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Abstract

These are the lecture notes for the course
https://math.ethz.ch/fim/activities/nachdiplom-lectures/euan-spence.html. The ab-
stract for the course is as follows.

Semiclassical analysis (SCA) is a branch of microlocal analysis concerned with rigorously
analysing PDEs with large (or small) parameters. On the other hand, numerical analysis (NA)
seeks to design numerical methods that are accurate, efficient, and robust, with theorems
guaranteeing these properties.

In the context of high-frequency wave scattering, both SCA and NA share the same goal —
that of understanding the behaviour of the scattered wave — but these two fields have operated
largely in isolation, mainly because the tools and techniques of the two fields are somewhat
disjoint.

This by-and-large self-contained course focuses on the Helmholtz equation, which is ar-
guably the simplest possible model of wave propagation. Our first goal will be to show how
even relatively-simple tools from semiclassical analysis can be used to prove fundamental re-
sults about the numerical analysis of finite-element method applied to the high-frequency
Helmholtz equation.

The course will aim at being accessible both to students coming from a numerical-analysis/applied-
maths background and to students coming from an analysis background.
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0 Introduction

0.1 Where does the Helmholtz equation come from? (Short version)

The Helmholtz equation is the simplest model of wave propagation; indeed, seeking solutions of
the wave equation

1 02U
AU - -—— =0
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in the form U(z,t) = exp(—iwt)u(x) (so-called “time-harmonic solutions”), we find that wu(z)
satisfies
Au+ k*u=0 (0.1)

with k = w/c; since c is a speed (with dimension (length)(time) '), and w has dimension (time)~!,

k has dimension (length)~!; k is called the wavenumber, and w is called the angular frequency.

In this course, we are interested in the Helmholtz equation (0.1) (and its generalisation with
variable coefficients) when k is large, and we approach this question mathematically by studying
the behaviour of Helmholtz solutions as k — oo. We often refer to this limit as the “high-frequency”
limit, rather than the “large-wavenumber” limit, because the former terminology is more familiar
to most people than the latter.

0.2 Why is the high-frequency Helmholtz equation difficult?
Dividing the Helmholtz equation (0.1) by k2, we obtain

E™?Au+u = 0. (0.2)

Recall that a singular limit of a PDE with a parameter is one in which the coefficient of the
highest-order term vanishes with the parameter is formally set to the limit; a regular limit is
one in which this coefficient does not vanish. The limit £ — oo is therefore a singular limit for
the Helmholtz equation, and the limit £ — 0 a regular limit. This explains why the Helmholtz
equation with k large is harder to solve than the Helmholtz equation with k& small, or the Laplace
equation. Furthermore, one can show that the equations governing the & — oo limit of solutions
of the Helmholtz equation are nonlinear.

The high-frequency Helmholtz equation Au + k2u = 0 is difficult to solve numerically for the
following three reasons:

1. The solutions of the homogeneous Helmholtz equation oscillate on a scale of 1/k, and so
to approximate them accurately with piecewise polynomial functions (e.g. using the finite
element method) one needs the total number of degrees of freedom, N, to be proportional to
k? as k increases, where d is the spatial dimension.

2. The pollution effect means that for fixed-order finite-element methods with N ~ k%, even
though the best-approximation error is bounded independently of k, the relative error grows
with k. The fact that N > k9 is required for the relative error to be bounded independently of
k leads to very large matrices, and hence to large (and sometimes intractable) computational
costs.

3. The standard variational formulation of the Helmholtz equation is not coercive (i.e. it is
sign-indefinite) when k is sufficiently large; in other words, zero is in the numerical range
or field of values of the operator. This indefiniteness is inherited by the Galerkin linear



system; therefore even when the linear system has a unique solution (which depends on the
discretisation and on k), one expects iterative methods to behave badly if the system is not
preconditioned.

0.3 Where does the Helmholtz equation come from? (Longer version)

Answer 1: from the acoustic approximation of elastic waves. The acoustic approximation
of the elastic wave equation removes the (longitudinal) shear waves and keeps the (transverse)
compressional waves to obtain the wave equation

10%p 1 1
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where p is the pressure, p is the density, x is given in terms of the Lamé parameters and has
the same dimension as pressure, and f is a force term; see, e.g., [35, §1.2.6]. Assuming p(z,t) =

u(x) exp(—iwt), we obtain
1 w? 1
V-{-Vu|+—u=-V-|-f]). (0.3)
P K P

Let pp and kg be reference values of p and k. Let A := pg/p and n := ko /k be the (dimensionless)
relative variations of p and k, respectively (observe that matrix-valued A then corresponds to
anisotropic density), and let ¢g = /po/ko (which one can check has the dimensions of speed).
Multiplying (0.3) by po and using these definitions, we find that u satisfies

1
V - (AVu) 4 E*nu = —pV - (pf> .

Answer 2: from transverse electric (TE) or transverse magnetic (TM) modes of the
time-harmonic Maxwell equations. The time-harmonic Maxwell equations are

V x H + iweE = (iw) 17, VXE—iwpH=0 in R, (0.4)

where € is the electric permittivity and g is the magnetic permeability. When all fields and
parameters involved depend only on two Cartesian space variables, say « and y, the equations
(0.4) reduce to the Helmholtz equation in R2.

In the transverse-magnetic (TM) mode, J and E are given by J = (0,0, J,(z,y)) and E =
(0,0, E,(x,y)) so, when additionally the permittivity € is a scalar and the permeability u satisfies

=5 7) (0.5)

for ;1 a 2 x 2 symmetric positive-definite matrix, E, satisfies

V- (AVE,) +w?nE, = —f (0.6)

T
0 1 -1 0 1
A‘<—1 o) () (—1 0)’ (0.7)
and f = J,. Similarly, in the case of the transverse-electric (TE) mode, J and H are given by
J = (Ja(z,y), Jy(z,y),0) and H = (0,0, H.(z,y)), so that when p is a scalar and ¢ satisfies an

equation analogous to (0.5), the PDE (0.6) holds with E, replaced by H,, A given by (0.7) with
i replaced by €, n = u, and

=kl e ()]

with n = ¢,



1 Wellposedness of the Helmholtz equation

1.1 The Helmholtz exterior Dirichlet problem

Notation: LP(Q2) denotes complex-valued LP functions on a Lipschitz open set . When the
range of the functions is not C, it will be given in the second argument; e.g. L> (£, R?*?) denotes
the space of d x d matrices with each entry a real-valued L function on 2. We use v to denote
the trace operator H'(Q) — HY?(9Q) and 9, to denote the normal derivative trace operator
HY(Q,A) = H'/2(09Q), where HY(Q,A) := {v € H'(Q) : Av € L*(Q)}.

Assumption 1.1. (Assumptions on the domain and coefficients.)

(w, C R% d = 2,3, is a bounded open Lipschitz set such that its open complement Q0 =
R\ Q_ is connected.

(ii) A € C%1(Q,,SPD) (where SPD is the set of d x d real, symmetric, positive-definite matri-
ces) is such that supp(I — A) is bounded and there exist 0 < Apmin < Amax < 00 such that, for all
§ERY,

Amin\§|2 < (A(x)f) E< Amax|§\2 for every x € Q. (1.1)

(iii) n € L>=(Q4,R) is such that supp(l — n) is bounded and there exist 0 < Npin < Npax < 00
such that

Nmin < N(T) < Nmax  for almost every x € Q4. (1.2)

Definition 1.2. (Exterior Dirichlet Problem (EDP).) Given Q_, A, and n satisfying As-
sumption 1.1, k > 0, and

o f e L*(Qy) with suppf bounded,
e gp € HY*(T'p), where T'p := 0Q_,
we say u € HL () satisfies the exterior Dirichlet problem if
k2V - (AVu) +nu = —f in Qy, yu=gp onTp, (1.3)
and u satisfies the Sommerfeld radiation condition

L du

o (@)~ ula) = 0 (W) (1.4)

as r = |z| — oo, uniformly in T := x/r.

Some remarks:
(i) The PDE in (1.3) is understood in the following weak sense:

/ k2uV - (AV$) + nup = — fo forall ¢ € Conp(Qp), (1.5)
o o

where CZ5,,,(24) := {¢ € C>(Q) : supp ¢ is a compact subset of {2 }.
(ii) We can legitimately impose the radiation condition (1.4) on the function u € H{ _(94)
since u satisfies the equation k72Au + v = 0 outside a ball of finite radius, and then wu is C>

outside this ball by elliptic regularity (see §2.3 below).

Definition 1.3. (Helmholtz plane-wave sound-soft scattering problem.) Given k > 0 and
a € R? with |a| = 1, let u!(z) := exp(ikx - a). Given Q_, A, and n satisfying Assumption 1.1, we
say u € H (Q4) satisfies the Helmholtz plane-wave scattering problem if

E72V - (AVu) +nu=0 inQ,, yu=0 onIp, (1.6)

and u® := u — u! satisfies the Sommerfeld radiation condition (1.4) (with u replaced by u°) as
r = |x| = oo, uniformly in T = x/r.

(If the zero Neumann boundary condition d,u = 0 is prescribed instead of the zero Dirichlet
condition, then the problem is the sound-hard scattering problem.)



Lemma 1.4. (Atkinson-Wilcox expansion.) (i) If u € C?*(R?\ Bg) (for some R > 0) is a
solution of the Helmholtz equation satisfying the Sommerfeld radiation condition, then

ikr

u(z) = ° i fz(f) for allr > R,

Hd-1/2 2

where both the series and all its term-by-term derivatives converge absolutely and uniformly with

respect to r and T. o
(ii) If fo =0, then u =0 in R?\ Bpg.

Proof. (i) can be proved using the explicit solution (obtained by separation of variables) for the
solution of the Helmholtz equation outside a ball (see (1.10) below), or integral equations and
properties of the fundamental solution; for the former approach, see [118, §2.6.3], for the latter
approach, see [41, Theorem 3.6].

(ii) is proved using (i) in, e.g., [41, Corollary 3.8]. O

Remark 1.5. (An “outgoing solution” of the Helmholtz equation.) A solution of the
Helmholtz equation satisfying the Sommerfeld radiation condition (1.4) is often called an outgoing
solution. The reason for this is that, if u satisfies the Sommerfeld radiation condition and U(x,t) :=
u(z) exp(—iwt), then, with ¢ = w/k,

1k(r ct) fn
U(z,t) = e 1/22 for all r > R;

n=0

recall that a function of the form (r,t) — w(r — ct) can be seen as a wave moving in the positive r
direction with speed ¢ as t increases (i.e., “outgoing”).

1.2 Weighted norms
For Q a bounded Lipschitz open set, let

2 —2a a2
lol2ey = 3 k2D 2y (L.7)
0<|x|<m
so that, in particular,
2 - 2 2
10ll711.0) = k72 IV0ll720) + 1Vl E2(q) - (1.8)

The rationale for using these norms is that if a function v oscillates with frequency k, then we
(roughly) expect |Vu| ~ k|v|; e.g., if v(x) = exp(ikx - a), then Vuv(z) = ikaexp(ikz - a).
1.3 The Dirichlet-to-Neumann map in the exterior of a ball

Let R > 0 be such that Q_ Usupp(I — A) Usupp(1 —n) € Bg, where Br denotes the ball of radius
R about the origin; see Figure 1.1. Let Qp := Q4 N By, and let I'p := 0Bg.

Definition 1.6. (Dirichlet-to-Neumann map in the exterior of Br.) Given g € H'/?(T'g),
let u be the outgoing solution of

(~k2A-1Du=0 inRI\Bg and ~yu=g onTg. (1.9)
Define the map DtNy, : HY/?(Tr) — H-Y2(T'r) by
DtN,g ==k~ 1o,u,
where v :=x/R =7 (i.e., v is the outward-pointing unit normal vector to Br).

When d = 2, the outgoing solution to (1.9) is given in polar coordinates by

00 (1) r 27
u(r,0) = 2171_ Z Mexp(inﬂ)ﬁ(n), where  g(n) ::/O exp(—ind)g(R, 0)do, (1.10)

n—=—oo



so that

oo

1 HY (kR)
DtNgg = — ————~exp(inf)g(n).
2m n:z_oo W (kR)
An analogous expression is available for d = 3; see, e.g., [33, Equation 3.6] [118, §2.6.3], [108,
Equation 3.10].

Lemma 1.7. (Key properties of DtNy.)

(i) Given ko, Ry > 0 there exists Cptny = Cpini(koRo) such that for all k > ko and R > Ry,
|(DtNg (yu), 70)r )| < k Cpeny Hu||H;(QR) HUHH;(QR) for all u,v € H'(QR). (1.11)

where (-, -)r,, denotes the duality pairing on T'r that is linear in the first argument and antilinear
in the second argument.

(it)
S(DtNgg, ) >0 for all ¢ € H'/*(T'r) \ {0}. (1.12)
(iti) Given ko, Rg > 0 there exists Cpino = Cpina(koRo) such that for all k > ko and R > Ry,

— R(DtNko, ¢). > Cpena(kR) ™ ||¢||§2(FR) for all ¢ € HY*(Tg). (1.13)

Proof. The proof of Part (ii) is Exercise 1 in §1.6. For the proofs of Parts (i) and (iii), see [108,
Lemma 3.3]. O

Figure 1.1: A schematic of 2_, the supports of I — A and 1 — n, and Bg.

Remark 1.8. (Energy.) Ifu(x) is a solution of the Helmholtz equation in Q. , then (0 u, yu)r,
(where v = T) is proportional to the flux in the T direction across T'r of the energy of the wave
equation solution u(x) exp(—iwt); see, e.g., [136, Page 262]. The sign property (1.12) is therefore
another illustration (on top of that in Remark 1.5) that the Sommerfeld radiation condition implies
that the associated solution u(x) exp(—iwt) of the wave equation corresponds to a wave moving away
from Q_ towards infinity; indeed, if I(Opu,yu)r, > 0, then energy is moving across I'r in the
positive r direction.



1.4 Variational formulation of the EDP with zero Dirichlet data

This formulation is based on Green’s identity.

Lemma 1.9. (Green’s identity (Version 1).) Let Q be a bounded Lipschitz open set with
outward-pointing unit normal vector field v. If A € COY(Q,R™4) u € H2(Q), and v € H*(Q),
then
/ V«'y(AVu)’Tv:/(AVu) Vv +9V - (AVu). (1.14)
a0 Q
Proof. First assume that v € C*°(Q) := {w|g : w € C*(R%)}. Then (1.14) follows from applying
the divergence theorem

/V~F :/ v-AF, forall F € H'(Q,C™%), (1.15)
Q o0

with F = vAVu, which is indeed in H ! since the product of a Lipschitz function and an H*'
function is H'. Since C*°(12) is dense in H'(Q) and (1.14) is continuous in v with respect to the
H'(D) norm, (1.14) holds for all v € H'(Q). O

Lemma 1.10. (Green’s identity (Version 2) and conormal derivative.) Let ) be a bounded
Lipschitz open set with outward-pointing unit normal vector field v. If A € C%Y(Q,R¥*9) o €
HY(Q), and V - (AVu) € L*(Q) (understood as in (1.5)') then there exists a uniquely defined
© e HY2(9Q) such that

(p,y0)o0 = /Q(AVu) Vu+oV-(AVu)  for allve HY(R), (1.16)

where (-, -)oq denotes the duality pairing on O that is linear in the first argument and antilinear
in the second argument. Furthermore, if u € H?(Q) then ¢ = v -~v(AVu) and thus we denote ¢ by
8V7Au.

Proof. Define o € H=/2(0%2) by
(0, 0)o0 = / (AVu) - V() + npV - (AVu)  for all ¢ € HY?(I), (1.17)
Q

where 1 : H'/2(09) — H'(Q) is a continuous right inverse to the trace operator v : H*(Q) —
HY2(0Q); i.e. ymp = for all p € H/?(09Q). We now need to show that (1.16) holds.
We first prove that if u € H'(Q) with V - (AVu) € L?(Q2) and w € H(9),

/QAVu-Wz—/Qwv-(AVu). (1.18)

By the definition of the weak derivative, for all ¢ € C55,,,(2),

[[59-awn = [ w478 = - [ 4 T 1o

where for the last equality we have used the divergence theorem (1.15) with F = uAV¢, which is
in H' (again since the product of a Lipschitz function and an H' function is H'). Since CZ5,,, ()

is dense in H}(Q) and (1.19) is continuous in v with respect to the H'() norm, (1.18) holds.
To prove (1.16), we apply (1.17) with 1) = yv to obtain that

sy} = /Q (AVu) - V(o) + 770V - (AVu). (1.20)

We then apply (1.18) with w = v — nyv, which is in Hg (2) because yn = I, to obtain that
/Q (AVa) - V(o —m0) = / W —m0)V - (AVu). (1.21)
The result (1.16) then follows from adding (1.20) and (1.21). The result that ¢ = v-vy(AVu) when
u € H%(Q) follows from comparing (1.16) and (1.14). O

IThat is, there exists g € L?(£2) such that [, uV - (AV@) = [, g for all ¢ € CEpp, ().

comp



Definition 1.11. (Variational formulation of EDP with gp = 0.) Given Q_, A, and n
satisfying Assumption 1.1 and f € L?>(Q4) with suppf bounded, choose R > 0 such that Q_ U
supp(/ — A) Usupp(l —n) Usupp f € Bg. Let

H&D(QR) ={veH' (Qr):yv=0onTp}. (1.22)
The variational formulation of the EDP of Definition 1.2 with gp = 0 is
find u € Hy ,(R) such that — a(u,v) = F(v)  for allv € Hy p(QR), (1.23)

where

a(u,v) ::/Q (k72(AVﬂ) Vv — nu@) — k7 (DtNya, ’yv>FR and F(v):= ; fo. (1.24)

Lemma 1.12. (Equivalence of the formulations.)

(1) If u is a solution of the Helmholtz EDP of Definition 1.2 with gp = 0, then u|q,, is a solution
of the variational problem (1.23) with a(-,-) and F(-) as in (1.24). Conversely, if u is a solution
of this variational problem, then there exists a solution u of the Helmholtz EDP of Definition 1.2
with gp = 0 such that ulq, = u.

(ii) If uw is a solution of the plane-wave sound-soft scattering problem of Definition 1.3, then
Ul is a solution of the variational problem (1.23) with a(-,-) as in (1.24) and

F(v):=k! /FR <k186‘;1 - DtNk('yuI)> 0. (1.25)

Conversely, if u is a solution of this variational problem, then there exists a solution of the plane-
wave sound-soft scattering problem of Definition 1.3 such that u|q, = u.

Proof. The proof of Part (i) is Exercise 2 in §1.6; the proof of Part (ii) is similar. O

Lemma 1.13. (Continuity of the sesquilinear form.) Given ko, Ry > 0, for all k > ko and
R > RO7
0, 0)] < Ceont [l gy s, [0llprz iy Jor all w,v € H'(Bg), (1.26)

where
Ccont = maX{Amaxa nmax} + CVD‘cN1~ (127)

Proof of Lemma 1.13. This follows from the Cauchy-Schwarz inequality, the definition of ||- | HI(Qp)
(1.8), and the inequalites (1.1), (1.2), and (1.11). O

1.5 Wellposedness of the EDP

Theorem 1.14. (Unique continuation principle (UCP).) Suppse that Q is Lipschitz, A €
C%1(Q,SPD), n € L=(,R), and u satisfies k=2V - (AVu) + nu = 0 (in the sense of (1.5)). If
u=0 on B.(xg) for somer >0 and xy € Q such that B,.(z¢) € Qr, then u =10 in Q.

References for the proof. This follows from the unique continuation results of [66, 91] (for Lipschitz
A) and [87, 150] (for n € L3/?); see, e.g., [71, Theorem 2.1]. O

Remark 1.15. Actually, in 2-d the UCP holds when A is L™ and n € L? for some p >1 [3]. An
exzample of an A € C%% for all « < 1 for which the UCP fails in 3-d is given in [57]. Nevertheless,
the UCP can be extended from Lipschitz A to piecewise-Lipschitz A by the Baire-category argument
in [13] (see also [101, Proposition 2.11]).

Lemma 1.16. IfQ)_, A, and n satisfy Assumption 1.1, then the solution to the variational problem
(1.23) is unique.

Proof. This is Exercise 3 in §1.6. O

Theorem 1.17. (Wellposedness of the EDP.) The EDP of Definition 1.2 has a unique solution
which depends continuously on the data.



Proof. We first consider the case when gp = 0. By Lemma 1.12, it is sufficient to prove that the
variational problem (1.23) has a unique solution which depends continuously on the data. By the
inequalities (1.13), (1.1), and (1.2), and the definition of || - || 1 () (1.8), for any v € Hj p(Qr),

_ 2 2 2 2
Ra(v,v) 2 Amink ™2 [|VVll 72 (@) = Pmax 10122 @) = Amin 10l (@) = (max + Amin) (01|22,
(1.28)

ie., a(-,-) satisfies a Garding inequality. Since the sesquilinear form is continuous (by Lemma
1.13) and satisfies a Garding inequality, Fredholm theory implies that existence of a solution to
the variational problem and continuous dependence of the solution on the data both follow from
uniqueness; see, e.g., [106, Theorem 2.34], [53, §6.2.8], [135, Theorem 6.31].

When gp # 0, let x € C&5,,,,(Br) with x = 1 on Bg/ for some R’ satisfying diam(Q2-) < R' < R.
Then, given u satisfying the EDP with gp # 0, u — xngp satisfies the EDP with zero Dirichlet
data and with suitably modified f and g (the bounded support of xngp ensures that v — xngp
satisfies the radiation condition). Existence of the solution of the EDP then follows from the case

gp = 0. O

Remark 1.18. (Transmission problems.) Definition 1.2 allows for discontinuous n, but not
discontinuous A. The only change needed to allow A € L*°(Qy,SPD) in Assumption 1.1 (instead
of A € C%L(Q,,SPD)) is for the PDE in (1.3) to be understood in the sense that

/ (— k™2Vu - (AVe) + nu$> =— fo  forall ¢ € Coup (). (1.29)
o o

Lemma 1.10 then holds with V - (AVu) € L*(Q) understood as in (1.29). Wellposedness then
follows as above, using the fact that a UCP holds for piecewise Lipschitz A — see the references in
Remark 1.15.

1.6 Exercises
1. Prove Part (ii) of Lemma 1.7. Hint: use Lemma 1.4 and Green’s identity.

2. Prove Part (i) of Lemma 1.12. Hint: use Green’s identity and the fact that a piecewise H'!
function is globally H' if it is continuous.

3. Prove Lemma 1.16. Hint: use Part (ii) of Lemma 1.7.

2 The k-dependence of the Helmholtz solution operator

2.1 The operator norm of the Helmholtz solution operator

Definition 2.1. Let Cyo1(k, A,n,Q_, R) be the operator norm of the map L*(Qr) > f + u €
HY(QR), where u is the solution of the variational problem (1.23) (i.e., the EDP with gp = 0);
i.e.,
Csol(kvAvnvgva) = sup ||u||H,i(QR)
fEL?(Br)
”f”LQ(QR):l

This definition implies that the solution of the EDP with gp = 0 satisfies
||UHH,1(QR) < Csol [[f1 20y - (2.1)

Theorem 1.17 implies that Cy, < oo, and, more generally, that the map (H(},D(QR))’ Sf—ue
H& p(Qg) is bounded. The following lemma gives a bound on this latter map in terms of Cg.

Lemma 2.2. Given F € (Hj ,(QR))’, let u be the solution of the variational problem a(u,v) =
F(v) for all v € Hj ,(QR), where a(-,-) is given by (1.24). Then u satisfies

(1 + 2Csolnmax)

min{Amin ) nmin}

[l 2 () < IEN (2 (2m)y >



where

|F'(v)]
IIE| )= sup ——
WO e o @nnvtoy [0lla @)

Proof. This is Exercise 1 in §2.5 (with this result going back to at least [33, Text between Lemmas
3.3 and 3.4]). O

2.2 The k-dependence of Cy,

There could be a whole lecture course studying the k-dependence of Cy; it would be a great
course, but it is not this course. The goal of this section is to summarise the results about how
Cso1 behaves when k is large that we need later. The summary is that

e (s grows at least linearly in k& (Lemma 2.4) and at most exponentially in k& (Theorem 2.5).
e Linear growth is attained when _, A, and n are nontrapping (Theorem 2.7).

e Exponential growth is attained through a sequence of ks when one of Q_, A, and n is
such that the problem has the strongest form of trapping (Theorem 2.9); however, for most
frequencies Cyo is polynomially bounded in &k (Theorem 2.11).

Although this section is focused on recapping rather than proving, I believe that everyone studying
the Helmholtz equation should have proved at least one k-explicit upper bound on Cg, in their
lives! Theorem 2.14 therefore records the bound on Cy,) when A = I,n = 1, and Q_ is star-shaped
proved by Morawetz (using only integration by parts), and the proof of this is Exercise 3 in §2.5.

Remark 2.3. (kK — oo vs kR — 00.) Since k has units (length)~! but kR is nondimensional,
it makes more sense to talk about the limit kR — oo than the limit k — oo, and to write bounds
in terms of kR (or k multiplied by some other parameter with dimension length) instead of k.
However, since we are focused on the case when R is fized and k can be arbitrarily large, we
usually work with k instead of kR (the next lemma and Theorem 2.1/ being the only exceptions).

Lemma 2.4. (Cy, grows at least linearly in & with no scatterer.) If A=1I,n=1,Q_ =10,
then, given ko, Ry > 0, there exists C > 0 such that Cso) > CkR for all k > kg and R > Ry.

Proof. This is Exercise 2 in §2.5. O

Theorem 2.5. (Exponential upper bound on Ci,.) IfQ_, A, and n are all C*, then given
ko > 0 there exists C,a > 0 such that, for all k > ko,

Csol S Cexp(ak‘).

References for the proof. This was first proved in [25, Theorem 2] using Carleman estimates; for a
proof of the analogue of this result for scattering by a potential (involving the operator —k=2A +
V — 2)), see [52, Theorem 6.25]. O

The key geometric conditions that govern the k-dependence of Cy, are those of trapping and
nontrapping. We now define nontrapping for the case when Q_ = (J; the definition for general
smooth Q_ is much more technical (and requires the notion of the Melrose-Sjostrand generalised
bicharacteristic flow; see [110, 111], [79, §24.3]), and when Q_ has corners more technical still (see
[16] for the notion of a nontrapping polygon).

Definition 2.6. (Nontrapping A and n.) Suppose A and n satisfy Assumption 1.1 and are
additionally both CY1. Let R > 0 be such that supp(I — A) Usupp(l — n) € Bgr. Consider the
solutions (x(s),&(s)) € RY x RY of the Hamiltonian system

T = gr Ha(s).66), ) = 5 H (2(s),€(). (2.2)
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satisfying H(x(s),&(s)) = 0, where the Hamiltonian H(x,£) is given by

d d

H(z,§) = ZZAij(w)&‘fj —n(z). (2.3)

i=1 j=1

We say that A and n are nontrapping if there exists S(R) > 0 such that all solutions of (2.2) with
|z(0)] < R satisfy |z(s)| > R for all s > S(R).

Four remarks: (i) if A= I and n = 1, then H = |¢|?> — 1 and (2.2) becomes &; = 2¢; and &; = 0,
with solution x = z¢+2s&g, £ = & i.e., straight-line motion with speed 2, (ii) the projections in z of
the solutions of (2.2) are the rays of the Helmholtz equation, (iii) we see later that the significance
of the Hamiltonian (2.3) is that it is the semiclassical principal symbol of the Helmholtz equation,
and (iv) the requirement that A and n are both C1'! means that the coefficients of the ODE system
(2.2) are Lipschitz, and then the solutions of (2.2) exist by the Picard-Lindelsf/Cauchy—Lipschitz
theorem (see, e.g., [8, §31]).

Theorem 2.7. (Nontrapping bound on Cy,.) If Q- = 0 and A and n are both C*' and
nontrapping in the sense of Definition 2.6, then given kg > 0 there exists C' > 0 such that, for all
k > ko,

Cso1 < CE. (2.4)

References for the proof. This is proved in [64] using the defect-measure argument of [26, Theorem
1.3 and §3]. When A and n are both C*° and nontrapping, the bound (2.4) follows from the results
about propagation of singularities of the wave equation in [51, §VI] combined by [147, Theorem
3]/ [148, Chapter 10, Theorem 2] or [97]. (The argument in [147] takes results about propagation
of singularities for the wave equation, and outputs a bound on Cy; see, e.g., the account of this
argument in [52, Theorem 4.43]). O

Remark 2.8. (The constant in the nontrapping bound on Cy,.) In fact, [64] shows that,
if ko is sufficiently large and one works in an H,i norm weighted with A and n, then the constant
C in (2.4) is a multiple of the length of the longest ray in Br; see [64, Theorem 1 and Equation
6.32].

We write a < b if there exists C' > 0, independent of k, such that a < Cb. We write a 2 b if
b<a,anda~bifa<banda > b.

