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EFFICIENT APPROXIMATION OF HIGH-FREQUENCY HELMHOLTZ
SOLUTIONS BY GAUSSIAN COHERENT STATES

THEOPHILE CHAUMONT-FRELET*, VICTORITA DOLEANT¥, AND MAXIME INGREMEAU'

ABSTRACT. We introduce new finite-dimensional spaces specifically designed to approximate the
solutions to high-frequency Helmholtz problems with smooth variable coefficients in dimension d.
These discretization spaces are spanned by Gaussian coherent states, that have the key property
to be localised in phase space. We carefully select the Gaussian coherent states spanning the
approximation space by exploiting the (known) micro-localisation properties of the solution.
For a large class of source terms (including plane-wave scattering problems), this choice leads
to discrete spaces that provide a uniform approximation error for all wavenumber k£ with a
number of degrees of freedom scaling as k%~1/2, which we rigorously establish. In comparison,
for discretization spaces based on (piecewise) polynomials, the number of degrees of freedom
has to scale at least as k% to achieve the same property. These theoretical results are illustrated
by one-dimensional numerical examples, where the proposed discretization spaces are coupled
with a least-squares variational formulation.

KEY WORDS. Gabor frames, Helmholtz equation, high-frequency problems

1. INTRODUCTION

Time-harmonic wave propagation is a mechanism at the center of a large number of physical
and industrial applications. We may cite, among many, radar imaging [8], or seismic prospection
[36]. In practice, numerical methods are required to approximately simulate the propagation of
waves, and although several methods are available, it is still very challenging to compute accurate
approximations in high-frequency regime.

Here, we consider the scalar Helmholtz equation, which is probably the simplest model for this
kind of problems. Specifically, given a compactly supported right-hand side f : R — C, our
model problem is to find u : R* — C such that

(1.1a) — k*puu — V- (AVu) = f in R,

where p and A are (given) smooth coefficients that are respectively equal to 1 and I outside a
ball of radius R > 0, and k£ > 0 is the (given) wavenumber. This equation is supplemented with
the Sommerfeld radiation condition at infinity. Namely, we require that

o
0|
A particularly important scenario covered by (1.1) is the scattering of a plane-wave, where the
right-hand side takes the form

(1.2) f=(Fp+V-(AV)) "t

(1.1b) (@) — iku(z) = o (\x|(_d+1)/2) as |z — +oo.

where d € R?, |d| = 1 is the incidence direction.

As we propose a “volumic” method, we will actually replace the Sommerfeld radiation condition
(1.1b) by a Perfectly Matched Layer (PML). This approach is entirely standard [2, 6, 14], and
amounts to slightly modifying the coefficients p and A in (1.1). This process is detailed in Section
4.2.
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2 APPROXIMATION OF HELMHOLTZ SOLUTIONS BY GAUSSIAN COHERENT STATES

In this work, we investigate the use of discretization spaces based on Gaussian coherent states
(GCS), that is, functions of the form

D zg.8, () = <k>d/4 e~ slem@olt g —ikby (@ —ao)
™
where g, £, € R? are user-selected parameters. The idea of decomposing a function as a discrete
sum of Gaussian coherent states goes back to [13]. Here, following [4, 7], we focus on a lattice of
phase-space points [z*™, £*"] .= | /(kR)~In[m,n], [m,n] € Z>%, that are spaced by ~ (kR)~1/2,
and we write
\I’k,m,n = @kﬁmk,mﬁgk,n.

Then, our a discretization space is of the form
Wy = Vect {¥s m.n; [m,n] €A},

where A C Z?? is a carefully chosen set of indices.
For the sake of simplicity, we will assume in the introduction that the domain is non-trapping.
Our first result is that if A is chosen as

A= {[m,n] € 224 |@hm 2 4 (€872 < pkR},
for p > 0, we have
(13) dim WA ~ pd(k'R)d and ng{i}{/lA ||U — wHﬁl(Rd) S Cp71||f||L2(Rd),

for a general f € L?(R?) with supp f C B(0, R), where H'”ﬁl(Rd) is a H!(R%)-norm including a
weight at infinity (see (4.1) below). As we describe in more length afterwards, this result is not
very impressive on its own. Specifically, it is a standard approximation result similar to polynomial
approximations: we need a fixed number of points per wavelength to achieve a constant accuracy.
Our second result, which is key, deals with the case where f takes the particular form (1.2). In
this case, we select

A= {fm.n] € 22 |p(am ) <k
where € > 0 can be selected arbitrarily small and
p(x,€) = A(x)§- € —p(z) Vo, & €RY
is the principal symbol associated with the differential operator in (1.1), and we have

(1.4) dim Wy ~ (kR)?'/2*¢ and min [Ju = wl g1 gy < Cem(kR)™™  ¥m €N,
w A

It means that for right-hand sides corresponding to scattering problems (and actually, a wider fam-
ily of right-hand sides), Gaussian coherent states provide an accurate solution with O((kR)?~1/2+)
DOFs. In fact, the convergence is even super-algebraic as the frequency increases.

To put (1.3) and (1.4) into perspective, we compare them with other standard methods. Ac-
tually, there are several options to numerically solve (1.1) (either with the Sommerfeld condition
(1.1b) or with a PML approximation), that we review below.

The most versatile approach is probably the finite element method (FEM). The method hinges
of a triangulation of the domain into elements of size h, and piecewise polynomial basis functions
of degree p. It can be shown that if p grows logarithmically with &, then the condition that kh/p is
constant provides (at least) a constant accuracy as k increases [26, 29, 30]. As a result, high-order
FEM essentially requires O((kR)?) degrees of freedom (DOFs) to achieve a constant accuracy.
The resulting matrix is sparse.

Trefftz-like methods are similar to FEM in that they also rely on a mesh of the domain, but
the polynomial shape functions are replaced by local solutions to the Helmholtz problem, such as
plane-waves [23]. There are many ways to “glue” these local solution together, including partition
of unity methods [28], least squares methods [31], the ultra weak variational method [3], the
discontinuous enrichment method [12] or the variational theory of complex rays [34]. While these
methods typically induce a large reduction of the number of DOFs as compared to FEM, they
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FEM GCS BEM  asymptotic
Cost (kR)Y (kR)4"1/2  (kR)4-! 1
Heterogeneous media yes yes no yes
Convergence at fixed k| yes yes yes no

TABLE 1.1. Comparison of commonly used discretization techniques

usually still need at least O((kR)?) DOFs, see, e.g., [5, 17, 22]. Similar to FEM, the resulting
matrix is sparse.

The next family of methods we want to mention are boundary element methods (BEM) [35].
These methods rely on boundary integral equations which, strictly speaking, are not available for
smoothly varying coeflicients, since the expression of Green’s function must be available. It is
nevertheless interesting to include them in the comparison. These methods typically provide a
constant accuracy with only O((kR)4~!) DOFs [15]. However, the resulting matrix is dense and
its entries are costly to compute. These issues can be mitigated using compression techniques,
such as the fast multi-pole method [20] or hierarchical matrices [21].

Finally, asymptotic methods rely on the fact when the frequency is very large, it is sometimes
possible to simplify the search for the solution of Helmholtz equation and the properties of the
solution itself to computations involving only the underlying classical dynamics [10]. This is done
using tools of semi-classical analysis, such as the WKB method and can lead to discrete problems
with a number of DOF's independent of k. The main drawback of these approaches is that they
are only asymptotically valid: they do not converge for fixed value of k. Besides, it is not always
clear from which range of k they are relevant.

As compared to FEM, the proposed GCS method thus gains “half a dimension” at high-
frequencies, but it is still half a dimension higher than BEM. As compared to BEM however,
our methodology has the advantage to apply in a generic framework where the Green’s function is
not available. Another important comment is that in the (very) high-frequency regime, our method
is more expensive than asymptotic methods. However, asymptotic methods cannot converge at
fixed k, which our method does. This is summarized in Table 1.1.

