Curvelets, Wave Atoms, and Wave Equations

Thesis by

Laurent Demanet

In Partial Fulfillment of the Requirements

for the Degree of

Doctor of Philosophy

California Institute of Technology

Pasadena, California

2006
(Defended May 19, 2006)



ii

(© 2006
Laurent Demanet

All Rights Reserved



iii

Acknowledgements

I am deeply grateful to my advisor Emmanuel Candes for helping create the best possible
academic environment I could have hoped for during my four years at Caltech. His scientific
vision, enthusiasm and brilliance have been nothing short of a model for me. I like to believe
that Emmanuel’s deep appreciation of mathematics has played a role in defining my “taste”
and, I hope, will inspire many others as well. The research directions that we have explored
together are in my own (biased) opinion very exciting; and for this I feel very obliged. I
also wish to thank him for his kind and sometimes humbling encouragements.

The next person who has influenced my scientific life in no small part, and a great
friend, is Lexing Ying. I thank him wholeheartedly for sharing his wide expertise with me,
for the passionate discussions we engaged in together, and for his infinite patience with the
computer implementations that he kindly allowed me, and helped me to report on in this
thesis.

I would like to express my gratitude to Thomas Hou, Jerrold Marsden, and Houman
Owhadi for serving on my thesis committee, as well as all the professors whom I took
classes from at Caltech, for their uniform excellence in teaching. Special thoughts go to
Oscar Bruno, Wilhelm Schlag, and Jean-Pierre Antoine, whose teaching skills I greatly
admire.

During the fall of 2004 T took part in the Multiscale Geometric Analysis program at
IPAM, UCLA, and I wish to thank all the participants and organizers for making the
events so enjoyable. I was very fortunate to meet or further interact with Felix Herrmann,
William Symes, Maarten de Hoop, and many others while at TPAM.

The scientific atmosphere in Caltech’s Applied and Computational Mathematics depart-
ment is terrific. Thank you to the student chapter of SIAM, and in particular my friends
Jon, Stéphane, Hannes, Marco and Paige for their dedication in organizing our famous

events. Thank you to the rest of the Candes group, and in particular Justin Romberg, for



iv

the invaluable group meeting discussions. Thank you to my officemates Wuan and Marco
for bearing with me for the past 3 years. Finally, a million thanks to Sheila, Chad and
Sydney for their remarkable work and for helping make the department what it is.

Although an ocean and then some separates me from my parents, family and friends in
Belgium and elsewhere in Europe, please be assured that you are very close in my heart!
I am also grateful to all my local friends for making my stay in Pasadena all the more
pleasant, in particular Kai, Sébastien, Tonci, Grace and Lars.

I have been truly blessed to meet Young two and a half years ago and one sentence

cannot do justice to the way she has forever changed my life.



Abstract

We argue that two specific wave packet families—curvelets and wave atoms—provide pow-
erful tools for representing linear systems of hyperbolic differential equations with smooth,
time-independent coefficients. In both cases, we prove that the matrix representation of the

Green’s function is

e sparse in the sense that the matrix entries decay nearly exponentially fast (i.e., faster

than any negative polynomial), and

e well organized in the sense that the very few nonnegligible entries occur near a few

shifted diagonals, whose location is predicted by geometrical optics.

This result holds only when the basis elements obey a precise parabolic balance between
oscillations and support size, shared by curvelets and wave atoms but not wavelets, Gabor
atoms, or any other such transform.

A physical interpretation of this result is that curvelets may be viewed as coherent
waveforms with enough frequency localization so that they behave like waves but at the
same time, with enough spatial localization so that they simultaneously behave like particles.

We also provide fast digital implementations of tight frames of curvelets and wave atoms
in two dimensions. In both cases the complexity is O(N?log N) flops for N-by-N Cartesian
arrays, for forward as well as inverse transforms.

