then
ind(P) = dimnull(P) = > Mult(P )
T, €DN(RX[b,—a])
where Mult(P, 7;) is the algebraic multiplicity of T as a ‘zero’
of P(7), namely the dimension of the generalized null space

N
Mult(P, ;) = dim {u = Zup(z)Df(S(T —7); P(T)u(r) = 0} :
p=0
(7) Characterize these multiplicities in a more algebraic way. Namely,
if 7 is a zero of P(7) set Ey = null P(7') and Fy = C*(M; Ey)/P(7")C>(M; Ey).
Since P(7) is Fredholm of index zero, these are finite dimen-

sional vector spaces of the same dimension. Let the derivatives
of P be T; = 8'"P/0t" at 7 = 7/ Then define Ry : Ey — F
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as 17 restricted to Fy and projected to Fy. Let E; be the
null space of Ry and F} = Fy/ Ry Ey. Now proceed inductively
and define for each 7 the space E; as the null space of R;,
F,=F,_1/R;E;_1 and R,y : E; — F; as T; restricted to E;
and projected to F;. Clearly E; and F; have the same, finite,
dimension which is non-increasing as ¢ increases. The prop-

erties of P(7) can be used to show that for large enough ¢,
E; = F;, = {0} and

(3.26) Mult(P, 7') = i dim(E;)

where the sum is in fact finite.

(8) Derive, by duality, a similar formula for the index of P when
a+b > 0 and (3.24) holds, showing in particular that it is
injective.

4. Resolvent operator
Addenda to Chapter 7

More?

e Why — manifold with boundary later for Euclidean space, but
also resolvent (Photo-C5-01)
e Holder type estimates — Photo-C5-03. Gives interpolation.

As already noted even a result such as Proposition 3.3 and the
results in the exercises above by no means exhausts the possibile real-
izations of an element P € Diffiy(R x M;E) as a Fredholm operator.
Necessarily these other realization cannot simply be between spaces
like those in (3.19). To see what else one can do, suppose that the
condition in Theorem 3.1 is violated, so

(4.1) D(P)NR = {r,..., 75} £0.

To get a Fredholm operator we need to change either the domain or the
range space. Suppose we want the range to be L?(R x M; E5). Now, the
condition (3.24) guarantees that P is Fredholm as an operator (3.22).
So in particular

(4.2) P:HM (R x M; Ey) — HYS (R x M; Ey)

ti—exp ti- exp

is Fredholm for all € > 0 sufficiently small (becuase D is discrete). The
image space (which is necessarily the range in this case) just consists
of the sections of the form exp(alt|)f with f in L?. So, in this case the
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range certainly contains L? so we can define
(4.3)
Domyg(P) = {u € H"S (RxM; Ey); Pu € L*(RxM; E5)}, € > 0 sufficiently small.

ti- exp
This space is independent of € > 0 if it is taken smalle enough, so the
same space arises by taking the intersection over € > 0.

PROPOSITION 4.1. For any elliptic element P € Diff}! (R x M;E)
the space in (4.3) is Hilbertable space and

(4.4) P : Domg(P) — L*(R x M; E,) is Fredholm.

[ have not made the assumption (4.1) since it is relatively easy to see
that if D NR = () then the domain in (4.3) reduces again to H{"(R x
M; Ey) and (4.4) is just the standard realization. Conversely of course
under the assumption (4.1) the domain in (4.4) is strictly larger than
the standard Sobolev space. To see what it actually is requires a bit of
work but if you did the exercises above you are in a position to work
this out! Here is the result when there is only one pole of P(7) on the
real line and it has order one.

PROPOSITION 4.2. Suppose P € Diff (R x M;E) is elliptic, P(r)
is invertible for T € R\ {0} and in addition TP(1)~" is holomorphic
near 0. Then the Atiyah-Singer domain in (4.4) is

(4.5) Domgus(P) = {u=u; +us;us € H}(R x M; Ey),
us = f(t)v, v € C*(M; Ey), p(O)v =0, f(t) = /tg(t)dt, g€ Hm_l(R)}.
0

Notice that the ‘anomalous’ term here, us, need not be square-
integrable. In fact for any § > 0 the power (t)z2 % € (t)'9L*(R x
M; E)) is included and conversely

(4.6) fe ' PH"(R).
§>0
One can say a lot more about the growth of f if desired but it is
generally quite close to (t) L*(R).
Domains of this sort are sometimes called ‘extended L? domains’ —
see if you can work out what happens more generally.



CHAPTER 8

Manifolds with boundary

e Dirac operators — Photos-C5-16, C5-17.
e Homogeneity etc Photos-C5-18, C5-19, C5-20, C5-21, C5-23,
C5-24.

1. Compactifications of R.

As T will try to show by example later in the course, there are
I believe considerable advantages to looking at compactifications of
non-compact spaces. These advantages show up last in geometric and
analytic considerations. Let me start with the simplest possible case,
namely the real line. There are two standard compactifications which
one can think of as ‘exponential’ and ‘projective’. Since there is only
one connected compact manifold with boundary compactification cor-
responds to the choice of a diffeomorphism onto the interior of [0, 1]:

v:R— [07 1]? 7(R> = (0, 1)7

1.1
( ) ’yil : (07 1) — Rv 77771600'

In fact it is not particularly pleasant to have to think of the global
maps v, although we can. Rather we can think of separate maps

T+ (T+7OO) — [O’ 1]

(1.2) v (T, —c0) —» [0, 1]

which both have images (0, z+) and as diffeomorphism other than signs.
In fact if we want the two ends to be the ‘same’ then we can take
v-(t) = v4(—t). I leave it as an exercise to show that 7 then exists
with

Y(t) =74 (t) >0
(1.3) {y(t) =1—-7_(t) t<O.

So, all we are really doing here is identifying a ‘global coordinate’
7ix near oo and another near —oo. Then two choices I refer to above

187
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are

x = e ! exponential compactification

x =1/t projective compactification .

(CR.4)

Note that these are alternatives!
Rather than just consider R, I want to consider R x M, with M
compact, as discussed above.

LemmaA 1.1. If R : H — H s a compact operator on a Hilbert
space then Id —R s Fredholm.

PROOF. A compact operator is one which maps the unit ball (and
hence any bounded subset) of H onto a precompact set, a set with
compact closure. The unit ball in the null space of Id —R is

{ue Hlu| =1, u=Ru} C R{u € H;|ul| =1}

and is therefore precompact. Since it is closed, it is compact and any
Hilbert space with a compact unit ball is finite dimensional. Thus the
null space of (Id —R) is finite dimensional.

Consider a sequence u, = v, — Rv, in the range of Id —R and
suppose u, — u in H. We may assume u # 0, since 0 is in the range,
and by passing to a subsequence suppose that of v on 77 fields. Clearly

W) =€t = %(0) = —z(0)

(CR.5) Ft) =1/t = 7.(0;) = —s%0,

where I use ‘s’ for the variable in the second case to try to reduce
confusion, it is just a variable in [0, 1]. Dually

- (d_x) — _dt
T

_. [ds

() =

in the two cases. The minus signs just come from the fact that both
v’s reverse orientation.

(CR.6)

PROPOSITION 1.2. Under exponential compactification the translation-
inwvariant Sobolev spaces on R x M are identified with

(1.4)
HE([0,1] x M) = {uE L? ([0,1] X M;%VM) Vilp<k

d
P, € Diff*(M), (zD,) Pyu € L*([0,1] x M; %VM)}
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for k a positive integer, dim M = n,
s 9 dx
(1.5) H;([0,1] x M) = {u € L”([0,1] x M; —VM

_ 2 dr dr’
// we, Z)J+S+l—xi,1/u’<oo}0<s<1
Ilog |2+p22)) 2

and for s <0, ke N st, 0<s+ k<1,

(1.6) H;([0,1] x M) ={u= D (Xd{)prup,
0<j+p<k
P, € Diff*(M) , u;, € H;7*([0,1] x M)}.
Moreover the L? pairing with respect to the measure dxxu extends by
continuity from the dense subspaces C2°((0,1)x M) to a non-degenerate
pairing

(1.7) Hy([0,1] x M) x H,*([0,1] x M) > (n,u) »—>/u-vd§V€C.
U

Proor. This is all just translation of the properties of the space
HE(R x M) to the new coordinates. O

Note that there are other properties I have not translated into this
new setting. There is one additional fact which it is easy to check.
Namely C*([0, 1] x M) acts as multipliers on all the spaces H; ([0, 1] x
M). This follows directly from Proposition 1.2;

(CR.12)
C([0, 1] x M) x H3([0,1] x M) 3 (¢,u) > gu € H([0,1] x M).
What about the ‘0’ notation? Notice that (1—x)z0, and the smooth
vector fields on M span, over C*°(X), for X = [0, 1] x M, all the vector

fields tangent to {x = O|u|x = 1}. Thus we can define the ‘boundary
differential operators’ as

(CR.13)

Diff{"([0, 1] x M;)* = {P = Z ajp(z;)((1 = x)IDx)ij g

0<j+p<m

P, € Diff?(M;)"}
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and conclude from (CR.12) and the earlier properties that
(CR.14) P e Diffi'(X; E) =
P:H(X;E)— H(X;E)Vs € R.

THEOREM 1.3. A differential operator as in (1.3) is Fredholm if
and only if it is elliptic in the interior and the two “normal operators’

(CR.16)  I:(P)= Y ajp(es1)(*D)'P, 2, =0, 20_=1

0<j+p<m

derived from (CR.13), are elliptic and invertible on the translation-
invariant Sobolev spaces.

PROOF. As usual we are more interested in the sufficiency of these
conditions than the necessity. To prove this result by using the present
(slightly low-tech) methods requires going back to the beginning and
redoing most of the proof of the Fredholm property for elliptic operators
on a compact manifold.

The first step then is a priori bounds. What we want to show is
that if the conditions of the theorem hold then for u € H " (X; F),
r=Rx M, 3C" > 0 s.t.

(CR.17) ullmys < Csl|Pulls + Csllo(1 — 2)ul|s—14m -

Notice that the norm on the right has a factor, (1 — z), which van-
ishes at the boundary. Of course this is supposed to come from the
invertibility of 7. (P) in R(0) and the ellipticity of P.

By comparison I.(P) : Hi"™(R x M) — Hi(R x M) are isomor-
phisms — necessary and sufficient conditions for this are given in The-
orem ?777. We can use the compactifying map v to convert this to a
statement as in (CR.17) for the operators

(CR.18) Py € DIff{* (X)), Pr = I.(P)(7:Dy, ") .
Namely
(CR.19) [ul[mrs < Cs||Prulls

where these norms, as in (CR.17) are in the H{ spaces. Note that
near x = 0 or x = 1, P, are obtained by substituting D; — xD, or
(1 —2)D, in (CR.17). Thus

have coefficients which wvanish at the appropriate boundary. This is
precisely how (CR.16) is derived from (CR.13). Now choose ¢ €
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C>,(0,1) x M which is equal to 1 on a sufficiently large set (and has
0 < ¢ <1) so that
(CR.21) l—p=p; +p_, e €C([0,1] x M)

have supp(ip) C {|z — 22| < €), 0 < p, 1.
By the interim elliptic estimate,

(CR.22) lpullstm < CullpPulls + Collyulls-14m
where ¢ € C°((0,1) x M). On the other hand, because of (CR.20)
(CR.23)

[p£llmts < Csllpe Prulls + Cs |l [+, Prulls
< CsllpL Pulls + Cspp (P — Py)ulls + O [+, Pelulfs .

Now, if we can choose the support at ¢ small enough — recalling that
C truly depends on I (P;) and s — then the second term on the right
in (CR.23) is bounded by ||w|lmts, since all the coefficients of P — Py
are small on the support off ¢ . Then (CR.24) ensures that the final
term in (CR.17), since the coefficients vanish at = z4.

The last term in (CR.22) has a similar bound since ¢ has compact
support in the interim. This combining (CR.2) and (CR.23) gives the
desired bound (CR.17).

To complete the proof that P is Fredholm, we need another property
of these Sobolev spaces.

LEMMA 1.4. The map
(1.8) Xzx(1—2): Hy(X) —>H§*1(X)
1§ compact.