In addition to the approximability results (1.3) and (1.4), we also present a least-squares method
based on Gaussian coherent states for Problem (1.1). As we show, the convergence of the method
is easily established. Besides, although the matrix is dense, we show that the entries decay super-
algebraically away from the diagonal. As a result, the matrix is essentially banded, and we believe
that efficient linear solvers can be devised. This will be analysed in more depth in future works.

We finally present a set of one-dimensional numerical experiments using the proposed least-
squares method. Although the setting is rather simple, the results perfectly fit the theoretical
analysis and readily shows that proposed approach allows for a drastic reduction of the number
of DOFs in the high-frequency regime.

To the best of our knowledge, our micro-locally adapted spaces of Gaussian coherent states
appear to be entirely original, but we would like to mention that similar basis functions have
already been employed to discretize PDE problems. In particular, generalised coherent states like
Hagerdorn wavepackets were used to describe the solution of time-dependent Schrédinger equation
in [11, 18, 19, 27].

The remainder of our work is organised as follows. In Section 2, we precise the setting and
state our key approximation result (1.4) in its more general form. Section 3 contains the proof of
our findings. In Section 4, we apply the general theory of Sections 2 and 3 to our scattering model
problem. Numerical examples are reported in Section 5. Finally, Appendix A collects technical
results concerning Gaussian coherent states.

2. SETTING AND MAIN RESULTS

2.1. Notations. Throughout this work & € H C (0, 1] will denote a small parameter. When ap-
plying our general results to the Helmholtz equation, we will have i ~ (kR)~!, so that considering
the set (0, 1] amounts to ignoring low frequencies, and focusing on high frequencies when A — 0.
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For the sake of generality, we restrict our analysis to a subset H C (0, 1] for reasons that will
become apparent in Section 4. Notice that the case H = (0, 1] is not excluded.

2.1.1. Basic notation. The canonical basis of R? or of C¢ will be denoted by (e1,..,eq). fx,y e
C?, we write

d
xr- Y = ijyj
j=1

without complex conjugation on the second argument, and |z|?> = x - Z is the usual Euclidean
norm.
For a multi-index o« € N%, [a] := a; + - -+ + aq4 denotes its usual ¢; norm. If v : R? — C, the
notation
oM g%
v
oy Oxg

0% =

is employed for the partial derivatives in the sense of distributions, whereas ® = z{* - ... z3".
Finally, if 3 € N is another multi-index, we will sometimes need the notation

d
5)-1(%)
( B ) A\ B
and the notation a < (3 means that o; < g, for all j € {1,...,d}.

If n € Z¢, we employ the notation |n|?> := n? 4 -+ + n2 for its £, norm. Finally, if A C Z*4,
(?(A) has its usual definition, and we denote by || - [|s2(a) its usual norm.

2.1.2. Key functional spaces. In what follows, L?(R?) is the usual Lebesgue space of complex-
valued square integrable functions over R?. The usual norm and inner products of L?(R?) are
respectively denoted by || - ||2(re) and (-, ).

Following [4], since we are dealing with the (unbounded) R? space, our analysis will require the
weighted Sobolev spaces

ﬁp(Rd) = {v € LQ(Rd) | z®9Pv e L2(RY) Va,B e N% [a],[8] < p} ;

that we equip with the family of equivalent i-weighted norms given by

Pl gy = 0 S FH 2l 70%0] s )

[@]<p q<p—[e]

for all p € N.

C°(R?) is the set of complex-valued continuous functions defined over R and C*(R?) is the
set of functions v : R? — C such that 0%v € C%(R?) for all & € N? with [a] < ¢. We introduce
the notation

V]|t (rey := max max [(0%v)(x)], Vv € CH(RY)

eN? zcR4
[a]<e

and Cf(R?) is the subset of functions v € C*(R?) such that [|v]|cera) < +00. We also set
C*(RY) := () CHRY).
LeN

Finally, if Q C R? is an open set, we denote by C2°(Q) the set of smooth functions whose support
is a compact subset of 2.
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2.2. The frame of Gaussian coherent states. The goal of this work is to efficiently approxi-
mate the solution wuy to the equation Prup = f with a finite span of Gaussian coherent states. For
[m,n] € Z*?, we thus consider the Gaussian state

U (@) = (wh)~/2e 2ile—al ™ i€ (2ot

where ™ := /7hm and €™™ := V/7hn. The family of Gaussian coherent states (Yhm,n)jm,n)cz2d

actually forms a frame over L?(R?), meaning there exists two constants 0 < a < 8 < 4oc solely
depending on d such that

allolfemy < D, 1@ Trma)® < BllvlFaga-

[m,n]ez2d

This result was first proved in [7], but the idea of decomposing a function as a discrete sum of
Gaussian states goes back to [13], where is was proved that the span of (U m n)im, njez2¢ is dense
in L2(R%).

Actually, the frame property implies that there exists another family of functions (‘Ij%,m,n) [m,n]€z2d
called the dual frame such that

(2.1) v = Z (U’ ngm)\yh,m,n

[m,n)ez2d

for all v € L?(R%). It is thus clear that any v € L2(R%) may be well-approximated by (a large
number of) Gaussian states. As we are going to develop hereafter, when considering the solution
to a high-frequency PDE problem, a good approximation may be obtain with few Gaussian states,
by carefully selecting the indices [m, n] in (2.1).

Remark 2.1 (General expansions in the Gaussian frame). The family (Vs mn) is not a Riesz
basis, so that the expansion (2.1) of v as a sum of Wpmn is not unique. However, a crucial
property of (2.1) is that this expansion is stable, in the sense that

Z |(U’ \I’Z,m,n”? < 7”””%2(]1@‘1)7
[m,n)ez2e
where v only depends on d, the dual frame being itself a frame. This is especially important at the

numerical level in the presence of round-off errors [1].

2.3. Settings and key assumptions. Throughout this work, we consider a second order differ-
ential operator on R? depending on h, and taking the form

2 h(g
(2.2) (Ppo)(x) = J; " (@ 3x axg ) + mz b )+ c(x)v(e),
where aﬂ, bj ,che Cre (R%) for 1 < j,¢ < d. For the sake of simplicity, we introduce

d
Ceootp = sup | > _ llafclcr@ey + D 05 lco@ay + Il cnray vpeN,
ner \ 2 =
and assume that Ceoerp < 400 for all p € N.
The principal symbol of Py, is the function p, € C* (RM) defined by
d
(2.3) p(@, &) = Y al (@)&g; + Z b ()¢5 + " (w).
7, 4=1

For the sake of shortness, we will often write pp(m, n) = pp(zhm™, £h’") for [m,n] € 7%4.

Along with the smoothness of the coefficients, we make two key assumptions. First, we assume
that P, : HP(RY) — HP(RY) is invertible with the norm of P; ' being polynomially bounded in
h. Specifically, we assume that for all f € L?(R%) there exists a unique u; € L?(RY) such that
Prup = f. In addition, there exists NV € N such that for all p € N

(24) ||uﬁHﬁE(Rd) < Csol,ph_N”f”ﬁg(Rd) Vh e A
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for some constant Cgq1, independent of A. Our second assumption is that there exists a value
0o > 0 such that

(2.5) sup diam{(z, &) € R??; |pp(x, €)| < 6} < Do < +o0
hest

for some Dy € R.

In the remainder of this work, we allow generic constants C' to depend on {Ceoef,p } pen, {Csol,p }peN,
N and Dy. We also employ the notation Cy, g, ... if the constant C' is additionally allowed to depend
on other previously introduced quantity «, g3, . ..

2.4. Statement of the approximability result. Our main result is that, if f is micro-localised
near the set {(z,£) € R?% pp(x,€) = 0}, then so is the solution up to Prup = f. This is a
standard result when micro-localisation is understood in terms of pseudo-differential operators
(see for instance [37, Theorem 6.4]), but here, by micro-localisation properties, we mean that
f can be approached by a linear combination of ¥y, , with [m,n] in a certain region of 734,
Hence, our results may not be easily recovered from [37, Theorem 6.4].