Finally, we present a geometric strategy based on wave atoms for the numerical solution
of wave equations in smoothly varying, 2D time-independent periodic media. Our algorithm
is based on sparsity of the matrix representation of Green’s function, as above, and also
exploits its low-rank block structure after separation of the spatial indices. As a result, it
becomes realistic to accurately build the full matrix exponential using repeated squaring,
up to some time which is much larger than the CFL timestep. Once available, the wave

atom representation of the Green’s function can be used to perform ‘upscaled’ timestepping.
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We show numerical examples and prove complexity results based on a priori estimates
of sparsity and separation ranks. They beat the O(N?) bottleneck on an N-by-N grid, for
a wide range of physically relevant situations. In practice, the current wave atom solver can
become competitive over a pseudospectral method in the regime when the wave equation

should be solved several times with different initial conditions, as in reflection seismology.
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Chapter 1

Introduction

The main object of study in this thesis is the wave equation in two or three space dimensions,

Ou
ot

d%u

W(t,x} = 2 (z)Au(t, x), u(0,x) = up(z), (0,z) = ui(x), (1.1)

a good model for acoustic and electromagnetic waves. For simplicity, we consider a spatial
domain without boundaries. When ¢(x) is smooth, solutions to the wave equation are waves
traveling with local speed ¢(x).

The classical mathematical questions of existence, uniqueness, and Strichartz-type esti-
mates were settled long ago for this simple equation [38], yet the basic observation that wave
equations model traveling waves is surprisingly absent from their justifications. Standard
proof techniques involve energy estimates and weak convergence arguments. In fact, Lions
and Magenes [60], and also Stolk [80] use these analysis tools to prove existence and unique-
ness in the general case log ¢(z) € L, a regime of rough coefficients in which solutions may
not behave like traveling waves at all.

Likewise, textbook numerical methods for the wave equation in two or three space
dimensions tend to ignore the geometry of wave propagation. Degrees of freedom are usually
distributed in a mechanical way over some grid points (for finite differences), grid cells (for
finite volumes), spectral or other Galerkin elements, leaving for the physics of the problem
to be discovered a posteriori, from the output of a computer simulation. In this spirit,
solving say the heat equation instead would require little modification of the source code.

The message of the present thesis is that the geometric aspects of wave propagation are
very well understood mathematically and make for excellent a priori geometric information

for novel numerical methods. Computational wave propagation in smooth media is, for
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example, of prime importance in seismic imaging.

We devote the next section to retracing some key steps in the genesis of an exciting dia-
logue between pure and applied mathematics. Three surprisingly interconnected problems
form the mathematical context of this thesis: propagation of singularities, boundedness
estimates, and multiscale compression of operators. We make no claim of reviewing the
literature in any exhaustive manner. Sections 1.2 through 1.4 summarize the contributions

of this thesis and introduce Chapters 2 through 4 respectively.

1.1 Context

1.1.1 Propagation of Singularities

There is a slogan in textbooks on partial differential equations (PDE), that solutions to
hyperbolic equations have singularities that propagate along characteristics [38]. An acces-
sible formal justification of this result can be found in [89]. The mathematical formulation
of the problem and its resolution for linear equations are part of a much larger body of
theory developed mostly in the 1970s and 1980s, called microlocal analysis.

To see how microlocal analysis gives information about the wave equation (1.1), let us
express its solution u(¢) by means of integral operators with kernels Gy and G, also called

retarded propagator or Green’s function,

u(t,z) = | Go(t,z,y)uo(y)dy + | Gi(t,z,y)ui(y) dy.
R~ R

If (1.1) were replaced by some other well-posed linear initial-value PDE, the singularities
of ug and u; would most likely be washed out by diffusion or dispersion. But because we
are in presence of the wave equation, singularities propagate in a very predictable manner.
This property reflects itself in the fact that the two kernels Gy and G are smooth almost
everywhere, but share the same locus of singularity, a codimension one manifold x € I"y(t)
for each time ¢ > 0 and y € R".

In 1957 Peter Lax showed in a pioneering article [57] that Gy and G; can be well
approximated for small times by oscillatory integrals, now called Fourier integral operators,

as

Gj(t,r,y)~ Y / vt e g, (2, 6)dE,  j=0,1. (1.2)
k= Y R"
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The near-equality sign is to be understood in the sense that the difference between each G;
and its integral approximation is smoother than either of them. The phases @ solve the

Hamilton-Jacobi equations of geometrical optics,

%(ux’g) = ZtC(x)|Vx(I)i(t,$,£)‘, (I)i(o,l',é) = é" (13)

which are also the characteristic equations for (1.1). The amplitudes a;; belong to some
standard symbol class that will concern us later. The integral in (1.2) is then expected to di-
verge when the phase in the integrand’s exponent is stationary, providing a characterization

of the singularities of Go, G as
Ay(t) = {x € R": there exists £ € R" and a choice of sign for which y = V ®4(¢,z,8)}.

In the case when c(x) is constant, for example, ¢4 (t,2,8) = z - £ £ ct|§] and Ay(t) is the
boundary of the forward light cone with apex at y.