In the rest of the course, we will informally describe the case when Cyo < k as “nontrapping”.
We emphasise however, that there exist A, n, and Q_ for which Cs1 < k, but for which the concept
of nontrapping is not well defined because either the coefficients A,n or the domain 2_ are too
rough; an example of the former situation is given in [70, Theorem 2.7], an example of the latter
situation is given in Theorem 2.14 below.

Theorem 2.9. (Exponential blow up of Cy, through a sequence of ks for trapping Q_.)
Suppose d =2, A=1 andn =1. Given a1 > as > 0, let

E .= {($1,Z‘2) : <2>2+<Zz>2<1}. (2.5)

Assume that I'p coincides with the boundary of E in the neighbourhoods of the points (0, £aa),
and that Q4 contains the convexr hull of the union of these neighbourhoods (see, e.g., Figure 2.1).
Then there exists C1,C2 > 0 and {k;}32, with k; — 0o as k — oo such that, for all j,

Csor(kj) > Cr exp(Cak;).

References for the proof. This is proved in [19, Equation A.16]; the idea is that there exists families
of Laplace eigenfunctions of the ellipse that localise exponentially around the minor axis. These
eigenfunctions, chopped off with suitable cut-off functions, form functions through which the ex-
ponential growth of Cs1(k) is attained (with k; such that kJQ is the appropriate eigenvalue). This
exponential localisation of Laplace eigenfunctions is also proved in [119, Theorem 3.1]. O
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Figure 2.1: An example of an )_ satisfying the conditions of Theorem 2.9.

Remark 2.10. (Other results on the blow up of C,.) Superalgebraic blow up of Cso through
a sequence of ks for more general Q_ than in Theorem 2.9 is proved in [30, Theorem 1].

An example where the trapping is created by smooth coefficients (as opposed to the obstacle)
is given in [125]: here Cyo grows exponentially through a sequences of ks, Q_ =0, A =1, and
n is C°° and spherically symmetric. For an example where trapping is caused by discontinuous
coefficients, see [124, 28, 29, 2] (with these results summarised for an “applied” audience in [113,
§6).

The frequencies {k;}32,, together with the (compactly-supported) functions through which the
blow-up occurs, are called quasimodes. The existence of quasimodes is linked to the existence
of resonances, i.e., poles of the meromorphic continuation of the solution operator of (0.1) from
Sk > 0 to Sk < 0. The relationship between trapping, resonances, and quasimodes is a classic
topic in scattering theory; see [140, 141, 144, 137, 138] and [52, Chapter 7].

Theorem 2.11. (Cs is polynomially bounded for most frequencies.) If Q_, A, and n
satisfy Assumption 1.1 then given kg > 0 and § > 0 there exists a set J C [ko,00) with |J| < 6
such that, for any e > 0, there exists C > 0 such that

Cuol(k) < CEP2H1F2 for all k € [ko, 00) \ J.
If both Q_ and A are C1° for some o > 0 then the exponent is reduced to 5d/2 + ¢.

The result of Theorem 2.11 holds for a much wider range of scattering problems, namely those
fitting in the framework of black-box scattering introduced in [133] (see [52, Chapter 4]); see [95,
Theorem 1.1].

References for the proof of Theorem 2.11. This is proved for n = 1 in [95, Theorem 1.1 and Corol-
lary 3.6]; the proof for more-general n follows from [94, Lemma 2.3] (which shows that the EDP
of Definition 1.2 fits into the framework of black-box scattering).

Under an additional assumption about the location of resonances, a similar result to Theorem
2.11 with a larger exponent can also be extracted from [139, Proposition 3] by using the Markov
inequality. O

As mentioned above, the definition of nontrapping 2_ is technical because one needs to define
reflection of the rays from I'p. Nevertheless, a geometric condition that implies nontrapping (at
least for smooth domains) is that of star-shapedness.
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Definition 2.12. (Star-shaped and star-shaped with respect to a ball.)

(i) Q is star-shaped with respect to the point g if the segment [xg,z] C Q for all z € Q.

(i1) Q is star-shaped with respect to the ball B, (xq) if it is star-shaped with respect to every point
m Ba (.2?0)

These definitions make sense even for non-Lipschitz 2, but when € is Lipschitz one can charac-
terise star-shapedness with respect to a point or ball in terms of (z — zg) - v(x) for & € 99, where
v(x) is the outward-pointing unit normal vector at = € 9.

Lemma 2.13. ([112, Lemma 5.4.1]) (i) If Q is Lipschitz (with outward-pointing unit normal
vector field v(x)), then it is star-shaped with respect to xq if and only if (x — xo) -v(x) > 0 for all
x € O for which v(z) is defined.

(i1) If Q is Lipschitz, then  is star-shaped with respect to By (xo) if and only if (x —xo) -v(x) > a
for all x € 9Q for which v(x) is defined.

Theorem 2.14. (Morawetz bound on Cy, for star-shaped Q_.) If A=1,n=1, and Q_
is Lipschitz and star-shaped with respect to the origin, then, for all k > 0 and R > diam(Q2_),

Cun < 2Ry 14 (421) (2.6)
sol = 2kR ) - '

Proof. This is Exercise 3 in §2.5. O

Remark 2.15 (The idea behind the proof of Theorem 2.14). The proof of Theorem 2.14 is based
on the following identity: if

Lv:=k2Av+v  and Mg ov =2 Vv —ikBv + av,
with B and a real-valued functions, then
2R (M0 L) =V - [2k‘18%(M5,avk_1Vv) + (jof? - k_2|Vv|2)x}

—2R(0(IVB+ k™ 'Va) - k7'Vv) — (d — 2a)|v]* — (2a — d + 2)k %[V
(2.7)

The idea of multiplying second-order PDFEs with first-order expressions has been used by many
authors; multiplying Av by a derivative of v goes back to Rellich [126, 127], and multiplying
V- (AVv) by a derivative of v goes back to Hormander [77] and Payne and Weinberger [121] (e.g.,
the identity (2.7) with o and B equal zero appears as [121, Equation 2.4]). These identities have
been independently discovered by, e.g., Jerison and Kenig [88, 90, 89] and Pohozaev [123].

In the context of the Helmholtz equation, the identity (2.7) with x replaced by a general vector
field, and « and 8 replaced by general scalar fields was the heart of Morawetz’s paper [115], following
both the earlier work by Morawetz and Ludwig [116] using a special case of (2.7) (see (2.18) below)
and Morawetz’s earlier work on the wave equation [114].

Similar identities are available with A and n variable; the analogous identity to (2.7) with A
variable and n = 1 was used by Bloom in [20], and the one with A = I and variable n was used
in Bloom and Kazarinoff in [21]. Although these identities have a long history, the recent papers
[113], [70], [39] contain new results about the variable-coefficient Helmholtz equation obtained with
these identities, and [34] contains new results about the constant-coefficient Helmholtz equation.

The reason why the identity (2.7) can be used to prove a bound on Cso can be understood using
semiclassical analysis; this is not a focus of this lecture course, but we refer the interested reader
to [70, Section 7] for an introduction to this.

2.3 Bounding the H? norm of the solution of the EDP

Given Q_ and A satisfying Assumption 1.1, with Q_ in addition Cl1 let R > 0 such that
Q_ Usupp(I — A) € Br. By elliptic regularity (see, e.g., [106, Theorem 4.18], [72, Theorem
2.4.2.5], [53, §6.3.2]), there exists C' > 0 (depending on the W1>° norm of A) such that

ol < C(IV - (AV0) oy + B IV0 o) + B2 10l ) )

13



so that
k_2|U|H2(QR) <C C’sol(k:,A,n, Q_,R+ 1) (nmax + (]{ZR)_l 4 (k‘R)_2> + 1:| ||f||L2(QR) .

Combining this last inequality with (2.1), we can bound [|lu[|2(q,) in terms of [|f|[z2(q,) With a
constant involving both Cso(k, 4,n,Q_, R) and Cso1(k, A,n,Q_, R+ 1). We could certainly live
with this; however, the FEM theory in §3 requires the following Poisson regularity result, and
using this result we can bound k™ ?|u|g2(q,) in terms of | f||12(q,) With a constant involving only
Csol(k, A,m, R) (see (2.10) below).

Lemma 2.16. (H? regularity of Poisson’s equation with DtN; boundary condition.)
Given Q)_ and A satisfying Assumption 1.1, with Q_ in addition CUl, let R > 0 be such that
Q_Usupp(I — A) € Br. Then there exists Cy2 such that given f € L?(Qg) there exists v €
Hj p(Qr) satisfying

V- (AVv) = —f in Qp, and k10,0 = DtNg(yv) on Tg, (2.8)

and, for all k > 0,

|U}H2(QR) < Cpe (||ﬂ|L2(QR) +R7 ||vv||L2(QR) +R7* ”vHL?(QR)) ’ (2.9)

The key point in (2.9) is that, although v in (2.8) depends on k via the boundary condition on
I'r, Cx2 is independent of k.

References for the proof of Lemma 2.16. This is proved in [96, Theorem 6.1] following the proof
of the analogous result [38, Theorem 3.1] when DtNy, is replaced by ik, A =1, and Q_ = ). Both
these proofs rely on ideas from [72, §3] used to prove H? regularity results on C? convex domains;
see [72, Theorem 3.1.1.1 and proof of Theorem 3.1.2.3] and Exercise 4 in §2.5 below. O

Corollary 2.17. Suppose that Q_, A, and n satisfy Assumption 1.1 and, in addition, Q_ is C11,
The solution u of the EDP of Definition 1.2 with gp = 0 is in H*(Qr) and, if kR > 1, then

|u|H§(QR) < C’I{2 [Csol(ka A,’I’L, Q—7R) (nmax + \/5) + 1:| ||fHL2(QR) ’ (210)

where the weighted semi-norm |u[g2(qy) = k™2ulg2(ap) (in analogy with (1.7)).

2.4 Using Green’s identity to bound the L? norm of Vu in terms of the
L? norm of u (and vice versa) plus norms of the data and traces

Using Green’s identity in this way is well-known, see, e.g., [115, Theorem I.1] and [134, Lemma
2.2], and the idea is similar to that of Caccioppoli inequalities in the Calculus of Variations.

Lemma 2.18. (Bounding the H' semi-norm of u via the L? norm and L? norm of f.)
Assume there exists a solution to the EDP of Definition 1.2.

(i) Let R > 0 be such that Q_ Usupp(I — A) Usupp(l —n) Usuppf € Qr. Then, for all k > 0,

_ 2 3 2 1 2 _
k 2f4min ||VUHL2(QR) < §nmax HUHLZ’(QR) + m ||f||L2(Q+) +k 2 ||’Y’U’HL2(FD) Ha,,’AuHLz(FD) .
(2.11)
(ii) Let R > 0 be such that Q_ CC Qg. Then, for all k > 0,
2 4 G(Amax)2 2 2 2
Nmin ||uHL2(QR) < ﬁ (Amax + W HVUHL2(9R+1) + m Hf||L2(Q+)
+ 4k 72 lyull ooy 100,46l L2,y - (2.12)
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Proof. (i) Applying Green’s identity (1.16) with Q = Qp, with u the solution of the EDP, and with
v = u, we obtain

— k72 Oy au,yu)p + k72 [ u— = k~2(AVu) - Vu — nlul|* — af, (2.13)
P rp Or Qr

where we have used the fact that u € C*° in a neighbourhood of T'r (by elliptic regularity) to write
the duality pairing on I'g as an integral. The key point now is that the inequality (1.13) involving
the term on I'p in (2.13) allows us to obtain an upper bound on fQR(AVu) - Vu. Indeed, taking

the real part of (2.13), using the inequality (1.13), and then the Cauchy-Schwarz inequality and
the inequalities on A and n (1.1) and (1.2), we obtain that

- 2 2 _
k™2 Awin [Vl 220y < max [l 220, + 10l 2 @p) 12 @m) + 52 170l 2o p) 100, a2l 2,y -
The result (2.11) then follows from using the inequality
208 < ea? 47142 forall a,B,e >0, (2.14)

on [ullr2p) I fllz2(0m)-

(ii) The sign property of the inequality (1.13) does not allow us to obtain an upper bound on
fQR n|ul? via the argument in Part (i). Instead we apply Green’s identity in Q. ; with u the
solution of the EDP and v = yu, where x(z) := x(r) is such that x =1 on [0, R], x(R+ 1) =0,
and x(r) = F(R+1—r) for r € [R, R + 1], where F(t) := t?(3 — 2t). Observe that F' increases
from 0 to 1 as t increases from 0 to 1, and thus x decreases from 1 to 0 as r increases from R to
R + 1. This particular choice of F' is motivated by the fact that there exists an M > 0 such that

(F'(1)?
F(t)

<M forall0<t<I; (2.15)

in fact, one can easily verify that this last inequality holds with M = 12.
Applying Green’s identity (1.16) as described above we obtain

— k2 (O, au,yu)p = /Q k72X (AVu) - Vu + k™ 2(AVu) - (@Vx) — nx|ul* — xaf  (2.16)
R+1

(where we use the convention on I'p that the normal points out of 2_ and thus into Qr41); observe
that, since x(R + 1) = 0, there is no contribution from I'p, and thus we have avoided the issue
with the sign in the inequality (1.13). Now, by the Cauchy-Schwarz inequality and (2.14),

(2.17)

1 A 2 2
[ @vw-@vy JRp =
S)R+1 SZR+1

€ 2
< - xlul® + —
2 Qrit 2e X

Then, using the second inequality in (1.1), the inequality (2.15) with M = 12, and choosing
€ = Nmink? we obtain that

/| AV @vy)

nrﬂin]€2 6(Am x)2
< Mo [ qup o S8 [ g,
QRr+41 Tmin QRr+t1

Using this last inequality in (2.16), we find that

Nmin 2 1 6(Amax)2 2 _
Aul? < 7 (Amws + IVulZen, + [t
2 /QR+1 k2 nmink2 L2(@r+) Qrt1

+k7° lvull 2, ||3V,AU||L2(FD) :

Using the Cauchy inequality (2.14) again on the term fQR+1 xuf with weight € = ny;,, we obtain
(2.12). O
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Remark. (Dimensions of the factors in (2.11) and (2.12).) The dimensions of the factors in
front of the norms in (2.11) and (2.12) are as expected apart from

e,

nmink

(Amax +

this expression should be non-dimensional, but instead the second term has dimension (length)?.
This discrepancy is because there is the factor 1 = (R+1) — R)? (the distance between Bry1 and
Br squared) multiplying the k%s, providing the missing (length) 2.

2.5 Exercises

1. Prove Lemma 2.2. Hint: let u = uy + w where u, is the solution of the variational problem
at(uy,v) = F(v) for all v € H&,D(QR), where

ay(u,v) ::/Q (kiQ(AVu) Vo + mﬁ) — k7 (DtNyyu, 7v>FR.

2. Prove Lemma 2.4. Hint: consider u(z) = exp(ikz1)x(r/R) for x € Cg,,,(R;R) with suppx €
(0,1).

3. Via the following steps, prove Theorem 2.14 under the simplifying assumption that Q_ is
CY! 5o that u € H2(Q2R) (for a proof when Q_ is only C?, see [33, Lemma 3.8], [70, Remark
2.13)).

(a) Prove the identity (2.7). Hint: split Mg v up into its component parts and prove these
three identities separately by expanding the divergences on the right-hand sides, and
using that

2R{Vv - (z-V)Vuv} =V [|[Vo|’z] — d|Vo|*

and
2R{va-Vu} = V- [[v]’z] — dv|*.

(b) With Lv as above, show that if o € R, then
R{ M, vLv} =V - [%*%{Mhau EIV0) + (o]? = k2 Vol?) x] — [k, — v’
+ (2a = (d = 1)) (Jv]* = k72|Vv]?) = k2 (IVo]* = |v,[?), (2.18)

where v, = z - Vu/r (this identity first appeared as [116, Equation 1.2]).

(c) With the identity (2.18) written as V- Q, o(v) = Py o(v), show that if u is an outgoing
solution of Lu = 0 in R?\ Bg,, then, for all a € R,

Qr, o(u)-T—0 as Ry — oo. (2.19)

FRl

(d) Show that if u is an outgoing solution of Lu = 0 in R?\ Bg,, for some Ry > 0, then,
for R > Ry,

Qr,(d—-1)/2(u) -2 <0. (2.20)
T'r

Hint: integrate the identity (2.18) over Bg, \ Bg. >

2An analogous inequality to (2.20) holds if T'r is replaced by the boundary of a Lipschitz domain that is star-
shaped with respect to a ball, and u satisfies the impedance boundary condition 9,u —iku = g on this boundary; see
[70, Lemma A.11]. This is essentially the reason why [11, Page 109], [107, Prop. 8.1.4], [103, Proposition 2.1], [46],
[76] were able to independently discover the multiplier = - Vu and use it to prove bounds on Helmholtz problems
with an impedance boundary condition.
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(e) With the identity (2.7) written as V- Qg o (v) = P (v), show that if u € H?(Qg) with
yu = 0 on I'p, then

2

ou

Qo) n= [ (an@)? |3

I'p

I'p

(f) By using Parts (a), (d), and (e), prove the bound (2.6); i.e., that if Q_ is star-shaped
with respect to the origin and u is the solution of the EDP with gp = 0, A = I, and
n =1, then
d—1\°
[ull 1 () < 2kRY[1+ R 11l L2ap) -

4. The purpose of this exercise is to show how properties of DtNj enter the proof of Lemma
2.16 (for the full proof, see [96, Proof of Theorem 6.1]). Assume the following two results.

e If D is a bounded, convex, open set of R? with C2 boundary and v € H*(D;C%), then

/D ('V"’|2 - i /D g;};g:;) > —2R((yV)r, Ve (v m)), . (2.21)

i,j=1

where V7 is the surface gradient on 9D and (yv)r := yv — n(yv - n) is the tangential
component of yv; this follows from [72, Theorem 3.1.1.1] and the fact that the second
fundamental form of D (defined in, e.g., [72, §3.1.1]) is non-positive (see [72, Proof of
Theorem 3.1.2.3]).

e The solution of (2.8) is in H?(Qg); this follows from results about the regularity of
transmission problems (see [42, Theorem 5.2.1 and §5.4b]) since I'p is C? and A = I in
a neighbourhood of I'g.

Use these two results along with Lemma 1.7 to prove the bound (2.9) when A = I and
Q- =0.

3 Convergence of the h-FEM: sharp k-explicit results for
p=1

3.1 Definition of the Galerkin method

Let H := Hj ,(Qr), and let Hy be a finite-dimensional subspace of . We restate the variational
formulation (1.23) of the EDP with gp = 0 as

find u € H such that a(u,v) = F(v) for all v € H. (3.1)
The Galerkin method applied to the variational problem (3.1) is
find uy € Hy such that a(uy,vy) = F(vy) for all vy € Hy. (3.2)

Observe that setting v = vy in (3.1) and combining this with (3.2) we obtain the Galerkin orthog-
onality that
alu—un,vy) =0 forall vy € Hy. (3.3)

These definitions of course make sense for (3.1) with a(-,-) a general sesquilinear form and F() a
general antilinear functional (i.e., not just with a(-,-) and F'(v) defined by (1.24)).
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3.2 Abstract results about convergence of the Galerkin method and
their applicability (or not) to the Helmholtz equation

Let (Hn)%-; be a sequence of finite-dimensional subspaces of H that is asymptotically dense in
‘H, meaning that, for all v € H,

min v —wy|y -0 as N — oo.
wNEHN

We say that the Galerkin method (3.2) converges if there exists Ny € N such that for all N > Ny
and for all F'(-) € H', uyn defined by (3.2) exists and is unique, and ||uy — ul|yy — 0 as N — oc.

In this section, we focus on proving either a bound on the relative error of the Galerkin solution,
i.e., a bound on

[u — un|ly
[[ull

or that the Galerkin method is quasioptimal, i.e., there exists a Cyo > 0 and Ny € N such that,
for N > No,

)

- <C, i - . 3.4
e =l < Cao min fu= vl (34)

(If (3.4) holds with Cqo = 1 then the method is optimal.)
To state the following theorem we recall that given a sesquilinear form a : H x H — C, there

exists a unique linear operator A : H — H such that a(u,v) = (Au,v)y for all u,v € H. (see, e.g.,
130, Lemnma 2.1.38)).

Theorem 3.1. (The main abstract theorem on convergence of the Galerkin method.)
Let A:H — H be a bounded linear operator.

(a) If A is invertible then there exists a sequence (Hn)S— for which the Galerkin method (3.2)
converges.

(b) If A is coercive, i.e., there exists a > 0 such that

|(Av,v)%| > « ||v\|§{ for allveH, (3.5)

then, for every sequence (Hn)_y, the Galerkin equations (3.2) have a unique solution uy for
every N and
Hu—uNH < HAHﬂ min Hu—vNH .
H = @ vNEHN H

(¢) If A is invertible then the following are equivalent:

(i) The Galerkin method (3.2) converges for every sequence (Hn)_, that is asymptotically
dense in H.

(i) A= Ay + K where Ay is coercive and K is compact.

References for the proof. Part (a) was first proved in [104, Theorem 1]; see also [68, Chapter II,
Theorem 4.1]. Part (b) is Céa’s Lemma; see [31]. Part (c) was first proved in [104, Theorem 2],
with this result building on results in [149]; see also [68, Chapter II, Lemma 5.1 and Theorem
5.1] O

Remark 3.2. The fact that Point (i) in Part (c) implies Point (i) is very well known in the
numerical-analysis community (see, e.g., [130, Theorem 4.2.9], [142, Theorem 8.11]). However, the
fact that Point (i) implies Point (i) appears not to be well known (e.g., it was recently independently
rederived in [7, Theorem 5.2]); this implication is nevertheless is quoted in, e.g., [80, Page 303].

The following two results show that Part (b) of Theorem 3.1 is not applicable to the Helmholtz
equation, but Part (c) is.

Lemma 3.3. (The Helmholtz sesquilinear form is not coercive for k sufficiently large.)
Suppose that A,n, and Q_ satisfy Assumption 1.1 and let a(-,-) be defined by (1.24). Let \y > 0
be the first Dirichlet eigenvalue of n=1V - (AV") in Qr. If k* > X1, then there exists v € H} ,(Qr)
such that a(v,v) = 0. /
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Proof. If \; is a Dirichlet eigenvalue of n~V - (AV:) in Qr with corresponding eigenfunction
uj € Hy(Qr) := {v € Hj p(Qr) : yv = 0 on I'g}, then
(AVuj7 Vv) Aj (nuj, v)

0 forallve H&D(QR)a

L*(QR) L*(QR) —

and thus

(AVu;, Vug) o = A (05, 45) 1o g, = 0.

Therefore, by the definition of a(-,-) (1.24),
a(uj,uj) =k™2(\j — k:2)(nuj,uj)L2(QR),
and thus a(uj,u;) = 0 if k* = \;. Furthermore, if Ay < k* < \; (for some j > 1) then
a(ur,ur) < 0 < a(uj,u;). (3.6)

The numerical range of a general sesquilinear form a : H x ‘H — C is defined to equal

{““”” cveM\ {o}} o (3.7)

2
[0ll3

furthermore, the numerical range is convex by, e.g., [74, Theorem 1.1-2]. Therefore (3.6) implies
that there exists v € Hy p(Qg) such that a(v,v) = 0. O

Lemma 3.4. (Helmholtz sesquilinear form = coercive + compact.) Suppose that A, n,
and Q_ satisfy Assumption 1.1. Let A be the operator associated with the sesquilinear form a(-,-)
defined by (1.24) and let H := Hj ,(Qr). Then A= Ay + K with Ay bounded and coercive on
and K compact on H.

Proof. This follows from the Garding inequality (1.28); see Exercise 3 in §3.12. O

Although Part (c¢) of Theorem 3.1 is applicable to the Helmholtz equation, this abstract result
gives no information about the k-dependence of either the threshold Ny for the Galerkin solution
to exist or the Galerkin error. The main results of this section (in §3.4) are all about this k-
dependence.

3.3 Definition of the FEM and assumptions for the results in this section

The finite-element method (FEM) is the Galerkin method applied with finite-dimensional subspaces
consisting of piecewise polynomials. The h-version of the FEM is where accuracy is increased by
decreasing the meshwidth h, the p-version of the FEM is where accuracy is increased by increasing
the polynomial degree p, and the hp-version of the FEM is where accuracy is increased by both
decreasing h and increasing p.

The main results in this section (Theorems 3.11 and 3.15) are proved for a sequence of subspaces
(Hn)o<h<n, satisfying the following assumption.

Assumption 3.5. There exists Ciyy > 0 such that for all 0 < h < hg there exists I, : H*(Qr) —
Hy, such that

v = Inoll 2y + R IV = 100) || 20, < Cinth*|vl g2y for allv € H*(QR). (3.8)

We now show that the standard piecewise-polynomial subspaces of the h-version of the FEM
satisfy Assumption 3.5 (with I, the so-called nodal interpolant) — see Lemma 3.8 below — hence
our choice of the notation (Hp)o<h<hy-

Definition 3.6. (Triangulation [40, Page 61].) A finite collection of sets T is a triangulation
of Q if the following properties hold.

L O=Uger K
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2. Each K € T is closed and its interior, IO(, 18 non-empty and connected.
3. If K1,K» € T and K1 # K» then K1 N Ko = 0.
4. Each K € T 1is Lipschitz.

For K € T, let hg := diam(K) = max, |z — y| and let the mesh width h := maxper hi.
We denote a triangulation with mesh width h by 7;,. We now consider a family of triangulations
(Th)o<n<n, for some hg. Let px be the diameter of the largest ball contained in K (so px < hi).

Definition 3.7. (Shape-regular and quasi-uniform [23, Definition 4.4.13], [40, Pages
128 and 135].)

(1) The family (Th)o<n<h, s shape-regular (or non-degenerate) if there exists C > 0 such that
hg < Cpg for all K € Ty, and for all 0 < h < hg.

(i1) The family (Th)o<n<n, S quasi-uniform if there exists C' > 0 such that h < Chg for all
K €Ty and for all 0 < h < hg; i.e.,

max diam(K) < C min diam(K) for all0 < h < hy.
KeTh KeTh

Given a triangulation Ty, let

HP(Ty) = {v € H'(QR) : v|k is a polynomial of degree p for each K € T;, and v =0 on FD}.
(3.9)
If (Th)o<h<h, is quasi-uniform, then the dimension of H?'!(7T},) is proportional to (p/h)¢. From
here on, we abbreviate the family (H?'(75))o<h<n, (with p fixed) by (Hp)o<h<ho-

Lemma 3.8. (Conditions under which Assumption 3.5 holds.) Let (7n)o<n<n, be a se-
quence of shape-reqular triangulations, satisfying the addition conditions that (i) each K € Ty, is a
simplezx, and (i) any face of any simplex K, in the triangulation is either a subset of the boundary
of the domain, or a face of another simplex Ko in the triangulation.

Then Assumption 8.5 holds for (H)o<n<n, with I, the nodal interpolant and Ciy depending
only on p, d, and the shape-regularity constant of (Tr)o<n<hy -

References for the proof. This follows from, e.g., [40, Theorem 17.1], [23, Proposition 3.3.17 and
§4.4] (with (3.8) following from [23, Equation 4.4.28]). O

The main results in this section (Theorems 3.11 and 3.15) require Qg to be at least C1! (so
that the solution of the EDP with gp = 0 is in H%(Q2g)). For such Qp it is not possible to fit 9Qp
exactly with simplicial elements (i.e. when each element of 7}, is a simplex), and fitting Qg with
isoparametric elements (see, e.g, [40, Chapter VI], [23, §4.7]) or curved elements (see, e.g., [18])
is often impractical. Some analysis of non-conforming error is therefore required, but since this is
standard (see, e.g., [23, Chapter 10]), we ignore this issue here.

Finally, we make some simplifying assumptions on the parameters k, R, and h.

Assumption 3.9. R> Ry >0, k> ky >0, kgRo > 1, and hk <1.

Observe that (3.8), the definition of || - |1 (o) (1.8), and the assumption that hk < 1 imply
that

[0 = In0ll 11 () < V2Cimehkv] 12 (2 (3.10)

Remark 3.10. (Approximating DtNy.) Implementing the operator DtNy is computationally
expensive, and so in practice one seeks to approximate this operator by either imposing an ab-
sorbing boundary condition on T'gr, or using a perfectly-matched layer (PML), or using boundary
integral equations (so-called “FEM-BEM coupling”). For simplicity, in this section we analyse
the FEM assuming that DtNy is realised exactly. Recent k-explicit results on the error incurred
by approzimating DtNy by absorbing boundary conditions or PML can be found in [60] and [61],
respectively.
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3.4 Statement of the main results of this section

Theorem 3.11 gives sufficient conditions for the Galerkin method to be quasioptimal (with constant
of quasioptimality independent of k), and Theorem 3.15 gives sufficient conditions for the relative
error of the Galerkin solution to be controllably small, independent of k. Both these results are
sharp for p = 1 when Cy ~ k.