Theorem 2.2 (Approximability for Gaussian state right-hand sides). Lete > 0 and 0 < o < ¢ /2.
For h € 22, consider the right-hand side

fﬁ = Z Fﬁlyn\:[lh,m,n~

[m,n]€AR rns

where FM € A yhs with
(2:6) Apns 1= { [, m] € 22 | [pp(@"™, €"™)] < o+ 201274}

Then, if up is the solution to Pyup = fr, we have

un= Y (V) Phmn < Cepmh™ ™| Flle2(z2ay ¥ € N.
[m,n)€AR so1 ﬁg(Rd)

for all p € N with
Anso 1= {[m.n) € 227 | |pn (@™, €7)| < o 4 40/277}.

In practice, the right-hand side of the problem is not a finite linear combination of Gauss-
ian coherent states. However, many right-hand sides of interest become well-approximated by
such combination in the high-frequency regime. This is in particular the case when considering
scattering by a plane-wave (see Lemma 4.4 below).

Corollary 2.3 (Approximability for micro-localised right-hand sides). Let p > 0. Consider a set

of right-hand sides (fr)nenw C f]”(Rd) and assume that there exists a set of sequences (F™) e C
7% such that

[F™ )l 2(z20) < C
Ifn= Y. FhnVhmnl fray S Cmh™™ Vm €N

[m,n]eAs 1hs

for all h € 5. Then, we have

Un — Z (Uﬁ, \Ij;;,,m,n)\]:jk‘,m,n S Cg,p,mh_m Vm S N

n]eA P
[m,n] h,sol H§+2 (Rd)

3. PROOF OF THEOREM 2.2

This section is devoted to the detailed proof of Theorem 2.2 and Corollary 2.3.
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3.1. Preliminary results on Gaussian states. We start by stating key preliminary results on
the Gaussian and dual frames. We first point out that the converse to (2.1) is true, namely, that

(3.1) v=" Y (0% Vhmn Vo€ L*(RY),
[m,n]ez2d
see, e.g. [1, 4, 7]. We also record that the following bound
(3.2) 1¥hmnll ;) < a1+ [, m] )
holds true for all p € N, see [4, Lemma C.1]. Finally, we will need the following expansion result.

Proposition 3.1 (Tight expansion). For all [m,n] € Z*¢, there exists a sequence of coefficients
um™n C (%(Z2%) such that
HUm’nHZP(Z?d) < Cp Vp € [17 +OO]7

and for all e > 0 and s € N, we have

(3.3) Fomm — > Uy W < C.omh™ ¥YmeN.
[m',n']GZZd
|[m.n]~[m/ n']|<h~* 1 (r)

Proof. We start by applying (3.1) to v = ¥, .., leading to

* _ * *
hmmn — E ( h,m,m h,m’,n')\pk,m,n'
[m’,n']EZQd

Next, we recall from [4, Proposition 4.2] that
1/2

|( ;%,m,n’ %,m/,n/)| < C«ef|[m,n]7[m',n'}|

As a result, we define U™, := (U}

m’ homms Yhm m), S0 that U™ ™ indeed belongs to P(724) for
1 <p < 400, and

£ = \Ij};,m,n — E U;Ln/’z/\:[/h,m’,n’ = E U,:nn/;"l/\llh,m/’n/.
[m',n']ez?¢ [m’,n'|ez?¢
[[m,n]—[m/ n']|<h™° [[m,n]—[m' n']|>h~°
We then observe that
mmn R
”5”]?2(]1@1) < E ‘Um’,n’l : ||\I’h7m’,n’||H£(Rd)

[m’,n’]Esz
[[m,n]—[m/ n]|>h"¢

e Y (Atlmn])yerlimelm

[m/ 7,’_'//] GZZd
[lm,n]—[m/ n]|>n"°

due to (3.2), and (3.3) follows since
S W fmn)yeltmenta)

[m/’n/]ez2d
[fm,n]—[m/,nl|>h"*

1/2

< Ce,s,mhim-

O

We close this section with two technical results. As we believe they are of independent interest,
and because their proof require tedious computations, they are presented later in Appendix A.

Proposition 3.2 (Quasi orthogonality). Consider two sets of indices A, A’ C 7> with
w = diam(A) < +oo p:=dist(A,A") > 0.
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Consider L € N, smooth coefficients (Ag)qene C C2°(R?) and the differential operator
Prra= Y h*AL0.

aeN?
[a]<L

Then, for all ¢ > 0 and o € N?, we have

B4 > D @ Phra¥hmmn Unamn)|” < Cragm(l+ () @)1+ p) 7
[m,n]eA [m/ n']eA’

for all m € N.

Proposition 3.3 (Control of (P, — p)&). For all [m,n] € Z??, we have

L
(3.52) H (Ph — pr(zk™, g’f’")) Uhomm < Op(1+ hjnf?)ERE2,
L2(R4)
and
L
(3.5b) T e L R
L2(R)

3.2. Main proof. We focus here on the proof of Theorem 2.2. Hence, we fix an € > 0, and
consider a right-hand side micro-localised near {p; = 0}. Specifically, we will assume that

E h
fh = Fm7n\ph,m,n7
[m,n]€AR rhs

where F" € (2(Aps) with Ay s == A0, a + 2h1/2=2). Our goal is to show that the associated
solution wy, is essentially micro-localised near {p; = 0} as well. Specifically, setting Aj near :=
A0, 4 41/27¢), our goal will be to show that

near ,__ *
Up = E (uha ‘I’h,m,n)\llh7m7n
[m,n]€AR near

is “close” to up.
The key idea is to separate the set of indices of up into Ap near; Anmid == Al + AR ?¢ o+
6h/27¢) and Ap, far := A(a + 6/27, +00). We shall also need the “enlarged” sets

};mear = A(O,a+5h1/276), A;z,mid = A(a—|—3h1/276, a—|—7h1/27€), ;*Lfar = A(a—|—5hl/278, +00),

for the test functions.
We first state some elementary properties of these sets of indices. We do not report the (straight-
forward) proofs for the sake of shortness.

Lemma 3.4 (Index sets). Assume that o + Thi/2—e < do, then we have
(3.6) diSt(Ah,far,A;:L,near) >Ch™* diSt(Aﬁ7rhS7A;L7rnid) >Ch™* diSt(Aﬁ7near,A27far) >Ch™ ¢

and

(3.7) diam (A} ) < Ch™Y2 diam(Af ep,) < CRTY2 diam(Af ) < CRTY2
In addition, if i is small enough, we have
(3.8) {Im/, 0] € 227 3m, ] € Apias [mom] = [m/, ]| < B2 € AG o

Lemma 3.5 (Quasi orthogonality away from RHS micro-support). For F" € (?(Ap ns), consider
the right-hand side

§ h
fh = Fm7n\Ijh,m,n
[m,n]eAy ns

and the associated solution up. Then, if [m,n] € A} .4, we have

|(uh7qjﬁ,m,n)| < CE,mhm”Fh”Z?(Z?d)
for allm € N.
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Proof. Throughout the proof, we fix a pair of indices [m,n] € A;‘;,mid‘ By definition of A;*i’mid, the
assumption that a + 7hY/27¢ < § and (2.5), we have

(3.9) 25 < [pp(m,m)| < C,

In particular, we can write
1 1
up = n+ P —pr(m,n))up.
ph(m7n)f ph(m,n)( ( )) 3

Since fy is smooth, so is up, and we can iterate this relation, leading to

r

up =y ¥(Ph —pn(m,n)) " fr + %(Ph = pn(m, m)) un,

“— pn(m,n)* pr(m, n
and
T 1 N B B
(Un, Uhmon) = 2 W(fﬁ, (Pp — p;i(m,n))‘Z 1‘I’n,m,n)
1

1 Pr—p "Uhomom
(3.10) + oy (s (P = Ba(m ) W )
for all r € N.

Then, if [m/,n'] € Aj s, using the upper-bound in (3.9), we have

-1
. _ -1\ _ 1 ;
|(\Ilk,m’,n’7 (Ph — ph(m,n))e 1\I/h,m,n)| - Z < . ) ph(mvn)e 1-3 (\Ijk,m’,n’a (P};)]\Ijh,m,n)