Lax’s original approach is compelling but was soon recast by Hérmander, Duistermaat,
and others [12] into a more powerful, far-reaching ‘phase-space’ viewpoint, later dubbed
microlocal analysis. The rationale of their approach is that directions in which a function
or distribution is singular matter as much as the location of the singularity. Mathematically,
directional smoothness is encoded in the notion of wavefront set of a distribution, defined as
the complement of the set of directions in which the Fourier transform of the distribution,
properly localized near x, decays fast. For example, if we consider the Green’s function of

the wave equation in frequency,
RIE=DY / ettt g, (v, &) dn,  j=0,1,
k=+R"

then this time, stationary phase analysis yields the relation n = V@4 (t,2,£). In case G;
is singular at (x,y), we can gather additional information on the directions (n,£) in which

Gj(z,y) fails to be smooth, yielding the wavefront set of G;(z,y),

A(t) = {(x,n) € R? : there exists (y,£) € R*" and a choice of sign for which (1.4)

Yy = ng)k(t7$,€) and n= vzék(tx’g)}
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The above set is equivalently considered as the corresponding union of quadruples (z,n,y, &) €
R*" and then called canonical relation.! The set R?" of couples (z,7) is called cotangent
bundle in mathematics, or phase-space in physics. The fundamental theorem of propagation

of singularities is the following result [51].

A singularity at x, in the direction n gets mapped by the wave group to at most two points

y+ and directions &4 specified by the canonical relation.

Note that consideration of the light cone A, (t) alone does not suffice to formulate such
a precise result; the phase-space viewpoint was essential.
The dual variable & or 7 is also central in the Hamiltonian formulation of geometrical

optics as a system of ordinary differential equations (ODE) for the “light” rays,

#(t) = c(z(t) g 2(0) = =0,

. ) (1.5)
E(t) =—Ve(z)[E)], £0) =&.

These are the characteristic equations for the Hamilton-Jacobi equation (1.3), the trajec-
tories of which are called “bicharacteristic strips.” The union of the two prescriptions
(z0,&0) — (x(t),&(t)) for k = £, is for small times equivalent to the canonical relation (1.4)
for propagation of singularities.

Remarkably the system (1.5) is solvable for all times, unlike the Hamilton-Jacobi equa-
tion (1.3) that generally breaks down upon formation of so-called caustics—because some
®_ would become multivalued and could not be the solution of a PDE anymore. The
canonical relation (1.4) defined for large times by means of (1.5) is a more intrinsic object

than the phase functions themselves.?

Generalization of results of propagation of singularities to large times by means of a
phase-space approach is the far-reaching consequence of microlocal analysis we were men-

tioning at the beginning of this section.

IFor specialists, we are actually in presence of two canonical relations, each correponsing to a choice of
sign. Also, canonical relations sometimes come with £ replaced by —¢ depending on the choice of symplectic
form in the direct product of cotangent bundles, to make sure the canonical relation is a Lagrangian manifold.
The term ‘canonical’ refers to this latter property. See [51].

2 Artificial large-time complications occur only because the projection of A(t) onto physical space may
have folds, hence the presence of caustics as creases.
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Let us however remark that most of the ideas behind geometrical optics and geometrical
mechanics had been around for a long time before Hormander wrote his first treatise, even
beyond caustics. Phase-space has been a central notion in Hamiltonian mechanics for almost
two hundred years. It is common knowledge since the 1930s that the Hamilton-Jacobi
equation is naturally derived from a high-frequency ansatz for the wave equation, cf. WKB
expansions in quantum mechanics. Some of the landmark papers on the high-frequency
asymptotic analysis of wave equations in the neighborhood of caustics were produced in the
1950s, see Kay and Keller [54], and Ludwig [61].

In the past two decades microlocal analysis has emerged as a natural mathematical
language in seismic imaging. Considerations of wave fronts and canonical relations are
central in formulating and solving the inverse problem of determining discontinuities in the
sound speed c¢(z) (and other parameters) in the Earth’s upper crust from acoustic wave
measurements [6, 81, 82].

Microlocal ideas have also made a strong impact on contemporary mathematics, in
particular on questions of propagation of singularities for nonlinear wave equations [10, 63,
30, 5], for wave equations on manifolds with edges or corners [58, 87], and many other

problems.