Theorem 3.11. (Quasioptimality.) Let u be the solution of the EDP. Suppose that Assumptions
1.1, 3.5, and 3.9 hold, and 2_ is C11. Let Cyy1 be defined by (2.1), Ceons by (1.27), Cr2 by (2.9),
and Cin by (3.8).
If
hkCso1 < Co (3.11)

where

1 Api 1 !
Cy = o 2CitCr2 | Nmax + =—— 2 ,
0 Ccont Q(nmax + Amin) [f e (n * C’sol + \/>)1|

then the Galerkin solution uy to the variational problem (3.2) exists, is unique, and satisfies the
bound o0
cont .
o= sl < 252 iy o= vl ) 3.12)

The quantity Cy depends on k via Cs,). However, under the assumption that Cso 2 1, Co ~ 1.

When Cy; < k (informally, the problem is nontrapping), the condition (3.11) is that hk? is
sufficiently small; this condition is sharp — see Figure 3.1.

Our bound on the relative error requires the following assumption about the oscillatory char-
acter of u.

Assumption 3.12. (Oscillatory behaviour.) Given ko > 0, there exists Cose = Cosc(A, 1, Q_, R, ko)
(‘osc’ standing for ‘oscillation’) such that, for all k > ko, the solution of the EDP of Definition 1.2
satisfies

ul 1261y < Cose Il 13 - (3.13)

Theorem 3.13. Assumption 3.12 is satisfied when u is the solution of the plane-wave sound-soft
scattering problem, Q_ is CY', and Cyo < k.

Reference for the proof. See [96, Theorem 9.1] (note that [96, Remark 9.10] outlines how the as-
sumption that Cs, < k can be removed). O

Remark 3.14. (Discussion of Assumption 3.12.) Assumption 3.12 is not satisfied for the
solution of the EDP for general f € L*(Q2g). For example, consider the 1-d problem

E2u" 4u=—f in(0,1), u(0)=0, and k'u'(1)—iu(l)=0 (3.14)

with
flz) = k2 [Cxp(ik”x)x(x)]” — [exp(ik™z)x(x)], (3.15)

where x has compact support in (0,1). The solution to (3.14) is then u(x) = exp(ik™z)x(x), which
oscillates on a scale of k™™, i.e., a smaller scale than k~' when n > 1.

If Assumption 3.12 holds then, using (3.10) and (3.13) in (3.12), we obtain that if hkCse1 < Co,
then

I = unll g1 ) << Co

HUHH;(QR) ~ T Caal
i.e., a bound on the relative error. When Cs,) ~ k, this bound says that the relative error decreases
like k~! when hk? is sufficiently small. This leaves open the possibility that the relative error is
bounded in k& when hk® is sufficiently small, for some 1 < a < 2; the following theorem shows that
(when Cgo1 ~ k) this is true when a = 3/2.
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This next result involves the following constant; by, e.g., [23, §5.3], [146, Corollary A.15], there
exists Cprp = Cpr(Q2_) (‘PF’ standing for ‘Poincaré-Friedrichs’) such that

- 2 - 2 2
R ||U||L2(QR) < Cpr (R ! ||7U||L2(FR) + ||VU||L2(QR)) (3.16)

for all v € H'(QR).

Theorem 3.15. (Relative-error bound.) Let u be the solution of the EDP. Suppose that
Assumptions 1.1, 3.5, 3.9, and 3.12 hold, and 2_ is C*'. Let Cpyny be defined by (1.11), Cpina
by (1.13), Csa1 by (2.1), Ceont by (1.27), Crz by (2.9), Ciny by (3.8), Cosc by (3.13), and Cpr by
(3.16).
If
(hk)2Cy1 < C1, (3.17)

then the Galerkin solution uy to the variational problem (3.2) exists, is unique, and satisfies the
bound
Ju— UNHH}C(QR)

< Cohk + C3(hk)?Csol, (3.18)

||U||H;(QR)

where
O = ! (1 " v2 )
b 4(Amax + ODtNl)nrnaX(CHQ)Q(Cint)2 min {Amin(1 + CPF)_la CDtNQ(CPF)_l}
1 —1
max ~ 2 )
X (n + O + \[)
\/ioin Cosc
02 = Ait ( max {Amaxy nmax} + CDtNl)a

and

42 1
= Amax in 2 2 osc\/m max ~ 2.
Cs \/m( +CDtN1)(C t)°Cr2C n + <n + Cor Jr\[)

When Cso ~ k (informally, the problem is nontrapping), the condition (3.17) is that h%k? is
sufficiently small. The quantity Cs is independent of k and h. The quantities Cy, C7, and Cjs
are independent of h, but depend on k via Cy. Under the assumption that Cys, = 1 however,
Cy,C1, and Cy all ~ 1. The requirement that h2k> be sufficiently small for the relative-error to be
controllably small (independent of k) is sharp — see Figure 3.1.

The history of the results in Theorems 3.11 and 3.15 and the techniques used to obtain them
are discussed in §3.11 below.

Remark 3.16. (The pollution effect.) The pollution effect for the h-FEM can be defined by
either saying that the h-FEM suffers the pollution effect if the condition “hk sufficiently small
(independent of k)” is not enough to ensure that the relative error is controllably small, indepen-
dently of k — see, e.g., [83, §4.6.1] — or by saying that the h-FEM suffers the pollution effect if the
condition “hk sufficiently small (independent of k)” is not enough to ensure quasi-optimality with
constant independent of k — see, e.g. [12, Definition 2.1].

With either definition, the sharpness of the conditions on h and k in Theorems 3.11 and 3.15
shows that the h-FEM with p = 1 suffers from the pollution effect.

More generally, the pollution effect can be defined by replacing “hk sufficiently small” in the
above definitions by “sufficiently large (but k-independent) number of degrees of freedom per wave-
length”, since the number of degrees of freedom per wavelength for the h-FEM is proportional to

(p/h)(27/k).

3.5 Numerical experiments illustrating Theorems 3.11 and 3.15

Figure 3.1.
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Quasi-optimality of h-FEM for p = 1 Relative error of h-FEM for p = 1
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Figure 3.1: The ratio of the Galerkin error and the best-approximation error (left) and the relative
Galerkin error (right) for the h-FEM with p =1

3.6 The adjoint solution operator with L? data

The proofs of Theorems 3.11 and 3.15 crucially rely on properties of the adjoint solution operator.

Definition 3.17. (Adjoint solution operator S*.) Given f € L?(QR), let S*f € H(},D(QR) be
defined as the solution of the variational problem

a(v,8*f) = (v, f)r2(n) for allv € Hy p(Qr). (3.19)

S* is therefore the solution operator of the adjoint problem to the variational problem (3.1)
with data in L?(Qg).

Lemma 3.18. If 8* is defined as in (3.19) then

a(S*f,v) = (f, V)20 forallve H&D(QR); (3.20)
i.e., S*f is the complex-conjugate of an outgoing Helmholtz solution.
Proof. This is Exercise 2 in §3.12. O

Following [129], let

|S*f _’UNHH;(QR).

n(Hy):= sup  min ; (3.21)
FEL2(Qp) VNEHN 112 0n)
observe that this definition implies that, given f € L?(Qg),
there exists wy € Hy such that ||S*f — wN”H;(QR) <n(Hw) 1l z2ap) - (3.22)

Lemma 3.19. (Bound on n(Hy).) Suppose that Q_, A, and n satisfy Assumption 1.1 and, in
addition, Q_ is CY1'. If Assumption 3.5 holds and kR > 1, then

1
U(HN) < hk Csol |:\/§C'im;c’H2 (nmax + Cf + \/§>:| . (323)
sol

Proof. By the consequence (3.10) of (3.8), there exists vy € Hy such that

187 = onll g1 p < ﬁCintthS*f\Hng>
(indeed, we can take vy = I (S*f)). The result then follows from Lemma 3.18, the bound (2.10),
and the fact that kR > 1. O

23



3.7 Sufficient conditions for quasioptimality /relative error controllably
small in terms of n(Hy)

Lemma 3.20. (Sufficient conditions for quasi-optimality.) If

1 Amin

<
T}(HN) a Ccont 2(nmax + Amin) ’

(3.24)

then the Galerkin solution uy to the variational problem (3.2) exists, is unique, and satisfies the

bound
2Ccont
flu— UN||H;(QR) = Ao

min |lu — UNHH;(QR)> . (3.25)

vN€EVN

Lemma 3.21. (Sufficient conditions for relative error controllably small.) Suppose that
Assumptions 1.1, 3.5, 3.9, and 3.12 hold, and Q_ is CY'. Let Ceont, and Cy2, be defined by
(3.42) and (3.46) below. If

1

hkn(Hy) < Cq, h C =
77( N)_ ' were ' 2\/icfc()nt*C(Hr"~;(Cfint77/mf1ax

, (3.26)

then the Galerkin solution uy to the variational problem (3.2) exists, is unique, and satisfies the
bound

llw = un| g2
O ook v Cahkp(Hy), (3.27)

HUHH;(QR)

where

_ \/iccontcintcosc L 4Ocont*cintcosc V Mmax + Amin
=———— and C3:= .
Amin vV Amin

Lemma 3.20 holds for any finite-dimensional subspace Hy, whereas Lemma 3.21 is geared to
be used for a member of (Hp)o<h<n, (because of the presence of h in (3.26), coming from a use
of (3.8)). Nevertheless, to avoid swapping between the notations Hy and Hp, from now on we
denote the finite dimensional subspaces as (Hn)%_g-

Theorems 3.11 and 3.15 follow immediately from Lemmas 3.20 and 3.21, respectively, by using
the bound (3.23) on n(Hy).

Observe that Lemma 3.20 requires no assumptions on A,n, and Q_, but Lemma 3.21 does.
The reason is that the proof of Lemma 3.21 requires H? regularity of both u — hence the presence
of Cyse in Co and C3 — and the solution of a different elliptic boundary-value problem on €_ with
coefficient A — hence the presence of Cpz, in C; (see (3.36) and Lemma 3.24 below for the definition
of this boundary-value problem).

We now prove Lemma 3.20 (§3.8); with this proof in hand, we then describe the ideas behind
Lemma 3.21 (§3.9).

CQZ

(3.28)

3.8 Proof of Lemma 3.20
We first prove the result under the assumption that the Galerkin solution uy exists.
Step 1: Use the Garding inequality and Galerkin orthogonality. Using (in this order)

the Garding inequality (1.28), Galerkin orthogonality (3.3) and continuity of a(-,-) (1.26), we have
that, for any vy € Hy,

2 2
Amin ”u - UNHH;(QR) < gfea(u —Uun,Uu — UN) + (nmax + Amin) HU - UN”Lz(QR)
= §R(LL(’UJ —UnN,U— UN) + (nmax + Amin) ||u - UNH%2(QR)

2
< Ceont 1t — unll g () 1t = o8 g1 ) + (Pmax + Amin) llu — un 72y -
(3.29)
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Step 2: Prove an Aubin-Nitsche type bound using the definition of n(Hy). The qua-
sioptimal error bound (3.25) under the condition (3.24) follows from (3.29) if we can prove that

lu — UN||L2(QR) < Ceontn(Hn) [lu — “N”H;(QR) : (3.30)
By the definition of S* (3.19), Galerkin orthogonality (3.3), and continuity (1.26),

|lu — uN||2L2(QR) =a(u—un,5 (u—un)) =alu—un,S (u—uyn)—vy) (3.31)

< Cellu— UN”Hé(QR) 15" (u—un) — UN||H;(QR)
(3.32)

for any vy € Hy. The definition of n(Hy) (3.21) implies that there exists a wy € Hy such that
157 (u —un) — wNHH;(QR) < n(Hn) [u— UNHLZ(QR)

(see (3.22)). Using this last inequality in (3.32), we obtain (3.30).

Step 3: Prove that uy exists. We have so far assumed that uy exists. Recall that an N x N
matrix B is invertible if and only if B has full rank, which is the case if and only if the only solution
of Bv =0 is v = 0. Therefore, to show that uy exists, we only need to show that uy is unique.
Seeking a contradiction, suppose that there exists a uy € Hy such that

a(uy,vy) =0 for all uy € Hy.

Let u be such that
a(w,v) =0 for allv € H; (3.33)

thus uy is the Galerkin approximation to u. Repeating the argument in the first part of the proof
we see that if (3.24) holds then the quasi-optimal error bound (3.25) holds (with u replaced by u
and uy replaced by uy). By assumption, the only solution to the variational problem (3.33) is
u = 0, and then (3.25) implies that uy = 0. We have therefore shown that the solution uy exists
under the condition (3.24) and the proof is complete.

Remark 3.22. (Aubin-Nitsche-type bound.) We describe (3.30) as an “Aubin-Nitsche-type
bound”, since the argument that obtains (3.30) was first introduced in the coercive case by Aubin
[9, Theorem 3.1] and Nitsche [120] (see, e.g., [40, Theorem 19.1] for (3.30) exactly as stated); the
history of these arguments is discussed further in §3.11.

3.9 The ideas behind the proof of Lemma 3.21

The start of the proof of Lemma 3.21 is the same as Step 1 in the proof of Lemma 3.20; i.e., one
arrives at (3.29). The end of the proof — justifying that ux exists — uses the same arguments as in
Step 3 of the proof of Lemma 3.20.

We now claim that Lemma 3.21 follows from using in (3.29) the result that if hkn(Hy) is
sufficiently small then

lw = unllp2(0p) SU(HN)HU_/UJN”H;(QR) for all wy € Hy. (3.34)

Observe that (3.34) is a stronger bound than (3.30), since wy on the right-hand side of (3.34) is
arbitrary.

To justify the claim, observe that inputting (3.34) into (3.29), choosing wy = vy, and using
the inequality (2.14) on the first term on the right-hand side of (3.29), we obtain that, if hk n(Hy)
is sufficiently small, then

lu = unllgiop S (L+0HN)) lu = vnllg e, —forall vy € Hay.

At first it might look like we have just rederived the condition that the Galerkin solution is quasi-
optimal (with constant independent of k) if n(H ) is sufficiently small. However, the key point is
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that “hk n(H ) sufficiently small” is a weaker condition that “n(#H ) sufficiently small”. Assuming
H? regularity of the solution, and using (3.10), we obtain that, if hkn(Hy) is sufficiently small,
then

||U—UNHH;(QR) S (1+77(HN))hk|U\H§(QR)7 (3.35)

and this becomes (3.27) after using the oscillatory-behaviour bound (3.13).
We now describe how to prove (3.34). Define the sesquilinear form a.(-,-) by

ay (u,v) = i k2(AVu) - Vo — k_1<DtN;€7u,7v>FR; (3.36)
R

one can show that a.(-,-) is continuous and coercive in H&’D(QR) (see Lemma 3.23 below). We
argue as in Step 2 of the proof of Lemma 3.20 to obtain (3.31), but then introduce a(,-), where
for brevity we use the notation that £ = S*(u — uy),

||’lL - uNHiQ(QR) = a(u - UJ\/‘,E) = a(u - ’LLN,E - ’UN),
:a*(U—uN,ﬁ—vN)— (n(u_uN)ag_'UN)[g(QR)' (337)
Given z € Hy p(Qr), define Pz € Hy by
ay(Wn,Pnz) = ax(wn, z) for all wy € Hy;

since a, (-, -) is continuous and coercive in Hj ;,(Qr), the Lax-Milgram theorem implies that Py
is well defined. The definition of Py implies the Galerkin-orthogonality property that

ay(wn,z—Pnz) =0 forall wy € Hy. (3.38)
Choosing vy = Py¢ in (3.37) and then using (3.38), we obtain that, for all wy € Hy,
||U - uN||i2(QR) = a*(u - wNvg - PN&) - (n(u - uN)ag - ,PNg)Lz(QR)?
< llu— w1 = Pwel, + lu = unllpaiop 1€ - Putllisan s (3:39)

where
[vlle == Vax(v,v) < vllm2n)- (3.40)

Comparing (3.32) and (3.39), and using this last norm inequality, we see that Galerkin or-
thogonality for a.(-,) has allowed us to obtain |lu — wx|[g; (with wy arbitrary) as opposed to
|u — un| 1 on the right-hand side — this is ultimately what leads to the bound (3.34) instead of
(3.30). To get there, we need to

(i) use Part (b) of Theorem 3.1, (3.40), the fact that £ = S*(u — uy), and the definition of
n(Hn) to get

6= Pxél S min - vxll. S min €= onlluzan S 1)l —uxllizen

(see (3.48) below), and

(ii) use the argument in the proof of Lemma 3.20 to show that || — PnE|lp2ra) S hk(|€ —Pné]l«
(see (3.49) below), and thus controlling the last term on the right-hand side of (3.39) leads
to the condition that hkn(Hy) is sufficiently small.

The arguments in (ii) crucially use the H? regularity result of Lemma 2.16 — we see now that the
non-standard boundary-value problem (2.8) comes from the sesquilinear form a. (-, -).
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3.10 Proof of Lemma 3.21

Lemma 3.23. (Continuity and coercivity of a,(-,-).) With a.(-,-) defined by (3.36), for all
u,v € Hj p(Qr),

2
|a*(uvv)| < Ceontx ”u”H;(QR) ”UHH;(QR) and %a*(vvv) 2 Cooerx ”UHH;YR(QR) ) (341)
where
Ceont+ = Amax + CpiNt, Ceoerx = min {AAmin(1 + CPF)ila CDtNQ(CPF)il}a (342)
and ) , ,
I3 = k2 IVul2aqny + BB [0l22(qp) - (3.43)

Proof. The first inequality in (3.41) follows from the inequality (1.11) and the Cauchy—Schwarz
inequality. The second inequality in (3.41) follows from (1.13) and (3.16); indeed, for any C' > 0,

Ra, (0,0) > (Amin — Ok 2 ||V0]1 72, + (Coenz — C) k2R [y0ll72 1,

_ 2 - 2
+ k2 (V0] 20 + B 10l )
_ 2 B 2 c - 2
> (Amin - C)k 2 ||V'U||L2(QR) + (CDtNZ - C)k 2R ! ||’YU||L2(FR) + OiPF(kR) ? HU”LQ(QR) '
The value of C that produces the largest multiple of ||v||§{; H(2n) (3.43) on the right-hand side of

the last inequality is C' = C’ := AninCpr(1 + Cpr) L. If Cping > €7, then coercivity holds with
Ceoors = Amin(1 4+ Cpp)~L. If Cping < €7, then we take C' = Cpina, and obtain coercivity with
Ceoers = Cpina/Cpr; i.e., coercivity holds with Ceoers given in (3.42). O

By Lemma 3.23,

2 2
Ccoer* ”v”Hé’R(QR) S |CL*(U, 1})| S Ccont* ”vHH%(QR) for all v € H&,D(QR); (344)

we then define the new norm on Hj 5, (Qr),

[oll, = Vax (v, v).

Lemma 3.24. (Bounds on the solution of the variational problem associated with
a(+,+).) The solution of the variational problem

find u € H(},D(QR) such that a,(u,v) = (f,v)r2(qy) for allv e H&D(QR)

satisfies
kR
ull 2 ym) < Cor. [fllz2n  and  |ulmzn) < Crz, 1 fllpz@p) - (3.45)

O€er %

where

Crrze = Cps (14 V2(Cooor) ). (3.46)

Proof. Since ay (-, -) is continuous and coercive in H ,(2g), the first bound in (3.45) follows from
the Lax—Milgram theorem and the fact that

(fav)L2 Q
sup 1 Vzan] < kR £l 20
vert [Vllay on)

by the definition of || - ||z1 () (3.43). The second bound in (3.45) follows from combining the
first bound in (3.45) and the bound (2.9). O
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We now define the particular Galerkin projection known in the literature as the “elliptic pro-
jection” (see the discussion in §3.11).

Definition 3.25. (Elliptic projection Py.) Given u € H&D(QR), define Pyu € Hy by
ay(vy, Pyu) = ax(vy,u)  for allvy € Hy.

Since a4 (-, -) is continuous and coercive in H&D(QR) by Lemma 3.23, the Lax—Milgram theorem
implies that Py is well defined. The definition of Py then immediately implies the Galerkin-
orthogonality property that

ax(vy,u—Pyu) =0 for all vy € Hy. (3.47)

Lemma 3.26. (Approximation properties of Py.) For allu € H&D(QR),

lu—Pnull, £ VCeontx min |lu—onlg1q, and (3.48)
vNEHN kR
lu = Prull 20 < PEV2Cint Oz v/ Ceont lu = Prvull, - (3.49)
Proof. By the Cauchy—Schwarz inequality a.(-,) is continuous in the || - ||, norm with continuity

constant equal to one, and, by definition, a,(-,-) is coercive in this norm. Therefore Céa’s lemma
implies that
lu = Prull, < min |lu—ovxl,,
vNEHN

and (3.48) follows from the norm equivalence (3.44).
To prove (3.49) we argue as in the proof of Lemma 3.20. Given u € Hj 1 (Qg), let & be the
solution of the variational problem

find € € Hy p(Qr) such that a,(&,v) = (u— Pyu,v)r2(q, forallve H&D(QR). (3.50)
Then, by Galerkin orthogonality (3.47) and continuity of a.(-,-), for all vy € Hy,
[u = Pl sy = ax (6t — Pryu) = a,(§ — vn,u—Pyu) < [[€ = o, [lu—Pyul,  (3.51)

By the norm equivalence (3.44), the consequence (3.10) of the definition of Ci,, the definition of
£ (3.50), and the second bound in (3.45),

H£ - Ihf”,( < V C(cont* ||€ - Ihg‘lH%(QR) < \% Ccont*\/écinthk|§|H£(QR)’
< V Ccont*\/ﬁcinthkCH%( Hu - ,PNU‘”LQ(QR) ’

and the result (3.49) follows from combining this last inequality with (3.51). O

Lemma 3.27. (Aubin-Nitsche analogue via elliptic projection.) Assuming that the Galerkin
solution un to the variational problem (3.2) exists, if (3.26) holds, then

lu—unllz2(0,) < 2Ccontxn(HN) [lu — wN”H;(QR) for allwy € Hy.
Proof. Let £ = 8*(u — up); i.e. € is the solution of variational problem
find ¢ € H&,D(QR) such that a(v,&) = (v,u —un)r2(, forallve H&D(QR).
Then, by Galerkin orthogonality (3.47) and the definition of a,(-,-) (3.36), for all vy € Hy,

||u - uNHiﬁ(QR) = a(u - uN7£) = CL(U - uN7§ - UN)7

ax(u—un, € —vN)r2n) — (n(u—un), & — UN)LZ(QR)-

We choose vy = P&, and then use (in the following order) (i) the Galerkin orthogonality (3.47),
(ii) continuity of a, (-, ), (iii) the bound (3.49), (iv) the upper bound in the norm equivalence (3.44)
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and the bound (3.48), and (v) the consequence (3.22) of the definition of 1 to obtain that, for all
wy € Hn,
||U - U’NHiQ(QR) = a*(u - wN,§ - PNg)LQ(QR) - (n(u - UN)7£ - PNf)Lz(QR)
< lu = wn [, 1€ = PrElly + nmax [[u = unll g2 (o) 1€ = Préll2ap)
< (Il = wwll, + hEV2CinCrrz v/ Coomutamas It = | 20y ) 1€ = PwEL
< (\/ C’cont* ||’LL - wN”H;(QR) + hk\/ﬁcintCHz* V Ccont*nmax ||’LL - UNHL2(QR) )
X/ Ccont* UI\I]Iéi,;I_LlN ||é~ - UN”H;(QR)

< (\/ Ccont* ||u - wNHHé(QR) + hk\/icintCHQ* V Ccont*nmax ||U - uNHLz(QR) )

X Ccont*n(HN) ||U - UNHLQ(QR) ;

the result then follows. O

Proof of Lemma 3.21. We first assume that the Galerkin solution wy exists. Having proved the
result under the assumption of existence, the fact that the condition (3.26) implies existence follows
by arguing exactly as at the end of the proof of Lemma 3.20

Using the Garding inequality (1.28), Galerkin orthogonality (3.3) and continuity of a(-, -) (1.26),
we find that that (3.29) holds for any vy € Hy. Using first the inequality (2.14) with a@ =
lu—unlla(@r), B = Ceontllt —vNH1(0r), € = Amin, and then Lemma 3.27, we find that if (3.26)
holds, then, for any vy € Hy,

At gy < S 2 g+ (e Ain) 10—
2 N Hé(QR) = 2Amin N Hé(QR) max min N L2(QR)
(C n )2 2 2
S ﬁ + 4(nmax + Amin) (Ccont*>2(77(HN)) ||u - ’UNHH;(QR) .
(3.52)
By the consequence (3.10) of the definition of Ci,; and the bound (3.13),
lu = Inull g1 o) < V2RECintul 20y < V2RKCint Cose |[ull 112 oy - (3.53)

Choosing vy = Ipu in (3.52), using (3.53), taking the square root and using the inequality
Va2 +b2 <a+bforall a,b > 0, we find the result (3.27). O

3.11 History of the results in this section and the arguments used in
the proofs

The arguments used to prove Theorem 3.11. As mentioned in §3.9, the argument that
obtains (3.30) from (3.32) was first introduced in the coercive case by Aubin [9, Theorem 3.1] and
Nitsche [120], with (3.30) appearing exactly as stated in, e.g., [40, Theorem 19.1]. This argument
is often called a “duality argument” because it uses the adjoint sesquilinear form (in our case,
n(Hy) involves the adjoint solution operator).

Schatz [131] considered second-order linear elliptic PDEs satisfying a Garding inequality (such
as (1.28)) proving existence and uniqueness of the Galerkin solution for h sufficiently small. The
fact that these arguments also give quasioptimality was recognised in [11, Theorem 3.1], with this
result proving the analogue of Theorem 3.11 (i.e., quasioptimality if hk? is sufficiently small) for
the 1-d problem (3.14). Other uses of this argument on 1-d problems included [49, Lemma 2.6],
[86, Theorem 3], [103, Theorem 3.2]. The analogue of Theorem 3.11 for the Helmholtz interior
impedance problem

E2Au+u=—finQ, k~10,u —iu = g on 09,
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with Q C R?, d = 2,3, was then proved by Melenk [107, Proposition 8.2.7]; this advance was thanks
to the availability of a k-explicit bound on the analogue of Cs,) for this problem using essentially
the identity (2.7) — see the discussion in Exercise 3 in §2.5.

Sauter [129] introduced the notation 7(#Hy) and emphasised the role of “adjoint approxima-
bility”, with then [14] formulating more abstractly this idea of obtaining sufficient conditions for
quasioptimality in terms of approximability of solutions of the adjoint equation (see Exercises 4 and
5 in §3.12 below). The argument was then used in the framework of [129] for Helmholtz problems
with variable coefficients in [71, 64] and in domains with corners [36].

The arguments used to prove Theorem 3.15. The initial ideas behind the elliptic-projection
argument were introduced in the Helmholtz context in [55, 56] for interior-penalty discontinuous
Galerkin methods, and then further developed for the standard FEM and continuous interior-
penalty methods in [151, 154]. The argument has been subsequently used by, e.g., [50, 15, 152,
36, 65, 100, 96] with all these papers considering the Helmholtz interior impedance problem apart
from [100], which considered PML truncation, and [96] which considered the sesquilinear form
a(+,-) (1.24) (i.e., involving DtNy,).

The elliptic-projection argument for the Helmholtz equation with impedance boundary con-
ditions requires the analogous result to Lemma 2.16 for Poisson’s equation with the impedance
boundary condition k~10,v = iyv. This result was explicitly assumed in [56, Lemma 4.3], im-
plicitly assumed in [151, 154, 15, 36], and recently proved in [38]. Lemma 2.16 was proved in [96,
Theorem 6.1] using arguments from [38], which in turn use results from [72] (see Exercise 4 in
§2.5).

In all of the works referenced above except [96], the elliptic-projection argument is used to
obtain (3.35) and then the analogue of the H? bound (2.10) is used to obtain a bound on the
Galerkin error in terms of the data. The ingredient need to prove a bound on the relative error
— the measure of the error most used in practical applications ® — is the oscillatory behaviour
bound (3.13), proved for the Helmholtz EDP in [96, Theorem 9.1]. We note that oscillatory
behaviour similar to (3.13) of Helmholtz solutions has been an assumption in many analyses of
finite- and boundary-element methods; see, e.g., [84, First equation in §3.4], [85, Definition 3.2],
[24, Definition 4.6], [14, Definition 3.5], [48, Assumption 3.4]. Rigorous results other than [96,
Theorem 9.1] proving such behaviour are [69, Theorems 1.1 and 1.2] and [63, Theorem 1.11(c)].
These results concern the Neumann trace of the solution of the Helmholtz plane-wave scattering
problem with A = I and n = 1, and are then used in [69] and [63] to analyse boundary-element
methods applied to this problem; in common with the proof of (3.13) in [96, Theorem 9.1], these
results are obtained using semiclassical-analysis techniques.