Proor. Follow it back to R x M!
O

Now, it follows from the a priori estimate (CR.17) that, as a map
(CR.14), P has finite dimensional null space and closed range. This
is really the proof of Proposition 7?7 again. Moreover the adjoint of
P with respect to d?’“"V, P*, is again elliptic and satisfies the condition
of the theorem, so it too has finite-dimensional null space. Thus the

range of P has finite codimension so it is Fredholm.
O

A corresponding theorem, with similar proof follows for the cusp
compactification. I will formulate it later.

2. Basic properties

A discussion of manifolds with boundary goes here.
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3. Boundary Sobolev spaces

Generalize results of Section 1 to arbitrary compact manifolds with
boundary.

4. Dirac operators

Euclidean and then general Dirac operators

5. Homogeneous translation-invariant operators

One application of the results of Section 3 is to homogeneous constant-
coefficient operators on R", including the Euclidean Dirac operators in-
troduced in Section 4. Recall from Chapter 4 that an elliptic constant-
coefficient operator is Fredholm, on the standard Sobolev spaces, if and
only if its characteristic polynomial has no real zeros. If P is homoge-
neous

(5.1) Py (t€) =t"P;(() V(€ C", t € R,

and elliptic, then the only real zero (of the determinant) is at ¢ = 0. We
will proceed to discuss the radial compactification of Euclidean space
to a ball, or more conveniently a half-sphere

(5.2) YRR = S ={Z eR"™; [Z] =1, Z, > 0}
Transferring P to S™! gives
(5.3) Pr € Z7" Diff*(S™ ; C™)

which is elliptic and to which the discussion in Section 3 applies.

In the 1-dimensional case, the map (5.2) reduces to the second
‘projective’ compactification of R discussed above. It can be realized
globally by

1 z
54 RrR\Z) = , Snvl.
(54) 7(2) (\/1%-|Z|2 \/1—|—|z|2)6

Geometrically this corresponds to a form of stereographic projection.
Namely, if R® 5 2z — (1,2) € R™! is embedded as a ‘horizontal
plane’ which is then projected radially onto the sphere (of radius one
around the origin) one arrives at (5.4). It follows easily that v is a
diffeomorphism onto the open half-sphere with inverse

(5.5) 2=217. 7 = (Z1,..., Z).

Whilst (5.4) is concise it is not a convenient form of the compacti-
fication as far as computation is concerned. Observe that
x

V1+ a2

X —
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is a diffeomorphism of neighborhoods of 0 € R. It follows that Z,, the
first variable in (5.4) can be replaced, near Zy = 0, by 1/|z| = . That
is, there is a diffeomorphism

5.6 0<Zy<elnNS™ < 0,0], x S !
0

which composed with (5.4) gives x = 1/|z| and 6 = z/|z|. In other
words the compactification (5.4) is equivalent to the introduction of
polar coordinates near infinity on R” followed by inversion of the radial
variable.

LEMMA 5.1. If P = (P;(D,)) is an N x N matriz of constant
coefficient operators in R™ which is homogeneous of degree —m then
(5.3) holds after radial compactification. If P is elliptic then Pg is
elliptic.

ProoF. This is a bit tedious if one tries to do it by direct com-
putation. However, it is really only the homogeneity that is involved.
Thus if we use the coordinates x = 1/|z| and 6 = z/|z| valid near the
boundary of the compactification (i.e., near co on R"™) then

(5.7) Pyj= > D.iPy;(2,0,Dp), Prij € C¥(0,6),; DIffi"~*(S" ).
0<t<m

Notice that we do know that the coefficients are smooth in 0 < z < 4,

since we are applying a diffeomorphism there. Moreover, the operators

Py ; ; are uniquely determined by (5.7).

So we can exploit the assumed homogeneity of P;;. This means that
for any t > 0, the transformation z +— tz gives

(5:8) Pyf(tz) = t"(By; f)(t2) .
Since |tz] = t|z|, this means that the transformed operator must satisfy
(5.9)

Z Dipf,i,j(xv 07 Dg)f(l‘/t, 0) = tm<z DZPU,J'('v 67 De)f(’v (9))(56/t) :

Expanding this out we conclude that

(510) $_m_ZPg7i,j (.73, 9, Dg) = Pg,i,j(e, Dg)

is independent of z. Thus in fact (5.7) becomes

(5.11) Py=a™ Y a'DiP;i(0, D).
0<y<L

Since we can rewrite

(5.12) #'Dy = Cij(aD,)

0<y<L
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(with explicit coefficients if you want) this gives (5.3). Ellipticity in
this sense, meaning that

(5.13) x~ ™ Py € Diff*(S™; C")

(5.11) and the original ellipticity at P. Namely, when expressed in terms
of 2D, the coefficients of 5.13 are independent of x (this of course just
reflects the homogeneity), ellipticity in x > 0 follows by the coordinate
independence of ellipticity, and hence extends down to z = 0. O

Now the coefficient function Z'™™ in (5.3) always gives an isomor-
phism

(5.14) X Z0 s ZEHE(S™) — ZETMHE(S™).
Combining this with the results of Section 3 we find most of

THEOREM b5.2. If P is an N X N matrixz of constant coefficient
differential operators on R™ which is elliptic and homogeneous of degree
—m then there is a discrete set —Im(D(P)) C R such that
(5.15)

P: ZYH]P(S™Y) — ZYT™HE(S™) dis Fredholm ¥ w ¢ — Im(D(P))

where (5.4) is used to pull these spaces back to R™. Moreover,
P is injective for w € [0,00) and

(5.16) P is surjective for w € (—oo,n —m] N (—Im(D)(P)).

PROOF. The conclusion (5.15) is exactly what we get by applying
Theorem X knowing (5.3).

To see the specific restriction (5.16) on the null space and range,
observe that the domain spaces in (5.15) are tempered. Thus the null
space is contained in the null space on §'(R™). Fourier transform shows
that P(¢)u(¢) = 0. From the assumed ellipticity of P and homogeneity
it follows that supp(a(¢)) C {0} and hence 4 is a sum of derivatives of
delta functions and finally that w itself is a polynomial. If w > 0 the
domain in (5.15) contains no polynomials and the first part of (5.16)
follows.

The second part of (5.16) follows by a duality argument. Namely,
the adjoint of P with respect to L*(R"), the usual Lebesgue space,
is P* which is another elliptic homogeneous differential operator with
constant coefficients. Thus the first part of (5.16) applies to P*. Using
the homogeneity of Lebesgue measure,

dz
xnt
and the shift in weight in (5.15), the second part of (5.16) follows. [

(5.17) \dz| =

T " Vp near oo
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One important consequence of this is a result going back to Niren-
berg and Walker (although expressed in different language).

COROLLARY 5.3. If P s an elliptic N X N matriz constant co-
efficient differential operator which is homogeneous of degree m, with
n > m, the the map (5.15) is an isomorphism for w € (0,n —m).

In particular this applies to the Laplacian in dimensions n > 2
and to the constant coefficient Dirac operators discussed above in di-
mensions n > 1. In these cases it is also straightforward to compute
the index and to identify the surjective set. Namely, for a constant
coefficient Dirac operator

Figure goes here.

6. Scattering structure

Let me briefly review how the main result of Section 5 was arrived
at. To deal with a constant coefficient Dirac operator we first radially
compactified R™ to a ball, then peeled off a multiplicative factor Z
from the operator showed that the remaining operator was Fredholm by
identifing a neighbourhood of the boundary with part of R x S*~! using
the exponential map to exploit the results of Section 1 near infinity.
Here we will use a similar, but different, procedure to treat a different
class of operators which are Fredholm on the standard Sobolev spaces.

Although we will only apply this in the case of a ball, coming from
R", T cannot resist carrying out the discussed for a general compact
manifolds — since [ think the generality clarifies what is going on.
Starting from a compact manifold with boundary, M, the first step is
essentially the reverse of the radial compactification of R™.

Near any point on the boundary, p € OM, we can introduce ‘ad-
missible’ coordinates, z,y1, ..., yn,—1 where {z = 0|| is the local form of
the boundary and vy, . . ., y,_1 are tangential coordinates; we normalize
Y1 = - = yp_1 = 0 at p. By reversing the radial compactification of
R" T mean we can introduce a diffeomorphism of a neighbourhood of p
to a conic set in R™ :

(6.1) 2n=1/x, 2z =y;/z,j=1,...,n—1.

Clearly the ‘square’ |y| < €, 0 < x < € is mapped onto the truncated
conic set

(6.2) zn > /e, |2 < €lznl, 2 = (21, 2n1) -
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DEFINITION 6.1. We define spaces H?,(M) for any compact mani-
fold with boundary M by the requirements

(6.3) we€ H; (M) <= ue H(M\IM) and R;(p;u) € H*(R")

for p; € C*(M), 0 < ¢; <1, > ¢, = 1 in a neighbourhood of the
boundary and where each p; is supported in a coordinate patch (?7),
(6.2) with R given by (6.1).

Of course such a definition would not make much sense if it de-
pended on the choice of the partition of unity near the boundary {¢;||
or the choice of coordinate. So really (6.1) should be preceded by such
an invariance statement. The key to this is the following observation.

PROPOSITION 6.2. If we set Vio(M) = xV,(M) for any compact
manifold with boundary then for any 1 € C*(M) supported in a coor-
dinate patch (7?), and any C* vector field V. on M

(6.4) YV € V(M) = oV = Zuj(R—l)*(Dzj) Ly € C2(M).

PROOF. The main step is to compute the form of D, in terms of
the coordinate obtained by inverting (6.1). Clearly

(65) DZn — .CUQD;L-, DZ]' — :CDyj — yil'Qva ] <n.

Now, as discussed in Section 3, xD, and D, locally span V,,(M), so
2*D,, xD,, locally span V.(M). Thus (6.5) shows that in the singular
coordmates (6.1), V(M) is spanned by the D,,, which is exactly what
(6.4) claims. O

Next let’s check what happens to Euclidean measure under R, ac-
tually we did this before:
|dz|

rntl Vy -

(SS.9) |dz| =
Thus we can first identify what (6.3) means in the case of s = 0.

LEMMA 6.3. For s =0, Definition (6.1) unambiguously defines

(6.6) HY (M) = {u c Ly (M /W 5 < oo}
where vy 1s a positive smooth density on M (smooth up to the boundary
of course) and x € C*°(M) is a boundary defining function.

PRrROOF. This is just what (6.3) and (SS.9) mean. O

Combining this with Proposition 6.2 we can see directly what (6.3)
means for kinN.
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LEMMA 6.4. If (6.3) holds for s = k € N for any one such partition
of unity then uw € H.(M) in the sense of (6.6) and

67)  Vi...VueHUM) Y Vi e V(M) if j < k,
and conversely.

PRrooOF. For clarity we can proceed by induction on k£ and re-
place (6.7) by the statements that v € HE (M) and Vu € HE1(M)
VYV € Vie(M). In the interior this is clear and follows immediately from
Proposition 6.2 provided we carry along the inductive statement that
(6.8) C>(M) acts by multiplication on HE (M) .

O

As usual we can pass to general s € R by treating the cases 0 <
s < 1 first and then using the action of the vector fields.