S CZ |(\I/h,m’,n’a (Pg)jq]h,m,n)|~
=0

Recalling, (3.7), we have hf~! diam(Af | ;q) < CH!=3/2 < C for all £ > 2. As a result, applying
(3.4) gives

‘(\Ilﬁ,m’,n’a (PF —pr(m, n))é_l‘llh,m,nﬂ < C&n(l + [[m,n] — [mln/]l)_n < Copnh®",

for all n € N since |[m,n] — [m/,n’]| > h~° due to (3.6). The case £ = 1 also easily follows by
Proposition 3.2. We then write that

|(Fs (P = B, ) ™ Wmn) < D [ Fp [l (Whams s (P = Dm0, 1)) W )|

[m/ n']E€AR rhs

< CZ,nhan Z |F7;3L,n|

[m/ ,n/]€AR rhs

< Conh™ U F 2220y,

where we used that |Ap yhs| < C’diam(Ah,rhs)Zd < Ch% due to (3.7). As a result, using the lower-
bound in (3.9), we have

| ( )|g|(fﬁ7( ph(m n)) _1\Ijh’m7’ﬂ)| < Cz,nhan_d_£/2HFEHZQ(ZM)?

and
Z ‘p m, n |g| fﬁv( ph(m n))f I\I}hmn” <Cm hsnidir/2”FﬁH€2(Z2d)7

for all n € N. Thus, for any m € N, we can select n = n(m,d,r,€) such that en —d —r/2 > m,
leading to

Z g e (B = B )= Wi )| < Co 7|
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On the other hand, using again (3.7) and applying (3.5b), we have
H(Pg - ﬁ(mv n))r\ljh,m,nHLQ(Rd) < Crhr/27
and the lower bound in (3.9) shows that

1

WH(PE — DM, 1)) U2 ey < CohE"

We then write that

1

|p(m,n)|m |(uﬁ, (Pf; - ﬁ(mvn))rmh,m,n” < Cf‘harHuh”LQ(Rd) <

Coh™ M| full L2 may < Crh™ =N F g2 (z2a), < Conh™ | F"| 2220,
up to picking r such that er — N > m. O
Proof of Theorem 2.2. We expend uj, in the frame (Vs m n)m, njcz2¢ a8

- d f.
uh — u%edr + ug’ll + uhdl"

where
near ,__ E : *
Up, T (uh? \Ijh,m,n)\llhymyn
[mvn]eAﬁ,near
mid ,__ *
Up . E (uh7 \Ilh,m,n)\yhym,n
[m,n]€AR mia
far . *
Up = E (uh’\yh,m,n)\phymm'

[m,n]€A tar
The proof then consists in showing that ug‘id and uﬁf‘r are small.
Step 1. We first treat the ug‘id term. To do so, we start by introducing the approximation

(3.11) upit= Y > Ui (s @ m ) U mm.-

[m,n]€AR mia [m'n’|ez??
[[m,n]—[m' n]|<R™

e/2
Recalling (3.8), all the [m’, n'] indices in the sum belong to the enlarged set A} ., so that
(3.12) |(un, Wnm )| < Con™ [ |2 z2a)

by Lemma 3.5. Recalling (3.7), |[m,n]| < Ch~Y/2 for all [m,n] € Aj mid, and we have from (3.2)

(3.13) ||‘I'h,m,n|‘ﬁg(]gd) < Cp.
Thus, plugging (3.12) and (3.13) into (3.11), we have
I r2ay < Cpenh™IF e2z2ey D > 1
[m,n]€AR, mia [m'n’]ez?*
|[m.n]—[m/ n']|<h™</2
(3.14) < Cpemh™ =2 |2 20

We now estimate the difference between ug‘id and ﬂ‘g‘id

mid ~mid * m,n
Up  —Up = E Up, \Ilh,m,n - E Um/,n/\Ijh,m’,n’ Vh.m,ms
[m,n]€AR mia [m’,n'|cz?¢

|lm,n]—[m’ n']|<h™</?
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so that
lug® — @l < Cpllun|| hman v
Up, Un e may = CpllUnliL2(r) h,m,n hm/
[m,n]€AR mia [m’,n']ez?*
\[m,n]—[m’,n’]\ghiE/Q L2(R4)

and it follows from Proposition 3.1 that
(315) = T gy < Cpenh™ lunl gy < Crnenh™ N [P0,
Then, it follows from (3.14) and (3.15) that

[ ||HP(]Rd) < Cpemh ||FEHZ2(Z“) vm €N,

up to redefining m.
Step 2. We then turn our attention to uf**. On the one hand, we can apply Proposition 3.2
with P 1 o := hlPl9P o P;. This gives

Z (0P (Pruf™), Upmm)| = h 1P Z Z (uns 5 o (P AVhm! n, Yim,n)

[m,n]eA} [m,n]eA} [m/ ,n'|EAR far

h,near

< Cop il Punllp2gey  VreN.
| < C(diam(A%

h,near

h,near

As a result, since |A} )24 < Ch=? due to (3.7), we have

h,near

Yo @ P (Pruf), Vnmn )| < CHY Yo @ P (Paui), Vnmn)|

[m,n]eAs [m,n]eA}

h,near

< Ca,ﬁ,rh2T72 7d||uﬁ||L2(Rd)

h,near

which we rewrite as

S @R (Pl Unmn)® < Capon" unl2esy  ¥m e N

[m,n]eA;

h,near

after changing variables.
On the other hand, if [m,n] € A} ¢, , we write that

PhufaLr frn — Ppup®™ + Ppuid,
so that
|(waaﬁ(Phuf‘zar)a ‘I’h,m,n)|2 <C (|($aaﬁfhv ‘I’h,m,n>|2 + I( aaB(PhuneM) ‘I’h,m,n>|2 +( aaB(Phumld) lI/h,mm)‘z) :
We then have

>0 @ (Pru™), Un ) * < Ol (Pr™)|[ 3 gy < Cllui™ 30112
[m,n]eA;

Ry = Camh™ | F™ 12 724

h,far

due to Step 1. Next, thanks to Proposition 3.2,

Y @ Umall’ s Y Yo 1@ U, Vi)

[m,n]eA}, [m,n]€A} ¢, [m/ n/]€EAL s

<’ B, s vad (z2d)-

Finally, still by Proposition 3.2, it holds that

Yo @ PP Ynma) P < Y Yo 1wV )l (@08 (Pr¥hmr ), Ui

[m, n]EAﬁ far [m,n]eA} far [m/,n’']€EAL near

< Caprh™|

Jfar

Uﬁ“%z(uad) < Ca,ﬁ,mhmHFhH??(ZZd)-
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Since A}

honear and Aj ¢ form a partition of Z*1, we have thus shown that

(3.16) Hwagﬁ(Phufar)llL2(Rd < C ,ﬁm HFEHZQ (z24)-

Letting fi* = Ppuf™, we see from (3.16) that u® solves Pyul® = fr with a right-hand side
fiar e HE(R?) such that

||ffar||Hg(Rd) < C’p,mhmHFﬁsz(sz) Ym € N.

Then, we conclude the proof with (2.4). O

4. APPLICATION TO THE HELMHOLTZ EQUATION

We now turn our attention to the model problem of the Helmholtz equation (1.1), with a
particular focus on the case of plane-wave scattering.

4.1. Notation. In this section k will denote the wavenumber in the Helmholtz problem, For the
sake of simplicity, we assume that kR > 1. We will apply the results of Section 2 with h ~ (kR)™!
As a result, the norms

(4.1) [Elly

s = 2 5 49|30

aeN? ¢<p—[a]
[a]<p

L2(R4)

will be convenient. Notice that if
F(o)(€) := (2m) 2 / v(@)e- "¢z, ac. €€ R
]Rd

is the Fourier transform of v € L2(R?), and if we define the “reverse” norm by

2
(4.2) ||v||Hp Rd) = Z Z ‘ o ‘ ) ’
f L2(R4)
acN? q<p—
[a]<p
then we have
(4.3) (B Foll gp ray < M0l gp ey < CR)IF| o (gay-

We will also use the following “standard” norm

0llrp gy = 20 10%0) 72 gay -
PR (1)

aeN?
[a]<p

4.2. Model problem. We consider smooth coefficients p, A € Cp°(R?) that are respectively
equal to 1 and I outside B(0, R). Given f : Q@ — C our model problem is to find u : & — C such
that

(4.4a) —k?pu —V - (AVu) = f in R?
and
ou
e raa— —1 = (_d_l)/2 3
(4.4Db) ol (x) —iku(xz) =0 <|:c| ) as |x| — +oo.