3.12 Exercises for Section 3

1. The goal of this exercise is to show how the quantity h?k® (appearing in Theorem 3.15 under
the assumption that Cys, ~ k) arises from analysing solutions of the Galerkin linear system
in 1-d. This material, and significant extensions of it, appear in [75, 84, 86, 83, 1].

(a) Consider the finite-element discretisation of the 1-d model problem (3.14) on a uniform
grid with meshwidth h, nodes z;, and with piecewise-linear hat functions ¢; such that
¢j(z;) = 0;5. If ; and x;41 are both away from the boundary, show that

2 (hk)? 2
a(dj, ¢5) = = (1 -3 ) =: mS(hk)
and (hh)?
1 1
a(¢5, dj+1) = 155 <1 - > =i 15 R(hK)
so that, at least in the interior of the domain, the nodal values of Galerkin solution uy
satisfy

R(hk)un(xzj — h)+ 2S(hk)u(z;) + R(hk)un(z; + h) = 0. (3.54)

3For example, according to Google Scholar out of the articles published between 2010 and 2021 in the journal
“Computer Methods in Applied Mechanics and Engineering” (a top, mathematically-inclined engineering journal),
21 contain the phrase “quasi optimality”, 111 contain “quasi optimal”, and 1020 contain “relative error”.
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(b) Seeking a solution of (3.54) of the form un(z;) = exp(i%xj), show that the constraint
that k is real implies that hk < 1/12. Under this constraint, show that

~ 1 S(hk)\ k3h? 5,4y

i.e., if the Galerkin solution is a propagating wave, then its “discrete wavenumber” k
differs from the true wavenumber k by (to leading order) a constant times h2k3.

(This type of analysis is often called “dispersion analysis” for the following reason.
Recall that a wave of the form f(kx — wt) has phase velocity w/k; when this phase
velocity is independent of k, the wave is non-dispersive, and when the phase velocity
depends on k, the wave is dispersive. The solution of the wave equation exp(ikz — iwt)
with k = w/c has phase velocity w/k = (k/k)c (as in §0.1), which depends on k when k
is given by (3.55).)

2. Prove Lemma 3.3. Hint: let B : L?(Qr) — Hj 5(Qr) be defined by
(Bu,v)H;(QR) = (nu,w)r2(q, forallu e L*(QR), v € H&D(QR),

where 4 is the inclusion map Hj ;,(Qr) = L?*(Qr), and recall that s is compact by a result
of Rellich; see, e.g., [106, Theorem 3.27].

3. Prove Lemma 3.18. Hint: using Green’s identity and the radiation condition, show that
(DtNy, ¢>FR = <Dtqu§,w>FR for all ¢, € HY?(TR).

4. The goal of this exercise is to show how the conditions for quasioptimality in Lemma 3.20
can be formulated more abstractly (with this done in [14, Theorem 2.1]).

Asin §3.2, let A : H — H be the linear operator such that a(u,v) = (Au,v)y for all u,v € H.
Given Hy closed in H, let Py be the orthogonal projection onto Hy so that, in particular,
(I — Py)ullp = min, eny |l — vn||n. Suppose that Ay : H — H is a bounded linear
operator that is coercive (i.e., (3.5) holds with A replaced by Ap).

Let u be the solution of the variational problem (3.1), and let ux be the Galerkin solution
defined by (3.2). Show that if

(67

12 = P A A" = Ay < 3 (3.56)
1Al 342
then the Galerkin solution uy exists, is unique, and satisfies
2| Al
lu—unlly < % I = Pn)ully, - (3.57)

Hint: define 7 : H — H by
a(w, Tv) = —(a—ap)(w,v) for all w € H,
where ag(w,v) = (Aow, V)3, let n(Hy) := ||(I — Py)T |-, and use the ideas in the proof
of Lemma 3.20.
(This result is useful when (A*)~1(A* — A}) is smoothing; recall from Exercise 2 that the

sesquilinear form of the EDP (1.24) fits into this framework — with also Ay coercive.)

5. The goal of this exercise is to show how the ||A||x—% in the quasi-optimality constant in
(3.57) can be replaced by ||.Ag||#—# — this is useful for proving quasioptimality of the Galerkin
method applied to Helmholtz boundary integral equations where the norms grow with k; see
[102], [62].

Assume that A and Ag are as in Exercise 2.
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(a) Show that

o llu = un 3 < [Mollzp e = unllgy = Pruully + | (A= Ao)(u — un), un — Pyu),|.

(Note that ||u — Pyull% on the right-hand side is multiplied by || Ag||%—%, instead of
by ||A]|l2—x as in the argument leading to (3.57).)

(b) Show that, for all wy € Hy,

[((A = Ao)(u—un),wy),,| < ( [Aollyyqy + II(1 — Pn)(A— AO)l?—[%H)
X ||(I = Py)(A") 71 (A* — Ap)

|pgspg 1 = unv gy oy, -
(¢) By writing
lu — unlly < llu— Pyully + [lun — Pyully,
and using Parts (a) and (b), show that if

«

(I — Pn)(A*) A" — A)) <— (3.58)
| M= 4] Aol
and
(I = Pn)(A = Aol < [Mollyg - (3.59)
then the Galerkin solution uy exists, is unique, and satisfies
2| Ao
o= uslly < (14 2202 ) 7 - pyul. (3.60)

(This result is similar to that in [102, Theorem 3.8]; in this latter result, instead of A
being coercive, Ag satisfies a discrete inf-sup condition in H x with constant «, and then
quasioptimality holds with constant 2(1 + ||.Ag||/c). The proof is very similar to above,
but starts by writing ||u —un|l;; < |lu — Pyull;, + ||lux — Pyul|;, and then bounding
|lun — Pyull,, using steps similar to those above.)

4 Sharp k-explicit convergence results about the h-FEM
(with p > 1) and hp-FEM via frequency-splitting of high-
frequency Helmholtz solutions

4.1 Assumptions on the finite-dimensional subspaces

The main results of this section are proved under one or both of the following two assumptions
on the finite-dimensional subspaces. We highlight immediately that both these assumptions are
satisfied by the standard hp-finite-element space HP>1(T;,) (3.9), provided that the triangulations
are constructed by refining a fixed triangulation that has analytic element maps; see Theorems 4.2
and 4.5 below.

The results in this section hold for Q_ = ), in which case Qr = Bpg, and thus we work on Bp
for the whole of the section.

Assumption 4.1. (Approximation of functions with finite regularity.) Given s,d with
s> d/2, there exists Capprox; > 0 such that if v € H*(Bg) and p > s — 1, then

, hk\" hk
min lv — U’NHH;(BR) < Capprox; (p> (1 + p) [v|E: (BR) (4.1)

wNEHN

where |v|gs(Br) == k™ |v|gs(BR)-
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Assumption 4.1 is a generalisation of Assumption 3.5 (although Assumption 4.1 is stated in
k-weighted norms, whereas Assumption 3.5 is stated in unweighted norms). Indeed, if Assumption
4.1 holds, then the consequence (3.10) of Assumption 3.5 follows from (4.1) with p =1 and s = 2
and v/2Ciy replaced by Clapprox; (1 + hk).

Theorem 4.2. (Conditions under which Assumption 4.1 holds.) Assume thatd = 2,3, and
(Th)o<h<ho is a family of quasi-uniform triangulations (in the sense of Definition 3.7). Assume
further that each K € T is the image of a triangle/tetrahedron under the image of a bi-Lipschitz
map (i.e., both the map and its inverse are Lipschitz). Then HP1(Ty) defined by (3.9) satisfies
Assumption 4.1.

References for the proof. This follows from [108, Theorem B.4] (a result about approximation on
the reference element) and a scaling argument (see [108, Bottom of Page 1895]). The result [108,
Theorem B.4] builds on the results of [117, Theorem 4.1], [153], and [73]; see the discussion at the
start of [108, Appendix BJ. O

Assumption 4.1 is about approximating in k-weighted norms an arbitrary function in H*® for
some s > 0. In contrast, Assumption 4.3 is about approximating in k-weighted norms a function
that depends on k, in the sense that its derivatives satisfy certain k-dependent bounds.

Assumption 4.3. (Approximation of certain analytic functions.) Suppose v € C*°(Bg) is
such that, given ko > 0 there exists C1,Cy > 0 such that

(k71 0) 0 Loy < Ca(C2)®1 for all k > ko. (4.2)

Given 6, there exist 0, Capproxy, depending on Cy and C (but not C1), such that, if k > ko and
k,h, and p satisfy

R C, (4.3)
p
then
h P /14 hk hENP? 1 /1 hk
. . < -1 nr L (1 nK
w;nEl%N ”U wNHH,i(BR) = ClcapPrOX2 [k <0’+h> < hto ) + (Up> p (p + » )] .

(4.4)
We make the following three remarks about Assumption 4.3.

(i) The term in square brackets on the right-hand side of (4.4) is small if both h/(o + h) and
hk/p are small.

(ii) In Assumption 4.1 one cannot take s — oo (and hence also p — oo, since p > s—1), since the
constant Capprox; depends in an unspecified way on s. In contrast, Assumption 4.3 is valid
for arbitrarily large p, with the right-hand side of (4.4) explicit in p; this feature is achieved
by restricting attention to functions satisfying (4.2).

(iii) The term in square brackets on the right-hand side of (4.4) should be dimensionless. Strictly
speaking, the factor of h/(c + h) should be (h/L)(h/L + o) and the factor 1/(c + h) should
be (1/L)/(h/L + o) where L is some parameter with dimension length. In writing (4.4) we
have absorbed this parameter L into o and Capprox,. Similarly, the h in (4.3) should really
be h/L.

The title of Assumption 4.3 is explained by the following result.

Lemma 4.4. (Analyticity from derivative bounds.) Ifu € C*°(D) and there exist C1,Cs > 0
such that
10%ull 2 py < C1(C2)'™|alt for all a, (4.5)

then w is real analytic in D.

Proof. This is Exercise 1 in §4.9. O
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We see that v in (4.2) is better than analytic, in the sense that there is no |«|! on the right-hand
side of (4.2).

Theorem 4.5. (Conditions under which Assumption 4.3 holds.) If (7n)o<n<n, satisfies
[108, Assumption 5.2] (informally, (Th)o<n<h, S quasi-uniform with the maps from the reference
element analytic), then HP1(Ty) defined by (3.9) satisfies Assumption 4.3.

Proof. This is proved in [108, Proof of Theorem 5.5], using the results about hp-approximation of
analytic functions in [108, Appendix C] — see the last equation on [108, Page 1896]. Note that (i)
the weighted H! norm in [108] is k times that in (1.8), and (ii) the term in square brackets on the
right-hand side of (4.4) is not exactly the same as the analogous term in the last equation on [108,
Page 1896], since, in obtaining the latter, [108] estimate 1/(oc +h) < 1 and also absorb an instance
of o into Cypproxy, Whereas we do not. O

Note that triangulations satisfying [108, Assumption 5.2] can be constructed by refining a fixed
triangulation that has analytic element maps; see [109, Remark 5.2].

4.2 Statement of the main results of this section
4.2.1 Results about the A-FEM with p > 1

Theorem 4.6. (Quasioptimality of the h-FEM for p > 1.) Suppose that Assumption 1.1
holds, Q_ =0, both A and n are C*°. Suppose that (Hn)_, satisfy Assumption 4.1. Then, given
p >0, kg > 0, there exists C,, (depending on p, A, n, ko, and R, but independent of h and k) such
that the following holds. Given F € (H'(BR))', let u be the solution of the variational problem
(3.1) with a(-,-) defined by (1.24) and H = H'(Br). Then if k > ko and h and k satisfy

(hk)PCso1(k, R+ 2) < Cp, (4.6)
then the Galerkin solution uy exists, is unique, and satisfies the quasi-optimal error bound (3.12).

If Cso1 ~ k, then the condition (4.6) is that hPkP+! is sufficiently small; this implies that the
pollution effect is less pronounced for p large. Numerical experiments indicate that the condition
“hPEPH1 sufficiently small” for quasioptimality is sharp .

Theorem 4.7. (Non-sharp bound on the relative-error of the h-FEM for p > 1.) Suppose
that Assumptions 1.1 and 3.9 hold, with additionally hk/p < 1. Suppose that Q_ =, both A and n
are C, and (Hn )= satisfy Assumption 4.1. Then there exist Cypig, 2, Cspiit,.a > 0 (depending
on A,n, R, and ko) such that the following holds. Let u be the solution of the variational problem
(3.1) and suppose that Assumption 3.12 holds. If k > ko and h and k satisfy

hk\? hi\P
(p) C’split,Hz + (p> Csol(ka R + 2) (Osplit.,.A)erl S Cl (47)

then the Galerkin solution uy to the variational problem (3.2) exists, is unique, and satisfies the
bound

lu = unllgr o hk hEk\ 2 Rk P
— H@n) < C27+2630appr0)(1 Csplit,H2 () + (Csplit7A)p+1Cso1(k‘, R+ 2) () ;
||u||H;(QR) p p p
(4.8)
where
€= !
e S(C’approxl)2C’cont*CYH2*nmax7
2C on Cﬂ- Trox COSC 4 20 on *Ca rox COS m
CQ = cont pp L and Cg = f cont PP L Vi + . (49)

)
Amin

4experiments to come

Vv Amin
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Recall that by Assumption 4.1, Capprox; in Theorem 4.7 depends on p. If Cso) ~ k, then the
condition (4.7) is that hPT1kP+2 is sufficiently small. Numerical experiments indicate that the
sharp condition for the relative error of the h-FEM with p > 1 to be controllably small when
Csol ~ k is actually “h?Pk2P*! sufficiently small”; this has not yet been proved for the Helmholtz
EDP — see the discussion in §4.8.

4.2.2 Results about the hp-FEM

The results in §4.2.1 imply that the larger p is, the less pronounced the pollution effect. A natural
question is then, can the pollution effect be eliminated with a choice of p that — oo as kK — oo?
The results in this section show that the answer is yes.

Definition 4.8. (Cy, is polynomially bounded in k.) Given ko and K C [ko,0), Cso1(k)
is polynomially bounded for k € K if there exists C, M > 0 (independent of k, but depending on
ko, K, A,n,d, and R) such that

Cooi(k) < CEM for all k € K. (4.10)

Recalling Theorems 2.7 and 2.11, we see that (i) Cso1(k) is polynomially bounded with K =
[ko,00) when Q_ = () and A and n are nontrapping in the sense of Definition 2.6, and (ii) given
4 > 0, Cso1(k) is polynomially bounded with K = [kg,00) \ J with |J| < § by Theorem 2.11 for
Lipschitz Q_ and A and bounded n.

Theorem 4.9. (Quasioptimality of the hp-FEM if Cy, (k) is polynomially bounded.)
Suppose that Assumption 1.1 holds, Q_ = 0, both A and n are C* and Cso1(k) is polynomially
bounded (in the sense of Definition 4.8) for k € K C [ko,00). Suppose that (Hn)X_o satisfy
Assumptions 4.1 and 4.3. Then there exist C1,Cy > 0, depending on A,n, R, and d, and kg, but
independent of k, h, and p, such that the following holds. Let u be the solution of the variational

problem (3.1). If

hk
— <C; and p>Cslogk, (4.11)
p

then, for all k € K, the Galerkin solution uy exists, is unique, and satisfies the quasi-optimal error

bound (3.12).

If h and p are chosen so that hk/p = Cq, then the number of degrees of freedom per wavelength is
proportional to 1/Cy (recall the end of Remark 3.16). Theorem 4.9 therefore says that if hk/p = C;
and p > Cslog k then the hp-FEM does not suffer from the pollution effect.

Using in the quasi-optimal bound (3.12) the polynomial-approximation result (4.1) with s = 2
and then the oscillatory-behaviour bound (3.13), we obtain the following corollary of Theorem 4.9.

Corollary 4.10. (Bound on the relative error of the hp-FEM solution.) Let the assump-
tions of Theorem 4.9 hold and, furthermore, suppose that Assumption 3.12 holds. If (4.11) holds,
then, for all k € K,

||u_uNHH,1(BR) < 2C(cont hk (1 + hk) < chont

= A Capproxlcosc? P =TA Capproxlcosccl (1 + Cl); (4~12)

Tl

i.e. the relative error can be made arbitrarily small by making hk/p small.

4.3 Frequency-splitting of high-frequency Helmholtz solutions

Theorem 4.11. (Frequency-splitting of the Helmholtz solution.) Let Q_ = 0, let A and
n satisfy Assumption 1.1, let R > 0 be such that supp({ — A) Usupp(l — n) € Bg, and assume
further that both A and n are C*. Given ko > 0, if Cso1(k) is polynomially bounded (in the sense of
Definition 4.8) for k € K C [ko,00), then there exist Cspit, g2, Csplit, 4 > 0 such that the following
holds. Given f € L?*(Bg), let u satisfy k=2V - (AVu) +nu = —f in R? and the Sommerfeld
radiation condition (1.4). Then

ulpy, =ug2 +ua
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where ugz € H?(Bg) with
”uHQ”H]%(BR) S Csplit7H2 ||f||L2(BR) fO’/’ all k eEKC [k'o,OO), (413)

and ua € C*°(Bg) with

H(k_la)au-AHLz(BR) < Csol(k, R+2) (Csplit’A) \f||L2(BR) for all & and for all k € K C [ko, 00),

(4.14)
The key points about this decomposition are that

(i) the bound on ug= is one power of k better than the bound on u when A and n are nontrapping
— compare (4.13) to (2.4), and

(ii) the bound on u 4 has the same k dependence as the bound on u — both are governed by Cy
— although u 4 is C* (and indeed analytic by Lemma 4.4).

4.4 Proofs of Theorems 4.6, 4.7, and 4.9 using Theorem 4.11

Lemma 4.12. (Bound on 7n(Hy) using the splitting of Theorem 4.11 and Assumption
4.1.) Suppose Assumption 4.1 and the assumptions of Theorem 4.11 hold. Then, for all k € K,

hk hk hE\?
n(HN) S Capprox1 (1 + p) |:<p) C(split,Hz + (p) Csol(k'zR + 2) (Csplit,A)p+1 (415)

Proof. From the definition of n(#Hy) (3.21) and Lemma 3.18, it is sufficient to show the following:
given f € L?(Bg), there exists wy € Hy such that, if u is the solution of K72V - (AVu) +nu = — f
in R? satisfying the Sommerfeld radiation condition (1.4) (i.e., u is as in Theorem 4.11), then

Ju— wNHH;(BR) <C ”fHL?(BR) ) (4.16)

where C' is the right-hand side of (4.15).

This follows by (i) applying (4.1) with s = 2 to ug2 and using the bound (4.13), (ii) applying
(4.1) with s = p+ 1 to u4 and using the bound (4.14), (iii) using the triangle inequality and the
decomposition © = ug2 + u4 on Bg. O

Theorem 4.6 follows immediately from using the bound on 7(Hy) from Lemma 4.12 in Lemma
3.20. To prove Theorem 4.6 we use this bound on n(Hy) in Lemma 3.21, but we modify Lemma
3.21 to take advantage of the polynomial approximation result (4.1).

Proof of Theorem 4.7. Repeating the argument leading to Lemma 3.21 with the polynomial ap-
proximation result (3.8) replaced by (4.1), and assuming that hk/p < 1, we find that

hk L
nr Y <C , h Cqi = )
) n(Hn) <Ci,  where € 4Ccont« CH2 « Capprox; Mmax

then the Galerkin solution u; to the variational problem (3.2) exists, is unique, and satisfies the
bound

lu —unll g1 g hk hk
—k(R) S 627 +C37 U(HN)a
HUHH;(QR) p p

where C1,Cy and C3 are as in (4.9); the result then follows from using the bound on n(Hy)
(4.15). O

Theorem 4.9 is proved by using the following bound on n(#y) in Lemma 3.20.
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Lemma 4.13. (Bound on 7(Hy) using the splitting from Theorem 4.11 and Assump-
tions 4.1 and 4.3.) Suppose that Assumptions 4.1 and 4.3 the assumptions of Theorem 4.11
hold. Given C’ there exist o, Capproxy, depending on Cgpiig, 4 and C’ such that, if k > ko and k, h,

and p satisfy

hk
h—l——<C
p

then, for all k € K,

hk hk
(HN) < CapprOchbpht H2— D (1 + p)

h \? /1+hk hk\P 1 /1  hk
i 2) |k~t =) 2=+ =), 41
T CapproxgCrat(h, B+ )[k (a+h> (a+h>+(cfp> a(p+ p)] (4.17)

Proof. As in the proof of Lemma 4.12, it is sufficient to show that there exists wy € Hy such that
(4.16) holds, where u is as in Theorem 4.11. and C' is the right-hand side of (4.17).
We approximate ugz using Assumption 4.1 and uy by Assumption 4.3. By (4.1) and (4.13),

there exists wﬁ) € Hn such that

<c 1 Y (2R gy
Hi(BR) PPN p ) \p ) MHEER

hk hk
S C(approxl (1 + p) <p) Csplit,H2 ||f||L2(BR) . (418)

By (4.4) and (4.14), there exists wﬁ) € Vi such that

ho\? [1+hk RENP 1 /1 hk
< approx SO 5 2 -1 - -\ = — .
Héwm‘cm’ 2Cat(, 2+ ){k (0+h> (0+h)+(0p> 0<p+ pﬂ
(4.19)

Let wy := w( ) 4 w . By the triangle inequality, the decomposition © = ug2 + u4 on Bg, and
the mequahtles (4. 18) and (4.19), the inequality (4.16) holds with C' the right-hand side of (4.17)
and the proof is complete. O

HUH2 — wg})’

Jea =i

Proof of Theorem 4.9. The result follows if we can show that given € > 0 and ky > 0, there exists
C1,C2 > 0, depending only on €, Capprox; > Capproxg, Csplit, a2, 05 and ko, such that if

% <C and pZCQ (1+10g (Csol(kaR+2))>’

then
n(Hy) <e forallkeK.

First choose C; sufficiently small such that C; < o and

Capproxlcspht H261 (1 + Cl) <

[\3\“}

From the bound on n(Hy) (4.17), it is then sufficient to show that

h \? (1+hk kRN 1 (1  kh
, -1 L R 4.
Capproxy Gror(k, 1 +2) {k (a+h> (o+h) " (crp) o (p T ﬂ (4.20)

can be made < /2. Let

h C
0, := " and 6y := e

so that (4.20) is bounded by

_ 1+C 1/1
Capprox2 Csol(k,R+ 2) |:]g 1(91>P ( - 1p> + (62)1”; (p —|—Cl>:| ;

the result then follows since 01,60, < 1. O]
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4.5 Definition of uy2 and uy

Let x € C, (R%,[0,1]) be such that

comp
1 inB
x=4_ 7 (4.21)
0 outside Bs.
For 11 > 0, let
ya()i=x (), 4.22
0 =x(2) (1.22)
and observe then that
_ 1 for |C]| < /uk,
Xu(k72[C1?) = =i (4.23)
0 for [¢| = v2uk.

With the Fourier transform and its inverse defined by

Fo(C) :== /]Rd exp ( — iz - C)cp(:z:) dr and F'(z):= (27T)7d/ exp (ix . C)z,b(() d¢, (4.24)

Rd
we define the low-frequency cut-off II;, by
Myo(e) = F (i (k21¢2) Fu(Q)). (4.25)
and the high-frequency cut-off Il by

Myo(e) = F 1 (1= xu(k2¢2) Fo(0)), (4.26)

so that I1y 4+ Iy = I. This splitting contains the arbitrary parameter p; we fix this when proving
the bound (4.13) on uge.
We let p € C2(R?,[0,1]) be equal to one on Br; and vanish outside Bro, and then set

comp

ug = (HL((PU))‘BR and  upz = (HH(‘P“))‘BR' (4.27)

4.6 Proof of the bound (4.14) on uy

Recall that the Fourier transform satisfies

F((=10)"¢)(¢) = ¢*(Fe)(0) (4.28)
and .
H¢||L2(Rd) = W H]:¢||L2(Rd)~ (4.29)

The properties (4.28) and (4.29) and the definition of II, (4.25) imply that

H@a (HL‘PU)HLz(Rd) = W “(')QI(HLS@U)<'>‘|L2(R4)

1 —
= W H(-)O‘Xﬂ (k’ 2| . |2)]:((pu)(.)HL2(Rd) )
The definitions of x (4.21) and x, (4.22) imply that x,(§) = 0 for |{] > 2u, so

Xu(k72C7) =0 for [¢| > /2uk.

Using this fact, and then (in this order) the fact that |x,| < 1, the property (4.29), the fact that
@ = 0 outside Bgy2, and the definition of Cy,) (2.1), we find that

op)lel/2 ~
0% () || 12 gay < ((;T)Wk'“' 10 (721 B) Flow) )] 2 gy
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@,
< Wkl ) L2 gy

< @wI2E | pul| L2 ga
< (2w) 2k Cor (b, R+ 2) | £l 12, -
Since
0% wall 2y = 0% (Trip) || 12,y < 10 (Trpu) | 12 gay
the bound (4.14) then follows with Csplit, a4 1= /24

4.7 Informal explanation of why the bound (4.13) on uy> holds

To complete the proof of Theorem 4.11, we need to prove the bound (4.13) on ug2. We will do
this in §8, using basic results about semiclassical pseudodifferential operators from §7. However,
here we give an informal explanation as to why (4.13) holds.

Helmholtz equation “modified Helmholtz equation”
PDE Pu = f —k72V - (AVu) —nu = f —k=2V - (AVu) +nu = f
Symbol ]{3_2Ajg<j@ — ik’_QCg(r“)jAjz -n k_QAngjQ — ik—QCg(?jAjg +n
Principal symbol k=2 A;0C;Co k=2 A;0(¢
Elliptic? Yes Yes
SC symbol Ajggjfg - ik’ilfgajAjg —-n Ajgfjfg — ikilfgajAj[ +n
SC principal symbol A& —mn A& +n
SC elliptic? No Yes
Bound on Pu = f in R? lull i (Bry S EIfllL2cBR) lull 2 ray S I fllL2(BR)
with suppf C Bgr (if u satisfies (1.4))

Table 4.1: The Helmholtz and “modified Helmholtz equation”s, their symbols, principal symbols,
semiclassical (SC) symbols, and semiclassical principal symbols.

Table 4.1 compares the Helmholtz equation and the “modified Helmholtz” equation (where the
sign of the term containing n is swapped).

The row labelled “Symbol” gives the symbols of these operators as pseudodifferential operators;
these symbols are obtained by replacing derivatives J; that act on u in the PDE by i(;. Recall
that a pseudodifferential operator is called elliptic if its principal symbol is never zero; we see in
the table that both the Helmholtz and modified Helmholtz operators are elliptic.

In §7, we recall the concept of semiclassical pseudodifferential operators; we’ll see that these
are just standard pseudodifferential operators with a small parameter — in our case k~'— where
behaviour with respect to this parameter is explicitly kept track of in the associated calculus. To
obtain the semiclassical (SC) symbol of a PDE operator, one replaces derivatives d; that act on u
by ik, (so that the SC symbol is just the standard symbol under a change of variables).

The Helmholtz operator is not SC elliptic, since its principal symbol vanishes at points (z, £)
when (A(x)€,€)2 = n(z), whilst the modified Helmholtz operator is SC elliptic when A and n
satisfy Assumption 1.1, since then (A(x)¢,&)2 + n(x) > Aminl€]? + Nmin > 0.

This difference means that, at least when the equations are posed in R¢ the norm of the
modified-Helmholtz solution operator is one power of k better than the Helmholtz solution operator
(see Theorem 2.7 and Exercise 2 in §4.9).

Nevertheless, the Helmholtz operator is SC elliptic when |{| > /z for p sufficiently large
(depending on A and n), i.e., when |(| > /uk, i.e., the support (in Fourier space) of the high-
frequency cut-off g (4.26). It is this fact that leads to ugyz := Iy ((pu)|B satisfying a bound
that is one power of k better than the bound w itself satisfies when A and n are nontrapping.

4.8 History and context of the results in this section

Quasioptimality of the h- and hp-FEM [108, 109] [93, 94],
[37].
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The error of the h-FEM for p > 1 [151, 154, 50], [122]

4.9 Exercises for Section 4

1. Prove Lemma 4.4 via the following steps.

(a) Show that the result follows if there exists ng € Z™ such that
10%ull gy < G2 (Ga) N (Ja] + o). (4:30)

Hint: bound the Lagrange form of the remainder in the Taylor-series up to n — 1 terms,
ie.,
z — )
Z e=a)? (0%u(a’ + c(z — ")),

al
|a|=n

for some ¢ € (0, 1), and use the consequence of the binomial theorem that

n! "
> = (4.31)
laj=n ’

(b) Prove (4.30) using the Sobolev embedding theorem (see, e.g., [106, Theorem 3.26]).

2. (Proof of the bound on the solution of the “modified Helmholtz equation” in Table 4.1.)
Given f € L?(R%), and A and n satisfying Assumption 1.1 with Q_ = (), let u € H*(R9) be
the solution of —k~2V - (AVu) + nu = f in R?. Prove that u exists, is unique, and satisfies

the bound 1

N <
[ull 2 (ray < S I 1 £1 22 (e

for all £ > 0. Hint: consider the variational problem satisfied by w.