PROPOSITION 6.5. For 0 < s < 1 the condition (6.3) (for any one
partition of unity) is equivalent to requiring v € H2,(M) and

_ (2 /
MxM pi2s g+t (zf)ntt
where po(p, ') = XX, P) + 22, iz — 2').
PROOF. Use local coordinates. O

Then for s > 1 if k is the integral part of s,s00 < s—k <1,k € N,
(6.10) w€ HE(M) <= Vi,...,Viu € HEH(M), Vi € Voo (M), j <k
and for s < 0 if k € N is chosen so that 0 < k + s < 1, then

we HL(M)< 3V, € HE?M(M), j=1,...,N,

uj € HiTF(M),Viy(M), 1 <i <{; <k st.
(6.11) N

All this complexity is just because we are preceding in such a ‘low-
tech’ fashion. The important point is that these Sobolev spaces are
determined by the choice of ‘structure vector fields’, V' € Vy.(M). 1
leave it as an important exercise to check that

LEMMA 6.6. For the ball, or half-sphere,
VRHS(S8™) = H*(R").
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Thus on Euclidean space we have done nothing. However, my claim
is that we understand things better by doing this! The idea is that we
should Fourier analysis on R™ to analyse differential operators which
are made up out of V(M) on any compact manifold with boundary
M, and this includes S™! as the radial compactification of R™. Thus set

(6.12) Diff[}(M) = {P : C®(M) — C>(M); 3 f € C>(M) and
Vij € V(M) st P=f+ > Vip...Vi;}.
i,1<j<m

In local coordinates this is just a differential operator and it is smooth
up to the boundary. Since only scattering vector fields are allowed in
the definition such an operator is quite degenerate at the boundary. It
always looks like

(6.13) P= > apalr,y)(a’D,)"(zD,)",
k+la|<m

with smooth coefficients in terms of local coordinates (77).
Now, if we freeze the coefficients at a point, p, on the boundary of
M we get a polynomial

(6.14) os(P)(p) = Z ak,a(p)Tkna-
k+|a|<m

Note that this is not in general homogeneous since the lower order terms
are retained. Despite this one gets essentially the same polynomial at
each point, independent of the admissible coordinates chosen, as will
be shown below. Let’s just assume this for the moment so that the
condition in the following result makes sense.

THEOREM 6.7. If P € Diff7(M;E) acts between vector bundles
over M, is elliptic in the interior and each of the polynomials (matrices)
(6.14) is elliptic and has no real zeros then

(6.15) P:H"™(M,E,) — H:.(M;FEs) is Fredholm
for each s € R and conversely.

Last time at the end I gave the following definition and theorem.

DEFINITION 6.8. We define weighted (non-standard) Sobolev spaces
for (m,w) € R? on R" by
(6.16)

H™(R") = {u € M7(R"); F* (1 — x)r "u) € HI'(R x S" 1)}
where x € CX(R™), x(y) =1 in|y| <1 and
(6.17) F:RxS" 13 (t0) — (e',e'0) € R\ {0}.
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THEOREM 6.9. If P =Y 1D;, I'; € M(N,C), is an elliptic, con-
i=1
stant coefficient, homogeneous differential operator of first order then
(6.18) P: H™"(R") — H™ LR V (m,w) € R

is continuous and is Fredholm for w € R\ D where D is discrete.
If P is a Dirac operators, which is to say explicitly here that the
coefficients are ‘Pauli matrices’ in the sense that

(6.19) i =Ty, T7=Idyxn, Vi, T + T, =0, i # 4,
then
(6.20) D=-NyU(n—2+N)

and if n > 2 then for w € (0,n — 2) the operator P in (6.18) is an
1somorphism.

I also proved the following result from which this is derived

LEMMA 6.10. In polar coordinates on R™ in which R™ \ {0} =~
(0,00) x §"7, y = rf,

(6.21) D, =






CHAPTER 9

Electromagnetism

1. Maxwell’s equations

Maxwell’s equations in a vacuum take the standard form
divE =p divB =0
(1.1) 0B OE
1IE=—— IB=—+1J]
cur BN cur BN +

where E is the electric and B the magnetic field strength, both are
3-vectors depending on position z € R?® and time ¢ € R. The external
quantities are p, the charge density which is a scalar, and J, the current
density which is a vector.

We will be interested here in stationary solutions for which E and
B are independent of time and with J = 0, since this also represents
motion in the standard description. Thus we arrive at

divE =p divB =0

(1.2) curlE =0 curl B = 0.

The simplest interesting solutions represent charged particles, say
with the charge at the origin, p = cdp(z), and with no magnetic field,
B = 0. By identifying E with a 1-form, instead of a vector field on R3,

(13) E= (El, EQ, Eg) = e = Fidz; + Eadzy + E3d23
we may identify curl E with the 2-form de,

(1.4) de =

0k, O0FE; OF3 O0F, OF, OEF;
(8—21 — (9_2,’2) le/\d22+<a—z2 - 8_23> dZ2/\d23+(8_23 - 8_21) ng/\le.

Thus (1.2) implies that e is a closed 1-form, satisfying

0F, n 0F, n 0Fs
82’1 82’2 823

By the Poincaré Lemma, a closed 1-form on R? is exact, e = dp,
with p determined up to an additive constant. If e is smooth (which it

(1.5)

= cdp(2).

201
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cannot be, because of (1.5)), then
(1.6)

p(2) - pl#) = / e along v [0,1] — R, (0) = /,7(1) = =

It is reasonable to look for a particular p and 1-form e which satisfy
(1.5) and are smooth outside the origin. Then (1.6) gives a potential
which is well defined, up to an additive constant, outside 0, once 2’ is
fixed, since de = 0 implies that the integral of v*e along a closed curve
vanishes. This depends on the fact that R*\{0} is simply connected.

So, modulo confirmation of these simple statements, it suffices to
look for p € C>®(R3\{0}) satisfying e = dp and (1.5), so

) Ap—— (8219 Fp  p

Then E is recovered from e = dp.

The operator ‘div’ can also be understood in terms of de Rham d
together with the Hodge star *. If we take R? to have the standard ori-
entation and Euclidean metric dz7 +dz3 +dz3, the Hodge star operator
is given on 1-forms by

(1.8)  xdzy = dzy Ndzg, #*dzg = dzz ANdz, xdzz3 = dz Adz.
Thus *e is a 2-form,
(19) *x € = E1 dZQ VAN dZ3 + E2 ng VAN le + E3 le VAN dZQ

oF, n OFs n 0F;
821 822 82’3

The stationary Maxwell’s equations on e become

(1.10) dxe=pdzn Ndz Ndzs, de =0.

= dxe = ( ) dziNdzaNdz3 = (div E) dz; AdzaNdzs.

There is essential symmetry in (1.1) except for the appearance of the
“source” terms, p and J. To reduce (1.1) to two equations, analogous
to (1.10) but in 4-dimensional (Minkowski) space requires B to be
identified with a 2-form on R3, rather than a 1-form. Thus, set

(111) 6:B1 dZQ/\d23+BQ ng/\le+B3 le/\dZQ.
Then
(112) dﬁ =divB le N dZQ VAN ng

as follows from (1.9) and the second equation in (1.1) implies g is
closed.
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Thus e and S are respectively a closed 1-form and a closed 2-form
on R3. If we return to the general time-dependent setting then we may
define a 2-form on R* by

(1.13) A=eAdt+f

where e and 3 are pulled back by the projection 7 : R* — R3?. Com-
puting directly,

9B

(1.14) dA:d’eAdthd’ﬁJrEAdt
where d' is now the differential on R3. Thus
(1.15) dAzO@d’e—i—g—f:O, dps=0

recovers two of Maxwell’s equations. On the other hand we can define
a 4-dimensional analogue of the Hodge star but corresponding to the
Minkowski metric, not the Euclidean one. Using the natural analogue
of the 3-dimensional Euclidean Hodge by formally inserting an ¢ into
the t-component, gives

((x4dz1 N\ dze = tdzz N dt

x4dz1 N\ dzg = 1dt A\ dzg
*4dzy N dt = —idzy N dzs

x4d29 A\ dzg = idzy A dt
*4dz9 N dt = —idz3 N dzy
*4dz3 N dt = —1dzy N dzs.

(1.16)

The other two of Maxwell’s equations then become
(117) d*xg A =d(—ixe—+i(x8) Ndt) = —i(p dzy ANdzg Ndzg + j A dt)

where j is the 1-form associated to J as in (1.3). For our purposes this
is really just to confirm that it is best to think of B as the 2-form [
rather than try to make it into a 1-form. There are other good reasons
for this, related to behaviour under linear coodinate changes.
Returning to the stationary setting, note that (1.7) has a ‘preferred’
solution
1

1.1 = .
(1.18) P=

This is in fact the only solution which vanishes at infinity.

PROPOSITION 1.1. The only tempered solutions of (1.7) are of the
form

1
(1.19) p=——+44q, Aq=0, q a polynomial.
4r|z|



204 9. ELECTROMAGNETISM

PROOF. The only solutions are of the form (1.19) where g € S'(R?)
is harmonic. Thus ¢ € §'(R?) satisfies [£|*q = 0, which implies that ¢
is a polynomial. 0

2. Hodge Theory

The Hodge * operator discussed briefly above in the case of R? (and
Minkowski 4-space) makes sense in any oriented real vector space, V,
with a Euclidean inner product—that is, on a finite dimensional real

Hilbert space. Namely, if ey,...,e, is an oriented orthonormal basis
then
(2.1) k(e Ao Nejiy,) = sgn(iv)eg,, A€,

extends by linearity to
(2.2) NV — ARV

PROPOSITION 2.1. The linear map (2.2) is independent of the ori-
ented orthonormal basis used to define it and so depends only on the
choice of inner product and orientation of V. Moreover,

(2.3) 2 = (=1)FR on APV

PRrROOF. Note that sgn(i,), the sign of the permutation defined by
{i1,...,i,} is fixed by
(2.4) e, N+ Ney, =sgn(iy)egr A« Aey,.
Thus, on the basis e;, A ... Ae; of /\k V' given by strictly increasing
sequences ip < ip < -+ < i in {1,...,n},
(2.5) ex A xe, =sgn(i,)?el A Nep,=el A Aey,.

The standard inner product on /\k V' is chosen so that this basis is
orthonormal. Then (2.5) can be rewritten

(2.6) er Axey = (er,egyer A+ A ey.
This in turn fixes * uniquely since the pairing given by
(2.7) ANV X NIV 3 (u,0) = (WA V) eypne,

is non-degenerate, as can be checked on these bases.

Thus it follows from (2.6) that * depends only on the choice of inner
product and orientation as claimed, provided it is shown that the inner
product on /\k V only depends on that of V. This is a standard fact
following from the embedding

(2.8) NV s Ve
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as the totally antisymmetric part, the fact that V®* has a natural inner
product and the fact that this induces one on A* V' after normalization

(depending on the convention used in (2.8). These details are omitted.
U

Since * is uniquely determined in this way, it necessarily depends
smoothly on the data, in particular the inner product. On an ori-
ented Riemannian manifold the induced inner product on Ty M varies
smoothly with p (by assumption) so

(2.9) st o M — N2 M, NEM = NN(T:M)
varies smoothly and so defines a smooth bundle map
(2.10) x e Co(M; N M, N\N"F M.

An oriented Riemannian manifold carries a natural volume form
v € C®(M, \" M), and this allows (2.6) to be written in integral form:

(2.11) /M<a,5)l/:/Ma/\*5 Va,B e C®(M,\"M).

LEMMA 2.2. On an oriented, (compact) Riemannian manifold the
adjoint of d with respect to the Riemannian inner product and volume
form s

(2.12) d =0 = (=)D s d s on A" M.
PROOF. By definition,
(213) d:C=®(M, N M) — c=(M, \*™ M)
— 5 :CO(M, N\ M) — ¢ (M, N\ M),

[ deayy = [ fosa) e € AF M) € AN D)

Applying (2.11) and using Stokes’ theorem, (and compactness of either
M or the support of at least one of a, o),

/(504,0/)1/:/ da A xa/
M M

:/ d(oz/\*a’)—{—(—l)kH/ a/\d*a’:()—{—(—l)kH/ (o, x tdxa/) v.
M M

M
Taking into account (2.3) to compute *~! on n — k forms shows that

(2.14) oo/ = (=1)FHn=k g% on (k4 1)-forms
which is just (2.12) on k-forms. O
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Notice that changing the orientation simply changes the sign of %
on all forms. Thus (2.12) does not depend on the orientation and as a
local formula is valid even if M is not orientable — since the existence
of = d* does not require M to be orientable.