Problem (4.4) is well-posed in the sense that for all f € L2, (R?), there exists a unique Ry f :=
u € L2, _(R?) such that (4.4a) and (4.4b) hold true. Here, we will further assume that the problem
has polynomially bounded resolvent, meaning that there exists C, N such that

(4.5) IXRixX|| 2 (ray—s 2 ey < C(kR)N

where y is a smooth cut-off function that takes the value 1 on B(0, R) and 0 outside B(0,2R).

Remark 4.1 (When does the polynomial bound actually hold?). The bound (4.5) is known to
hold in several situations:
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e When the dynamics induced by the Hamiltonian p has no trapped trajectory, i.e., when
every trajectory leaves any compact set in finite time, the assumption holds with K =
[1,400). See for instance [16]. This situation is often referred to as “non-trapping”.

o When the dynamics induced by p has a trapped set, and the dynamics is hyperbolic, close to
this trapped set, it has been conjectured in [38] that (2.4) always holds with K = [1,400).
Actually, this is already known when the trapped set is “filamentary enough”, see [32, 33].

o Without any assumption on the dynamics, (2.4) holds taking K to be [1,+00) from which
we exclude a set of frequencies k whose intersection with {k > ko} has a length going to
zero as ko — +oo. We refer the reader to [25] for more details.

4.3. Perfectly matched layers. As advertised in the introduction, the formulation (4.4) is not
suited for immediate discretization by “volume” methods, as the radiation condition is hard to
take into account. We will thus rely on an equivalent formulation that uses perfectly matched
layers (PML).

Specifically, given f : Q — C, we consider the problem to find v : Q@ — C such that Pyu = f
where

1 R o

(4.6) Pyw:= =75 (I +iM)"'V) - (I +iM) " AVu) — .
In (4.6), the (SPD) matrix function M is given by

M(z) = g|(a|:T3|) (J’1d — z ® @) + g];ill';)w ®Qx,

where g : R — R is a user-defined function such that g(r) =0if r < R, g(r) =rif r > Ry > R,
and ¢'(r) > 0. In what follows, we will assume that g a smooth function to satisfy the assumptions
of Section 2, but many results about PML still hold with less regular g (see, e.g., [14]).

Notice that, if || < R, M = 0, so that the original operator is not modified on the support of
uw—1and A —I. On the other hand, M = I if |x| > Ry, so that dissipation is introduced away
from the origin, where the operator simply reads

9
Pyv= —k—;Av -y whenever suppv N B(0,2R) = (.

This transformation can be naturally interpreted as a complex deformation of coordinates. It is
also often called the complex scaling technique. Crucially, the PML is designed in such way that

(4.7) ((Pe)~') |B(0,R) = (B&.f) |B(0,R)
whenever supp f C B(0, R). We refer the reader to [9, §4.5] or [14] for more information.

4.4. Abstract setting. We now verify that the Helmholtz problem formulated with PML indeed
fits the abstract setting of Section 2.3. The only non-trivial facts to establish are the polynomial
resolvent estimates in H?(R?) in (2.4) and the boundedness of the energy layer (2.5).

Lemma 4.2 (Resolvent estimates). Let ¢ € N. For all f € H9Y(RY), there exists a unique
u € L?(R?) such that Pyu = f. In addition we have u € HI(R?) with

N
Hu”ﬁg(Rd) < C(kR) Hf||ﬁg(]gd)~

Furthermore, if supp f C B(0, R), then u € fIq+2(Rd) with
(4.8) lull ga+2gay < CRRNMIF N o gay -
Proof. We first invoke Theorem 1.6 of [14] which states that

1P Ml L2 ety 2 rey < ClXRix| L2 ey L2 ) -
Then, using a usual bootstrap technique, we easily show that
(4'9) ”P’;1”H£(Rd)—>HZ+2(Rd) < C||XRkXHL2(Rd)—>L2(Rd)
for all ¢ € N.
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We then need to take care of the weights in the H 2(R4) norms. To do so, we observe that if
u = Py f, then we may write
2ik*u+ Au =g,
with
g = —2k*Pyu + (2k* Pou + Au + 2ik*)u = —2k*(f + Qpu),
where @y, is differential operator of degree 2 with smooth coefficients supported in B(0, Ry). Let
o, B € N? with |«|,|8| < 2. Since Q}, is compactly supported, we have

€T\
(4.0 [(F) " 9l 35000, = Cot® (Wellgr2caey + W lgoace )
Now, we note that

(4.11) (i:)aﬂuziwﬁf‘l<(;6>a<Mﬂiithﬂw>>7

Let us write

I (L)
—|&|? + 2ik2 —|&/k|2 + 2¢°
so that the map
&-ﬁ
€7 Tee 1o

has C* norm bounded by CoklPl=2-¢ < C kPI=2 since k > 1.
We deduce from (4.3) and (4.10) that

(#) (M’T(g>)

and hence, thanks to (4.11),

_ “BI (Z\ 98yl - ~la] T\ 98
lllggoen <€ > K EI(E) Pulgen<c Y wPF((F) %) —
la]+[Bl<2 [a]+[B]<2 F

< CklP) (HUHH;;“(W) + Hf”I?,Z“(Rd))
H(R4)

<C Y (lullggrrgue + 1 g me ) < ClxRixlza ool o gy,
[a]+[B]<2 ’
thanks to (4.9). The first part of the result follows from (4.5).
Now, if we further assume that f is supported in B(0, R), g is compactly supported and equation
(4.10) may be replaced by

IR)"

and the same reasoning as above leads to

2
oy < Cock (1 Ny + Nl gy )

||u|‘ﬁg+2(Rd) <C (||U||Hg+2(]Rd) + Hf”Hg(Rd)) < C”XRkXHL%]Rd)aLZ(Rd)||f||ﬁg(]Rd)7
as announced. O
Lemma 4.3 (Boundedness of the energy layer). For all § € (0,1), the set
{lz,&] e R* | |p(=,€)| < 0}

18 bounded.

Proof. Fix 0 < § < 1, and let U := {[z,&] € R??; |p(x,€)| < 6}. Let # € R%. We first assume
that |x| < Rg. Since we know that

Clef* = C" < Ip(, &) < 4,

we see that {£ € RY |p(z, £)| < 6} is bounded, and thus U N (Bg(0, Ry) x R?) is bounded. On the
other hand, if |x| > Ry, we have

pla.§) = (L+0)°[€* — 1 = 2i[¢* — 1



APPROXIMATION OF HELMHOLTZ SOLUTIONS BY GAUSSIAN COHERENT STATES 15

so that
(. &) =4lg[* +1> 1> 6,
which implies that U \ (Bgz(0, Ry) x R?) = (. O

We finally show that the right-hand side associated with plane-wave scattering are indeed well-
approximated by Gaussian coherent states in order to apply Corollary 2.3 later on.

Lemma 4.4 (Approximability of plane-wave right-hand sides). For k > 0, consider the right-hand
side fi, == xe'*¥™ where Y € C°(Bgr) and d € R? with |d| = 1. Then, there exists F* € (?(Z*?)
such that

(4.12) o= Y FraVkmn < Cepm(kR)™™,

[m,TL]EAk,rhs I’_\If(Rd)

where

s = { [, m] € 224 | dist (7 supp(x) < (KR)™V/2 and. ||€"™] — 1] < (kR) /24
In particular, if p is the symbol of the function appearing in section 4.3 and if x is supported in
the region where p(x,§) = |§[> — 1, then A} . is of the form (2.6), with a = 0.
Proof. From now on, we fix p, m and e. We will first show that, if [m,n] ¢ A ., then we have
(4.13) [(frs Vomn)| < Cr(kR)™™ Vm € N.
The quantity (fi, Uk ,m,n) is of the form fRd X(zc)eik“’mw"(”’)dw, with

emn(@) =2 (6= €"") + Sl —ah 2,

so that
Vomm() =& — € +i(z —a™"),

In particular, we have
1
[Veomn(@)| 2 |67 = 1] + dist (2™, supp(v) = 5 (kR) 7+

we may use the method of non-stationary phase (i.e., integrate by parts several times, as in [37,
Lemma 3.14]) to deduce (4.13).