5 Semiclassical Fourier multipliers

5.1 Plan for the next few sections

To complete the proof of Theorem 4.11, we need to prove the bound (4.13) on ugz. As discussed in
§4.7, our proof of the bound (4.13) on ug2 uses basic results about semiclassical pseudodifferential
operators; these results are recapped in §7, with the bound on ug= proved in §8.

As a warm-up, in this section we recap results about (semiclassical) Fourier multipliers, i.e.,
operators defined by multiplication in Fourier space. In §6 we use these results to prove the bound
(4.13) on ug2 when A = I and n = 1. Importantly, the results in this section and the corresponding
proof in §6 only involve basic facts about the Fourier transform (namely, the rule for the Fourier
transform of a derivative, and Plancherel’s theorem).

Since pseudodifferential operators are a generalisation of Fourier multipliers, the goal of this
section and §6 is to provide a “bridge” into the theory and use of pseudodifferential operators,
and to illustrate to an audience unfamiliar with the theory of pseudodifferential operators how
this theory is the natural generalisation of Fourier analysis to study linear PDEs with variable
coefficients.

5.2 The semiclassical parameter i = k™!

Instead of working with the parameter k and being interested in the large-k limit, the semiclassical
literature usually works with a parameter h := k=1 and is interested in the small-h limit. So that
we can easily recall results from this literature, we also work with the small parameter k~1, but to
avoid a notational clash with the meshwidth of the FEM, we let & := k~! (the notation i comes
from the fact that the semiclassical parameter is related to Planck’s constant, which is written as
27h; see, e.g., [155, §1.2], [52, Page 82], [105, Chapter 1]).
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5.3 The semiclassical Fourier transform Fj

The semiclassical Fourier transform is defined for & > 0 by

Fid(€) i= [ exp (i &/h)olz) da
Rd
ie.
Fno(§) = Fo(&/h), (5.1)
where F is defined in (4.24). The inverse of F is given by

.7:,1_177/1(:5) = (27rh)7d/

R

exp (12 €/h)(€) dé (52)
see [155, §3.3]. Let

S (RY) = {qb € C*(R?): su]é)d ’xo‘aﬁqb(x)’ < oo for all multiindices o and B}; (5.3)
fAS

i.e., .7 (R%) is the Schwartz space of rapidly decreasing, C™ functions. Let .#*(R?) be the space
of continuous linear functions on .#(R%); recall that Fj, : .(RY) — .#(R%) and then, by duality,
Fn: L*(RY) — 7*(RY) (see, e.g., [106, Page 72]). Recall also the property

Ful(=110)°6) () = € Fuo(€) (5.4)
and Plancherel’s theorem (sometimes known as Parseval’s theorem)

1

1l L2 (ray = (@nh)i2 [ Frdll L2 (ay - (5.5)

5.4 Semiclassical (i.e., weighted) Sobolev spaces

For s € R, let
Hi(RY) = {u e 7 (RY), (§)*Fpu € LARY},  where (€) := (1+ |¢[%)/?,

and let
e = ) [ (€% Frae) ds (5.6)

Rd
we abbreviate Hi(RY) to Hi and L?(RY) to L?. Thanks to (5.4), up to dimension-dependent
constants, ||u|[zrz(rae) defined by (5.6) is equivalent to [lu[|ys(ra) defined by (1.7); we use this
clashing notation to avoid writing Hy_,(R?) and || - ||H271(Rd).
To be more precise about the norm equivalence, let C; = Cj(s,d) > 0, j = 1,2, be such that

Cr ) € <(A+EP)y<C )y &,
la<s lof<s

then
\/C>1||UI|H,:(IR4) <l gy ey < V C2 llull s a) -

Finally, recall that, for s € R, H, *(R%) is an isometric realisation of the dual space of Hj(R%);
ie.,

Hy*(RY) = (Hj(R))*; (5.7)
see, e.g., [106, Page 76].
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5.5 Definition of Fourier multipliers

We say that a € C(R?) is a Fourier symbol if there exists m € R such that for any multiindex 3
there exists C3 such that

07a(&)] < Ca(e)™ 11 for all € € R (5.8)
We say that m is the order of the Fourier symbol and use the (non-standard) notation that
a € (FS)™.

Example 5.1. (Examples of Fourier symbols.)
(i) a(z,€) =3 |4 <pm al®, where aq are constants, is in (F'S)™.

(ii) a(§) = §]* — 1 € (F'S)°.
(i) (€)™ = (1+ |¢P) ™2 € (FS) ™.
(iv) If x € Cognp(R?), then x € (FS)™N for all N > 1.

Given a Fourier symbol a, the Fourier multiplier defined by a is given by

(a(rD)v) (x) = Fy *(a()(Fnv)(-)) (). (5.9)

The rationale for this notation is that, by (5.4), the semiclassical Fourier transform Fj, converts
hD, where D := —i0, into &.

Lemma 5.2. a(hD): Z(R%) — 7 (RY) and 7*(R?) — *(RY).

Proof. This is Exercise 1 in §5.6. Note that this proof is the only place in this section where (5.8)
with |3] > 0 (i.e., the differentiability property of a) is used. O

Example 5.3. (Examples of Fourier multipliers.)
(i) If a(§) =1, then a(hD)v(z) = v(x); i.e., 1(hD) = 1.
(it) If a(€) = 3" nj<m @a€®, then a(RD)v(z) =3, <, @a(RD)v(z).
(iii) If a(§) := [£]? — 1, then a(hD)v(z) = (—h*A — 1)v.

Theorem 5.4. (Composition and mapping properties of Fourier multipliers.) If a €
(FS)™ and b € (FS)™2 then the following hold.

(i) ab € (FS)mtmz,

(i1) a(hD)b(hD) = (ab)(hD) = b(hD)a(hD).

(tii) a(hD) : Hy — H;~ ™" and there exists C' > 0 such that, for all s € R and h > 0m

la(hD) <C.

|| s s—mq
Hy—H,

i.e., a(hD) is bounded uniformly in both h and s as an operator from Hj to H; ™.

Proof. This is Exercise 2 in §5.6. O

5.6 Exercises for §5

1. Prove Lemma 5.2.

2. Prove Theorem 5.4.

6 Proof of the bound on u;: when A=171 and n =1

Recap of the definition and properties of u when A =T and n = 1. Given f € L?(Bg), let
u be the solution of Pru := (—h*A — 1)u = f in R? satisfying the Sommerfeld radiation condition
(1.4) (with k = A~1!). Recall that

d—1

2
HUHH;L(BR) S 2h71R 1 =+ (%R) ||f||L2(BR) fOI‘ all h > 0 (61)

by Theorem 2.14 (taking Q_ = ).
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Recap of the definition of uy> and the bound (4.13) we need to prove. Let ¢ €
C o (R2[0,1]) be equal to one on Bgy1 and vanish outside Br,2, and set

Up2 = (HH(cpu))|BR, (6.2)

where IIy is defined in terms of the Fourier transform by (4.26). More precisely, IIy contains
the arbitrary parameter p, and then ug2 is defined by (6.2) with p chosen sufficiently large (as
prescribed below).

Using the equivalence of || - || g2 and || - |52, the bound (4.13) is equivalent to

luszz N2 51y S IFll 2,y forall 0< B < ho. (6.3)

Note that, by (6.1), in the set up we are considering (A = I, n =1, and Q_ = 0) Cso is polynomially
bounded for all k (in fact Cso1 < k), and thus we prove the bound (4.13) with K = [ko, 00).

The Helmholtz operator with A = [ and n = 1 and Iy as Fourier multipliers. By
Example 5.3 (iii), P, := (—h?A — 1) = p(hD) with p(¢) := [£|*> — 1. By the relationship (5.1)
between F and Fp, and the definition (5.9) of a Fourier multiplier,

Mg = F (1= x| %) Fa = (1= xul] - ) (hD). (6.4)
Proof of the bound (4.13) on uyz when A =1 and n=1. By (6.4) and Part (ii) of Theorem
5.4,
1= xu(l-1%)
I (0l = 10 = (1 PYEDY 0y = | (F5) ) ) o) e
(6.5)

Lemma 6.1. If u >4, then (1 — x,.(|€*)/p(¢) € (FS)~2.
Proof. By the definitions of x,, (4.23) (recalling that & = (/k) and p(¢) := |¢|* — 1,

1—x.(€P2) 0 for [¢] < /B,
e~ ) (LonlEP) (P = D7 for VE < 1€ < V2,
(leP =11 for |¢] > /25

Therefore, if u > 4, then (1 — x,.(]¢]?)/p(€) is bounded for all ¢ € R. The derivative bounds in
(5.8) with m = —2 follow by differentiating, essentially using the fact that the symbol equals 1/p
outside a compact set. O

By using Lemma 6.1 and Part (iii) of Theorem 5.4 in (6.5), we have

M (pu)l 2 gay S lp(AD)(0u)ll L2 = [[Pa(eu)l 2 = loPau+ [Pr,elull 2 S IFI L2 +I[Ps, elull 2,

(6.6)
where we have used the fact that ¢ = 1 on supp f, and where the commutator [A, B] is defined as
AB — BA. By direct calculation,

[P, plu = —h* (ulp + 2V - Vu),

so that
|Bn ] o S Bl sy - (6.7)

where the omitted constant depends on ¢. Therefore, by combining (6.6) and (6.7), and using
(6.1) (with R replaced by R + 2), we have

e ()l 2y S 12 + Bllwll gy gy S 1F1L2 s

since HUH2HH§(BR) < ||HH(<pu)HH§(Rd), the result (6.3) follows.
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Remark 6.2. (The analogue of the elliptic parametrix for Fourier multipliers.) The
above proof uses the fact that if a € (FS)™4, b € (FS)™8, and there exists ¢ > 0 such that
b(&) > ¢ for £ € suppa then

a(hD) = q(hD)b(hD)

where g € (FS)™4~™B s defined by q(§) := a(€)/b(§). The generalisation of this result to pseu-
dodifferential operators is the so-called elliptic parametriz in Theorem 7.24.

7 Semiclassical pseudodifferential operators

This section states results about semiclassical pseudodifferential operators. When the proofs are
straightforward, we give them here, but we postpone the more-involved proofs to §9. The in-
termediate section (§8) then uses these results to prove the bound (4.13) on ug2. The reason for
separating the more-involved proofs of the pseudodifferential-operator results from their statements
is that I want you to see as soon as possible these results “in action” in the proof of (4.13). I hope
that seeing how these pseudodifferential-operator results naturally lead to the proof of (4.13) will
then provide motivation to tackle the more-involved proofs; we highlight at this stage that our
presentation of the pseudodifferential-operator material is based on those in [155], [52, Appendix
E], and [59].

7.1 Semiclassical pseudodifferential operators vs “standard” pseudodif-
ferential operators

As mentioned in §4, semiclassical pseudodifferential operators are pseudodifferential operators with
a small parameter — in our case k~'— where behaviour with respect to this parameter is explicitly
kept track of in the associated calculus. Semiclassical pseudodifferential operators are effective for
problems where oscillations happen at frequency k (which is assumed to be large); and are thus
tailor-made to study high-frequency Helmholtz problems.

The standard (a.k.a. homogeneous) — as opposed to semiclassical — versions of the results in
this section can be found in, e.g., [145, Chapter 7], [128, Chapter 7], [81, Chapter 6]. The use of
homogeneous pseudodifferential operators in numerical analysis is well established, particular in
the field of boundary integral equations; see, e.g., [44, 143, 45, 43, 132, 98, 128, 99, 5, 81] (for a
selection of well-established results) and, e.g., [47, 22, 10, 4, 6, 67, 32] (for a selection of recent
results). However, perhaps surprisingly, the pseudodifferential operators tailor-made for studying
the Helmholtz equation, namely semiclassical pseudodifferential operators, have been little used in
the numerical analysis of the Helmholtz equation.

7.2 Phase space

The set of all possible positions z and momenta (i.e. Fourier variables) ¢ is denoted by T*R%;
this is known informally as “phase space”. Strictly, T*R? := RY x (R%)*, but for our purposes,
we can consider T*R? as {(z,¢) : z € R% ¢ € R?}. (This notation comes from the fact that
pseudodifferential operators on a general manifold M are defined using the notion of the cotangent
bundle T*M; see [155, Chapter 14].)

7.3 Symbols, quantisation, and semiclassical pseudodifferential opera-
tors

A symbol is a function on T*R? that is also allowed to depend on & (i.e., it is an A-dependent
family of functions) Such a family a = (ap)o<n<n,, With a € C®°(T*RY), is a symbol of order m,
written as a € S™(R?), if, for any multiindices o, 3, there exists Ca,p such that

1020 an(@,£)| < Cap(§)™ P forall (z,&) € T*R? and for all 0 < h < hy (7.1)

(i.e., Cq,p does not depend on A, x, or £); see [155, p. 207], [52, §E.1.2]. In these notes, we only
consider these symbol classes on R?, and so we abbreviate S™(R?) to S™. In the literature, one
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usually omits the i dependence of a in the notation, writing a(x, £) instead of ap(z,£), and we do
the same here.

Example 7.1. (Examples of symbols.) Fzercise 1 in §7.11 asks you to show that

(i) a(x,€) = 3 |4 <m Ga(@)E, where aq € C*° and Oaq € L for all v and «, is in S™.

(it) (€)™ = (1 + [¢[*) /> e S7™.

(iii) If X € C5pp(T*RY), then x € STV for every N > 1.
Remark 7.2. (Kohn—Nirenberg symbols.) The symbol class S™ defined above, where one
gains one power of (&) on differentiation with respect to £, and no powers of (£) on differentiation

with respect to x, is known as the Kohn—Nirenberg symbol class [92]; much wider classes of symbols
exist — see, e.g., [145, Chapter 7, §1], [155, §4.4.1], [52, Equation E.1.48].

For a € S™, we define the semiclassical quantisation of a, Opy(a) by (see, e.g., [155, §4.1] [52,
Page 543))

(Opp(a)e) @) = 2r) =" [ [ exp (ita =) - /1) alo. o) dpae (12)

for v € .7(R%), where the integral is understood as an iterated integral, with the y integration
performed first, i.e.,

(Opn(a)o)(w) = (2mh) ™ [ exp (iz-¢/) alo. ) Fro(e) e, (13)
R
In analogy with the notation a(hD) for Fourier multipliers (5.9), the semiclassical quantisation
Op;,(a) is often denoted by a(x,iD).
Lemma 7.3. Op,(a) : Z(R?) — 7 (RY).
Proof. This is Exercise 2 in §7.11. O

Conversely, if A can be written in the form above, i.e. A = Op;(a) with a € S™, then A is
a semiclassical pseudodifferential operator of order m and we write A € \Il%”(Rd), which we then
abbreviate to A € U},

Wesay a € S~ if a € S~V for all N > 1. We say a € h!S™ if h=la € S™; similarly A € AU
if h1A € U,
Example 7.4. (Examples of quantisations.) (Compare to Example 5.5.)

(1) If a(x, &) =1, then (Opp(a)v)(z) = v(z), i.e., Opy(1) = 1.

(i) If a(z,§) = a(x), then (Opp(a)v)(z) = a(z)v(z).

(iii) If a(z,€) = a(€), then (Opy(a)v)(z) = F; ' (a(-)(Fpv)(-))(2), i.e., Opyla) is a Fourier
multiplier (5.9).

(v) If a(x,£) == 3|4 <pm Ga(@)E, where aq € C°, then (Opy(a)v)(z) = 32|, <m @a(@)(RD)*
(recall that D := —id).

In the following result, given A : ./ (RY) — .#(R?), its formal adjoint A* : .7*(RY) — .#*(R%)
is defined by (A*u, v)ga = (u, Av)ga.
Theorem 7.5. (Composition and mapping properties of semiclassical pseudodifferential
operators.) If A € ¥}'* and B € U;'", then

(i) A*: S (RY) — S (RY) and A* € U4,
(ii) AB € Wjratme,
(iii) [A,B] := AB — BA € hwratms=1
(iv) Given s € R and fig > 0, there exists C > 0 such that

HAHHS_)HS*’”A S C f07” all 0 < h S h()’
h h

i.e., A is bounded uniformly in h as an operator from Hf to Hy ™*.
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Theorem 5.4 and Exercise 3 in §7.11 show that Theorem 7.5 is straightforward to prove if the
pseudodifferential operators are Fourier multipliers. In §9 we see that the proof in the general case
is much more involved.

7.4 Residual class

At the level of operators, we say that A = O(h*°)g-~ if, for any s > 0 and N > 1, there exists
Cs,n > 0 such that
ALy sy < Con™ (7.4

i.e., all of the operator norms are bounded by any algebraic power of h.
At the level of symbols, we say that

a€h®S™™ if ae (| KNSV,
N=1

that is, for any multiindices a, 8 and any N > 1, there exists Co g,n > 0 so that
0202 a(x,&)| < CapnhN (€)™ forall (z,8) € T*R (7.5)
(see [52, E.1.10]).
Lemma 7.6. Ifa € i*°S™>°, then Opg(a) = O(F™)y-c.
Proof. This is Exercise 4 in §7.11. O

7.5 The principal symbol o

Let the quotient space S™/hS™~! be defined by identifying elements of S™ that differ only by an
element of A.S™~ 1.

Definition 7.7. (Principal symbol.) For any m, let the principal symbol map
oW 5 S /RS

be defined for a € S™ by
o' (Oppla)) =a mod AS™ 1. (7.6)

Observe that o} is linear and surjective, and that ker(o}’) = h\I/}iL”*l. When applying the map
o to elements of ¥}, we denote it by oy (i.e. we omit the m dependence) and we use o,(A) to
denote one of the representatives in S™ (with the results we use then independent of the choice of
representative).

Exercise 5 in §7.11 asks you to show that if Pyu := —h?V-(AVu)—nu, then o4 (Pp) = (A¢)-E—n,
as claimed in Table 4.1.

The following result involves the Poisson bracket {-,-} defined by

(.0} = 37 (0, 0)(02,b) — (02, 0)(De, 1)) = (0, 3,02,) — (0,3, 0, ). (7.7)

J

Lemma 7.8. (Key properties of the principal symbol.)

or(A*) = op(A), (7.8)
O'h(AB) = JE(A)UH(B), (79)
oh(;i[A,B]> = {on(A),on(B)}, (7.10)

and
if e € h°S™> then o4 (Opyla+e)) = o1(Oppla)). (7.11)
Proof. (7.8), (7.9), and (7.10) are proved in §9. (7.11) follows from (7.6), since if a € S™, then
e € hS™~ L O
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7.6 Operator wavefront set WF},

Definition 7.9. (Operator wavefront set.) (zg,&) € T*R? is not in the semiclassical operator
wavefront set of A = Opy(a) € U}, denoted by WFy, A, if there exists a neighbourhood U of (xo,&o)
such that for all multiindices o, B and all N > 1 there exists Cy g, N,u > 0 such that

|8§‘8§a(w,§)| < Cupnuh  forall (z,6) €U and 0 < h < hg; (7.12)

That is, outside the semiclassical wavefront set of the operator, the symbol vanishes faster than
any algebraic power of A.

Lemma 7.10. If a is independent of h, then WF(Op;(a)) = supp a.
Proof. This is Exercise 6 in §7.11. O

Lemma 7.11. (Key properties of the semiclassical operator wavefront set.) If A € U;'4
and B € W}'P | then

WE,(A+ B) € WFy AUWE,, B, (7.13)
WFL(AB) C WF, ANWF,, B, (7.14)
WEF}, (Opp(a)) C suppa, (7.15)
and
if e € B°°S™>° then WFy, (Opp(a+¢)) = WF}, (Opy(a)). (7.16)

Proof. By De Morgan’s laws, (7.13) is equivalent to (WF; A)°N(WFy, B)¢ C (WFx(A+ B))¢, and
this follows from the definition of WF}, (7.12). (7.14) is proved in §9. (7.15) holds because since
(suppa)® C (WF(Opy(a)))c by (7.12), and (7.16) follows from the definitions of A5~ (7.5)
and WFy, (7.12). O

Recall that the informal explanation in §4.7 of why the bound (4.13) on ug= holds talked about
“the support (in Fourier space) of the high-frequency cut-off Iy (4.26)”. The notion of WFy,
allows us to formulate this notion of support, and we see in (8.6) below that (as a consequence of
Lemma 7.10) WFy,(Ilg) = {€ : [£]* > p}.

7.7 Schwartz kernel
Let D(R?) := O (R?) (i.e. the set of test functions) and let D’(RY) denote the set of linear

comp
functionals on D(R?) (i.e. the set of distributions).

Theorem 7.12. (Schwartz kernel.) Given a bounded, sequentially-continuous operator A :
D(R?) — D'(R?) there exists a Schwartz kernel K4 € D'(RY x RY) such that
Ave) = | Ka(z,y)o(y)dy,
R
in the sense of distributions.

References for the proof. See, e.g., [78, Theorem 5.2.1]. O

7.8 Compactly supported and properly supported operators

Definition 7.13. (Compactly supported and properly supported operators.)
A is compactly supported if its Schwartz kernel K 5 is compactly supported.
A is properly supported if, for any compact X,Y C R?,

{(z,y) esupp K4 : x € X} is compact (7.17a)

and
{(x,y) esupp Ky 1 y € Y} is compact. (7.17b)
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The name “properly supported” comes from the fact that the conditions (7.17) can be written
as the z and y projections being proper maps from supp K4 to X and Y, where a proper map is
one such that the preimage of any compact set is itself compact; see [52, Page 482].

Lemma 7.14. (Definitions of compactly and properly supported in terms of cut-off
functions.)

(i) A is compactly supported iff there exist x1,x2 € D such that A = x1Axa2.

(ii) A is properly supported iff for any x € D there exist x1,x2 € D such that

XA =xAx1,  Ax = x24x
Proof. This is Exercise 6 in §7.11. O

The following lemma collects properties of compactly- and properly-supported operators that
can all be proved in a straightforward way using either the Definition 7.13 or Lemma 7.14.

Lemma 7.15. (Key properties of compactly- and properly-supported operators.)

(i) If Ka(z,y) = K(x — y)L(x,y), then A is properly supported if K has compact support.

(ii) Any differential operator is properly supported.

(iii) The operation of multiplication by ¢ € D(R?) is compactly supported (since K s(x,y) =
o(2)d(z — y)).

(iv) The composition of two properly supported operators is properly supported.

(v) The composition of a compactly supported operator with a properly supported operator is
compactly supported.

Lemma 7.16. If A € ¥}, then there exists a properly-supported Ace Uy and e € h*°S™°° such
that A= A+ Opp(e) = A+ O(hoo)‘lj;oo. Furthermore

O’h(A) = Uh(A) and WFE(A) = WFE(A) (718)

Observe that, once we establish that A = A + Opy,(e), then the properties in (7.18) follow
immediately from (7.11) and (7.16) respectively.

7.9 A restricted class of symbols

Definition 7.17. (Symbol class nglg.) a € Sph, ifa€S™ and there exist a; € S™=J, indepen-
dent of h, such that, for all N € Z*,

N—-1
a— Y Wa;e NN (7.19)
§=0

If A= Opy(a) fora e ST, we write A € ¥

phg’ phg"
If a € S™ satisfies (7.19) for a; € S™ 77, we write a ~ Z;io Wa;.

Remark 7.18. (Why “phg”?) The subscript “phg” stands for “polyhomogeneous”, since the
symbols in Definition 7.17 are similar to the class of semiclassical polyhomogeneous symbols
defined in [52, Definition E.3]; our class is actually slightly simpler than than in [52, Definition
E.3], since this latter class imposes conditions on the behaviour of the a;s as |{| — oo, and we
don’t need these conditions for the results in these notes.

Example 7.19. (i) if a € S™ is independent of h, then a € nglg with ag = a. Therefore, all the
symbols in Example 7.1 are in Sij,.
(i) If aqj € C*° and 0Vaq; € L™ for all v,c, and j, then

m—|al
a(z, &) = Z Z Wauj(z) | €~ € he-
§=0

la|<m
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When d = 1, this symbol is
a20&? + (a10 + a11h)€ + (ago + ao1h + ag2h?)

50
ap = a20€’ + a10€ + ago, a1 =ané+ap, and az = ap.
(iii) a = h&? ¢ Séhg.
The big advantage of working in the class phe 18 that the principal symbols are both independent
of i and can be understood as actual functions (as opposed to equivalence classes).

Corollary 7.20. If a € ST}, then

or(Opp(a)) = ao. (7.20)
Furthermore, if A € WL is such that o,(A) =0, then A € hlllggl.
Proof. This follows from Definitions 7.7 and Definition 7.17. O
Lemma 7.21. Parts (i)-(iii) of Theorem 7.5 hold with W3 replaced by WF ..
Proof. This is proved in §9. O
Theorem 7.22. (Borel’s theorem.) Given a; € S™7, j = 0,1,..., there exists a € S™ such
that a ~ 3722 W aj (in the sense of (7.19)).
Proof. This is Exercise 8 in §7.11. O

Lemma 7.23. Suppose a € S™ and aj € S™ j = 0,1,... are such that a ~ Z;io Wa;. If
a; € Shy.7, thena € Sit.,.

Proof. This is Exercise 9 in §7.11. O

7.10 Ellipticity
We say that B € W7 is elliptic on X C T*R? if there exists ¢ > 0 such that

()" |on(B)(x,)] 2 ¢ for all (z,¢) € X and for all 0 < & < ho. (7.21)

A key feature of elliptic operators is that, up to a term in the residual class, they are invertible.

Theorem 7.24. (Elliptic parametrix.) Let A € V14 and B € V)5 be such that B is elliptic

on WF,(A). Then there exist Qr, QL € ‘I'gflf;mB such that
A=BQr+ O(h™®)g-« =QrB+ O(h™®)g-o. (7.22)

(Compare to Remark 6.2.)

We have avoided defining the elliptic set of B, i.e., the points in phase space where (§) =™ |op(B)|
is positive, to avoid dealing with the issues of uniformity of this property as either |z| or || — oo;
this issues can be dealt with by compactifying (i.e., introducing “the point at infinity”); see [52,
§E.1.3] for this done in the £ variable (so-called fibre-radial compactification) and [59] for this done
in both z and ¢ variables (so-called fiber-radial and radial compactification).

Theorem 7.25. (Elliptic estimate.) Let A € \Ilgfjé, B € ‘I’ng, and P € \IJZLI; be such that
By P is elliptic on WF(A).

(i) Given s, N,M >0, ifv € D' and ByPv € HS"™B~™P then Av € H*" ™4 and there exists
Cs >0, Cn,m,s > 0 (independent of v and k) such that, for all 0 < h < hy,

A0l yama < Co I BLPO] gamn—rnp + Covgs B 0] o (7.23)

(i1) If, in addition, A and By are compactly supported and P is properly supported, then there
exists X € C2. (independent of v, M, N, and s) such that, for all 0 < h < kg,

comp

|40 e < Co By Pl yomsen—mp + COnvats B Kol s - (7.24)
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Idea of the proof. For Part (i), use the elliptic parametrix. For Part (ii), follow the proof of Part
(i), and then use the properties of compactly and properly supported operators to show that the
O(h*)y- remainder is compactly supported.

Proof. (i) Applying Theorem 7.24 with B = B;P € W;"»™™F and using the definition of the
residual class (7.4), we have that there exists @ € \II?Af(mBerP) such that

|40l s-a < 1QLBAPl gr-rea + Covrts B 0]

< NQull gy - | BrPOl o + Covags BV ol o

(ii) By Lemma 7.16 and (7.22), we can assume that @’ is properly supported. By Theorem
724, A— QB P = E with E = O(h*°)g-~. Then, since P and @Q, are properly supported, and A
and Bj are compactly supported, Parts (iv) and (v) of Lemma 7.15 imply that A— QB P = E is
compactly supported; therefore there exists x such that £ = Ex. The proof of (7.24) then follows
in a similar way to the proof of (7.23) in Part (i). O

Remark 7.26. (Why did we work in Sphe for the elliptic parametrix?) We see below that
the proof of Theorem 7.24 requires that supp op(A) C WF(A). This is true when A € \I/;TL‘;, since
then on(A) = ag is independent of h, but this inclusion need not be the case in general (with our
definition of WFp,).

For example, if a = exp(—1/h), then a € S° and on(Ops(a)) = exp(—1/h) mod hS~!.
However, WF(Opp(a)) = 0. Let B = 0; then B is elliptic on WF;(Opy(a)) = 0, but the re-
sult of Theorem 7.24 does not hold since exp(—1/h) # O(hoo>\1/;oo. Our way of ensuring that

supp or(A) C WFy(A) (and thus excluding this example) is to work in Sphhe-
Remark 7.27. (Summary of results to be proved in §9.)
e Theorem 7.5,

e the composition properties (7.9) and (7.14) of, respectively, the principal symbol and operator
wavefront set,

e the relation (7.8) between the principal symbol of the adjoint and the principal symbol of the
operator,

e Lemma 7.21,

e Lemma 7.16, and

Theorem 7.24.