THEOREM 2.3 (Hodge/Weyl). On any compact Riemannian man-
ifold there is a canonical isomorphism

(2.15)  HY (M) = HE (M) = {u e LA(M; A" M); (d + 6)u = 0}

where the left-hand side is either the C*> or the distributional de Rham
cohomology

(2.16) {u € C(M; N M); du = 0} /dCOO(M; AF M)
&~ {u e C(M; \" M); du = O} /dC_OO(M; A M).
PROOF. The critical point of course is that

(2.17) d+ & € Diff'(M; \* M) is elliptic.
We know that the symbol of d at a point ¢ € Ty M is the map

(2.18) AN'Msa—iCAa.
We are only interested in ( # 0 and by homogeneity it is enough to
consider |¢| = 1. Let e; = (, ey, ..., €, be an orthonormal basis of
TxM, then from (2.12) with a fixed sign throughout:
(2.19) (6, )a ==+ (ICN-)*a.
Take oo = ey, *a = +ep where TUI' = {1,...,n}. Thus
0 1¢1
(2.20) o(0,)a = { tiang 11
In particular, o(d 4 ¢) is an isomorphism since it satisfies
(2.21) o(d+6)* = ¢
as follows from (2.18) and (2.20) or directly from the fact that
(2.22) (d+0)>=d*+dd +0d + 6* = dd + 6d

again using (2.18) and (2.20).
Once we know that d+ 9 is elliptic we conclude from the discussion
of Fredholm properties above that the distributional null space

(2.23) {ueC (M, \N"M); (d+0)u=0} CC®(M,\" M)
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is finite dimensional. From this it follows that
HE ={ueCc (M, \"M): (d+6)u =0}
—{u e (M, N M); du = ou =0}

and that the null space in (2.23) is simply the direct sum of these spaces
over k. Indeed, from (2.23) the integration by parts in

0= / (du, (d + 8)u) v = ||dull%a + / (u, %) v = [[dul2

is justified.
Thus we can consider d + 0 as a Fredholm operator in three forms
d+6:C°(M,\N"M) — C(M, \" M),
(2.25) d+6 H (M, \" M) — H* (M, \" M),
d+6:CO(M,N" M) — C*(M,\" M)
and obtain the three direct sum decompositions
C™(M,\N" M) =Hyj, ® (d+6)C(M,\" M),
(2.26) L*(M,\"M) = Hy, ® (d+ §)L* (M, \" M),
C*(M,\"M) = Hj;, ® (d+ 0)C*(M, \" M).
The same complement occurs in all three cases in view of (2.24).
From (2.24) directly, all the “harmonic” forms in Hy (M) are closed
and so there is a natural map
(2.27) Hfio (M) — Hip(M) — Hip oo (M)

where the two de Rham spaces are those in (2.16), not yet shown to be
equal.

We proceed to show that the maps in (2.27) are isomorphisms. First
to show injectivity, suppose u € HE_(M) is mapped to zero in either
space. This means u = dv where v is either C* or distributional, so
it suffices to suppose v € C~°(M, \*" M). Since u is smooth the
integration by parts in the distributional pairing

HuH%g:/M<u,dv)V:/M(5u7v>V:0

is justified, so u = 0 and the maps are injective.

To see surjectivity, use the Hodge decomposition (2.26). If «' €
C>°(M, \* M) or ¢>*(M, \* M), we find
(2.28) u' = uo+ (d+0)v
where correspondingly, v € C~(M, \" M) or C**(M, \* M) and g €
HE (M). If /' is closed, du’ = 0, then djv = 0 follows from applying

(2.24)
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d to (2.28) and hence (d + §)dv = 0, since 62 = 0. Thus dv € Hy; (M)
and in particular, ov € C®(M, A" M). Then the integration by parts
in

60|72 = /((51}, dv) v = /(v, (d+6)ovyr =0

is justified, so dv = 0. Then (2.28) shows that any closed form, smooth
or distributional, is cohomologous in the same sense to ug € HE (M).
Thus the natural maps (2.27) are isomorphisms and the Theorem is
proved. 0

Thus, on a compact Riemannian manifold (whether orientable or
not), each de Rham class has a unique harmonic representative.

3. Coulomb potential
4. Dirac strings

Addenda to Chapter 9



CHAPTER 10

Monopoles

1. Gauge theory
2. Bogomolny equations

) Compact operators, spectral theorem

) Families of Fredholm operators(*)

) Non-compact self-adjoint operators, spectral theorem
) Spectral theory of the Laplacian on a compact manifold
) Pseudodifferential operators(*)

) Invertibility of the Laplacian on Euclidean space

) Lie groups(}), bundles and gauge invariance

) Bogomolny equations on R?

) Gauge fixing

(10) Charge and monopoles

(11) Monopole moduli spaces

(1
(2
(3
(4
(5
(6
(7
(8
(9

* T will drop these if it looks as though time will become an issue.
1,1 I will provide a brief and elementary discussion of manifolds and Lie
groups if that is found to be necessary.

3. Problems
PROBLEM 1. Prove that u,, defined by (15.10) is linear.

PROBLEM 2. Prove Lemma 15.7.
Hint(s). All functions here are supposed to be continuous, I just
don’t bother to keep on saying it.

(1) Recall, or check, that the local compactness of a metric space
X means that for each point x € X there is an € > 0 such that
the ball {y € X;d(z,y) <4} is compact for < e.

(2) First do the case n = 1, s0o K € U is a compact set in an open
subset.

(a) Given § > 0, use the local compactness of X, to cover K
with a finite number of compact closed balls of radius at
most 6.

209
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(b) Deduce that if € > 0 is small enough then the set {z €
X;d(z, K) < €}, where

(e, K) = inf d(z.y).

is compact.

(c) Show that d(z, K), for K compact, is continuous.

(d) Given € > 0 show that there is a continuous function
ge : R — [0,1] such that g.(t) = 1 for t < €¢/2 and
ge(t) = 0 for t > 3e/4.

(e) Show that f = g.od(-, K) satisfies the conditions for n = 1
if € > 0 is small enough.

(3) Prove the general case by induction over n.

(a) In the general case, set K’ = K N U and show that the

inductive hypothesis applies to K’ and the U; for j > 1; let
J’-, j =2,...,n be the functions supplied by the inductive
assumption and put f'=>_.., f}.

(b) Show that K3 = K N{f" < 3} is a compact subset of U;.

(c) Using the case n = 1 construct a function F for K; and
Us.

(d) Use the case n =1 again to find G such that G =1 on K
and supp(G) € {f' + F > 1}.

(e) Make sense of the functions

ey
[+ F '+ F
and show that they satisfies the inductive assumptions.

fi=F

] 22

PROBLEM 3. Show that o-algebras are closed under countable in-
tersections.

ProOBLEM 4. (Easy) Show that if p is a complete measure and
E C F where F is measurable and has measure 0 then p(E) = 0.

PROBLEM 5. Show that compact subsets are measurable for any
Borel measure. (This just means that compact sets are Borel sets if
you follow through the tortuous terminology.)

PROBLEM 6. Show that the smallest o-algebra containing the sets
<a7 OO] - [—OO, OO]

for all @ € R, generates what is called above the ‘Borel’ o-algebra on
[_OO? OO]

PROBLEM 7. Write down a careful proof of Proposition 1.1.
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PrROBLEM 8. Write down a careful proof of Proposition 1.2.

PROBLEM 9. Let X be the metric space
X={0}u{l/n;neN={1,2,...}} CR

with the induced metric (i.e. the same distance as on R). Recall why
X is compact. Show that the space Cy(X) and its dual are infinite
dimensional. Try to describe the dual space in terms of sequences; at
least guess the answer.

PROBLEM 10. For the space Y = N = {1,2,...} C R, describe
Co(Y) and guess a description of its dual in terms of sequences.

PROBLEM 11. Let (X, M, u) be any measure space (so u is a mea-
sure on the o-algebra M of subsets of X'). Show that the set of equiv-
alence classes of p-integrable functions on X, with the equivalence re-
lation given by (4.8), is a normed linear space with the usual linear
structure and the norm given by

1l = /X Fldn

PROBLEM 12. Let (X, M) be a set with a o-algebra. Let p: M —
R be a finite measure in the sense that p(¢) = 0 and for any {E;};°, C
M with E; N E; = ¢ for ¢ # 7,

(3.1) p <U Ez) = ZM(EZ)

with the series on the right always absolutely convergenct (i.e., this is
part of the requirement on p). Define

(52) 1l (B) = sup 3 ()

for £ € M, with the supremum over all measurable decompositions
E = \J;Z, E; with the E; disjoint. Show that |u| is a finite, positive
measure.

Hint 1. You must show that |p| (E) = Y2, |u| (4) if U, A = E,
A; € M being disjoint. Observe that if A; = J; A is a measurable
decomposition of A; then together the A;; give a decomposition of E.
Similarly, if £ = ; Ej 1s any such decomposition of E then Aj; =
A; N E; gives such a decomposition of A;.

Hint 2. See [6] p. 117!

PrOBLEM 13. (Hahn Decomposition)
With assumptions as in Problem 12:
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(1) Show that py = $(Ju| + p) and p_ = 1(|u| — p) are positive
measures, i = py — p—. Conclude that the definition of a
measure based on (4.16) is the same as that in Problem 12.

(2) Show that py so constructed are orthogonal in the sense that
there is a set £ € M such that pu_(F) =0, uy (X \ £) = 0.

Hint. Use the definition of |u| to show that for any F' € M
and any € > 0 there is a subset I/ € M, I’ C F such that
e (F') > pyp(F) —e and p_(F') < e. Given § > 0 apply
this result repeatedly (say with e = 27"9) to find a decreasing
sequence of sets Fy = X, F, € M, F,.; C F, such that
i (Fn) > s (Fr_q)—27"9 and p_(F,) < 27"6. Conclude that
G =), Fn has 4 (G) > py(X) — 9 and p—(G) = 0. Now let
G, be chosen this way with § = 1/m. Show that E = J,, G,
is as required.

PROBLEM 14. Now suppose that u is a finite, positive Radon mea-
sure on a locally compact metric space X (meaning a finite positive
Borel measure outer regular on Borel sets and inner regular on open
sets). Show that p is inner regular on all Borel sets and hence, given
e >0and E € B(X) there exist sets K C F C U with K compact and
U open such that pu(K) > u(E) — e, u(E) > u(U) — €.

Hint. First take U open, then use its inner regularity to find K
with K € U and pu(K') > w(U) — €/2. How big is u(E\K’)? Find
V D K'\E with V open and look at K = K'\V.

PrOBLEM 15. Using Problem 14 show that if p is a finite Borel
measure on a locally compact metric space X then the following three
conditions are equivalent

(1) p = py — pe with gy and po both positive finite Radon mea-
sures.

(2) |p| is a finite positive Radon measure.

(3) w4 and p_ are finite positive Radon measures.

PROBLEM 16. Let || || be a norm on a vector space V. Show that
|lu|| = (u,u)'/? for an inner product satisfying (1.1) - (1.4) if and only
if the parallelogram law holds for every pair u,v € V.

Hint (From Dimitri Kountourogiannis)

If || - || comes from an inner product, then it must satisfy the polar-
isation identity:

(z,y) = VA(llz + ylI* = [l — ylI* = illz + ayl* — ille - iy|]*)

i.e, the inner product is recoverable from the norm, so use the RHS
(right hand side) to define an inner product on the vector space. You
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will need the paralellogram law to verify the additivity of the RHS.
Note the polarization identity is a bit more transparent for real vector
spaces. There we have

(z,y) = 1/2(lz +ylI* = [l = yl*)
both are easy to prove using ||a|* = (a,a).
PrROBLEM 17. Show (Rudin does it) that if v : R® — C has con-

tinuous partial derivatives then it is differentiable at each point in the
sense of (6.19).

PROBLEM 18. Consider the function f(z) = (z)~" = (1+ |z|*)~ /2
Show that
of

1) ()
with /;(x) a linear function. Conclude by induction that (z)~' €
CE(R™) for all k.
PROBLEM 19. Show that exp(— |z|*) € S(R").
PROBLEM 20. Prove (2.8), probably by induction over k.
PROBLEM 21. Prove Lemma 2.4.

Hint. Show that a set U > 0 in S(R") is a neighbourhood of 0 if
and only if for some k£ and € > 0 it contains a set of the form

v e SR, Z sup ‘xO‘D’B<,0| <€
EE

PROBLEM 22. Prove (3.7), by estimating the integrals.
PROBLEM 23. Prove (3.9) where

/ /a /
wj(z;x):/o a—j;(z—i-tx)dt.