1.1.2 Regularity of Integral Operators

In the late 1970s Antonio Cérdoba and Charles Fefferman showed that the action of a Fourier
Integral Operator (FIO) is simply a “rearrangement” of energy in phase-space, modulo
negligible contributions [28]. Their study effectively casts the high-frequency viewpoint of
singularity propagation into the bounds of the Heisenberg uncertainty principle, by means
of a continuous wave packet representation. Important mathematical results follow from
their analysis, in particular an elementary proof of L? boundedness of FIOs, by means of
Schur’s lemma.?

Schur’s lemma, is an instance of almost orthogonality method for proving boundedness, or
regularity estimates, of operators. The Cotlar-Stein lemma is another such tool. Underlying

both approaches is the key idea that, in order to understand the action of an operator and

how it may or may not concentrate energy, it suffices to break it up into “almost orthogonal”

3 A special case of Schur’s lemma is the following: if one can find a domain indexed by A, X’ in which the
kernel T obeys sup, Y.,/ |T(\, X')| < oo and supy, ., |T'(A, \')| < oo, then T is bounded on L.
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contributions, roughly independent of each other. For definitions and statements, see [79],
Chapter 7.

By the early 1970s, Elias Stein and his collaborators had turned the boundedness ques-
tion for singular integral (pseudodifferential) operators (WDO) into a branch of harmonic
analysis [79], also called the Calderén program [65]. A significant milestone in this program
is the T(1) theorem of David and Journé in 1984 [29], which gives necessary and sufficient
conditions for L? boundedness in the so-called Calderén-Zygmund operator class. The cor-
rect argument in [29] was to define almost orthogonal blocks corresponding to different
scales. In fact, one proof of their result is based on expressing almost orthogonality as

diagonal dominance of the wavelet matrix

TAN) = (O, Tn), (1.6)

where 1) are wavelets, and A indexes scales and positions. Some of the first constructions
of orthonormal bases of wavelets by Y. Meyer [64] were actually motivated by the Calderén
program.

With Fourier Integral Operators, boundedness questions are raised to a more difficult
level where the geometry of wave propagation needs to be taken into account. Although
L? boundedness is accessible by soft harmonic analysis arguments [79], it was only in 1991
that sharp LP boundedness, p # 2, was established by Andreas Seeger, Chris Sogge, and
Elias Stein [68] by means of interpolation from a Hardy-H! to L' endpoint estimate. In
their argument they exhibit the correct decomposition of the Fourier domain, Fefferman’s
second dyadic decomposition (SDD), where dyadic annuli are further subdivided into thin
rectangles obeying the parabolic scaling length = (width)2. The SDD was first introduced
in [39] to study boundedness of a family of Bochner-Riesz summation multipliers on L?.
Cordoba and Fefferman’s decomposition is different from the SDD, yet shows some subtle
resemblance.

While a standard dyadic decomposition of the frequency space corresponds to wavelet
analysis, we now know that the second dyadic decomposition corresponds to curvelet anal-
ysis [15]. Curvelet were introduced as a tight frame of multiscale directional basis elements
by Emmanuel Candés and David Donoho [18, 20], in an attempt to overcome inherent lim-

itations of traditional multiscale representations such as wavelets. They efficiently address



7

important problems where wavelet ideas are far from ideal, like sparse representation of
images with edges. Curvelets have now become a household tool in applied communities,
for instance in geometrical image processing [76], seismic imaging [49], and computerized
tomography.

A wave packet frame identical to curvelets was independently introduced by Hart Smith
as a tool to define function spaces adapted to FIOs [73]. Smith also used curvelets to define
a parametrix and formulate Strichartz and Pecher estimates for wave equations in rough
(CY1) metrics [74]. More recently, Terence Tao applied a variation of the SDD to proving
a weak-L! bound for FIOs [83].

The definitions of wavelets, curvelets, and the related decompositions of the Fourier

domain will be given in Section 1.2.4 and Chapter 2.

1.1.3 Multiscale Compression of Operators

The beauty of almost orthogonality methods in harmonic analysis is their application as
compression tools for operators, by revealing their true information content. It was recog-
nized in 1991 by Gregory Beylkin, Ronald Coifman, and Vladimir Rokhlin [7] that Meyer’s
almost diagonal wavelet representation of singular integral operators gives rise to matrices
that are well suited for numerical computations. For most pseudodifferential operators it
suffices to put to zero the small matrix entries, below some threshold € in absolute value, to
obtain a sparse matrix with at most O(e~ /M) elements per row and column for arbitrary
large M—an optimal compression estimate.?