7.11 Exercises for §7
1. (i) Show that a(z,£) = > |, <, a(2)€7, where aq € C*° and 07aq € L™ for all v and a, is
in S™.
(ii) Show that ()™ € S~™ for m € Z*.
(iii) Show that if x € C° (T*RY), then y € S~ for every N > 1.

comp

2. Prove Lemma 7.3. Hint: start with the expression (7.3) and then use the definition of S(R9)
(5.3).

3. Prove Lemma 7.6. Hint: given s > 0, N > 1, choose an appropriate M > 1, and use that
ac MM,

4. If Pyu:= —h?V - (AVu) — nu, show that
(i) Py is the quantisation of a symbol in S2

ohe and
(i) on(Pr) = (A€) - —n € S
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5. Prove that if a(z,§) is independent of f, then WF(Opy,(a)) = suppa (i.e., Lemma 7.10).
6. Prove Lemma 7.14.
7. Prove Theorem 7.22 via the following steps.

(a) Let x € Coop(R) with x =1 on [-1,1]. Show that if {);}52, C R with A; — oo, the

comp
sum
— [ MhN
ol €) 1= Y x () Waitono)
=0
converges.
(b) Show that, given 8 and x € Cg,,,(R), there exists Cp , such that
Ajh C
4 22 ) < ZBx eyl 2
%( (7)) = S 72)

(c) Show that there is an increasing sequence {);}32, with A\; — oo such that for any
multiindices «, 8 € N with |a| + (8] < 7,

(4 (3))

(d) With the choice of A; from (c), show that for any a, 8 € N with |a| + [8] < N,

< 27jh—1<§>mfj*|ﬁ|+1'

Jj=0

N
020 (a(x,fs) - %(x@) < Copn B (€)Y, (7.26)

and conclude that a ~ 3 h'a;.

8. Prove Lemma 7.23.

8 Proof of the bound on upg: (i.e., the end of the proof of
Theorem 4.11)

8.1 Restatement of bounds on the solution operator in semiclassical

notation
Let Pyu := —h?V - (AVu) — nu, so that the Helmholtz equation k=2V - (AVu) + nu = —f is
Phu = f

Given f € L?(R?%) with supp f C Bg, let u € H}_(R?) be the solution to Pyu = f satisfying
the Sommerfeld radiation condition (1.4) (with & = A~1). The definition of Cs, (Definition 2.1)

and (2.1) imply that

lall gy 1y S Coot(h™  RY [ fll oy for all B> 0 (8.1)

the reason we have < and not < is that || - || 71 (5, is not equal to |||/ (B, only equivalent (with
constant only depending on d).

The bound (4.13) on uge is proved under the assumption that Cyo (k) is polynomially bounded
for k € K C [ko,00) (in the sense of Definition 4.8); see Theorem 4.11. This implies that there
exists M > 0 such that, given ¢ € Cg5,,, (R?), there exists C' > 0 such that

[ull pogay < CHM || fll po(p,y  forall he H C (0, hg), (8.2)

where hg = ky ' and H := {k~! : k € K}. The bound (8.2) also holds with ||)ul| ;> replaced by
||1pu||Hf1L7 but we only need it in the form (8.2) for what follows.
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By the definitions of ug2 (4.27) and || - |52 (5.6), it is sufficient to prove that, given g > 0,
there exists C[ ;; p» > 0 such that

S

S

where w = @u, where ¢ € C (R? [0,1]) is defined in §4.5 to be equal to one on Br,; and

comp

vanish outside Br4s. (The constant Cgpjis, 2 in (4.13) will then equal C’S’plit > multiplied by the
d-dependent constant coming from the equivalence of || - ||z and | - [|z2.)

8.2 The frequency cut-offs as semiclassical pseudodifferential opeators
and choosing the parameter p

8.2.1 The frequency cut-offs as semiclassical pseudodifferential operators.

With IIz, and ITy defined by (4.25) and (4.26), the definition of Op; (7.2), the change of variable
¢ = &/h, and the relationship (5.1) between F and Fj, imply that

Iz, = Opy, (xu(l - [*))- (8.4)
By Part (iii) of Exercise 1 in §7.11, Iz, € ¥, *(R?) := Un>0¥, ¥ (RY). Since
Iy =1—-1I; =Opy (1 —x(| - ‘2)) (8.5)
and I € WY (RY), g € VI(RY).
8.2.2 The operator wavefront set of I1y
Since 1 — x,(|€]?) = 0 for |£|* < p, Lemma 7.10 implies that
WEy(IT) = {(2,€) = [€* > n}. (8.6)

8.2.3 Choosing the parameter u
Recall from Exercise 5 in §7.11 that

on(Pr) = (Ag) - € —n. (8.7)
Let po = po(A,n) be defined by

anax
po(A,n) = (1 + T ) . (8.8)

Lemma 8.1. If > g, then Py is elliptic on WFy(I1g).

Proof. 1t is sufficient to prove that

if &> >po  then (&) Pon(Pr) >

i.e., Py is elliptic on {|€]? > po}-

By (8.7),
-2 Amin|€[* — Tmax A (L+1€1*)/2 + (€ = 1)/2 — nmax/Amin
<£> UE(PE) Z W - Amln ( 1+ ‘§|2 >
o Amin Amin |£|2 -1- 2nmax/félmin
e () ()
and (8.9) follows. O
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8.3 Proof of (8.17) under the assumption that Cy, (k) S k

This proof follows very closely the proof in §6 for the case when A = I and n = 1, with the elliptic
parametrix replacing the argument in Remark 6.2.

As highlighted in §4.7, the main idea behind the bound on ug= is that Py is (semiclassically)
elliptic on the “support” of Iy (now understood as WFy(Ilg)), provided that p is sufficiently
large. Throughout the rest of this section, we therefore assume that p > pg, so that the result of
Part (i) of Lemma 8.1 holds.

We seek to apply Part (i) of Theorem 7.25 with A = IIy (so ma = 0), By = 1 (so mp = 0),

and P = Py, (so mp = 2); observe that these are quantisations of elements of Sghg, Sghg, and Sghg,

respectively (for Py this is shown in Exercise 5 in §7.11). By Part (i) of Lemma 8.1, B; P is elliptic
on WFp(A). We can therefore apply Part (i) of Theorem 7.25 with s = 2 and obtain that, given
N,N' >0, )

HHHUJHH,%(RJ) < ||Phw||L2(Rd) +nY ||wHH;N(1Rd)’ (8.10)

where the omitted constant in < depends on N and N’. Since Pyu = f,
Pﬁw: [Ph,gﬁ]u+§0f,
where [+, -] is the standard commutator defined by [A41, As] := A3 A5 — Az Ay, so that (8.10) becomes
HHHwHH'@L(Rd) SN [Pas elull 2 may + 1 22 (gay + BV [w]] =~ (g - (8.11)
Direct calculation, using the fact that supp ¢ C Bgr4o, implies that
IV - (AV(pu)) = oV - (AVu)ll L2 ray S IVUll 120y T 1l 208, )
where the omitted constant depends on A and ¢; therefore,
H[PFm @]UHLQ(RCI) S h HuHH}L(BRJrg) : (812)
Combining (8.11) and (8.12), and recalling that supp ¢ C Br42, we have

Choosing N = 0 and N’ = 1, and then using (8.1), we obtain
0] s gty S (14 BCuor (B B +2)) 1 iy (8.13)

If Coo1(h™1) < AL, e, Cyor(k) < k, then (8.13) implies (8.3). However, if Cyoi(h71) > 1 (as
occurs when Cyo is polynomially bounded in the sense of Definition 4.8 with M > 1) then (8.13)
is a weaker bound than (8.17).

8.4 Proof of (4.13) under the assumption that Cy,(k) is polynomially
bounded (i.e., the end of the proof of Theorem 4.11)

8.5 The ideas of the proof.
Inspecting the argument in §8.3, we see that the assumption that Cyo(k) < 1 is needed to get a

good bound on the commutator term [Py, ¢]u.

Idea 1: remove the commutator term by, instead of using that
Py, is elliptic on WF;(T1g),

use that
P is elliptic on WFh(HH(p) C WFH(HH) N WFE((p)

(by (7.14)); i.e., we apply the elliptic estimate (7.23) to u and not w := pu. This gives
MLl 2 oy 1Pl gy + B [l gy - (8.14)
However, the issue now is that we only have control of xu (via (8.2)), but the remainder term in

(8.14) is not compactly supported.
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Idea 2: aiming to use the elliptic estimate (7.24), we introduce a compactly supported B; in
front of Py: let 1) € D be such that ¢ = 1 on supp ¢ and use that

Py, is elliptic on WFy(I1re) C WFR(IIg) N WER(p).

Indeed, this follows since (by the definition of ¢) ¥ P, = Py on supp ¢ = WF; () (by Lemma 7.10)
and Py is elliptic on WF;(II) (by Lemma 8.1).
We now want to apply (7.24) with A = IIgp, B; = ¢, and P = Py; observe that these are

quantisations of elements of S ., S, ., and %) ., respectively. By Lemma 7.15, By is compactly

supported, and P is properly supported; however, for A to be compactly supported we need IIy to
be properly supported, which it isn’t. We therefore use Lemma 7.16 to replace I1g by a properly-
supported operator, up to an O(h"o)\l,goc remainder, which is controlled by the assumption that
Csol is polynomially bounded; for simplicity, we work with this properly-supported frequency cut-
off from the beginning. Finally, the (now compactly-supported) O(hoo)\l,;oo remainder coming
from the elliptic estimate is controlled using the assumption that Cy, is polynomially bounded.

8.5.1 The details of the proof

The following result is a direct corollary of Lemma 7.16

Corollary 8.2. (Properly-supported frequency cut-offs.) There exist a properly-supported

operator Iy such that _
Iy =My + E, with E=0(h°)g-c. (8.15)

Furthemore,

WF,(Ig) = WF, (I ), (8.16)

To prove (8.3) it is now sufficient to prove that there exists Cll | ;> > 0 such that

HHHWHHg(Rd) < Cliyioaz 1fll g2y forall he H C (0, ). (8.17)
Indeed, given (8.17), for any N > 0 there exists Cy (by the definition of O(A*)y-o (7.4)) so that
||HH§0UHH§(]Rd) < HHHQDUHH%(W) + HEQDUHHg(Rd) < ;;Iit,HZ ||f||L2(Rd) + CNhN H‘PUHLZ(Rd) J
Using the bound on the solution operator (8.2) and taking N = M + 1, we obtain (8.3).

Given ¢ (defined in §4.5), let ) € D be such that ¥ = 1 on supp .
Lemma 8.3. If i > g, then ¥ Py is elliptic on WF,(Il¢).
Proof. By (7.14), Lemma 7.10, and (8.16),

WE(Ip) € WEs (I ) N WEFs(¢) = W (1) Nsupp g = WEF (1) Nsupp .

The result then follows by recalling that, by the definition of ¢, ¥ P = Py on suppy and, by
Lemma 8.1, Py is elliptic on WF(Ig). O

Let A = ﬁHcp, By =4, and P = Py, (so mg =0, mp = 0, and mp = 2); observe that these
are quantisations of elements of Sghg, Sghg, and Sghg, respectively. Lemma 8.3 implies that By P
is elliptic on WF;(A). Furthermore, A and B; are compactly supported (by Parts (iii) and (v) of
Lemma 7.15, and P is properly supported (by Part (ii) of Lemma 7.15)

Therefore, by Part (ii) of Theorem 7.25, there exists x € D such that, given N, N’ > 0,
HHHQDUHH%(W) S ||¢Phu||L2(Rd) +hY ”XU”H;N(Rd) = ||f||L2(BR) +hY HXUHH;N(W) )
since Pru = f and supp f C BR C {p =1} C {¢p = 1}.

Choosing N = 0 and N’ = M + 1, and then using (8.2), we obtain (8.17) and the proof is
complete.
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8.6 Bibliographical remarks

9 The remaining proofs of the results in §7

Recall from Remark 7.27 that we need to prove the following.

e Theorem 7.5 and Lemma 7.21 (with the latter the specialisation of the former from S™ to
phe):
e the composition properties (7.9) and (7.14) of, respectively, the principal symbol and operator
wavefront set,

e the relation (7.8) between the principal symbol of the adjoint and the principal symbol of
the operator,

e Lemma 7.16, and
e Theorem 7.24.

We prove these roughly in reverse order, since the proof of Theorem 7.5 is by far the most technical.
(Note that we avoid circular reasoning — whereas the proof of, e.g., Theorem 7.24 uses most of the
earlier results in §7, the proofs of these earlier results do not use Theorem 7.24.)

When the proofs can be summarised in a short “idea”, we do so between the statement of the
result and the proof. For longer proofs (where such “idea” summaries can become unwieldy) we
split the proofs into steps (with the “idea” then formed by combining the instructions for each

step).

9.1 Proof of Theorem 7.24 (the elliptic parametrix)

We give the proof of the existence of Q) ; the proof of existence of Qg is very similar.

Step 1: Define the principal symbol of Q);, by “dividing” A by B at the level of principal
symbols. Let

qo := op(A)/or(B). (9.1)
Observe that suppo(A) C WF;(A) (since the former is independent of %). Since B is elliptic
on WF(A), |o(B)] > ¢ > 0 on suppo(A). Then, by Exercise 1 in §9.6, g € S™A~™B. Since
or(A) and o,(B) are independent of A, so is go, and thus gy € ng]g_mB. Observe further that
supp(qo) C suppo(A) C WF(A). Let Qo := Opy(qo); by (7.9),

o (QoB — A) = qoo,' P (B) — 0,4 (A) =0

Therefore, by the fact that QoB — A € \Ifgfl‘é and Corollary 7.20, there exists R; € \Ilgffé_l such
that QoB — A = hR;.
c SmAmefi

Step 2: “Divide” the remainder by B. Suppose we have found g¢; , 0=

phg
0,1,...,N — 1, such that supp q; € WF(A) and
N-1
Q1= 3 1 Opy(gy) € WA= (9:2)
=0
is such that there exists Ry € \I/;'}I‘gN such that
Qn_1B— A=h"Ry. (9.3)

We now construct a gy € Sgﬁ‘;_mB_N with suppgq; € WFp(A) such that (9.3) holds with N

replaced by N + 1. By (9.3),

WF(Ry) = WF, (RN (QnB — A)) € WEF,(A),
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where we have used (i) the fact that WF(A=NC) = WF,(C) by (7.12), (ii) the union and com-
position and properties (7.13) and (7.14), (iii) the support property (7.15), and (iv) the fact that
supp ¢; C WF(A). Since B is elliptic on WFp(A), B is elliptic on WF(Ry) and thus, similar to
above (i.e., using Exercise 2 in §9.6 and the fact that principal symbols in S”  are independent of

phg
h)
— 705(RN) ma—N—mp
W) e .
Therefore,
(Qn—1+ 1" Op,(gn)) B — A= 1" (Ry + Op,(an)B) (9.5)
but

o+ N(Ry + Opp(gn)B) = 0

by the definition of gy, so that (by Corollary 7.20 again) there exists Ry41 € \Ilg};‘é_N_l such that
Ry + Opp(gn)B = hRn41. Using this in (9.5), we have proved that (9.3) holds with N replaced
by N + 1.

Step 3: Define (); via Borel’s theorem. We have therefore shown that there exist ¢; €

S;'flg_mB_i, 1 =0,1,..., such that, with Qx_1 defined by (9.2), (9.3) holds for any N. By Theorem

7.22 there exists ¢ € S™4~™# such that ¢ ~ 72 I/ q;; since ¢; € nglg*mei, q € Spa™"" by
Lemma 7.23. The proof is then completed by setting @, := Op(q).

9.1.1 Two natural questions regarding the elliptic parametrix

Can one easily write down ¢, (i.e., the symbol of Q1) explicitly (or at least an expan-
sion of it)? Unfortunately no, and this is shown by the formula for symbol of the composition
of two pseudodifferential operators in Theorem 9.4 below. Indeed, in the elliptic parametrix proof,
we are essentially seeking gy, € S™4~™5 such that

QL#b —a € h°S™, (9.6)

where qr,#b is defined by (9.32). The expansion (9.34) shows that, given a and b, it is difficult to
write down an explicit expansion for ¢y, satisfying (9.6).

Does anything simplify in our use of the elliptic parametrix in §8.4 to prove (4.13)?
Unfortunately also no. Indeed, here A = Opj(a) and B = Opy(b) with

al@,€) = (1= xu(lgP)p(x)  and b, &) = (@) ((A@)E) - € — nlx) - hEed; Ase(x)).

The symbol qq is defined by (9.1), and the symbol ¢ is defined in terms of Ry by (9.4). Suppose
we want to write down an expansion of Ry := h~! Op,,(qo#b — a). In our case,

(1 = xu(lE?) ()

qo#b(z, &) =
b(@) ((A@)¢) - € = n(x))

# (@) ((A@)) - € = n(2) —ih&d; Aje() ) );

the expansion of this symbol has infinitely-many terms, since (without further assumptions on x/,,
¥, and n) all derivatives of the first argument in £ are non-zero and all derivatives of the second
argument in x are non-zero.

9.2 Proof of Lemma 7.16 (any pseudo is the sum of a properly supported
pseudo and an O(hoo)q,;oo operator)

Idea of the proof. Write the Schwartz kernel K 4(x,y) as

(1= vo)(z —y)Ka(z,y) + Yo(r — y)Ka(z,y),
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where 1 € C(RY) with ¢¥g = 0 on By and ¢y = 1 outside B,. By Part (i) of Lemma 7.15,
the operator with Schwartz kernel (1 — t¢g)(x — y)K a(z,y) is properly supported. We then show,
by repeated integration by parts, that the symbol of the operator with Schwartz kernel 1g(x —
Y) K a(z,y) is in A°S~>°, and thus the operator is in O(hoo)\l,;oo. 5

Details of the proof. By the definition (7.2) of Opy,

Avte) = [ Ka(ws)os) dy 0.7
where )
Ka(e.9) = G [ exp (=) -€/Wala. ) . (93
Let
Avtw) = [ (1= 0)@ = 0)Kale.)0(s) . (9.9

where 1)y € C°(R9) with 19 = 0 on By and 1y = 1 outside By; by Part (i) of Lemma 7.15, A has
proper support. Then A = A+ E where

Bofe) = [ ol =) Kalep)ow) . (9.10)

We now claim that E = Opy(e) with

1 .
(0.8) = g [, [ e (e =) €= O/ ale. Qe —n)dyd¢  ©.11)

(note that if a(x,() does not decay sufficiently fast as |(| — oo, then the ¢ integral does not
converge, and this oscillatory integral is understood in a distributional sense; see, e.g., [155, §3.6]).
Indeed, by the definition (7.2) of Opy, e(z,§) is such that
1
@rhy /Rd exp (i(x —y) - n/h) e(x,n) dn = Yo(z — y) Ka(z,y)

1 .
= (e = 9) g [ exp (e =1) - /1) a0 G

multiplying both sides by exp(—i(z — y) - £/h) and then integrating in y (using that ]-'{1(1) =)
gives (9.11).
We need to show that e € A°°S57°°, i.e., for any multiindices «, 8 and for any N there exists
Ca,p,N > 0 so that
10507 e(, €)| < Caypn BV ()7 (9.12)
observe that it is sufficient to prove this for N sufficiently large (i.e., that there exists Ny > 0 such

that (9.12) holds for all N > Np); we show that (9.12) holds for N > d.
From (9.11)

838?6(30,5) = ﬁ /]Rd /Rd ell@=v)-(c=&)/n (i((ii—é))a (i(y 7; x))ﬁiﬁo(fﬂ —y)a(z,()dCdy
(9.13)

(where again the integral is understood in a distributional sense).

5This latter property is well known; see, e.g., [155, Page 204, Step 2], [155, Theorem 9.6(iii)], and, e.g., [145,
Chapter 7, Proposition 2.1], [81, Theorem 6.1.2] for related homogeneous — as opposed to semiclassical — results
proved in the same way.
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Overview of the rest of the proof. The plan is to now integrate by parts in (9.11), using the
multidimensional version of exp(iAt) = (i\) ~19;(exp(iAt)), with ¢ “equal” to either y or (. We first
integrate by parts in (; this obtains

e positive powers of A,

e negative powers of |z — y|, which make the y integral converge (note that there is not a
problem at x = y since |x — y| is bounded away from zero on the support of 1), and

e negative powers of (¢) (via the differentiation of a(x,() € S™), which make the ¢ integral
converge.

We then integrate by parts in y to obtain negative powers of (¢ — £). Peetre’s inequality (proved

below) implies that

1 2
o0 <@ (6.14)

and thus negative powers of (¢) and ({ — &) can be converted into negative powers of (£) to show
that (9.12) is satisfied.

Integration by parts in (. With D = —i0, let

- h|(;_—yy|)2 ‘De sothat  L(e0-C6/m) _ =)/

Note that L is well defined on the support of the integrand of (9.13) since g is supported away
from zero, and thus |z — y| is bounded below on the support of the integrand. Then, for any
Mec7t,

0207 e(x,€)

_ ﬁ <;>a|+ﬁ /Rd /Rd ei(ziy)'(cig)/h(7L)M((C7£)a(y*l')5w0(l'*y) a(:c,C)) ¢ dy

pM—d—|a|-||

el +18] )
(277)(1(1) /Rd /Rd el@—y)-(¢(=&)/h (y — x)ﬂwo(aﬁ —9)

x ( w ~ ) ~D<)M (¢-9ra@,0)dcdy.  (9.15)

|z -yl
Now . y
(=8 00) (-9 ate.0) = fa - o, (9.16)
where
Fa-plSle—y™ and |07 - )] S o -yl M (9.17)

and, using the fact that a € S™,
|a(z, Q)| S col¢ = E[1PHO™ ™M + L+ ¢ ()M, (9.18)

where ¢; = ¢;(m, a) can be expressed in terms of multinomial coefficients

Integration by parts in y. Now let

i Clnt 3 N O Y S I
1+1¢—¢]

Therefore, using (9.15) and (9.16), we find that, for any M’ € Z+,

pM—d—|al=|B] (;)lal+IBl ) _
g O e(w,€) = (%)d(l) /]R ) /]R IR (y — )P g(w = y) f (2 = y)a(e, ) dC dy
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M—d—|o|— 6 . |O£‘+|ﬁ|
o lad=181 (3) / / e €=/ G (4 ()
Re JRd

(2m)?
(1+h(§—§) -D
L41¢ = ¢&J?

y>M/ ((y — )P Yo(x —y) f(z - y)) d¢ dy.
(9.19)

Therefore, using in this last expression the bounds (9.17) and (9.18), we obtain that

(e —d—|al— C 5 ‘O‘l m—M + + C m—M+|af
rotetao s [ [ SR e ac

el 1
< pM—d=lal-I5] /]R /R T gy s (9:20)

where we have used (i) that |( —¢&| < (¢ — &), and (ii) the fact that the least decay in |z —y| occurs
when all the derivatives in ¥ in (9.19) fall on ).
We now choose M so that

M >N+d+|al+|8); (9.21)

this ensures that we obtain A" in (9.12); in addition, since M > d+ |3, the integral in y converges.
Therefore, to prove (9.12), we only need to bound the terms in the integrand in (9.20) that depend
on ¢ and £ by
1

NN
indeed, this bound obtains the (£) =" in (9.12), and, when N > d, this bound ensures convergence
of the ( integral.

Peetre’s inequality is usually stated in the form that, for all =,y € R?,

(9.22)

@ o
<y>§f2< y); (9.23)

6 letting = ¢ and y = ¢ we see that (9.14) holds. Thus, to bound the terms in the integrand in
(9.20) that depend on ¢ and £ by (9.22), it is sufficient to bound them by

1

(SRR 2

we therefore choose
M >N/2+|a|/2 and M >2N+m+|al. (9.25)
Therefore, to ensure (9.21) and (9.25), we choose

M :=N/2+|a|/2 and M := max{2N+m+ o, N +d+|a| + |ﬁ|},

and the proof of (9.12) is complete.

9.3 Proof of Part (iv) of Theorem 7.5 (H; — H; ™ boundedness of ele-
ments of U}")

Lemma 9.1. (The Schur test for boundedness.) If A has Schwartz kernel K 4,
sup |KA(.’13,y)|dy§ Cl) and sup ‘KA(xvdex S CQa
zeRE JRE yEeRd JRd

then

Al L2 (re)— L2 Ry <V C1C%.

6This follows from

L+zP =1+ —y) +ylP =1+]z—yP+|yP + 2@ —y) -y <1+ 20z —y[> +2Jy]* <201+ |z — ) (1 + [y[?).
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Idea of the proof. Starting from the definition of |Au(x)|?, use the Cauchy—Schwarz inequality.

Proof. By the Cauchy-Schwarz inequality,
1/2 1/2, \?2
v < ([ 1Kawpumldn) = ([ 1Katen)] ] [Kate)]a)

([, 1Ka sl Pas)( [ 1Kazlay)

<o / | KA, )| uy)|2dy.

||AUH%2(Rd) <C /R" (/ |KA T,y Hu |2dy>

4l < € [ ([ Katz)] o) o) dy < CxCallals e,

IN

Therefore,

By Tonelli’s theorem,

O

We first prove L? boundness for A € U with m < —d, and then use “Hoérmander’s square
root trick” (see [79, Proof of Theorem 18.1.11]) to convert this to L? boundedness for A € ¥9.

Lemma 9.2. If A € ¥ with m < —d, then A : L*(R?) — L*(R%) is uniformly bounded for
0<h<hg.

Idea of the proof. By the Schur test, it is sufficient to bound both sup, [|Ka(z,y)|dy and
sup,, [ |Ka(z,y)|dz independently of i, where

KA(I', y) = ﬁ /]Rd ei(w—y)f/ha(m7 5) df (926)

Since m < —d and a € S™, the ¢ integral converges absolutely ( [ (£)"d¢ < oo when m < —d).
Integrate by parts in € to bring down enough powers of (1 + A~ t[z — y|)~! to make the x and y
integrals converge and get rid of the A~

Proof. We show that sup, [|Ka(z,y)|dy is bounded independently of &; the proof that sup,, [ |Ka(z,y)|dz
is bounded independently of & is very similar, and then the result follows from Lemma 9.1.

We now integrate by parts the expression (9.26) for the Schwartz kernel; a convenient way to
do this is to let

1+ &= . p
) [z—y[ ¢ i(z—y)-&/h) — Gilz—y)-£/R
Li=——— that L Y Yrsin, 2
T Az —y so tha (e )=e (9.27)

Therefore, for any N > 0,

KA<w,y>=ﬁ /R ) LN(e“’C‘y>'5/")a<x75)d§=ﬁ / T EN(LT) Va(r, €) de.

By the definition of L and the fact that a € S™, given N € Z™ there exists Cy > 0 such that

Therefore, since m < —d,

C 1 m ) !
a0 < Gt (e =g @€ S o T
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for some C); > 0. Therefore,

c 1 ; L
K dy < N h—d/ dy = X h_dhd/ ——xd
/]Rd‘ A(ﬂ%y)’ y= (2m)d ra (L4 Atz —y)N Yy (2m)d ra (14 w|)V w,

where we have used the change of variables y =  + hw. Choosing N > d (so that the last integral
is finite), we obtain that sup, [ |Ka(z,y)|dy < 1 and the proof is complete. O

Remark. FEzercise 4 in §9.6 asks you to prove Lemma 9.2 using a less-sophisticated integration-
by-parts operator L, albeit then splitting the integral to deal separately with the regions |x —y| < h
and |x —y| > h. The point of this exercise is to demonstrate that, even if one can’t come up with a
clever choice of L to deal with everything (i.e., h dependence and convergence) together, the results
can still be obtained with simpler L.

Lemma 9.3. If A € U9, then A : L*(R?) — L*(R%) is uniformly bounded for 0 < h < hy.
Moreover, given § > 0 and hg > 0 there exists C' > 0 such that, for all 0 < h < hg,

Al L2 (gay— L2ray < (1 46) Tsuﬂgd |on(A)] + ChY2. (9.28)

In fact, an improved bound holds with k'/2 replaced by h; see [155, Theorem 13.13].

Proof.

Step 1: Use Parts (i) and (ii) of Theorem 7.5 and that |A||* = ||A*A|| to show that the result
of Lemma 9.2 holds in fact for all m < 0.

We first prove that for all m < 0

any A € U is bounded on L? uniformly for 0 < A < hy. (9.29)

By Lemma 9.2, (9.29) is true for m < —d. We now show that if (9.29) holds for m = m;, then
(9.29) holds for m = mq/2; the fact that (9.29) then holds for all m < 0 follows. Let m; < 0 and
suppose that (9.29) holds for m = m;. Let A € \IJZ“/Q; then, by Part (i) of Theorem 7.5, A* € "
and, by Part (ii) of Theorem 7.5, A*A € ¥}"'. By assumption therefore, A*A is bounded on L?
uniformly for 0 < h < hg. Since ||A|*> = ||A*A4]|, A : L? — L? is also bounded uniformly for
0 < h < .