PROBLEM 24. Prove (3.20). You will probably have to go back to
first principles to do this. Show that it is enough to assume u > 0 has
compact support. Then show it is enough to assume that v is a simple,
and integrable, function. Finally look at the definition of Lebesgue
measure and show that if £ C R" is Borel and has finite Lebesgue
measure then

lim pu(E\(E+t)) =0

[t]—o0

where p = Lebesgue measure and
E+t={peR";p+t,p eFE}.
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PROBLEM 25. Prove Leibniz’ formula
« _
Do) =3 ( )Dw 2Py
BLa ﬂ

for any C* functions and ¢ and 1. Here a and  are multiindices,
B < a means ; < a; for each j, and

[0 . Oéj
<5) 1;[ (@') '
I suggest induction!

PROBLEM 26. Prove the generalization of Proposition 3.10 that
u € §'(R"), supp(w) C {0} implies there are constants ca, |a| < m,
for some m, such that
U= Z CaD%0 .

o] <m
Hint This is not so easy! I would be happy if you can show that
u € M(R"™), suppu C {0} implies u = ¢d. To see this, you can show
that

p € SR"), p(0) =0
= Jp; € S(R"), pj(x) =0in |z| <e >0(,0),
sup |p; — | = 0 as j — oo.

To prove the general case you need something similar — that given m,
if p € S(R™) and D*,(0) = 0 for |a] < m then ¢; € S(R"), ¢; =0
in |z] <e;, ¢; | 0 such that p; — ¢ in the C" norm.

ProBLEM 27. If m € N, m’ > 0 show that v € H™(R") and
Dy € H™(R") for all |a] < m implies v € H™™ (R"). Is the
converse true?

PROBLEM 28. Show that every element u € L?(R™) can be written
as a sum

u:uo—i-ZDjuj,quHl(]R"),j:O,...,n.
j=1

PROBLEM 29. Consider for n = 1, the locally integrable function
(the Heaviside function),

0 <0
H(“"):{ 1 o>1.

Show that D, H(x) = c¢d; what is the constant ¢?
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PrROBLEM 30. For what range of orders m is it true that 0 €
H™R"), 6(p) = ¢(0)?

PROBLEM 31. Try to write the Dirac measure explicitly (as possi-
ble) in the form (5.8). How many derivatives do you think are neces-
sary?

PROBLEM 32. Go through the computation of OF again, but cut-
ting out a disk {z* 4+ y* < €?} instead.

PROBLEM 33. Consider the Laplacian, (6.4), for n = 3. Show that
E = ¢(2? 4+ 4?)7'/? is a fundamental solution for some value of c.

PROBLEM 34. Recall that a topology on a set X is a collection F of
subsets (called the open sets) with the properties, ¢ € F, X € F and
F is closed under finite intersections and arbitrary unions. Show that
the following definition of an open set U C S’'(R™) defines a topology:

Vu e U and all ¢ € S(R™) Je > 0 st.
(v —u)(p)|<e=u e€eU.

This is called the weak topology (because there are very few open
sets). Show that u; — u weakly in §’(R™) means that for every open
set UDudNst. u;cUVj>N.

PROBLEM 35. Prove (6.18) where u € 8'(R™) and ¢,¢ € S(R").

PROBLEM 36. Show that for fixed v € §'(R™) with compact support
SR™) 3 p—v*pe SR
is a continuous linear map.
PROBLEM 37. Prove the 7?7 to properties in Theorem 6.6 for u x v

where u € S'(R") and v € S'(R™) with at least one of them having
compact support.

PRrROBLEM 38. Use Theorem 6.9 to show that if P(D) is hypoelliptic
then every parametrix F' € S(R™) has sing supp(F') = {0}.

PROBLEM 39. Show that if P(D) is an ellipitic differential operator
of order m, u € L*(R™) and P(D)u € L*(R™) then u € H™(R"™).

PROBLEM 40 (Taylor’s theorem). . Let u : R* — R be a real-
valued function which is k times continuously differentiable. Prove that
there is a polynomial p and a continuous function v such that

u(z) = p(z) + v(x) where lim o)l

= 0.
lzl0 |z|F
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PROBLEM 41. Let C(B™) be the space of continuous functions on
the (closed) unit ball, B” = {x € R™; |z| < 1}. Let Co(B") C C(B™) be
the subspace of functions which vanish at each point of the boundary
and let C(S"™!) be the space of continuous functions on the unit sphere.
Show that inclusion and restriction to the boundary gives a short exact
sequence

Co(B") — C(B") — C(S"™ ™)

(meaning the first map is injective, the second is surjective and the
image of the first is the null space of the second.)

PROBLEM 42 (Measures). A measure on the ball is a continuous
linear functional p : C(B") — R where continuity is with respect to
the supremum norm, i.e. there must be a constant C' such that

()l <C sup [f(@)| vV f € C(B").

Let M(B") be the linear space of such measures. The space M (S" 1)
of measures on the sphere is defined similarly. Describe an injective
map

M(S" 1 — M(B").
Can you define another space so that this can be extended to a short
exact sequence?

PROBLEM 43. Show that the Riemann integral defines a measure
(3.3) C(B")> f+— f(x)dx.
B

PROBLEM 44. If g € C(B") and p € M (B") show that gu € M (B")
where (gu)(f) = u(fg) for all f € C(B"). Describe all the measures
with the property that

zjp=01in M(B") for j =1,...,n.
PROBLEM 45 (Hormander, Theorem 3.1.4). Let I C R be an open,
non-empty interval.

i) Show (you may use results from class) that there exists ¢ €
C(I) with [ ¢(x)ds = 1.
ii) Show that any ¢ € C2°(/) may be written in the form

p=0d+cp, ceC, ¢eC>) with /q§:0.
R

iii) Show that if ¢ € C°(I) and ngzE = 0 then there exists p €
C°(I) such that ‘;—’; —¢in I.
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iv) Suppose u € C~°(I) satisfies 2 =0, i.c.

dg
——)=0V¢eCr(),
w2y =0v s ec)
show that u = ¢ for some constant c.
v) Suppose that u € C~*°(I) satisfies 2 = ¢, for some constant

¢, show that u = cx + d for some d € C.

PROBLEM 46. [Hormander Theorem 3.1.16]

i) Use Taylor’s formula to show that there is a fixed ¢ € C°(R")
such that any ¢ € C°(R™) can be written in the form

¢=c+ >
j=1

where ¢ € C and the ¢; € C°(R") depend on ¢.
ii) Recall that Jy is the distribution defined by

do(¢) = ¢(0) V ¢ € CZ(R");

explain why 6y € C~>°(R").

iii) Show that if u € C™*°(R") and u(x;¢) = 0 for all ¢ € C*(R")
and j =1,...,n then u = ¢dy for some c € C.

iv) Define the ‘Heaviside function’

H(g) = / " $a)da V ¢ € C(R);

show that H € C~>°(R).
v) Compute LH € C™°(R).

PROBLEM 47. Using Problems 45 and 46, find all u € C~*°(R)
satisfying the differential equation

d
xﬁinnR.

These three problems are all about homogeneous distributions on
the line, extending various things using the fact that

; exp(zlogz) x>0
€T —_=
T0 z <0

is a continuous function on R if Re z > 0 and is differentiable if Re z > 1

= .

dx
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We used this to define

(3.4) .1 1 L& emif ey N
’ $+_z+k2+k—1 o ldakt -

PROBLEM 48. [Hadamard regularization]

i) Show that (3.4) just means that for each ¢ € C2°(R)

7 (¢) = RS 1)/0 dxk(x)x tkdr, Rez > —k, z ¢ —N.

ii) Use integration by parts to show that
(3.5)

x5 (¢ —lggl [/ o Zdaj—ZC )exti

for certain constants C;(¢) which you should give explicitly.
[This is called Hadamard regularization after Jacques Hadamard,
feel free to look at his classic book [3].]

iii) Assuming that —k +1 > Rez > —k, z # —k + 1, show that
there can only be one set of the constants with j < k (for each
choice of ¢ € C°(R)) such that the limit in (3.5) exists.

iiv) Use ii), and maybe iii), to show that

d
dx

, Rez > —k, 2 ¢ —N

v =z22"'inC®(R)V2¢ —Ng=1{0,1,... }.

v) Similarly show that zz% = 27" for all z ¢ —N.
vi) Show that 7 = 0in x < 0 for all z ¢ —N. (Duh.)

PROBLEM 49. [Null space of z-L — 2]

i) Show that if u € C°(R) then @(¢) = u(p), where ¢(z) =
o(—x) ¥V ¢ € CX(R), defines an element of C~*°(R). What is
@ if u € CO(R)? Compute 8o.

i) Show that i = —Ly.

iii) Define 27 = 2% for z ¢ —N and show that 27 = —zz*'
and zz* = —a=t.

iv) Suppose that u € C *(R) satisfies the distributional equation

(x4 — 2)u = 0 (meaning of course, 7% = zu where z is a
d:t dx

constant). Show that

— z .
u‘:v>0 - C+x—‘x>0 and u|ac<0 =Cc-z

—lz<0
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for some constants ci. Deduce that v = u — ci a7 — c_2%

satisfies
d
(3.6) (:pd— — z)v =0 and supp(v) C {0}.
x
v) Show that for each k € N, (zL + k + 1)%(50 =0.
vi) Using the fact that any v € C~*°(R) with supp(v) C {0} is
a finite sum of constant multiples of the ch—kkéo, show that, for
z ¢ —N, the only solution of (3.6) is v = 0.
vii) Conclude that for z ¢ —N

(3.7) {u € C~=(R); (xdi — = 0}

x
is a two-dimensional vector space.

PrROBLEM 50. [Negative integral order| To do the same thing for
negative integral order we need to work a little differently. Fix k € N.

i) We define weak convergence of distributions by saying u,, — u
in C(X), where u,,u € C°(X), X C R" being open, if
un (@) — u(¢) for each ¢ € C°(X). Show that u,, — u implies
that ‘g%;% — 887“]_ for each j = 1,...,n and fu, — fuif f €
C*(X).

ii) Show that (z + k)a? is weakly continuous as z — —k in the
sense that for any sequence z, - —k, z, ¢ —N, (2, + k)27 —
v, where

1 1 dk+1

T Th e Ldar T
iii) Compute vy, including the constant factor.
iv) Do the same thing for (z + k)z* as z — —k.
v) Show that there is a linear combination (k + z)(2% + c(k)z?)
such that as z — —k the limit is zero.
vi) If you get this far, show that in fact 27 + c(k)x* also has a
weak limit, ug, as z — —k. [This may be the hardest part.]
vii) Show that this limit distribution satisfies (z-£ + k)uy, = 0.
viii) Conclude that (3.7) does in fact hold for z € —N as well.
[There are still some things to prove to get this.]

Ty = I‘_li_

ProBLEM 51. Show that for any set G C R"
v (G) =inf Y w(A)
i=1

where the infimum is taken over coverings of G by rectangular sets
(products of intervals).
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PROBLEM 52. Show that a g-algebra is closed under countable in-
tersections.

PROBLEM 53. Show that compact sets are Lebesgue measurable
and have finite volume and also show the inner regularity of the Lebesgue
measure on open sets, that is if £ is open then

(3.8) v(F) =sup{v(K); K C E, K compact}.

PROBLEM 54. Show that a set B C R" is Lebesgue measurable if
and only if

v*(E) = v*(EN B) +v*(EN B ¥V open E C R™,
[The definition is this for all £ C R™]
PROBLEM 55. Show that a real-valued continuous function f :

U — R on an open set, is Lebesgue measurable, in the sense that
f~Y(I) C U C R™ is measurable for each interval I.