Now, combining (4.13) with Proposition 3.1, we see that there exists C' such that, for any
[m,n] € Ay s, we have
(4.14) ’(fk, ;,m7n)| < Cp(kR)™™ VmeN.

On the other hand, it follows from [4, Theorem 3.1] that we have

(4.15) o= Y (o Ymn) Vkmon < Cpm(kR)™™.
[m,n]cz2?
|m7n]|§k ﬁf(Rd)

Writing

fk = Z (fka \I/27m,n)\llk,m,n+ Z (.fkv \Ijz,m,n)\l’k,m,n"‘ fk - Z (fk) \Ilz7m,n)\llk,m,n ’

[m,n]€AL rhs [m,n)€Z%\ Ay s [m,n]cz?¢
]| <k (o] <k

we deduce from (4.14) and (4.15) that the last two terms have a ﬁ,’c’ norm bounded by C; , m (kR) ™™,
and the result follows. O



16 APPROXIMATION OF HELMHOLTZ SOLUTIONS BY GAUSSIAN COHERENT STATES

4.5. Approximability estimates. We are now ready to present our approximability estimates
for the Helmholtz problem. We start with an approximation result for general right-hand sides
that does not hinge on Section 2, but rather on the results established in [4]. Recall that N was
introduced in (4.5).

Theorem 4.5 (Approximability at a fixed frequency). Assume f € ﬁp(Rd) with supp f C

B(0,R). If
Ao {fmon) € 22 fmonl < oY |

then, we have

= N () Pk < Cop™ CPO2) £ g e
[m,n]eA ﬁg(Rd)

for all p,q € N with ¢ < p.
Proof. Let us set D := (kR/7)~Y/?(p(kR)N)'/2. We start with [4, Theorem 3.1], showing that

= > (Y ) Wkmon < Cp DT 2 ul| gy -
mamle ZHED)

The result then follows using (4.8), since
D2 gy gy < Col (pRR)N )82
< Col(pkR)™ )P DR | £ 1y = Cop " D721l e
O

Our second approximability estimate applies specifically to high-frequency scattering problems.
It is a direct consequence of Theorem 2.2 and Lemma, 4.4.

Theorem 4.6 (Approximability in the high-frequency regime). Fiz e > 0 and consider the index
set

A= {[Tmn] c 72 | |p(’rn7’n,)| < (kR)—1/2+€}.

Then, if the right-hand side is of the form f = Xe™**® where d € R? with |d| = 1 and X €
C2°(BR) is supported in the region where y =1 and A = I, for all ¢ € N, we have

Uk - Z (U, \I]Z,m,n)\ljk),m,’n S Cg,q,m(kR)_m Vm 6 N
[m,n]eA ﬁg(Rd)

4.6. A least-squares method. In this section, we introduce a least-squares method based on
Gaussian coherent states. For a finite set A C Z?, we consider the discretization space

Wy := Vect {Us m.n; [Mm,n] € A}.
Then, the least squares method consists in finding uy € Wy such that
(4.16) (Prua, Pywn) = (f, Pywa)
for all wy € Wy. Classically, there exists a unique solution u,, and we have

(4.17) | Pt = )l oy = min [P — wa) 2 gay-
wAEWA

Using Theorem 4.5 we can easily show that the method converges for any fixed frequency, if
sufficiently many DOFs per wavelength are employed, as stated in the following corollary:
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Corollary 4.7 (Convergence at a fixed frequency). Consider the set
Ap = {[m,n] € Z2 | |m]? + n|? < p(kR)V} |
then the following error estimates holds true:
flu— UA||H2(Rd) < Cppip/znf”ﬁp(ugd)- VpeN.

Relying on Theorem 4.6 instead, we can show a refined error estimate in the high-frequency
regime.

Corollary 4.8 (Convergence in the high-frequency regime). Fiz e > 0,
A= {[m,n] € 22| (2t €57)] < (kR) V2L

and let fi, == xe™*®® with Y € C°(BRr) supported in the region where u =1 and A = I. Then, if

k is sufficiently large, we have

llu — uAHQQ(Rd) < Cem(kR)™™ Vm € N.

5. NUMERICAL RESULTS

In this section, we provide numerical illustrations of the above theory in the one-dimensional
case. The purpose of these examples is simply to illustrate and support our theoretical findings.
Extension to higher dimensions and discussion about efficient linear system assembly and solve
will be reported elsewhere.

5.1. Setting. We consider the one dimensional case, where the differential operator in (4.6) sim-
plifies to

(5.1) Pov = —pvu — k(a1

where p, > 0 are smooth “physical” coefficients, and v is the PML scaling. For the sake of
simplicity we take R := 1, meaning that © = o = 1 outside of (—1,1) and that our right-hand
sides f will be supported in (—1,1). Here, we select v := 1 4 ic where o is a stretching function
defined as

O’(lL‘) =a (1(17_’_00)(.% - ].)T + 1(_00,_1)(71 — x)r)
with a := 1/10 and r := 4. Notice that this choice slightly departs from our theoretical framework
as the coefficients are only C* and not C'*°.
In all our experiments, the grid in phase space is chosen as

o = VEk—lrm, " =VE-lmn, n,m €7
and for a given values of k and 4, the set of indices is taken to be

A= {(m,n) € Z? | [p(z™™, 5| < 6} .

5.2. Homogeneous medium with analytical solution. Our first example concerns the case
where o = p = 1. The right-hand side is given by

Fi 1= Pr(¢e™®) = (¢ + 2ike/)e™™,
where ¢ is the only even function in C®(R%) such that ¢ =0 on (—oo0, —3/4), ¢ = 1 on (—1/2,0),
and ¢ is a polynomial of degree 7 in (—3/4, —1/2), and the associated solution is uy(z) := ¢(z)e?**.
Results are reported in Table 5.1. Figure 5.1 represents the points (2™, ¢¥™) included in the
space A for different values of ¢ for the case k = 400.

On Figure 5.2, we present the convergence history of the method as ¢ is increased for different
values of k. These curves illustrate the fact that the method converges for any fixed k& when
increasing the number of coherent Gaussian states, as predicted by our theory. Besides, on Figure
5.3 we represent the values of § and corresponding number of freedom Ny required to achieve a
value of about 2 x 1075 (second column of Table 5.1) for different frequencies. Interestingly, the
expected rates, namely, § ~ k~1/2 and Ny ~ k'/2 are observed.
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FiGURE b5.1. Representation
of A for k¥ = 400 in the
homogeneous example. Top-
left: 0 = 0.1. Top-right:
6 = 0.4. Bottom-left: § =
0.6. The horizontal and verti-