The wavelet sparsity result has been used extensively in the 1990s as the basis of in-
novative numerical methods for linear elliptic PDE and some boundary integral equations.
See for instance [53, 27] and the book [26]. Beyond sparsity, wavelets also allow multiscale
preconditioning of differential operators by simple diagonal matrices; an important asset for
iterative inversion algorithms like conjugate gradients. As a result of these good properties
wavelet-based numerical methods often enjoy asymptotically optimal complexity estimates.
One could speak of wavelets as a universally parsimonious way of distributing degrees of
freedom in the discretization of smooth elliptic problems. Wavelets have also been success-

fully applied to homogenization [34], solving the variable coefficient heat equation [37], 1D

“This claim is a theorem provided the amplitude of the ¥DO is in a symbol class Sgy(; with d < p <1
and § < 1.
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wave equations [37, 4], and many other problems.

In contrast, and for good reasons, oscillatory integrals and FIOs in dimensions two and
greater do not lend themselves to a sparse wavelet representation.

For instance, the Green’s function of wave equations yields poorly structured wavelet
matrices because of geometric dispersion: wavelets do not remain wavelet-like waveforms
but disperse in all directions as time increases. An illustration of this problem can be found
in the introduction of our paper [15]. Accordingly, most efforts in the applied literature
(although very interesting) go into designing adequate quadratures for oscillatory integrands
without tapping into multiscale ideas [52]. Notable exceptions are [2]; and also [11, 25] in
a different context, the Helmholtz equation.

To resolve this stalemate, we need to rethink the geometry of multiscale representations.

We show that microlocal and harmonic analysis, cf. the previous sections, provide the
correct insights towards understanding compressibility of wave-type oscillatory integrals.
Chapter 2 of the present thesis establishes this claim in a quantitative manner. There are
essentially only two families of wave packets, or tilings of phase space, which provide a
change of basis to make wave propagators asymptotically optimally sparse. These wave
packet families, curvelets and wave atoms, inherit respectively the geometrical properties
of the second dyadic decomposition and Cérdoba-Fefferman’s wave packets. In the spirit of
Hoérmander’s large time theory, our phase-space constructions are completely oblivious to
the presence of caustics.

The compression gains achieved in the right representation offer the tantalizing perspec-
tive that solving the wave equation itself could be thought of as an operator compression
problem. The road from a sparsity theorem to a fast algorithm in the form of competitive
software is nevertheless long and challenging. The requirements of an efficient harmonic-

analysis-based method for operator compression are typically at least threefold, and include

e the availability of a fast digital transform for analysis into, and synthesis from coeffi-

cients; and

e the ability to predict the location and compute the value of significant matrix entries,
in an efficient manner (one instance of such operation in the context of classical wavelet

solvers is called the refinement rule); and

e a deliberate pruning strategy to discard the less important information. This step can
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take the form of thresholding small entries in a matrix, resulting in a provably good

approximation.

We will come back to these three important steps in Sections 1.3 and 1.4 and summarize
the solutions we propose for each of them. As we will see, they do not automatically follow
from conventional wavelet wisdom. The detailed exposition follows in Chapters 3 and 4.
To conclude this section let us remark that the field of scientific computing is alive and
well. A few geometrically informed algorithms have been proposed in the recent years for

linear wave and related equations. This list is, of course, far from complete.

e The work by de Hoop, le Rousseau, and Wu on phase-screen methods addresses fast
computation of one-way (down-going or up-going) wave equations by means of ade-
quate approximation of pseudodifferential symbols, with applications to seismic imag-

ing [50].

e Beylkin and Sandberg [9] achieve remarkable accuracy in solving the time-dependent
wave equation (1.1) using a basis of prolate spheroidal wavefunctions, well suited
for approximation of bandlimited functions in intervals and encoding of boundary

conditions on rectangular domains.

e Impressive progress has been made on the front of fast multipole methods for the

Helmhotz equation in free space, by Rokhlin and co-workers. See [25].

e Achi Brandt presents the state of the art on multiscale ideas for a variety of equations

in [11].

1.2 Curvelets, Wave Atoms, and Sparse Representations

In this section we will consider slightly more general initial value problems than (1.1),

namely hyperbolic systems of the form

0 0
8—1: +§Ak($)a—;; + B(z)u =0, u(0,x) = ug(z), (1.7)
where u is an m-dimensional vector and x € R™. The matrices Ax and B may depend on

the spatial variable z, and the Aj are symmetric. Second-order wave equations like (1.1)
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can be reduced to a symmetric system of first-order equations (1.7) by a standard change
of variables.