Step 2: Let M := (14 ) supp-ga |0r(A)|, let B = Opy(b) where

b, &) = (M? ~ |on(A)(x, O)1) ", (9.:30)

and consider oy, (B*B—(M?—A*A)). We first claim that we can assume, without loss of generality,
that supp.ga |oa(A)| > 0. Indeed, if suppuga |oa(A)| = 0, then o5(A) = 0 and thus A € AW, (by
(7.6)). Then, by Step 1, ||A]|z2— 2 < C'h < ChY/? for 0 < h < hy.

Therefore,

M2 = lon(4)2(z,€) > (26 +6) sup on(A)| > 0
T*Rd

for all (z,¢); by Exercise 2 in §9.6, b € SY. Let B = Opy,(b); by (7.8) and (7.9),
on(B*B — (M? — A*A))) = b* — (M? — |ox(A)*) = 0.
Therefore, by the definition of o (Definition 7.7),
B*B=M?-A*A+hR
for some R € \I/gl. Acting this last equality on u, and then pairing with u, we find that
| BullZa ) + 1AulZa oy = M2 ulgaga) + B(Ru, u);
and thus

”AUHiZ(]Rd) S M2 HUHQL?(Rd) + h(Ru,u)
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Step 3: By Step 1, R: L?> — L? is uniformly bounded; hence get result.
Since R € \I/gl, by the fact that (9.29) holds for all m < 0, R : L? — L? is uniformly bounded

for 0 < h < hg; thus, given hy > 0 there exists C’ > 0 such that, for all 0 < h < Ay,
2 2
||AU||L2(Rd) < (M?+C'h) Hu||L2(Rd) ;

the result (9.28) follows with C' = v/C” by recalling that va + b < \/a + V/b. O

Remark. Bounds of the type (9.28), i.e., of the L? operator norm in terms of properties of the
principal symbol, go back to [27]; see, e.g., the discussion in [82].

We now prove Part (iv) of Theorem 7.5.

Idea of the proof. Prove that

2 sy, 112
[[ul Hi(RY) = 0P, ((£) )UHL2(Rd) (9.31)
and then use the L? — L? boundedness of elements of U9 (proved in Lemma 9.3).

Proof of Part () of Theorem 7.5. By (5.6), (5.5), and (7.3),

lr ey = 2~ 1) Fotal 22 gy = 1 ()" Fts) |2 gy = NOPA(E) 2y
and (9.31) follows. By (9.31),

[Awl] e-m = [|OPA (&)™) Aut]| 2 gy = [|OPA((E)*™™) A Oy ((6) ") OPA((E) V]| 2 g

where we have used that

Opy((€)7*) Opx((§)*) = Opx(1) = I,
by Part (ii) of Theorem 5.4. Since (§)~™ € S~ (by Exercise 1in §7.11), Op, ((£)*"™)A Op,({§)~*) €
U9 by Part (ii) of Theorem 7.5. Then, by Lemma 9.3,

[Aul| ga-m < ClOP((E)7)ull L2 (ray = C llull s (ra) -
O]

9.4 The proofs of Parts (ii) and (iii) of Theorem 7.5 and the composition
properties

The basis of all these results is the following composition property for symbols.

Theorem 9.4. (Composition property for symbols.) Given a € S™4 and b € S™5, let
1 - = ~ ~ ~ o
a#tb(x,§) == 5y / / exp (— iz - &/h) a(z, & + &) b(z + F,£) dE d7. (9.32)
(27Th) Rd JRA

Then a#b € Smatms
Opy(a) Opy(b) = Opy(a#b), (9.33)
and, for all N € Z7,

a#b(z, &) = Y

la| <N -1

(ih)lel

(Dga(x,€)) (Dgb(x,€)) € BN §matms=N, (9.34)

Proofs of the composition properties (7.9) and (7.14) using Theorem 9.4. The composition prop-
erty (7.9) of the principal symbol follows immediately from (9.34).

on(AB) = o1 (Opy(a#b)) = a(z,§)b(z,§) = on(A)on(B).

For the composition property (7.14) of the operator wavefront set, observe that, by (9.34), if either
3;‘3?(1(:5,5) or 5‘?8?()(%5) is superalgebraically small in A for all «, 3, then ﬁgﬁga#b(m,f) is
superalgebraically small in % for all «, 8. The result (7.14) is equivalent to

(WFy A)° U (WFp, B)° € (WFL(AB)),
and thus follows from the definition of WF}, (7.12). O
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Proofs of Parts (ii) and (iii) of Theorem 7.5 and (7.10) using Theorem 9.4. Part (ii) follows im-
mediately from the fact that a#b € S™4T™5 . Part (iii) follows since (9.34) implies that

Opp(a) Opy(B) — Opy(b) Opy(a) = Opp(a#kb) — Opy (b#a)
= Oph(ab) — Oph(ba) + hSmA"FWLB—l _ hSnLA-t,-mB_l.

Furthermore,

Opp,(a#b) — Opy(b#a)
= Y in(Dga(x, ) (Dgb(x,€)) — Y in(Dga(x, &) (Dgb(x,€)) + h*Smatme=?

la]=1 laf=1

==Y in(0¢a(x,€))(90b(x,€)) + Y ih(%a(x,£)) (9b(x,&)) + h2SmAtms =2

lal=1 lal=1

= —in{a,b} + R2STATTE2,
by the definition of the Poisson bracket {-,-} (7.7), so that (7.10) follows. O
The idea of the proof is to
e first consider the case when a,b € .,

e prove (9.33) by manipulating the definition of the left-hand side (with these manipulations
straightforward to justify since a,b € ),

e observe that the integral defining a#b in (9.32) is an oscillatory integral (with a large pa-
rameter 1), and use results about such integrals to prove that the appropriate analogue of
(9.34) (see (9.43) below), and

o use the density of . in the symbol class S(m) (defined in Definition 9.11 below) to prove
the result for a,b € S(mamp), and

e prove the result for a € S™4 and b € S™5 via the relationship between the classes S™ and
S((€)™) encapsulated by Lemma 9.12 below.

We highlight here that a similar strategy is used in the proof of the results about the adjoint
(Part (i) of Theorem 7.5 and (7.8)); see §9.5.

Since the plan above involves using results about asymptotics of oscillatory integrals, we collect
these results first.

9.4.1 Asymptotics of oscillatory integrals and related results

Theorem 9.5. (Asymptotics of oscillatory integral with quadratic phase.) Let Q be a
non-singular, symmetric, real matriz. Let sgn @ be the number of positive eigenvalues of Q minus
the number of negative eigenvalues. For a € ., let

I(h,a) == /R exp (i@;{ z) > a(z) dz.

Then, for all N € Z+,

exp (i(m/4)sgn Q) |N=L 55 -1 J N
I(h,a) = (2wh)?/? gdetQWz ) Z?((@;m) a) (0)+%RN(h,a) , (9.35)

Jj=0

- (;::)d /01(1 — )N (exp (— ith(Q 1D, D)/2) (;<Q1D,D>)Na)(0)dt (9.36)
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We make two remarks: (i) the operator (Q~'D, D)7 in (9.35) and analogous operators in (9.36)
are understood as Fourier multipliers; i.e.

((Q7'D,DYa)(z) = F3,((Q71¢,€)! Fusea) (x)

(compare to (5.9)), and (ii) compare the asymptotics (9.35) to the well-known stationary phase
asymptotics in the 1-d case: if ¢ is real-valued, the only zero of ¢’ is at zero, and " (0) # 0, then

2mh

/ " exp (ip(a)/)a(x) dz = exp (ip(0)8) exp (i(n/4) sem(Q"(0))) O

— 00

(a(0) +0m));
(9.37)
see, e.g., [17, §6.5].
To prove Theorem 9.5 we recall that, for @ as in the theorem and F the (non-semiclassical)
Fourier transform defined by (4.24),

(2m)4/? exp (i(r/4) sgn Q)
AL Q72

F((exp ((Qu,2)/2) ) = op (-iQTI6E/2)  (938)

(see Exercise 7) and, for u,v € .7,

1 _
UY = —— Fu Fu; 9.39
Ad (27T)d R4 ( )

i.e., Plancherel’s theorem (cf. the consequence (5.5), written in terms of Fp,).

Proof of Theorem 9.5. Using (9.39) (with v = @) and (9.38) (the latter letting @ — Q/k), we find

10 = (1) M) [ (g ) T ac

Recalling that Fa(§) = Fa(—¢), and then making the change of variables £ — —¢&, we obtain that

I(h a) = (z’jr)d/z S URL) [ o (- in@.61/2) Fale) e

Taylor’s theorem implies that

h N 1
Z 2190 )= o | = @ s = e [ a— M aar

so that

1

exp ( ~ihQE.€)/2) = Zif,(lw)

+ (Nhivl)' /01(1 — )V lexp ( - ith@*lg,@m) <_1<Q;55>>N at.

m

Therefore,

10 = (1) o2l Q) (5 ( W (DY rueyac 1 o) RNm,a)),

with

RN(h, a) =

s [0 ( [ (~uneear) (e ten) Fue dg) .

“to be created
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By the Fourier inversion theorem u(0) = (2m)~% [L, Fu(§) d€, and thus

and similarly,

/Rd exp ((—ith(Q'6.6)/2) (—;@‘15, £>) " Fale)de

= (exp ( —ith<Q—1D,D>/2) (—;<Q‘1D,D>>NG> (0),

and the result (9.35) follows. O
We now use Theorem 9.5 to obtain the asymptotics of an integral of the form (9.32).

Corollary 9.6. If a € .#(R??) then, for all N € Z7,

i d =W . j v
/}Rd /Rd exp (i(z,y)/h) a(z,y) dz dy = (2wh) Z T (( —i(Dg, Dy)) a) (0,0) + MRN(ha a) |,

=0

(9.40)

where
N ! —1 . . N
Ry (h,a) == W/o (1— 1)V (exp (= ith(Dg, Dy)) ( — (D, Dy)) a) (0,0) dt.

Proof. We apply Theorem 9.5 with d ~ 2d and (z,y) denoting a point in R?¢. Let

— 0 I 2dx2d
Q'_<I O)eR ,

and observe that @ = QT = Q_la ‘det Q' =1, bgl’l(Q) =0, Q(xvy) = (y,l'), and thus <Q('Ta y)7 ('xay»/z =
(z,y). Since D = (D,,D,), (7'D,D)/2 = (D,,D,). The result then follows from Theorem
9.5. O

Lemma 9.7.
1 .]' [ aYe

lol=3

Proof. The multinomial theorem states that
(1 + ... +zq) = |az_:j (i)xa, where (i) = ﬁ = i—" (9.42)
Therefore, by its definition as a Fourier multiplier,
(Da, Dy a(w,y) = Fib o) o (o GV oy siecya) (@),
Now, by (9.42) and the definition of multiindices,
(GG = (G o+ G = Y Lo
la]=7

Therefore

; J o J! ,
(Da, Dy a(z,y) = Z'af(cz,cy)a(x,y) (Cﬁ Cy f(r,y)ﬁ(cz’cy)a) (r,9) = Y iDIDja(x,y).

lel=y oo =4

O
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9.4.2 Proof of the analogue of Theorem 9.4 when a,b € .%

Lemma 9.8. (Composition property for Schwartz symbols.) Given a,b € .7, let a#b be
defined by (9.32). Then a#b € ., Opy(a) Opy(b) = Opy(a#bd) (i.e., (9.33) holds), and, for all
NczZ™,

(ih)lel N

afb(z.6) = ) (Dga(w, ) (DFb(w,€)) + 57 B, (943)
la|<N-1 '
where
N ' N-1 . . N ~ ~
Ry = 7d/ (1—1) exp (lth<Dg,Dg>) (1<D5,D5~>) a(x,E+&)b(x+7,8) o dt. (9.44)
(2m) Jo 7=0,6=0

Proof. By the definitions (7.2) and (7.3),

Opn(0) Op(0)0(x) = s [ [ explife = o) /Mate. ) (Opy (o) v) dyn
1
(2mh)d
1 :
e [, x4 cl O Fro)(€) de

= Opy(c)o(z),

L exotita =y mate.n) expliy- €/mb(o. € (Fio) () dy dn e

where

c(w,§) = ﬁ /Rd /Rd exp (— iz —y, & —n)/B)a(z,n)b(y, £) dy dn.

Using the change of variables y = z+ and n = §+E, we find that c(x, &) = (a#b)(z,§) as claimed.
Letting £ — —¢ in (9.32), we obtain that

1

a#b(x, €) = CEL /Rd /Rd exp (i - €/h) a(z, € — E)b(z + 7, ) d€ d7,

which has the same form as the left-hand side of (9.40). Observe that (9.41) implies that
i1(=1)7 (=i)7
=y PEUEY (peage ) (30, €).

~ !
FR0E=0 japm

(- i(Dz. Dg) al,€ — )bl + 7€)

Therefore, by the asymptotics in (9.40),

el . B
|| <N—1 '
where
Ry = — /1(1 —t)N"texp (—ith{Dz, D7) (— i(Dz D~>)Na(x £ —E)b(x + 7,6 dt
N - (27T)d o p T, ¢ T, g s s 0.0 .
Making the change of variables & — —¢, we find (9.44). O

9.4.3 Lemmas about converting between symbol classes
Definition 9.9. (Order function.) m is an order function if there exist C, N > 0 such that
m(w) < Clz —w)Nm(z)  for all w, z € R*?.

Example 9.10. The following are order functions:

(i) m(w) = 1.
(i) m(w) = (w) (by Peetre’s inequality (9.23)),

(iii) m((z,€)) = (2)°(€)" for any a,b € R.
Furthermore, if m1 and mo are order functions, then so is mims.

66



Definition 9.11. (The symbol class S(m).) Given an order function m on R??, let

S(m) = {a € C°(R*?) : for all a there exists Cy, such that, for all 0 < h < ho,
10%m(w)| < C’am(w)}.

Lemma 9.12. (Converting between S™ and S((£)™).)
(a) For all m € Z,
S™CSHO™)

(b) Let ¢ be a symbol and assume that there exists a sequence (0;) en of symbols such that
(i) o; € S™I for all j € 77T,

(ii) For each N € 7,
N-1

c— Y Moy e lNS((€)mN.

=0

Then ¢ € S™ and, for all N € ZT,
N-1
c— Y WojehNsmN,
j=0

Proof. Part (a) follows immediately from the definitions of S(m) (Definition 9.11) and S™ (7.1).
For Part (b), given «, 8, let N = |8|. By Property (ii), for all 0 < i < Ay,

N—-1
0007 c] < Y B)|0200 0| + b |020F Ry, (9.45)
j=0

where
N-1
Ry :=hN (c— Z hjaj).
§=0

By assumption

Ry € S((&mN) = s ((gym1.

Therefore, using this last inclusion and the fact that o; € S™77 in (9.45), we see that there exists
Cqap > 0 such that, for all 0 < A < Ay,

1020 cn(,€)| < Cap(@)™ 11 for all (z,€);

i.e., c € S™. We now argue similarly to show that Ry € S™~N. By definition, for any M € Z+,

N-1 N+M-1
WRy=c— > Woj= > Woj+h MRy,
J=0 j=N

for some Ry n € S((€)™~N=M). Rearranging, we find that

M-1

Ry = Z hEJN_;_g + hZWRM—&-Na
£=0

Differentiating and arguing similar to above (using that ony, € S™ V), we find that Ry €
SmfN . O
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9.4.4 Proof of Theorem 9.4

Lemma 9.13. Let Q be a symmetric non-singular matriz and let m be an order function. Then
exp(il{(QD, D)/2) : .¥ — . has a unique extension to an operator exp(iR{QD, D)/2) : S(m) —
S(m).

Proof of Theorem 9.4 using Lemma 9.13. Since a € S™4 and b € S™8, Part (a) of Lemma 9.12
implies that a € S((§)™4) and b € S((£§)™#). Using this, the density of . in S(m), and Lemma
9.13, we find that (9.43) holds with Ry given by (9.44).

Our plan now is to show that the assumptions of Part (b) of Lemma 9.12 are satisfied with
m:=my +mp and

iRl
oj= > %(Dga(x,g))([)gb(x,g)).
|a|=j

Since a € S™4 and b € S™5, one can show using the Leibnitz rule that o; € S+,

To apply Part (b) of Lemma 9.12, from which the result follows, we therefore only need to
show that Ry defined by (9.44) is in S((¢)ma*me=N)  Using Lemma 9.7 and the assumptions
that a € S™4 and b € S™B, we have

(i(Dz, D7) " a(x, € + &) b(z + 7€)

By Lemma 9.13,

exp (ith(Dz, Dg)) (i<DE,Dg))Na(x,§ + )b+ 7€) € §((gymatme=Ny),

7=0,6=0

thus Ry defined by (9.44) is in S((¢)ma+m&=N) Part (b) of Lemma 9.12 applies, and the result
follows. O

Proof of Lemma 9.13. 8 O

9.5 Proof of Part (i) of Theorem 7.5 and (7.8)
Part (i) of Theorem 7.5 and (9.46) follow from the following result.
Theorem 9.14. If A = Opy(a) € U7, then A* € U with A* = Opp(a*), where

a*(x,g)zﬁ/w /R exp (— i(7, &)/R)alz + 7€ + &) dF d. (9.46)

Furthermore, for every N € ZT,

i)l _
at(z,8) — Y %DgD?a(x@)ehNSm_N. (9.47)

la] <N -1

Observe the similarity of Theorem 9.14 to Theorem 9.4, and of (9.46) to (9.32). Similar to the
proof of Theorem 9.4, we first prove the result when a € .%.

Lemma 9.15. Ifa €. and A = Opg(a), then A* = Opy(a*) where a* is defined by (9.46), and

rlel(—1)lel il
@@= 3 %D;)‘D?a(x,f)—l—ﬁ]%]v (9.48)
la| <N -1 ' '
where
Ry = ¥ /1(1—t)N_leX (—ith{Dz, D7) ( —i(Dz D~>)Na(x+§§—2) dt. (9.49)
N 2m)d Jo P o e ’ F=0,6=0 o
8to come
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Proof. Recall that, given A : 7 (R%) — Z(R?), its formal adjoint A* : .#*(R%) — *(RY) is
defined by (A*u,v)ga = (u, Av)ga.
By the definition of Op;, (7.2),

(Au, v)pa :/Rd Au(z) v(z) dx

:(Wl d/Rd (/Rd/Rdexp i<x—y,5>/h)a(a:,£) ()dﬁdy> v(z) dz
~ o L (// exp (ife — v.€)/h)a(z.6) v ()dgdx)

Since we want to obtain Opy(c)v(y) under the y integral, and since this can be written in terms
of Frv by (7.3), we use the Fourier inversion formula (5.2) to write

G = s [t ([ ][ exw (it = .60/ e /1) Frolal oo, )z déan) ay
— ot L w0 ([ xo (o /m)etyn) Froti)dn ),

where

clvn) = gz [, [ o0 (= ie = w6 = n)/n)ale € da e

Relabelling @ — z,£ — E, y — x, and n — &, we obtain

c(z, &) = 27Th /Rd/wexp —1x—x§ £>/h>( )dxdg.

The expression (9.46) then follows by changing variables  — Z + = and Es E4¢.
Changing variables § — f , we find that

(@8 = gz [, [ exp (3 8/Wale+ 7.6~ €) dzae

The expansion (9.48) with remainder (9.49) then follow from the asymptotics (9.40) and Lemma
9.7. O

The proof of Theorem 9.14 using Lemma 9.15 follows the same steps as the proof of Theorem
9.4 in §9.4.4.

9.6 Exercises for §9

1. Show that if a € S™4 and b € S™8 with |b(z,£)| > ¢(£)™8 on suppa for some ¢ > 0, then
a/be SmaTmBs,

Solution: We prove by induction on N = |a| + |3] that
020 (a/b)| < Cople)yma—meIAL (9.50)

For N = 0 this bound holds by the lower bound on b and the fact that a € S™4.
Assume that (9.50) holds for some N. By the Leibniz rule,

0,020 (a/v) = 0207 ((D0,0) /b — a(D2,5) 1?).
Since 0y,a € S™4, (9.50) with a — 0y,a and b +— b implies that

10202 ((91,)/b)| < Caple)ma—me=101, (9.51)
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Now ad,,b € S™atms and b? € S?™5 with |b(x,£)?| > ¢2(£)?>™2 on supp(ad,,b) C suppa.
Therefore, (9.50) with a +— ad,,b and b~ b* implies that

050 (a(92,0)/5°) | < Cap () 4+mE2mE = Co()ma—m. (9.52)
The combination of (9.51) and (9.52) implies that

|00, 0207 (a/b)] < Caplg)ma=ms=121,

Ti~x

The bound
laglaaaﬁ(a/bﬂ < Caﬁ<€>mA—mB—\5|_1

can be proved similarly, and this completes the proof.
. Show that if FF € C°(R) and a € S° is real valued, then F(a) € S°.
Solution: Similar to the proof in Question 1, we prove by induction on N = |a| + || that

0207 F(a)] < Cap(e) 7. (9.53)

For N = 0 this bound holds since |a| < C' (since a € S9).
Assume that (9.50) holds for some N. By the Leibniz rule,

10,0202 F (a)] = |0207 (F'(a)(D1,0))|
(O{,ﬁ) o’ o’ ! a—a’ 98-8
= Z /Al aﬂc 0 (F (a)) aa; 0 (811-6%)
LZ L) :
< Caﬂ< > <§> 18]+18' <C ﬂ<§>—|,8\7

where we have used (9.53) applied with F replaced by F’ and the fact that d,,a € S°.
. Show that if a € S° and a is real valued with a(z,&) > ¢ > 0 for all (z,&), then /a € S°.
Hint: use the result of Question 2.

Solution: We cannot apply the result of Question 2 directly since /- is not C*°. However, if
I:=a(T*RY), then I C R\ (—¢,c) and /- is C* on I. We now construct a C°° extension

F of \/-. Let
F(x) = ¢(x)Vz,

where ¢ = 1 on R?\ (—¢,c) and ¢ = 0 on (—¢/2,¢/2). Then F(a) = y/a and F(a) € S° by
the result of Question 2.

. Prove Lemma 9.2 by considering the cases |x —y| < fi and |x — y| > h separately, and, in the
latter case, integrating by parts using

Wz —y) De

L:=
|z —y[?

(9.54)

Solution: As in the proof above, we show that sup,, [ |Ka(z,y)|dy is bounded independently
of h; the proof that sup, [ |[Ka(x,y)|dz is bounded independently of 7 is very similar, and
then the result follows from Lemma 9.1.

If |z — y| < h, we estimate

|KA(x7y) <

1
< o L Omde s

since m < —d. Then
[ iEaGwlas s
|z—y|<h
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If |z — y| > h, we integrate by parts the expression (9.26) for the Schwartz kernel. With L

defined by (9.54) _ .
(/) = Geve/n,

therefore, for any N > 0,

1 . 1 .

K _ IN (ila—y)-¢/h dé — / i(a—y)-€/h( [ *\N de.
M) = g [ I alw a6 = g [ e a0 e
By the definition of L and the fact that a € S™, given N € ZT there exists Cy > 0 such

that
*\IN hN m—N
() af, €)] < O et

Therefore, since m < —d,

thd

Cn N -N /
< —_— " SONT W
|KA($,ZJ)| = @2rh)d |z — y|V /Rd<f> df_CN|x_y|Na

for some C; > 0. Therefore,

1
jo—y|>h e—y|>h 17— Yl
Now . x 1 1
—d :C/ —rdfldrzchd*N/ — =14, 9.56
/|my>h lz =y Y N ! Y (9.56)

where Cy is the surface area of the unit sphere in d dimensions (i.e., Cqy = 2742 /T'(d/2)).
Choosing N > d (so that the last integral is finite) and combining (9.55) and (9.56), we
obtain that sup, [ |Ka(z,y)|dy < 1 and the proof is complete.

10 The Hamiltonian flow defined by the principal symbol
of the Helmholtz equation

10.1 Recap of Hamilton’s equations

Given a function H(z, &) (the Hamiltonian), Hamilton’s equations are

0= g HE0.E0), GO = 5 H 0, E0). (10.1)

One usually thinks of the variable x as corresponding to position, and the variable £ corresponding
to momentum.

Lemma 10.1. (Evolution of quantities along the flow.) For a function f(x,&;t), if (x(t),&(¢))
satisfies Hamilton’s equations (10.1), then

G Ue.0i0) = (1.0 + 5 ) o). g0, (102)

where the Poisson bracket {-,-} is defined by (7.7).

We write (10.2) more succinctly as

ngﬁ+g) (10.3)
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Proof of Lemma 10.1. By the chain rule and the definition (7.7) of {-,-},

d ) — of dz;  of d¢;\ | of
GO0 =% (s 2L+

J

B of OH Of OH\  Of of
=Y (on, 06~ sn,) 5~ 1 G
J

Since {H, H} = 0, Lemma 10.1 has the following corollary.
Corollary 10.2. H(z(t),&(t)) is constant as a function of t.
Notation 10.3. (The flow ¢.(p).) Given p = (zo,&),

where (z(t),&(t)) is the solution of (10.1) with initial condition (2(0),£(0)) = (x0,&o)-
Given a(z,€), (10.2)/(10.3) can therefore be rewritten as

d

&(a o) ={H,a}. (10.4)

10.2 The case when the Hamiltonian is the semiclassical principal sym-
bol of the Helmholtz equation

Let P := —h?V-(AV:) —n, so that o, (Py) = (A€, &) —n (as in (8.7)). Hamilton’s equations (10.1)
with H = 0,(Py) are then

d(Ei

T =240, F0 = ~(GE@E) + o) (10.5)

As in Definition 2.6, we assume that A and n are both C'!, which implies that, given an initial
condition, the solution of (10.5) is unique (by the Picard-Lindel6f theorem).

As noted below Definition 2.6, if A = I and n = 1, then o(P) = [£]? — 1 and (10.5) become
z; = 2¢; and & = 0, with solution

$:$0+2t§0, 52507

i.e., straight-line motion with speed 2|&y|. Special importance is played by the flow with o (Py) = 0,
which in this case implies that |£y| = 1; i.e., the flow has speed 2.
Let 7, denote projection in the x variables; i.e. 7, ((z,€)) = «.

Lemma 10.4. (“Going backwards with reversed speed = going forwards”.)
(i) If (x(t), £(t)) is a solution to (10.5) then so is (E(t),£(t)) == (x(—t), —£(—t)).
(it) 7o (pe(20,80)) = ma(p—t(z0, —&0))-

Proof. (i) This proof relies on the fact that o5(Py) is even in £ (and its £ derivative is therefore
odd in &). therefore Since Z(t) = z(—t),

d/j?'i d.%‘z ~

L) = 1) = —2(AG(-0)E(-D), = 2AED)EW),

and since £(t) = —£(—t),

C(lf;i (t)= iii(—t) = —<§2 (x(—t))§(—t),§(—t)> + 5 (z(~1))

0A ., =\ = on .
(G EO)E0.E0) + 5 @0




ie. (Z(t),£(t)) solve (10.5).

(ii) By definition ¢¢(x0,&0) is (x(t),£(t)) satisfying (10.5) with initial condition (xo,&p). By
uniqueness of the solution and Part (i), ¢_;(zo, —&) is then (Z(t),£(t)) := (z(—t), —€(—t)). Since
{z(t)}+>0 = {z(—t) }+<0, the result follows. O

Definition 10.5. (The forward and backward trapped sets.) Let

Ty o= {(,€) : |(Ta(pe(2,8))| » 00 as t— o0} (10.6)

i.e., Ihyw 18 the forward trapped set. Let

Tow = {(2,&) 1 |(ma(pe(2,8))| » 00 as t— —oo} (10.7)

i.e., I'bw is the backward trapped set.

Using the notation I" for the trapped sets is common (see, e.g. [52, Definition 6.1]) and so we
use it here, despite the slight notational clash of I'p for the Dirichlet boundary and I'g := 0Bg.

Lemma 10.6. (Forward trapping <= backward trapping.) Ty, # 0 iff Tpw # 0.

Proof. We prove the forward implication; the proof of the reverse implication is very similar. Since
Ttw # 0, by (10.6) there exists (x, &) such that

(malr )] » 00 a5 £ oo
By Part (i) of Lemma 10.4,
(7 (s (2,—€))| » 00 as  t — oo;
thus, letting ¢ — —t,

(7o (pe(@, =€) | » 00 as  t— —oo,

so that Ty # 0 by (10.7). O
Corollary 10.7. (Forward nontrapping <= backward nontrapping.) I'r, = 0 iff Ty = 0.

The definition of nontrapping in Definition 2.6 says that coefficients A and n are nontrapping
if 'ty = 0 and all trajectories escape uniformly; we now show that the latter condition is ensured
by A and n satisfying Assumption 1.1.