101

=
Il
[\~
o
S

10~2

10—3

10~*

10°

10-6

EHHEHHHH SRR cal distances between dots are
100 | | ‘;
k=920 — k=100 1

102

103

FI1GURE 5.2. Convergence histories in the homogeneous example
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| k| Relative H} error (6) [Naofs] ‘
20 | 3.3539e-01 (0.5) [60] 2.2356e-05 (2.0) [177] 6.6722e-06 (4.0) [249]
50 | 2.3180e-02 (0.4) [38] 1.7831e-05 (1.0) [229] 4.4104e-06 (3.0) [419]
100 | 4.4322¢-01 (0.3) [96] 3.9496e-05 (0.8) [278] 2.5610e-06 (2.0) [645]
200 | 3.9807¢-02 (0.2) [58] 1.8555¢-05 (0.6) [334] 4.4586¢-06 (1.0) [825]
400 | 3.6922e-01 (0.1) [74] 3.6289¢-05 (0.4) [532] 2.3452e-05 (0.6) [646]
TABLE 5.1. Numerical results for different k& while varying

r } 250 | 1
200 - |
w 05 [ N : 150 [ |

s
=
E1/2 100 - k1/2 )
0.2 R
| | | | |
20 50 100 200 400 100 200 400
k k

F1GURE 5.3. Computational cost for a fixed accuracy in the homogeneous example

5.3. Scattering in an heterogeneous medium. We now focus on the case where « =1 and p
is the only even C? functions that equals 2 on [0, 0.7], equals 1 on [0.8, +00c] and is polynomial of
degree 7 on [0.7,0.8]. We select the right-hand side fi(z) := k?(u — 1)e’**. Here, the analytical
solution is not available, and instead, we rely on a reference solution computed by a Lagrange
finite element method of order 4 on a grid with h = 0.02- k% in order to avoid the pollution effect
(see, e.g., [24]). The results are listed on Table 5.2, and Figure 5.6 represents the phase-space
points included in the space A for the case k = 200.

| k| Relative H} error (6) [Naofs] ‘
20 | 1.7861e-01 (2.0) [183] 4.1982¢-02 (4.0) [255] 1.6388e-03 (8.0) [399]  1.3463e-04 (12.0) [569]
50 | 3.0122e-01 (2.0) [337] 2.5263e-02 (4.0) [511] 1.0504e-03 (6.0) [695]  4.5593e-04 (8.0) [841]
100 | 2.0614e-01 (1.0) [376] 7.7805e-03 (2.0) [665] 1.7647e-04 (4.0) [995]  1.3300e-04 (6.0) [1309]
200 | 3.8799e-01 (0.5) [2 0] 8.5455e-03 (1.0) [748] 6.9635e-04 (2.0) [1233] 1.2300e-04 (4.0) [1879]
TABLE 5.2. Numerical results for k£ = 20, 50, 100, 200 while varying o

We provide the same figures than in the previous experiment, and arrive at similar observation.
First, Figure 5.4 illustrates the convergence of the method for fixed values of k as the number
of degrees of freedom is increased. Second, we compare the values of § and Ngots to achieve an
accuracy about 10~* (last column of Table 5.2) for different frequencies. In this example too, the
expected rates are numerically observed.

6. CONCLUSION

We propose a new family of finite-dimensional spaces to approximate the solutions to high-
frequency Helmholtz problems. These discretization spaces are spanned by Gaussian coherent
states, which have the key property to be micro-localised in phase space. This unique feature
allows to carefully select which Gaussian coherent states are included in the discretization, leading
to a frequency-aware discretization space specifically tailored to approximate the solutions to
scattering problems efficiently.
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FIGURE 5.4. Convergence histories in the heterogeneous example
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Fi1GURE 5.5. Computational cost for a fixed accuracy in the heterogeneous example

Our key findings correspond to two types of approximability results. First, assuming for simplic-
ity that the problem is non-trapping, for general L? right-hand sides, we show that the Gaussian
state approximation converges and provides a uniform error for all frequency if the number of
degrees of freedom grows as (kR)?. This result is similar to approximation results available for
finite element discretizations. Our second result applies when the right-hand side corresponds to a
plane-wave scattering problem. In this case, we show that it is sufficient for the number of degrees
of freedom to grow only as (kR)d_l/ 2 to achieve a constant accuracy for increasing frequencies.
To the best of the authors knowledge, this last estimate suggests that the proposed discretization
space requires substantially less degrees of freedom than any available method in the literature for
high-frequency scattering problems in general smooth heterogeneous media.
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We also present a set of numerical examples where our Gaussian state spaces are coupled
with a least-squares variational formulation. Although the setting is elementary, these examples
successfully illustrate the key features of our abstract analysis.

While we believe that the proposed results are very encouraging for a further development of
the proposed method, there still remain several challenges that we would like to address in future
works. First, we have chosen to focus on a least-squares method, because it is simpler to analyse
than a Galerkin formulation. However, least-squares methods are typically poorly-conditioned as
compared to their Galerkin counterparts. While there is no reason to believe that the proposed
discrete space would not work with a Galerkin variational formulation, the analysis appears to
be substantially more complex. Second, especially for three-dimensional problems, computing the
entries of the matrices associated with Gaussian coherent states is not a trivial task, and specific
algorithms should be employed. Third, although the entries of the discrete matrices decrease
super-algebraically away from their diagonal, they are still dense in principle. While we are
convinced that efficient truncation or compression methods can be employed, this is still to be
analysed. Finally, the resulting linear systems (after possible truncation and/or compression) will
likely have different properties than usual volume methods. As a result, the design of specific
preconditioners will probably be required.

APPENDIX A. INTERPLAY BETWEEN (GAUSSIAN STATES AND DIFFERENTIAL OPERATORS

Lemma A.1 (Action of a differential operator). Given 3 € N? and smooth coefficients (Aa)acnd,
consider the differential operator

(A1) Prpa = Z Rl A L0,

aeN?
a<p
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For all [z, &) € Z*? there exists a smooth function gn g z.c, Such that

(A.2) (Pr.6,a%Ph,w0.60) (T) = Gn.8,8,20.6, () Phazeg,(€) Vo € R
In addition, we have
(A3)  10"9npam0e) (@) < Opany (142 -zl +16?)  vyen’

Proof. Recalling [4, Lemma A.2], for a € N, we have
(aa¢ﬁ,$07€o)(w) = hi[a]mqa(hilm(m —xo + iﬁo))@hwo,go (:D),

where ¢4, is a polynomial of degree less than or equal to [a]. Hence, we readily see that (A.2)
holds true with

InBAwet,(®) = Y hPAL(®)ga (W1 (@ — @ + i)

aeN?
a<p

To establish (A.3), we start with Leibniz’ rule

@ npnme)@ = X125 (8 ) h 070 3) 0 a) 07~ o)

aeN? ~yeN?
a<fg 6<vy
so that
(07 9n8.5,20.6,) W] < Coay > B2~ 0 021(800) (012 (@ — @o + i&y))]-
aeN? SeN?
a<p 6<vy

Next, we employ the fact that 9%g, = 0 whenever § > a, and the estimate
(0% qa) (2 (@ = @ + i€0))| < Cas (1 -+ (=0D/2g — gy 4 ig 127191
leading to

(07915206 @) < Cpnny D W2 (14 (072 — g + i) 191

aeN? 'yENd
a<pg 6<~v

< Cpnn D W2 (14 (072 @ — o + i) )
acN?
as<p

<Cpan Y (141w — o +i&|)
aeN?
as<p

< CpA~ (1 +lx—xo+ i€0|[ﬁ]>

Then, (A.3) follows since

;c—:c0+i§'0|[’8] S Og (|.’1}—:130‘[ﬁ] + |£0|[ﬁ]>

For the reader’s convenience, we recall the following basic fact.
Proposition A.2 (Moments of a Gaussian). Consider the Gaussian function
(A.4) Ghly) = h~ 2= nlul*,

Then, for B,y € N%, we have

(A.5) 12P(07Gh)(z — x0)|de < O h~V2(RBV2 41208y vy € RY
Rd

We now show that Gaussian states are localised in phase-space.
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Lemma A.3 (Quasi orthogonality). For all [xo,&,] € R?*¢ and [z}, &) € R??, we have

mhm/Z1 + |£0|[ﬁ] + |@o — m6|[ﬁ] e*ﬁ|m07w6|2

|(Pr,g.APhm0.80> Pray.e)l < Cpa L1 E, — & vm € N.
In particular,
1+ € (B8]
|(Ph,g,aPh,zo 0 Phay )| < Coamh™? ol Vm € N.