PrROBLEM 56. Hilbert space and the Riesz representation theorem.
If you need help with this, it can be found in lots of places — for instance
[7] has a nice treatment.
i) A pre-Hilbert space is a vector space V' (over C) with a ‘posi-
tive definite sesquilinear inner product’ i.e. a function

VxV3(ww)— (v,w) € C
satisfying
o <w7v> = <U7w>
o {(a1v] + aguy, w) = ay (v, w) + ag(vy, w)
o (v,v) >0
e (V) =0=v=0.
Prove Schwarz’ inequality, that
[, )] < ()3 ()2 Y u,w V.
Hint: Reduce to the case (v,v) =1 and then expand

(u— (u,v)v,u — (u,v)v) > 0.

ii) Show that ||v]| = (v,v)!/? is a norm and that it satisfies the
parallelogram law:
(3.9) e + vl + flor = wal* = 2flu|]* + 2lv2]|* ¥ vi, vz € V-

iii) Conversely, suppose that V' is a linear space over C with a
norm which satisfies (3.9). Show that

4v,w) = [lv +wl* = [l — w||* +ilJv + iwl|* — iflv — iw]]®
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defines a pre-Hilbert inner product which gives the original
norm.

iv) Let V' be a Hilbert space, so as in (i) but complete as well.
Let C C V be a closed non-empty convex subset, meaning
v,w € C = (v+w)/2 € C. Show that there exists a unique
v € (' minimizing the norm, i.e. such that

[of| = inf [w]].
wel

Hint: Use the parallelogram law to show that a norm min-
imizing sequence is Cauchy.

v) Let w: H — C be a continuous linear functional on a Hilbert
space, so |u(p)] < C|l¢|| ¥V ¢ € H. Show that N = {p €
H;u(p) = 0} is closed and that if vg € H has u(vg) # 0 then
each v € H can be written uniquely in the form

v=cvg+w, ceC, weN.

vi) With w as in v), not the zero functional, show that there exists
a unique f € H with u(f) =1 and (w, f) =0 for all w € N.
Hint: Apply iv) to C' = {g € V;u(g) = 1}.
vii) Prove the Riesz Representation theorem, that every continu-
ous linear functional on a Hilbert space is of the form

ur: H> ¢~ (p, f) for a unique f € H.
PROBLEM 57. Density of C>°(R") in LP(R™).

i) Recall in a few words why simple integrable functions are dense
in L'(R") with respect to the norm || f||z1 = [, [f(z)|dz.
ii) Show that simple functions Zjvzl ¢jx(U;) where the U; are
open and bounded are also dense in L'(R").
iii) Show that if U is open and bounded then F(y) = v(U N U,),
where U, = {z € Rz = y+ ¢,y € U} is continuous in
y € R™ and that

v(UﬂUg)—l-v(UEﬂUy) —0asy—0.
iv) If U is open and bounded and ¢ € C>°(R") show that
fa) = [ la—y)dy € c2(@),
U

v) Show that if U is open and bounded then

sup / Ixv(x) — xv(z —y)|de — 0as ] 0.

ly|<s
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vi) If U is open and bounded and ¢ € C*(R™), ¢ > 0, [ =1
then
fs — xvin L'(R") as 6 0

where

fs(z)=0"" / © (%) xu(x —y)dy.

Hint: Write xp(z) =6 [ ¢ (%) xu(z) and use v).
vii) Conclude that C>*(R") is dense in L'(R™).
viii) Show that C2°(R") is dense in LP(R™) for any 1 < p < 0.

PROBLEM 58. Schwartz representation theorem. Here we (well you)
come to grips with the general structure of a tempered distribution.

i) Recall briefly the proof of the Sobolev embedding theorem and
the corresponding estimate

n
sup [6(2)] < Cl@ln, 5 <meR
zeR™

ii) For m = n + 1 write down a(n equivalent) norm on the right
in a form that does not involve the Fourier transform.
iii) Show that for any a € Ny

1D (L4 [2)N9) | < Caw ) (1+ |2 [DPg).
BLla
iv) Deduce the general estimates

\SFI?V(I + 2N DY ()| < Cnll(1+ |2[*)Y ol rvensa.
a|<
TeR™

v) Conclude that for each tempered distribution u € S’(R") there
is an integer N and a constant C' such that
[u(@)] < ClI(L+ [2*) Y|l g=m ¥ 6 € S(R).
vi) Show that v = (1 + |z|*)™Mu € S'(R") satisfies
[v(¢)] < Cll(1+[DI*) ]2 ¥ 6 € S(R).

vi) Recall (from class or just show it) that if v is a tempered
distribution then there is a unique w € §'(R"™) such that (1 +
|D>)Nw = v.

vii) Use the Riesz Representation Theorem to conclude that for
each tempered distribution u there exists N and w € L*(R"™)
such that

(3.10) w=(1+ DN+ |z)*)Nw.
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viii) Use the Fourier transform on S'(R") (and the fact that it is
an isomorphism on L?(R")) to show that any tempered distri-
bution can be written in the form

u=(1+ |z (1 + |D|*)"w for some N and some w € L*(R™).

ix) Show that any tempered distribution can be written in the
form

u = (14]z>)N (14|D[H)N+"*+ 14 for some N and some @ € H2" 1 (R™).

x) Conclude that any tempered distribution can be written in the
form

u=(1+ |z + |DPMU for some N, M

and a bounded continuous function U

PROBLEM 59. Distributions of compact support.

i) Recall the definition of the support of a distribution, defined
in terms of its complement

R™\supp(u) = {p € R";3 U C R", open, with p € U such that u‘U = 0}
ii) Show that if u € C~>°(R") and ¢ € C°(R") satisfy

supp(u) N supp(¢) =
then u(¢) = 0.

iii) Consider the space C*(R™) of all smooth functions on R",
without restriction on supports. Show that for each N
[fllvy = sup [D*f(z)|
la|<N, |z|<N
is a seminorn on C*°(R") (meaning it satisfies || f|| > 0, ||cf]| =
le||l f]] for ¢ € C and the triangle inequality but that ||f|| =0
does not necessarily imply that f = 0.)

iv) Show that C°(R") C C*(R") is dense in the sense that for
each f € C>*(R") there is a sequence f,, in C2°(R") such that
I\f = fall(vy = O for each N.

v) Let &'(R") temporarily (or permanantly if you prefer) denote
the dual space of C*°(R") (which is also written £(R™)), that
is, v € &(R") is a linear map v : C*(R") — C which is
continuous in the sense that for some N

(3.11) (Al < Clifllovy ¥ f € CF(RY).

Show that such a v ‘is’ a distribution and that the map &'(R™) —
C—>°(R") is injective.
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vi) Show that if v € &'(R") satisfies (3.11) and f € C>*(R") has
f=01in |z| < N + € for some € > 0 then v(f) = 0.

vii) Conclude that each element of £'(R™) has compact support
when considered as an element of C~*(R").

viii) Show the converse, that each element of C~*°(R") with com-
pact support is an element of &'(R™) C C~*°(R™) and hence
conclude that £'(R™) ‘is’ the space of distributions of compact
support.

I will denote the space of distributions of compact support by C.*°(R).

PRrROBLEM 60. Hypoellipticity of the heat operator H = iD; + A =
Z.Dt + Z D:%,J on Rn-l—l'
j=1

(1) Using 7 to denote the ‘dual variable’ to ¢t and £ € R™ to denote
the dual variables to x € R™ observe that H = p(D;, D, ) where
p =11+ ¢,

(2) Show that |p(r, )| > 5 (I7| +[¢]?) .

(3) Use an inductive argument to show that, in (7,&) # 0 where
it makes sense,

lal

e 1 k05 (6)
o S,

where ¢ o ;(€) is a polynomial of degree (at most) 2j — |a/.
(4) Conclude that if ¢ € C°(R™!) is identically equal to 1 in a
neighbourhood of 0 then the function
1— ¢(7—a 5)

9(775):W

is the Fourier transform of a distribution F' € S'(R"™) with
sing supp(F') C {0}. [Remember that singsupp(F') is the com-
plement of the largest open subset of R™ the restriction of F
to which is smooth].

(5) Show that F' is a parametrix for the heat operator.

(6) Deduce that iD; + A is hypoelliptic — that is, if U C R™ is an
open set and u € C~>°(U) satisfies (iD; + A)u € C*(U) then
ueC®(U).

(7) Show that iD; — A is also hypoelliptic.

PROBLEM 61. Wavefront set computations and more — all pretty
easy, especially if you use results from class.

i) Compute WF(0) where § € §’'(R") is the Dirac delta function
at the origin.
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ii) Compute WF(H(z)) where H(z) € S'(R) is the Heaviside

function
1 0
Ha) =4~ "77.
0 <0

Hint: D, is elliptic in one dimension, hit H with it.

iii) Compute WF(FE), E = iH(x1)d(z") which is the Heaviside in
the first variable on R™, n > 1, and delta in the others.

iv) Show that D, E = J, so F is a fundamental solution of D,,,.

v) If f € C.>°(R") show that u = F x f solves D, u = f.

vi) What does our estimate on WF(E * f) tell us about WF(u) in
terms of WE(f)?

PROBLEM 62. The wave equation in two variables (or one spatial
variable).
i) Recall that the Riemann function

_1 ; _
Bt z) - 1 ift>zand t > —x
0 otherwise

is a fundamental solution of D? — D? (check my constant).
ii) Find the singular support of E.
iii) Write the Fourier transform (dual) variables as 7,¢ and show
that
WF(E) c {0} x S'U{(t,z,7,&);2 =t >0and £ +7 =0}
U{(t,z,7,&);—x=t>0and { =71} .
iv) Show that if f € C;°°(R?) then u = Exf satisfies (D?—D?)u =
f
v) With u defined as in iv) show that
supp(u) C {(t,z); 3
(t',2") € supp(f) with ¢ +2' <t+zand t' — 2’ <t —z}.
vi) Sketch an illustrative example of v).
vii) Show that, still with u given by iv),
sing supp(u) C {(¢,x); 3 (t',2") € singsupp(f) with
t>tandt+ax=t'+2" ort—az=1t —2'}.
viii) Bound WF(u) in terms of WF(f).

PROBLEM 63. A little uniqueness theorems. Suppose u € C_*(R")
recall that the Fourier transform @ € C*(R"™). Now, suppose u €



226 10. MONOPOLES

C.>(R") satisfies P(D)u = 0 for some non-trivial polynomial P, show
that u = 0.

PrROBLEM 64. Work out the elementary behavior of the heat equa-
tion.

i) Show that the function on R x R", for n > 1,
t=2 (—@) t>0
F(t,z) = P\
0 t<0

is measurable, bounded on the any set {|(¢,z)| > R} and is
integrable on {|(t,z)| < R} for any R > 0.

ii) Conclude that F defines a tempered distibution on R".

iii) Show that F is C* outside the origin.

iv) Show that F' satisfies the heat equation

(0= > 02 )F(t,x) =0in (t,z) #0.
j=1
v) Show that F satisfies

(3.13) F(s*,sx) = s "F(t,z) in &' (R")

where the left hand side is defined by duality “F(s?t, sz) = F,”
where

Fs(¢) - S_n_2F(¢1/s)7 le/s(t: l’) - d)(

vi) Conclude that

t x

_)'

BGE)
527 s

(0 — Z 0} )F(t,x) = G(t,z)

where G(t, ) satisfies
(3.14) G(s’t,s7) = s " 2G(t,z) in S'(R"*1)

in the same sense as above and has support at most {0}.
vii) Hence deduce that

(3.15) (0 — Z 07 VF(t,z) = c8(t)d(x)

for some real constant c.
Hint: Check which distributions with support at (0, 0) sat-
isfy (3.14).
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If v € C°(R™) show that u = F x ¢ satisfies

(3.16) w € C™(R™!) and

sup  (L+|z])N|Du(t,z)| < 0oV S > 0,0 € N**' N,

zeER", te[-5,5]

ix)

xi)

(3.17)

xii)

xiii)

Supposing that u satisfies (3.16) and is a real-valued solution
of

(0 =) 02 Ju(t,x) =0
j=1
in R"*! show that

v(t) = /n u?(t, )

is a non-increasing function of ¢.

Hint: Multiply the equation by u and integrate over a slab
[tl, tg] x R”™.
Show that ¢ in (3.15) is non-zero by arriving at a contradiction
from the assumption that it is zero. Namely, show that if c = 0
then w in viii) satisfies the conditions of ix) and also vanishes
int < T for some T (depending on ). Conclude that u = 0 for
all ¢. Using properties of convolution show that this in turn
implies that /' = 0 which is a contradiction.
So, finally, we know that F = %F is a fundamental solution of
the heat operator which vanishes in ¢ < 0. Explain why this
allows us to show that for any » € C°(R x R™) there is a
solution of

(8t—28§j)u:¢, u=01int < T for some T.
j=1

What is the largest value of T" for which this holds?
Can you give a heuristic, or indeed a rigorous, explanation of
why

2
c:/ exp(—uTl)dx?