Lemma 10.8. (Definition 2.6 = (I'ty, = 0) = (Tpw = 0).) Suppose Q_ =0 and A and n satisfy
Assumption 1.1 and consider the flow with o(P) = 0. Then A,n are nontrapping in the sense of
Definition 2.6 iff Tt = 0 iff T = 0.

Proof. By Corollary 10.7, the only thing we need to prove is that if I'y, = (), then all trajectories
starting in Bg leave Br in a uniform time. This follows if we can show that ||dz;/dt|| > C for
all ¢, with C' > 0 independent of z. The first equation in (10.5), the fact that A(x) is symmetric
positive definite for each z, and the lower bound in (1.1) imply that

However, since o, (P) = (A&,&) — n = 0, the bounds in (1.1) and (1.2) imply that

d.’Ei
dt

> 2Amin Hf” .

dz;
dt

2f4minnmin

Mmin < [|AY2€]) < (Amax) 2 [1€],  and thus ‘ Z )12

which is the desired lower bound on ||dz;/d¢|. O
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11 Defect measures

11.1 Functions that are locally bounded, uniformly in A

Definition 11.1. {u(f)}o<n<n, s uniformly locally bounded if given x € Cé’gmp(Rd) there exists
C > 0 such that
Ixw(P) |l p2@ay < € for all 0 < h < ho.

The theory of defect measures is simpler for functions that are uniformly bounded in L?(R%),
instead of in L2 _(R?). The reason we consider the latter is that the outgoing solution of (h2A +

loc
1)u = 0 is not in L2(R?) but is in L2 _(R?).

loc

Definition 11.2.

comp

SeOmP = {a eCc (T*RY) : suppa C K for K an h-independent compact set} C S,

11.2 An important technicality

For the results in this section, we use the quantisation
(Opy(a)v)(z) == (2mh) 4 /Rd /Rd exp (i(z —y) - £/h) a(z, &) v(y) xo(|z — y|) dy d¢ (11.1)

where X is a fixed function in Cg5,,,(R) that is equal to one in a neighbourhood of zero; without

loss of generality, we assume that xo(t) = 0 for |¢| > 1/2.

The advantage of using this quantisation is that Op}°(a) is properly-supported (hence the “ps”
superscript) for all symbols a by Part (i) of Lemma 7.15. In fact, in the proof of Lemma 7.16, we
saw that

Opy(a) = Opp(a) + O(F)y (11.2)

(observe that Op}°(a) is essentially A defined by (9.9) with xo = 1 —1bo; the only difference is that
the cut-off xg is a function of |x — y|, whereas in (9.9) 1)y was a function of = — y).
The reason having properly-support operators is useful is given by the following lemma.

Lemma 11.3. If a € S°™P then Op}’(a) is compactly supported with
Opy’(a) = x1 0py"(a) = x1 Opy"(a)x2 (11.3)

for any real-valued x1 € D with x1 =1 on m.(suppa), and any real-valued xo € D with x2(y) =1
for all y such that dist(y, supp x1) < 1/2.

Proof. Since xo(t) =0 for |t| > 1/2,

a(@,€) v(y) xo (v = yl) = xa(@) a2, ) (x2(0) v(®) ) xo (I — )
and the result follows from the definition (11.1) of Op}”. O
In the theory of defect measures, we consider pairings of the form
( Opy(a)u, u)

for a € S and u € L% (RY). The property (11.3) ensures such pairings make sense; indeed,

(Opp*(a)u, u) = (x1 Opy°(a)x2u, u) = (Op}*(a)xau, x1u). (11.4)

By Lemma 9.3, for a € S°™P, || Op}°(a)||2(rd)— £2(re) is bounded independently of f. Using this,
and the fact that x;u € L*(R?), j = 1,2, we see that the pairing (Op}°(a)u,u) is well defined; i.e.,

| Opp® (a)u, u)| < oo.
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11.3 Definition, existence, and positivity
11.3.1 Statement of results

Defect measures give a precise notion of where a sequence of functions {w(%)}o<n<n, lives in phase
space in the limit 7 — 0.

Definition 11.4. (Defect measure.) Given {u(h)}o<n<n,, uniformly locally bounded, and a
sequence h, — 0, {u(h)}o<n<n, has defect measure p if, for all a € S°™P,

n—00

lim ( Opy°(a)u(hy,),u(hn)) = / adp. (11.5)
T*Rd
Observe that (11.5) implies that if A is the quantisation of a symbol a € S°™P then

lim (Au(hy,), u(hy,)) = or(A) dy;

n—o0 T*Rd

indeed, this follows since A — Opp(or(A)) € AV, >, by the definition of the principal symbol and
the fact that A € U, .

Example 11.5. (Defect measure of plane wave.) Let u!(x) := exp(i(x,a))/h with [a| = 1
(note this in not in L*(R?), but is in L2 (R?)). Then

loc
(v )
— ot L e (=it ([ ] exp o = 0 )/m) exp Gl 0) o, )y ) aa

= [ e (=itwan/m( [ o€ ~a) exp it.a)/m) b )

Rd

_ / bz, @) dz
R4

_ / b(z,€) 5(¢ — @) da de,
R JRd

where we have first performed the y integral to obtain §(§ — a@). This calculation shows that, for
any hn, — 0, ul has defect measure equal to the product of §(¢€ — @) and Lebesque measure in x.

In the above calculation we used Opy, and not Opy°. Unlike above, (Opy,(b)u’,ul) cannot be
calculated exactly (because of the xo(|x —y|) in the integrand), but its asymptotics as h — 0 can be
obtained by using stationary phase. Indeed, after changing variables & — £ —a and y — y — x, the
integral in y and £ is of the form considered in Corollary 9.6. The asymptotics (9.40) then imply
that

(OpP(b)u’,u') = / b(z,a)dz+ O(h) ash— 0.
Rd

Theorem 11.6. (Existence of defect measures.) Suppose that {u(h)}o<n<n, s uniformly
locally bounded and h, — 0. Then there exists a subsequence {hy,}2, and a Radon measure p on
T*R? such that {u(hy,,)}32, has defect measure pu.

Remark 11.7. (Our use of Radon measures.) For the precise definition of a Radon measure,
see, e.g., [54, Chapter 1], [58, Chapter 7]. The only facts we use about such measures on R in
what follows are the following.

(i) Given a bounded, positive functional on Ceomp(R?) there exists a Radon measure such that
the action of the functional is integration against the measure — this is a version of the Riesz
representation theorem (see, e.g., [54, §1.8], [58, §7.2]), and is used in the proof of Theorem 11.6.

(i) If 1 is a Radon measure on R%, then Ceomp(R?) is dense in L*(R%; u) [58, Prop. 7.9].

Lemma 11.8. (Positivity of defect measure.) Suppose that h, — 0 and {u(h,)}32, is uni-
formly locally bounded with defect measure . Then p is positive; i.e., if a >0, then [adp > 0.
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11.3.2 Proofs of Theorem 11.6 and Lemma 11.8

11.4 Defect measures and PDEs

Lemma 11.9. (If Pu = 0, then defect measure supported in {o,(P) = 0}.) Let P € ¥} be
properly supported. Suppose that {u(hy,)} has defect measure p, and satisfies

||Pu(hn)HL2(Rd) —0 as n — oQ.

Then p({or(P) #0}) = 0; i.e., if suppa C {ox(P) # 0}, then [adu = 0.

The interpretation of this result is that solutions of Pu = 0 “live” in {os(P) = 0}. Two
examples:

(i) we saw in Example 11.5 that the defect measure of a plane wave was supported in {|¢|*—1 =
0}, i.e., {on(—h%A — 1) =0}, and

(ii) if p(hD)u = 0, where p(hD) is a semiclassical Fourier multiplier (as in §5.5), then p(&)(Fru) (&) =
0, and thus supp(Fru) C {p(&) = 0}.

Recall that in §10.2 we stated that the flow with o5(P) = 0 plays a special role; Lemma 11.9
is the reason for this.

Proof. If we can show that
/bah(P) du=0 forall b e P (11.6)

then the result follows. Indeed, given a € S°™P with suppa C {os(P) # 0}, let b := a/oxr(P)
(which is in S°°™P) and apply (11.6).

Idea of the rest of the proof: first show that <Op§s(b) Pu,u> — 0 using that Pu — 0 and
Op}°(b) is bounded, then use (11.5) to show that ( Op}°(b) Pu,u) — [boy(P)du. The difficulty
comes in dealing with the cut-off functions needed to deal with u € L2 (R?) (if u € L?(R?) then
the proof is simpler; see [59, Lemma 4.4]).

By Lemma 9.3, if a € S°°™P then Op,(a) is L? — L? bounded, uniformly in A. Using this and
Lemma 11.3, we have that, on the one hand,

|{ Op}*(b) Pu,u)| = |(x1 Op}’ (b)x2 Pu,u)| < C [1Pull p2may X110l 2(gay = 0 as n— oo
(11.7)
On the other hand, by the composition formula (Theorem 9.4) and the definition of o (Definition
7.7), Opy(b)P = Opy(boy(P)) + hE1, where Ey € U, . Therefore, by (11.2),

Opy*(b)P = Opyi(boy(P)) + hE,y,  where Ey € W, .
Since Op}y*(b) and P are properly supported and b € S°™P, Part (iv) of Lemma 7.15 and Lemma

11.3 imply that there exist x1 € D, with x1 = 1 on 7, (suppb), and x2 € D such that Op}*(b)P =
x1 Op}°(b) Pxz. Inspecting the proof of Lemma 11.3, we see that

x2(y)=1 on {y s dist(y, mx (suppd)) < 1/2} (11.8)
(in fact y2 will be equal to one on a larger set). Therefore,
<Op§5(b) Pu, u> = <X1 Op?(b) Pxau, u> = <X1 ( Opy”® (b ah(P)) + hEg)Xgu, u>
_ <><1 OpY* (bon(P)) xau, u> + O(hy),

- < OpY* (bon(P))u, u> +O(hy), (11.9)

where we have used that Ey : L? — L? is bounded uniformly in A, that u is uniformly locally
bounded, that x; = 1 on 7, (suppd) (and hence on 7 (supp (bor(P)))), and (11.8). The equation
(11.6) then follows by combining (11.5), (11.7), and (11.9), and the proof is complete. O
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Theorem 11.10. (Invariance of defect measure under the flow.) Suppose that P € ¥} is
properly supported and formally self adjoint, {u(hy)} has defect measure u, and

[Pu(hn)l2gay = 0(hn)  asmn — oco. (11.10)

Then
/{Uh(P), a}dpu=0 for all a € S®™P. (11.11)

Interpretation of (11.11): By (10.4),

/{O’h(P),CL} d,uz/%(aogpt) dp = %/(aogot) du, (11.12)

so that (11.11) is the statement that [(a o ¢;)du is constant as a function of ¢; i.e., the defect
measure is invariant under the flow.

Corollary 11.11. (Invariance under the flow written in terms of sets.) Given a Borel set
B c T*RY,
w(ee(B)) = pu(B)  for allt, i.e., /1%(3) dp = /IB dp  for allt (11.13)

Idea of the proof of Theorem 11.10. The idea is that, by (7.10),
i .
{on(Pha} =on( P OBE )] ).

If u € L*(RY), then, by the formal self-adjointness of P, L? — L? boundedness of Op}*(a), and
(11.10),

(1P.Opg (@), u) = (P OpE(a)u, u) — ( OpE*(a) Pu, )
= (Op}’(a)u, Pu) — (Op}*(a) Pu,u) = o(h);
the result then follows from (11.5). The difficultly in the proof comes from dealing with the

contributions from the cut-offs we need to insert to deal with the fact that u is only in L2 (R)
(and not L2(R%)).

Proof of Theorem 11.10. Since a € S®°™P and P € U™, b:= {o,(P),a} € S°™P. By (11.5),

/ {on(P),a} dp = nhﬁn;o (OpR*(b)u, u); (11.14)

our goal is to prove that the limit on the right-hand side of (11.14) is zero.
By (7.10) and the definition of the principal symbol,

i

Opj(b) A

[P> Oph(a)} € h\I]gooa

so that, by (11.2),

i
T h
Then, by Lemma 11.3 there exist x1, x2 € D with x1 = x2 = 1 on suppa such that

Opy*(b) [P,Opy’(a)] + hE1, with Ey € ¥, . (11.15)

i

<Opgs(b)u,u> = <x1 Opgs(b)X2u7u> =3

<x1 [P, Opgs(a)]xgu, u> + h<x1E1X2u, u>

Since E; is uniformly bounded L? — L2, to prove that the limit on the right-hand side of (11.14)
is zero, it is sufficient to prove that

|(x1[P, Opy°(a)]x2u, u)| = o(hn)  asmn — oo,
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Now

{(x1[P, Opy’(a)]xau, u) = (x1P Op}*(a)xau, u) — (x1 Op} (a) Pxau,u)
= (Op}(a)xau, [P, x1]u + x1 Pu) — (x1 Op}*(a) ([P, x2]u + x2Pu), u).

Therefore, since u is uniformly locally bounded, Opy,(a) is uniformly bounded L? — L?, and (11.10)
holds, it is sufficient to prove that

|< Opy’(a)xau, [P, x1]u)| + ’<X1 Op}’(a)[P, XQ]U,U>| =o(h,) asmn— oo,

and this follows if
H(Opgs(a))*[R el HL2(Rd)*>L2(Rd) =o(h) and H Opgs(a) [P, X2] HLQ(Rd)A)L‘z(Rd) =o(h). (11.16)

By Part (iii) of Theorem 7.5, a commutator is O(#); this is not quite enough, but we show below
that the fact that 7, (suppa) and suppVy; are disjoint gives faster decay.
By the definition of the principal symbol and the fact that xo € ¥, °° (since it has compact
support),
i
h
Therefore, by the composition formula (9.33),

[P, x2] = Opy, ({Uh(P),XQ}) +hE, for By € ¥, . (11.17)

i
Oph(a)ﬁ[R x2] = Opy, (a#{on(P), x2}) + 1 Opy(a) Eo.
Since supp a N supp Vyxa = 0, the definition of # (9.34) implies that
a#{on(P),x2} € h57; (11.18)

the second bound in (11.16) then follows from combining the last two displayed equations and
using the composition and mapping properties of Theorem 7.5 (to show that Opy,(a)E2 is uniformly
bounded L? — L?).

The first bound in (11.16) follows similarly, except that we use the adjoint expansion (9.47) to
deal with (Opj(a))*. Indeed, by (9.47),

(Opy(a))* = Opp(@) + hOpy(ar) + h*Es,

where suppa; C suppa and E3 € U, . Therefore, by similar arguments to those in (11.17) and
(11.18),

x1

(0p4(a))* 1P, xa] = (Opy(@) + hOp, (@r) + HEy ) (Opy, ({on(P). x2}) + hEy)

= h( Opy (@) + hOph(ch))E4 + h?Es,

where Ey4, E5 € ¥, °°; the first bound in (11.16) therefore follows from the composition and map-
ping properties of Theorem 7.5 (similar to in the proof of the second bound in (11.16)). O

Proof of Corollary 11.11. By (11.11) and (11.12),

/(b ops)(p)du = /b(p) dp  for all s.

By approximating 15 by smooth symbols and using that Ceomp(R?) is dense in L*(R%; 1) when p
is a Radon measure (see, e.g., [58, Prop. 7.9], we have that

/lg(gps(p)) d,u:/lB(p)d,u for all s.

Now ¢s(p) € B iff p € p_s(B), so that 15(ps(p)) = 1,_ (B)(p). The result (11.13) then follows
by letting s = —t. O
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11.5 Defect measures of outgoing Helmholtz solutions

We first recap results about the outgoing solution of (—h2A —1)u = f in R? (where f has compact
support); i.e., the so-called free resolvent. Let

(Ro(0)1) (@) = [ nl.9) 1) (11.19)
R
where @, is the outgoing fundamental solution satisfying (—h%2A — 1)®p(z,y) = 6(z — y), i.e.,
21 ht (/e (1) 1
P =h"- | —— H e —yl); 11.2
ﬁ(x7y) h 4 <2W|$_y|> d/2_1(h |$ y|)a ( O)

see, e.g., [106, Theorem 9.4] (note that (11.20) is =2 multiplied by the outgoing fundamental
solution of (—A — k?)u = f). The definition of the Hankel function Hg(l})%l implies that

ol _
LTI P
Pp(z,y) = 2 exp (ih‘l\x —y|)
dr|z —y|

. d=3.

Lemma 11.12. (Properties of the free resolvent.) For all i > 0,
Ro(h) : L2 (RY) — Hpp  (RY).

comp

Furthermore, given x € C2. (R%) and hy > 0, there exists C > 0 such that

comp
C
||XR0(h)X||L2(Rd)—>L2(Rd) S E fO?” all 0 < h S ho. (1121)

Proof. Boundedness from L2, (RY) — H!_(R?) and the bound (11.21) both follow from Theorem
2.14; recall that this theorem is proved by integration by parts using the Morawetz multiplier (see
Exercise 3 in §2.5). Boundedness from L2, (RY) — H{ (R%) can then be obtained by elliptic

regularity (see §2.3). Alternatively, boundedness and (11.21) can (at least in odd dimensions) be
proved by expressing Ry in terms of the wave propagator; see [52, Theorem 3.1]. O

Remark 11.13. (Why is the Helmholtz solution operator called the “resolvent”?) Recall
that the resolvent of an operator P is the operator (P —z)~1, and the set of z such that this inverse
is exists is the resolvent set. If P = —A and z = k?, then (P —z)"! = (A —k?)7L; the Helmholtz
solution operator is therefore often called the resolvent (of the Laplacian).

Theorem 11.14. (The “outgoing” condition at the level of defect measures.) Given
B — 0 and {g(h,)}52, with suppg(h) C Bg, let u(hy) := Ro(hn)g(hy). If u(hy,) has defect
measure . and

T .= {(x,g) ol > R+1, (2,6) < o},
then pu(Z) = 0.

Observe that T consists of “incoming” directions to the ball Bg (and thus Z is sometimes called
the directly-incoming set [64, Lemma 3.4}, [60, §3.1]). Therefore, Theorem 11.14 (first given as [26,
Prop. 3.5]) expresses the fact that the mass in phase space of Helmholtz equations satisfying the
Sommerfeld radiation condition (1.4) is concentrated in “outgoing”’ directions.

To prove Theorem 11.14 we need the following lemma, which can be proved by integration by
parts (see Exercise 1 in §11.6).

Lemma 11.15. (Asymptotics of oscillatory integral with no stationary points.) Given
p € C®R"), a e LR, let

I(h) := /n exp (ip(2)/h) a(z) dz. (11.22)

If V¢ # 0 on suppa, then
I(h) = O(h™).
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(Compare to Theorem 9.5.)

Proof of Theorem 11.14. We’ll prove this result for d = 3. The proof for general d > 2 is similar,
using asymptotics of Hankel functions to write the fundamental solution @ (z,y) as exp(ilz —y|/k)
multiplied by a (weakly-singular) function.

Step 1: consider Op}°(a)Rog with the symbol a concentrated near (xo,&o) € I.
By approximating indicator functions by smooth functions (as in the proof of Corollary 11.11), it
is sufficient to prove that, given (zo,&) € Z, [ adu = 0 for a € S°™P such that a > 0, a(z,£) =1
in an open neighbourhood of (zg, &), and suppa C Z.

By (11.5), the result that [adu = 0 follows if we can show that (Opt*(a))Ro(hn)g(hrn) = o(1)
as n — oo; in fact we show that

Opy’(a)Ro(fin)g(hn) = O(h7Y)  as n — oo. (11.23)
By the definitions of Op?® (11.1) and Ro(h) (11.19),
(Opy*(a)R (ﬁ ) (z)
Nt 5>) (,8) (Ro(R)g () () xo e — 1) dy d
- (ih)d /f(//xp( TR Iy—z)>a(x,§)mXo(lx—yl)dyde)dz,

(11.24)

[\

We now show that |y — z| is bounded below on the support of the integrand, and thus, since, in
addition, a, f, and x all have compact support, the integral in (11.24) exists as a standard integral
(i.e., it does not need to be understood as an oscillatory integral in the sense of TK). Without loss
of generality, we can assume that the cut-off function y¢ in the definition of Op}® (11.1) satisfies
Xo(t) = 0 for ¢ > 1/2. Therefore |x — y| < 1/2 in the integrand of (11.24). Since z € supp f,
|z| > R, and by assumption |z| > R+ 1 on supp a; therefore |y — z| > 1/2.
Step 2: show the phase has no stationary points, and integrate by parts using Lemma 11.15.

The integral (11.24) is of the form (11.22) with

oy, &) == (x —y,&) + |y — 2.

Then

Y — %
Oy p=—&+-—= and 9,0 =m; — vy,
ly — 2|
and Vo =0 iff £ = (x — z)/|x — z|. This cannot hold, however, since (z — z)/|z — z| is pointing
“outwards” from Bpg and £ is pointing “inwards”. Therefore, Lemma 11.15 implies the asymptotics
(11.23), and the proof is complete. O

Remark 11.16. (Wavefront set of a family of functions.) The operator wavefront set of
Definition 7.9 measures where in phase space a semiclassical pseudodifferential operator is non-
negligible. A related concept is the semiclassical wavefront set of a family of functions, which
measures where in phase space a family of functions is supported in the h — 0 limit (see [155,
§8.4.2], [52, Def. E.36]); defect measures then measure “how concentrated” the family is at these
locations.

The reason we mention this concept here is that the asymptotics (11.23) actually show that
T ¢ WFR(Rof); furthermore, the ideas behind the proof of (11.23) can be used to calculate the
wavefront set of a general oscillatory integral (i.e., not just Rof); see [52, Prop. E.37].

11.6 Exercises for §11
1. Prove Lemma 11.15. (Hint: construct L such that L(exp(ip(z)/h)) = exp(ip(z)/h).)
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12 Proof of Theorem 2.7 (bound on solution operator under
nontrapping) using defect measures

We now prove Theorem 2.7 using defect measures, with this proof due to Burq [26, Theorem 2.
We assume throughout this section that Q_ = (J; the same ideas can be used to prove the result
for nontrapping 2_, although the proof is more technical due to the presence of a boundary — see
[26, §4], [64, §4].

Let P(h) :== —h%V - (AV:) —n, Py(h) := —h?A — 1. As in §11.5, let Ro(h) denote the free
resolvent.

Lemma 12.1. (Outgoing Helmholtz solutions and the free resolvent.) Let R > 0 be such
that supp(I — A) Usupp(l — n) € Br. Given {f(h)}o<h<n, with supp f(h) contained inside an
h-independent compact set, let u(h) be the outgoing solution to P(h)u(h) = h f(h).

(i) If x1 € Cogmp(R?) with B € {x1 = 1}, then

(1= xa)u = Ro(h) (1 = x1)f = [Po(), xaJu) (12.1)

(i.e., outside the support of the scatterer, u can be written as a free resolvent).
(ii) Suppose further that || f(h)|r2 S 1 and there exists x € C5y,(RY) with Br € {x = 1} and
C > 0 such that
[xullL2rey < C for all 0 < h < hy.
Then, given X € C2, (R there exists C > 0 such that

omp
Xt/ ey S C for all 0 < B < Ry

(i.e., if w is locally bounded for one cut-off function, then it is locally bounded for all cut-off
functions).

Remark 12.2. (Alternative definition of outgoing via free resolvent.) Part (i) of Lemma
12.1 shows that, at least outside the support of the scatterer, an outgoing Helmholtz solution can be
written as a free resolvent. Being expressible as a free resolvent is sometimes used as the definition
of outgoing (instead of the Sommerfeld radiation condition (1.4)); see, e.g., [52, Definition 3.32],
[97, Equation 4.19].

Proof of Lemma 12.1. (i) Since By € {x1 = 1},
Py((1=x1)u) = P((1—x1)u) = (1 — x1)hf + [P, 1 — xaJu = (1 — x1)hf + [Po,1 — x1]u

(where we have suppressed the dependence of P and Py on & for brevity). Since the right-hand
side of this last equation has compact support, the result (12.1) then follows by applying Rg.
(ii) Given y as in the statement of the result, let x; € Cogy,, (R?) be such that supp x1 € {x =1}

and Br € {x1 = 1} (i.e., the support of the derivatives of x; is between Bgr and {x = 1}).
Given Y, since

xu=X(1—x)u+xxu and ||£(1 - X)UHL2 < ||£(1 - Xl)UHLm

it is sufficient to prove that ||x(1 — x)1D)ul|rz < 1.
By (12.1) (i.e., the result of Part (i)),

R = xa)u = XRo(m) (1 = xa)f + 124, xaJu) = XRo(R)g

where
g:= (1 —x1)hf + 20*Vu - Vxi + h?(Ax1)u. (12.2)

By the bound (11.21) on Ry(h), it is sufficient to prove that ||g||,. < h. Since || f||z2 S 1, it is
sufficient to prove that ||[(Ax1)ullzz <A™t and ||AVu - Vxi|/z2 < 1. Since supp (Ax1) C {x =1},
I(Ax1)ullrz < |lxullrz < C. Now, since ||Pul|rz < hand ||xul|zz < C, [|AVu-Vxillrz <1 by Part

(i) of Lemma 2.18. O
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Proof of Theorem 2.7. Let R(h) be the resolvent, i.e.,

R(h) : L%, (RY) — HZ_(RY)

comp

with both P(R)R(h)f = f and R(h)f outgoing for f € L2, (R%).

comp

The bound (2.4) is therefore equivalent to: given x € C5,,,(R?) there exists hg > 0 and C' > 0
such that for all 0 < h < ho and all f € L%(R?)

IR oy < o 1 g
Let R > 0 be such that supp(I — A) Usupp(1 —n) € Bg. Without loss of generality we can assume
that {x =1} ® Bg. (If we prove the bound for such a x, then the bound for a smaller x follows
easily.)
Seeking a contradiction, we assume that the bound does not hold; i.e., for all iy and C' there
exists an f € L?(R?) and 0 < h < hg such that

C
IXRXFll L2 ay > 3 Il 2 ga) -
Choosing C = n, we see that for all n there exists i, — 0 and f,, € L*(R%) such that
n
||XR(hn)an”L2(]Rd) > T, an”L?(]Rd)'

We now divide f, by a constant so that

1 1
IRl = 5 and Wl < -
Let
Then
N,
||Xun||L2(]Rd) =1, P(hn)un = X fohn, and ”P(hn)un”L?(Rd) < o (12.3)

Observe that {u,}52, satisfies the assumptions of Part (ii) of Lemma 12.1, and thus {u,}>2, is
uniformly locally bounded (in the sense of Definition 11.1). Theorem 11.6 therefore implies that
there exists a subsequence {A,,}?°, such that u,, has defect measure p. For brevity, we denote
the subsequence by {fi,,}22 .

By the last equation in (12.3), ||P(fn)tn| r2(re) = 0(hn). Therefore Lemma 11.9 implies that
p is supported on {05 (P) = 0} and Theorem 11.10 and Corollary 11.11 imply that the measure is
invariant under the flow.

We now show that g # 0. Using (11.5) and Lemma 11.3, there exist x1,x2 € D with x; =
x2 = 1 on supp x such that

/X2 dp = nh_)rrgo < Opgs(X2)un, un> = nh_)rrgo <X1 Opgs(xz)XQun, un> = nh_)rréo < OpgS(XQ)Xgun, X1Un>~
(12.4)
Now, by (11.2),
OPE (%) = Opy () + O(h%)y = = x* + O(h),, . (125)
Combining the fact that x1 = x2 = 1 on suppx, (12.4), (12.5), and the first equation in (12.3), we
see that

. . 2
/X2 dp = nlgr;o <X2un7un> = nlgr;o ||XU”HL2(Rd) =1

ie., p# 0 as claimed.
We now show that u, can be written as a free resolvent away from supp x using Lemma
12.1, and then apply Theorem 11.14 to show that the measure of the incoming set is zero. Let

82



X1 € ngmp(Rd) be such that suppx; € {x = 1} and {x1 = 1} © Bkg, i.e., the support of the
derivatives of y; is between Br and {x = 1} (just as in the Proof of Part (ii) of Lemma 12.1). Let
g(hy,) be defined by (12.2) with u replaced by u, and f replaced by xf,. By Part (ii) of Lemma
12.1,

(1 = x1)un = Ro(hn)g(hn),

and supp g(h,,) C supp x. By assumption, there exists R such that supp X € Bg. The assumptions
of Theorem 11.14 therefore hold with R replaced by R. Therefore, u(Z) = 0 with

7= {(x,g) o) > R+1, (2,6) < o}.

We now show that p = 0, which is the desired contradiction. By Corollary 10.7, the assumption
that the forward trapped set 't is empty implies that the backward trapped set 'y, is empty. This
combined with the fact that the flow is just straight-line motion outside supp( — A) Usupp(l —n)
imply that, given any bounded Borel set B C T*R?, there exists ¢y > 0 such that if ¢ < —t, then
pi(B) C Z, and thus u(py(B)) = 0. By Corollary 11.11 (i.e., invariance of p under the flow),
u(B) = 0. Since B was arbitrary, ;1 = 0 and the proof is complete. O
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