1+ [0, &) — [z, &oll™
Proof. We have

By g &, (2) Py 1 (@) = OB~ V2™ Aol o= flo— 3 (@otan) o (60— o)

where § € C with |§] < 7~%2. Recalling (A.2) and the notation (A.4) from Proposition A.2, we

have

—_— _ 1 2 1 i gy,
(Ph.8. APk e,) (@) Phay e (@) = 0gn A wo g, (T)e” 11702l Gy, (m — 5o+ ﬂfé)) en(fo%0)

so that
_ 1 —_"|?
|(PH,B,A(I’ﬁ,wo7£m‘I)ﬁ,wévﬁf)” < Ce ar [@o =0 |I|7
with
I = h_d/2/ Ih.B.A 0.6, (:B)Gh,m(],m6 (w)e%(so_‘s())'mdw’
Rd
where G, 2, 01 (%) := Gp (@ — 5 (w0 + ().

If &, = &, this concludes the proof since

120 [ 105001, (@) Gy (@)
R
< cﬁ/(l + |z — 20PN Gy, () d
R

= Cﬁ/ (1+ |x|®HGp (:c — %(wo — :Bf))) dex
R

< Ca(1 + | — x0|B).

T

If &, # &, then there exists a j € {1,...,d} such that |(&, — &,);| > 1/Vd|&, — &|. We

integrate m times by part with respect to x;, leading to

_ { - " (e g,
I'=nh 4/2 (h(£0 - 66)]) /]Rd 8jn(gh,,@,A,wo,EoGh,mo,w(’))(w)eﬁ' (€o=¢o) *dx

< Ch™|g — &l

where
|I/‘ = ‘h_d/Q /d a;n(ghﬂ7A,mo7§0Gh,a:0,m6)(x)e%(go_gé)'mdw
R
_ ™ m e N Cem
Y () [0 ) )0 ) € 2
=0
m
<Cpn Yy 1.
=1
with

7 = 52 [ 107010 0, (204G (@)
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We then employ (A.3) and (A.5), showing that

7] < Cpamh™? / [t = ol 4 €] )]0 G ()| .
R

= Cpamh™? /IR L |27+ 160 P1)10) G . (@ + o)

of(Gn) (o~ 5(an — ab) ) | ao

[6])

Lemma A.4 (Action of (P, — p) on Gaussian states). Consider the second-order differential
operator

= Conm [ (11l + 16/

1
< Cpamh*? ((1 + 1€, + ‘2@;0 )

< Cgamli (1 + €| + |o — zp|1P)).
O

d
Pp:= 0" (Ap)keOre + ihbr - V + o,
k=1
where Ay, by and ¢ are smooth functions, together with its symbol

p(x, &) = An(x)€ - & + bp(x) - € + cn(x).

For xg, &, € R, we have

(A.6) (Ph - p(wm ‘EO)) (I)hyzo,ﬁo = Tﬁ,moyﬁo@hvzmﬁo

with

Th,@0,£ (.’13) = htr ArL(:I:)

+i[(An + A})(@)€, + by(@)] - (z — @)
+ (An(z) — Ap(x0))€y - €y +i(br(x) — br(xo)) - €y + cn(x) — cn(xo)
+ Ap(x)(x — o) - (& — x0).

In particular, there exists smooth functions ap ¢, 8 such that

(A7) Thaoo (@) = > BT 20y oo g(@) (@ — @0)?
BeNd
[B]1<2

and

(A.8) 107 o 081 L Ry < Cy (14 [€p]?).

Proof. We obtain (A.6) by straightforward computations. We easily identify that
Unoge0 = W2 AR Qnag gy, e = 12 (An)je.

For the terms with [3] = 1 we further write that for ¢ € {(An);¢, (br)e, cr}, there exist smooth
functions ¢®0* such that

d
pla) = p(ao) = Y 9™ (@) - (& — o),

k=1
so that
d
o gren = AR €y - &0 +ibE" - &0+ g +i | D ((An)kj + (An)jr)€o, + (bn)w
j=1
for k € {1,...,d}. O

We will now explore further the action of P on 9p 4, ¢,, and show that it is close to p(xo, &) ¥n,20 ¢,
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Lemma A.5 (Action of (P, — p)¥ on Gaussian states). For L € N, we have
L
(P = p(®0,€0))" Vnwo &y = Thio o, L Vhmo o
where T z,.¢,,L can be written in the form

Phaoton(®) = > WP 20y 0 e 1 g(a) (@ — a0)P,

Bezs
|B]<2L

where the functions ap z, ¢, 8 are smooth and satisfy
(A.9) 107 0 .. L.8]| L= ) < Crpy(1+[€ol*)"-

Proof. We shall prove this result by induction. The case L = 0 trivially holds with ag,¢,,0,0 = 1.
The case L = 1 is treated in Lemma A.4. Hence, let us assume that L € N is such that (A.9)
holds for all L' < L. We have

L+1
(Pﬁ - P(wo»fo)) * wﬁ,wo,ﬁo = (Pﬁ - p(il?(), 60)) (rh,mo,ﬁo,Lwh,mo,Eo)
= [Ph = p(0,£0): Th.ao £0.L] Vnwo o F Thimo €0, LTh a0 &1 Vo o
Writing the operator Py in the form (2.2), we deduce that

d
O h o 0.1 OTh,@o,&0,L OWh,zo.&
P_ x, T :h2 Qi »Z0,80) + »Z0,80> »Z0,80
[Pr = p(®0,&0), Th.zo.&.LIVR.a0 & j;l ﬂ( 0x;0x¢ Voo gy Oz Oy
& OrhweyL
+mzba‘7‘9x_ Vh,z0.€,
j=1 /

= Th,ao,£0, L+1Vk,@0,&0

where

d d

PThmo gl Ohao L O a0,€0,L

7 = h’a; FOR0 2 | OB (€0, — (2 — @ +ih ) b2t
h,x0,§q,L+1 j;l < 3 637781‘( 8I] ( 5072 ( 4 O,f)) Z J 81‘]

Jj=1

Using the induction hypothesis, we have

Orh,@o.€,.L ax(L—131.01/2 00h,z0.£,,L.8
L2020 () = pmax(L—[8],0)/ 0,80, 5 (w)(:c—:co)ﬁ
8.Z‘j B%I\:Id 8xj
[B]<2L
+ Y B2 0 0 60 a(@) (@ — @0)P %
BeN?
[B]<2L
0ah o £,.L.8
— hmax(Lf[B],O)/Q 120,80,L, _ B
(bl<2r

+ } : hmax(Lflf[b],O)/z(ﬂj + 1)Oéh,a:0,§0,L,ﬁ+e,- (:1:)(:8 _ mo)ﬁ.
beN?
[b+e;]<2L

Setting ap z..¢,,8 = 0 if [B] > 2L, this gives us

Ornwo g0, L - 9,0 &0, L,

I 50 éo (:l?) — Z hmax(LJrl [8],0)/2 I go éo, B (:I}) + (/Bj + 1)ah,mg,£0,L,ﬁ+e_j (:B) (x_w0)57
L d i

BeN

[Bl<2L

these terms are multiplied either by a smooth function, a term of the order |£,| or a power of

(x — @), which always enters the induction for L + 1. The term with the second derivative is

treated similarly.
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For the remaining term, we simply write that

Thao&o Llhao g1 = | WUTIBL02a, o e )o@ —20)? > pmaEmBLO 2y e (@ — 20)?
BIGZZd ﬂ€Z2d
[8]1<2 [B]<2L

Z Z pmax(L—[8],0)/24+max(1—(8 ],0)/2%@0,go’Lﬁahymo,goym, (z— mo)ﬁ+6 ;

Bez2d g ez
[B1<2[B']<2L

and the result follows since

max(L — [8],0) + max(1 — [3],0) > max(L + 1 — [B + 3'],0).

O
Proposition A.6 (Control of (P, —p)¥). We have
1 (P = p(20,€0))" Prao g, I < Cape(l+ [€o|F)A" .
for all [zo, &,] € R34,
Proof. We deduce from the previous lemma that
I (Ph = P, €0)" Yyl < O+ &) 2 [ (12—l +1)" e o= da
R
2 d/2 1/2 L 2
= O+ o)) 2 [ (2] +h) ey
Rd
< C(1+ €2,
O
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