Explain why the argument we used for the wave equation to
show that there is only one solution, u € C*°(R"™), of (3.17)
does not apply here. (Indeed such uniqueness does not hold
without some growth assumption on u.)
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PROBLEM 65. (Poisson summation formula) As in class, let L C R™
be an integral lattice of the form

L= {U:Zk’j’l]j, I{Zj EZ}

Jj=1

where the v; form a basis of R™ and using the dual basis w; (so w;-v; =
d;;is0or1lasi#jori=j)set

L° = {w:2ﬂ2kjwj, k; GZ}.

j=1
Recall that we defined
(3.18) C™®(TL) ={ueC®R");u(z+v)=u(z) Vz€R" velL}

i) Show that summation over shifts by lattice points:

(319)  AL:S[R"M) S fr— Af(z) =Y f(z—v) € C®(Ty).

veL

defines a map into smooth periodic functions.

ii) Show that there exists f € C2°(R") such that Ay f =1 is the
costant function on R".

iii) Show that the map (3.19) is surjective. Hint: Well obviously
enough use the f in part ii) and show that if u is periodic then
Ap(uf) = u.

iv) Show that the infinite sum

(3.20) F=> 6(—-v) €S8R

veL

does indeed define a tempered distribution and that F' is L-
periodic and satisfies exp(iw - z)F(z) = F(z) for each w € L°
with equality in S'(R™).

v) Deduce that F', the Fourier transform of F, is L° periodic,
conclude that it is of the form

(3.21) F§)=c)> 6(¢—w)

weL°

vi) Compute the constant c.
vii) Show that A.(f) = F % f.
viii) Using this, or otherwise, show that Ay(f) = 0 in C>*(T}) if
and only if f =0on L°.
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PROBLEM 66. For a measurable set {2 C R", with non-zero measure,
set H = L*(Q) and let B = B(H) be the algebra of bounded linear
operators on the Hilbert space H with the norm on B being

(3.22) 1Bl = sup{l|Bf|lu; f € H, [|flla =1}

i) Show that B is complete with respect to this norm. Hint (prob-
ably not necessary!) For a Cauchy sequence { B, } observe that
B, f is Cauchy for each f € H.

ii) If V C H is a finite-dimensional subspace and W C H is a
closed subspace with a finite-dimensional complement (that is
W + U = H for some finite-dimensional subspace U) show
that there is a closed subspace Y C W with finite-dimensional
complement (in H) such that V' L Y] that is (v,y) = 0 for all
veVandyeY.

iii) If A € B has finite rank (meaning AH is a finite-dimensional
vector space) show that there is a finite-dimensional space V' C
H such that AV C V and AV+ = {0} where

Vi={feH {flv)=0VveV}

Hint: Set R = AH, a finite dimensional subspace by hypoth-
esis. Let N be the null space of A, show that N+ is finite
dimensional. Try V = R+ N*.

iv) If A € B has finite rank, show that (Id —zA)~! exists for all
but a finite set of A € C (just quote some matrix theory).
What might it mean to say in this case that (Id —zA)™! is
meromorphic in 2?7 (No marks for this second part).

v) Recall that K C B is the algebra of compact operators, defined
as the closure of the space of finite rank operators. Show that
IC is an ideal in B.

vi) If A € K show that

Id+A = (Id+B)(Id+A4")

where B € K, (Id+B)~! exists and A’ has finite rank. Hint:
Use the invertibility of Id +B when || B||z < 1 proved in class.
vii) Conclude that if A € K then

{feH;(Id+A)f =0} and ((Id +A)H)L are finite dimensional.

PROBLEM 67. [Separable Hilbert spaces|
i) (Gramm-Schmidt Lemma). Let {v;};en be a sequence in a
Hilbert space H. Let V; C H be the span of the first j elements
and set N; = dim V. Show that there is an orthonormal se-
quence ey, . .., e; (finite if N; is bounded above) such that V; is
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the span of the first N; elements. Hint: Proceed by induction
over N such that the result is true for all j with N; < N. So,
consider what happens for a value of j with N; = N;_;+1 and
add element ey, € V; which is orthogonal to all the previous
€k7S.

ii) A Hilbert space is separable if it has a countable dense subset
(sometimes people say Hilbert space when they mean separa-
ble Hilbert space). Show that every separable Hilbert space
has a complete orthonormal sequence, that is a sequence {e; }
such that (u,e;) = 0 for all j implies u = 0.

iii) Let {e;} an orthonormal sequence in a Hilbert space, show
that for any a; € C,

N
=1

N
1Y ajeill = lag.
i=1 j

iv) (Bessel’s inequality) Show that if e; is an orthormal sequence
in a Hilbert space and u € H then

N
1Y~ (use)esll® < lull®
j=1

and conclude (assuming the sequence of e;’s to be infinite)
that the series

[e.9]
> (u.e))e;
j=1
converges in H.
v) Show that if e; is a complete orthonormal basis in a separable
Hilbert space then, for each u € H,

U= Z(u,ej)ej.

o0

j=1
PROBLEM 68. [Compactness| Let’s agree that a compact set in a
metric space is one for which every open cover has a finite subcover.
You may use the compactness of closed bounded sets in a finite dimen-

sional vector space.

i) Show that a compact subset of a Hilbert space is closed and
bounded.

ii) If e; is a complete orthonormal subspace of a separable Hilbert
space and K is compact show that given € > 0 there exists NV
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such that
(3.23) > lue))’ <eVuek.

Jj=N

iii) Conversely show that any closed bounded set in a separable
Hilbert space for which (3.23) holds for some orthonormal basis
is indeed compact.

iv) Show directly that any sequence in a compact set in a Hilbert
space has a convergent subsequence.

v) Show that a subspace of H which has a precompact unit ball
must be finite dimensional.

vi) Use the existence of a complete orthonormal basis to show that
any bounded sequence {u;}, ||u;|| < C, has a weakly conver-
gent subsequence, meaning that (v,u;) converges in C along
the subsequence for each v € H. Show that the subsequnce
can be chosen so that (ej, u;) converges for each k, where e
is the complete orthonormal sequence.

PROBLEM 69. [Spectral theorem, compact case| Recall that a bounded
operator A on a Hilbert space H is compact if A{||u| <1} is precom-
pact (has compact closure). Throughout this problem A will be a
compact operator on a separable Hilbert space, H.

i) Show that if 0 # A € C then
E\ ={u € H; Au = \u}.

is finite dimensional.

ii) If A is self-adjoint show that all eigenvalues (meaning F) #
{0}) are real and that different eigenspaces are orthogonal.

iii) Show that ay = sup{|(Au, u)|?};||u| = 1} is attained. Hint:
Choose a sequence such that |[(Au;,u;)|? tends to the supre-
mum, pass to a weakly convergent sequence as discussed above
and then using the compactness to a furhter subsequence such
that Au; converges.

iv) If v is such a maximum point and f 1 v show that (Av, f) +
(Af,v) =0.

v) If A is also self-adjoint and u is a maximum point as in iii)
deduce that Au = Au for some A € R and that A\ = +a.

vi) Still assuming A to be self-adjoint, deduce that there is a finite-
dimensional subspace M C H, the sum of eigenspaces with
eigenvalues +a, containing all the maximum points.

vii) Continuing vi) show that A restricts to a self-adjoint bounded
operator on the Hilbert space M~ and that the supremum in
iii) for this new operator is smaller.
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viii) Deduce that for any compact self-adjoint operator on a sep-
arable Hilbert space there is a complete orthonormal basis of
eigenvectors. Hint: Be careful about the null space — it could
be big.

PROBLEM 70. Show that a (complex-valued) square-integrable func-
tion u € L*(R™) is continuous in the mean, in the sense that

(3.24) lim sup / lu(x +y) — u(z)|*dr = 0.
A0 y|<e
Hint: Show that it is enough to prove this for non-negative functions
and then that it suffices to prove it for non-negative simple functions
and finally that it is enough to check it for the characteristic function
of an open set of finite measure. Then use Problem 57 to show that it
is true in this case.

PROBLEM T71. [Ascoli-Arzela] Recall the proof of the theorem of
Ascoli and Arzela, that a subset of CJ(R") is precompact (with respect
to the supremum norm) if and only if it is equicontinuous and equi-
small at infinity, i.e. given € > 0 there exists > 0 such that for all
elements u € B
(3.25)

ly| <6 = sup |u(z +y) =u(z)| < eand |z| > 1/ = |u(z)| < e.
rzER?

PROBLEM T72. [Compactness of sets in L?*(R").] Show that a subset
B C L*R") is precompact in L*(R") if and only if it satisfies the
following two conditions:

i) (Equi-continuity in the mean) For each € > 0 there exists § > 0
such that

(3.26) / lu(z +y) —u(z)’dr < eV |y| <, u € B.

ii) (Equi-smallness at infinity) For each € > 0 there exists R such
that

(3.27) / lu|*dz < eV u € B.
> R|

Hint: Problem 70 shows that (3.26) holds for each u € L*(R"™); check
that (3.27) also holds for each function. Then use a covering argument
to prove that both these conditions must hold for a compact subset
of L*(R) and hence for a precompact set. One method to prove the
converse is to show that if (3.26) and (3.27) hold then B is bounded
and to use this to extract a weakly convergent sequence from any given
sequence in B. Next show that (3.26) is equivalent to (3.27) for the
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set F(B), the image of B under the Fourier transform. Show, possi-
bly using Problem 71, that if yg is cut-off to a ball of radius R then
XrG(XRU,) converges strongly if w, converges weakly. Deduce from
this that the weakly convergent subsequence in fact converges strongly
so B is sequently compact, and hence is compact.

PrROBLEM 73. Consider the space C.(R™) of all continuous functions
on R™ with compact support. Thus each element vanishes in |z| > R
for some R, depending on the function. We want to give this a toplogy
in terms of which is complete. We will use the inductive limit topology.
Thus the whole space can be written as a countable union

(3.28)
C.(R™) = U{u : R"™; w is continuous and u(z) = 0 for |z| > R}.

n

Each of the space on the right is a Banach space for the supremum
norm.

(1) Show that the supreumum norm is not complete on the whole
of this space.

(2) Define a subset U C C.(R") to be open if its intersection with
each of the subspaces on the right in (3.28) is open w.r.t. the
supremum norm.

(3) Show that this definition does yield a topology.

(4) Show that any sequence {f,} which is ‘Cauchy’ in the sense
that for any open neighbourhood U of 0 there exists N such
that f, — f,n € U for all n,m > N, is convergent (in the
corresponding sense that there exists f in the space such that
f — fn € U eventually).

(5) If you are determined, discuss the corresponding issue for nets.

PROBLEM 74. Show that the continuity of a linear functional u :
C*(R™) — C with respect to the inductive limit topology defined in
(1.17) means precisely that for each n € N there exists k = k(n) and
C = C,, such that

(3.29) u(p)] < Clleller, ¥ ¢ € C*(B(n)).

The point of course is that the ‘order’ k and the constnat C' can both
increase as n, measuring the size of the support, increases.

PROBLEM 75. [Restriction from Sobolev spaces| The Sobolev em-
bedding theorem shows that a function in H™(R"), for m > n/2 is
continuous — and hence can be restricted to a subspace of R™. In fact
this works more generally. Show that there is a well defined restriction
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map
1 1

(3.30) H™(R") — H™ 2(R") if m > 3
with the following properties:

(1) On S(R™) it is given by u — u(0,2'), 2/ € R*L.

(2) Tt is continuous and linear.
Hint: Use the usual method of finding a weak version of the map on
smooth Schwartz functions; namely show that in terms of the Fourier
transforms on R™ and R*~1

(3:31) W0.9(€) = (2r) ™ [ il €)ds, v e e R

Use Cauchy’s inequality to show that this is continuous as a map on
Sobolev spaces as indicated and then the density of S(R") in H™(R")
to conclude that the map is well-defined and unique.

PROBLEM 76. [Restriction by WF] From class we know that the
product of two distributions, one with compact support, is defined
provided they have no ‘opposite’ directions in their wavefront set:
(3.32) (z,w) € WF(u) = (2, —w) ¢ WF(v) then uv € C,*(R").
Show that this product has the property that f(uv) = (fu)v = u(fv)
if f € C>®(R"). Use this to define a restriction map to z; = 0 for
distributions of compact support satisfying ((0, '), (w1,0)) ¢ WF(u)
as the product
(3.33) up = ud(xy).

[Show that ug(f), f € C>°(R™) only depends on f(0,-) € C*°(R"1).

PROBLEM 77. [Stone’s theorem| For a bounded self-adjoint opera-
tor A show that the spectral measure can be obtained from the resolvent
in the sense that for ¢,v € H

1
(3.34) lim —([(A =t —ie) ™" — (A+t+ie) o, ) — oy
el0 273

in the sense of distributions — or measures if you are prepared to work
harder!

PROBLEM 78. If u € S(R™) and ¢/ = ¢ + p is, as in the proof of
Lemma 7.5, such that

supp(¢") N Css(u) = 0
show that
S(R") 3 ¢ — ¢pY'u € S(R™)



3. PROBLEMS 235

is continuous and hence (or otherwise) show that the functional ujus
defined by (7.20) is an element of S&’(R™).

PROBLEM 79. Under the conditions of Lemma 7.10 show that

(3.35)
t
Css(uxv)NS™ ! C {M,
|sz + ty|

Notice that this make sense exactly because sx + ty = 0 implies that
t/s =1 but z + y # 0 under these conditions by the assumption of
Lemma 7.10.

|z| = |yl =1, x € Css(u), y € Css(v), 0 < s, < 1}

PROBLEM 80. Show that the pairing u(v) of two distributions u,v €
bS’(R™) may be defined under the hypothesis (7.50).

PROBLEM 81. Show that under the hypothesis (7.51)

(3.36)
WF(uxv) C {(x4y, p); (z,p) € WF(w)N(R"*S" ™), (y,p) € WF(v)N(R"xS"™)}
o N 8/9/ + S//e//
U{(Q,q>€§ IXB;ezm,OSLQ,,S/,Sl,

(¢',q) € WFso(u) N (S"™" x B"), (6”,q) € WFy(v) N (S"~" x B")}.

PROBLEM 82. Formulate and prove a bound similar to (3.36) for
WF.(uv) when u, v € §'(R™) satisfy (7.50).

PROBLEM &3. Show that for convolution u * v defined under con-
dition (7.51) it is still true that

(3.37) P(D)(uxv) = (P(D)u) *xv =ux(P(D)v).

PROBLEM 84. Using Problem 80 (or otherwise) show that integra-
tion is defined as a functional

(3.38) {u € S'(R"); (S" ' x {0}) N WF(u) =0} — C.

If u satisfies this condition, show that [ P(D)u = ¢ [ u where ¢ is the
constant term in P(D), i.e. P(D)1 =c.

PROBLEM 85. Compute WF.(E) where E = C/|x — y| is the stan-
dard fundamental solution for the Laplacian on R?. Using Problem 83
give a condition on WF.(f) under which u = E % f is defined and
satisfies Au = f. Show that under this condition [ f is defined using
Problem 84. What can you say about WF.(u)? Why is it not the case
that [ Au =0, even though this is true if u has compact support?
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4. Solutions to (some of) the problems

SOLUTION 4.1 (To Problem 10). (by Matjaz Konvalinka).

Since the topology on N, inherited from R, is discrete, a set is
compact if and only if it is finite. If a sequence {x,} (i.e. a function
N — C) is in Cy(N) if and only if for any € > 0 there exists a compact
(hence finite) set F. so that |z,| < € for any n not in F.. We can
assume that F, = {1,...,n.}, which gives us the condition that {z,}
is in Cy(N) if and only if it converges to 0. We denote this space by c¢o,
and the supremum norm by || -[|o. A sequence {z, } will be abbreviated
to x.

Let [' denote the space of (real or complex) sequences z with a
finite 1-norm

o0
lzlh =) lzal.
n=1
We can define pointwise summation and multiplication with scalars,
and (I',]| - |l1) is a normed (in fact Banach) space. Because the func-

tional

n=1

is linear and bounded (| >°77 Znyn| < 307y |2nllyn| < llzllo [l¥]1) by
llz|lo, the mapping

o: ' — ¢
defined by
T — (y — anyn>
n=1

is a (linear) well-defined mapping with norm at most 1. In fact, ® is
an isometry because if |z;| = [|zlo then |®(z)(e;)| = 1 where ¢; is
the j-th unit vector. We claim that ® is also surjective (and hence an
isometric isomorphism). If ¢ is a functional on ¢y let us denote ¢(e;)

by ;. Then ®(2)(y) = 3257, @(en)yn = > 57 @(Ynen) = @(y) (the
last equality holds because >~ yne, converges to y in ¢y and ¢ is
continuous with respect to the topology in ¢), so ®(x) = .

SOLUTION 4.2 (To Problem 29). (Matjaz Konvalinka) Since

o0

D,H(p) = H(~Dyyp) = i / H(x)g' () di =

i [ e de=i(0 - (0) = ~ite),
0
we get D, H = C§ for C' = —i.
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SOLUTION 4.3 (To Problem 40). (Matjaz Konvalinka) Let us prove
this in the case where n = 1. Define (for b # 0)

/ b—x)! k—1
U(z) =ub) —u(z) — (b—x)u'(z) — ... — ﬁu( )(2);
then
/ o (b_x)kil k

For the continuously differentiable function V (z) = U(z)—(1—z/b)*U(0)
we have V(0) = V(b) = 0, so by Rolle’s theorem there exists ( between
0 and b with

k(b — Q!

VIO =U"(Q) + ————U(0)=0

Then

o
WU<O7

u™(0) oy, u®(Q)
S

The required decomposition is u(x) = p(z) + v(z) for

u"(0) , u*=D(0) 4oy
5 :c+...—|——<k_1)!:c + I

U(0) = —

w() = u(0) + ' (0)b+ ...+ b*.

u®(0) k

x,

u® () — u®
(@) = ula) — pla) = O

)

for ¢ between 0 and x, and since u( K

tends to 0 as z tends to 0.

The proof for general n is not much more difficult. Define the
function w,: I — R by w,(t) = u(tx). Then w, is k-times continuously
differentiable,

is continuous, (u(x) — p(x))/z

" Q%
w”(t) (tx)z;x;,
i1 8@6%
[! ou
() - (ta)avay ol
w, 5, \LU) Ty Ty - Ty
lr‘rlzg—klil hllol--- 13! axlllaxl; +e - Oy
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so by above u(x) = w,(1) is the sum of some polynomial p (od degree
k), and we have

u(w) —pe) _va(l) _ e (&) — wi(0)

T RE T RE
so it is bounded by a positive combination of terms of the form
ol o

Ozl oz - - 0xl Ozl ox - - - o2l
with [y +...+[; = k and 0 < (, < 1. This tends to zero as x — 0
because the derivative is continuous.

SOLUTION 4.4 (Solution to Problem 41). (Matjz Konvalinka) Obvi-
ously the map Cy(B™) — C(B") is injective (since it is just the inclusion
map), and f € C(B") is in Co(B™) if and only if it is zero on OB", ie. if
and only if flsn-1 = 0. It remains to prove that any map g on S*! is
the restriction of a continuous function on B". This is clear since

ﬂ@:{ww@mm 0

0 z=0

is well-defined, coincides with f on S"~!, and is continuous: if M is
the maximum of |g| on S, and € > 0 is given, then |f(z)| < € for
|z| < e/M.

SOLUTION 4.5. (partly Matjaz Konvalinka)
For any ¢ € S(R) we have

[ ptadal < [ et@lds < sup((raPle@l [ @l s

< Csup((1 + ) ola)]).

Thus S(R) 3 ¢ — [, ¢dx is continous.
Now, choose ¢ € C°(R) with [, ¢(x)dx = 1. Then, for ¢ € S(R),
set

(11)  Ad(x) = / (6(2) — c(w)olt)) dt, c(v / e

—00

Note that the assumption on ¢ means that

(42) Ava) == [ @) - etw)on) a

Clearly A is smooth, and in fact it is a Schwartz function since

(4.3) 7 (AY(@)) = ¥(2) - cg(z) € S(R)
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so it suffices to show that z* A is bounded for any k as |z| — 4-oo.
Since ¥ (t) — cp(t) < Cpt %L in t > 1 it follows from (4.2) that

2" Ay (z)] < ka/ R dt <O’ k>1, inz > 1.
A similar estimate as x — —oo follows from (4.1). Now, A is clearly
linear, and it follows from the estimates above, including that on the
integral, that for any k there exists C' and j such that

sup |z*DP Ay < C Z sup |2 D).
R

a,B<k ol \B'<j z€

Finally then, given u € S'(R) define v(¢)) = —u(Av). From the
continuity of A, v € S(R) and from the definition of A, A(¢') = .

Thus p
dv/da(¥) = v(=v') = u(AV') = u(¢) = —

SOLUTION 4.6. We have to prove that (¢&)™*™% € Ly(R"), in other
words, that

= Uu.

/ (€2 G2 de < oo,

But that is true since

[ ermmards = [ @ v ik de =

]Rn

= / (P Do o) falPde = Y Ca ( /R n<§>2m’§2a|a|2d5>

la|<m |ae|<m

and since (£)™'0% = (€)™ Dow is in L2(R™) (note that u € H™(R™)
follows from D%u € H™ (R™), |a| < m). The converse is also true since
C, in the formula above are strictly positive.

SOLUTION 4.7. Take v € L?(R"), and define subsets of R" by
Ey={x: |x| <1},
Ei = {w: |2l > 1, o] = max|a[}.
J

Then obviously we have 1 = 37" jxp, ae., and v = Y7 v; for v; =
X#;v. Then (z) is bounded by V2 on Ep, and (z)v, € L*(R"); and on
E;, 1 <j<n, we have

(1 + njay[*)"/?

(o — (n+1/la,P) " < 20”2,
|25 |25
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so (z)v; = zjw; for w; € L*(R™). But that means that (z)v = wg +
Z?:l TijW; for W € L2(Rn)

If wis in L?*(R") then u € L*(R™), and so there exist wy,...,w, €
L?*(R™) so that

(§)u=wy + ijwj,
j=1
in other words
U=1+ » &
j=1
where (£)u; € L*(R™). Hence
U = Up + Z DjUj
j=1

where u; € H'(R").

SOLUTION 4.8. Since
D.H() = H-D.p) =i [ H@@)do=i [ ¢ (a)de = i0-p(0)) = ~id(s).
we get D, H = C¢ for C' = —i.

SOLUTION 4.9. It is equivalent to ask when <§)m5A0 is in L?(R").
Since

~

d(¥) = () =¥(0) = | Y(a)dw = 1(w),

this is equivalent to finding m such that (£)*™ has a finite integral over
R™. One option is to write (¢) = (1 4 r2)!/2 in spherical coordinates,
and to recall that the Jacobian of spherical coordinates in n dimensions
has the form 7" W (p, ..., v, 1), and so (£)*™ is integrable if and only

if ,
o0 T’n,f

—d

/0 1+ r2)m

converges. It is obvious that this is true if and only if n —1—2m < —1,
ie. if and only if m > n/2.

SOLUTION 4.10 (Solution to Problem31). We know that 6 € H™(R")
for any m < —n/1. Thus is just because (£)? € L*(R™) when p < —n/2.
Now, divide R™ into n+ 1 regions, as above, being Ag = {¢;|¢| < 1 and
A = {&;1&] = sup; |€5], €] > 1}. Let vy have Fourier transform x4,
and for i = 1,...,n, v; € S;(R") have Fourier transforms & "y,

Since [&;] > ¢(£) on the support of v; for each i = 1,...,n, each term
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is in H™ for any m < 1+ n/2 so, by the Sobolev embedding theorem,
each v; € CJ(R") and

(4.4) L=1ip» &5 =d=u+ Y Dily,
=1 7

How to see that this cannot be done with n or less derivatives? For
the moment I do not have a proof of this, although I believe it is true.
Notice that we are actually proving that § can be written

(4.5) 0= Y D, uq € H*R").
|a|<n+1

This cannot be improved to n from n + 1 since this would mean that
§ € H™/2(R"), which it isn’t. However, what I am asking is a little
more subtle than this.
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