Linear hyperbolic systems are ubiquitous in the sciences and a classical example are the
equations for acoustic waves, Maxwell’s equations of electrodynamics and the equations of
linear elasticity.

We are interested in representations of the solution operator E(t) to the system (1.7) ,

in a “basis” (¢,) of L?(R™) as a matrix

E(t; p,v; fl'v") = (P, E()p ). (1.8)

In what follows we will take ¢, () to be vector-valued curvelets and will explain our
choice of notation. Let us remark right away that curvelets do not form orthonormal bases,

only tight frames, but that the formula (1.8) is still the relevant object.

1.2.1 A New Form of Multiscale Analysis

Curvelets are waveforms that are highly anisotropic at fine scales, with effective support
obeying the parabolic principle length ~ width?. Just as for wavelets, there is both a
continuous and a discrete curvelet transform. A curvelet is indexed by three parameters
which—adopting a continuous description of the parameter space—are: a scale a, 0 < a < 1;
an orientation 6, § € [—7/2,7/2) and a location b, b € R2. At scale a, the family of curvelets

is generated by translation and rotation of a basic element ¢,

(Pa,b,e(x) = SOa(RG (.T} - b))

Here, p,(x) is some kind of directional wavelet with spatial width ~ a and spatial length

~ +y/a, and with minor axis pointing in the horizontal direction

1/a 0
0 1/va

va(x) = p(Dox), D, =
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D, is a parabolic scaling matrix, Ry is a rotation by 6 radians. The approximate equality
sign indicates that ¢, (D, 'r) may depend on a, but in a non-essential manner.

An important property is that curvelets obey the principle of harmonic of analysis
which says that it is possible to analyze and reconstruct an arbitrary function f(z1,x2) as a
superposition of such templates. It is possible to construct tight frames of curvelets and one
can, indeed, easily expand an arbitrary function f(z1,z2) as a series of curvelets, much like
in an orthonormal basis. Continuing at an informal level of exposition, there is a sampling

of the space (a,b,0)
a; =277, 6, =2mt-27U/2 Ry b0 = (k279 ky279/2),

such that with p indexing the triples (aj,0; ¢, b,(cj ’E)) the collection ¢, is a tight frame:

F=> (frewen  IF13=D_Ifreml® (1.9)
H M

(Note that these formulae allow us to analyze and synthesize arbitrary functions in L?(R?)
as a superposition of curvelets in a stable and concrete way.)

As we have seen, a curvelet is well localized in space but it is also well localized in
frequency. Recall that a given scale, curvelets ¢, are obtained by applying shifts and

rotations to a “mother” curvelet ¢; 0. In the frequency domain then
Gjo0(€) = 2739w (279|¢)) v (22 g).

Here, W,V are smooth windows compactly supported near the intervals [1, 2] and [-1/2,1/2]
respectively. Whereas in the spatial domain curvelets live near an oriented rectangle R of
length 279/2 and width 277, in the frequency domain, they are located in a parabolic wedge
of length 2/ and width 2//2, and whose orientation is orthogonal to that of R. The joint
localization in both space and frequency allows us to think about curvelets as occupying a
“Heisenberg cell” in phase-space with parabolic scaling in both domains. Figure 1.1 offers a
schematic representation of this joint localization. As we shall see, this microlocal behavior
is key to understanding the properties of curvelet propagation. Additional details are given

in Section 2.2.
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Frequency viewpoint

2-i/2

-~

Space viewpoint

Figure 1.1: Schematic representation of the support of a curvelet in both space and fre-
quency. In the spatial domain, a curvelet has an envelope strongly aligned along a specified
‘ridge’ while in the frequency domain, it is supported near a box whose orientation is aligned
with the codirection of the ridge.

1.2.2 Curvelets and Geometrical Optics

A hyperbolic system can typically be considered in the approximation of high frequency
waves, also known as geometrical optics. In order to best describe our main result, it is
perhaps suitable first to exhibit the connections between curvelets and geometrical optics.
In that setting it is not necessary to describe the dynamics in terms of the wavefield u(¢, z).
Only its prominent features are studied: wave fronts, or equivalently rays. The latter are
trajectories (z(t),£(t)) in phase-space R? x R?, and are the solutions to the m Hamiltonian

flows (indexed by v)

B(t) = VeA(x,€), z(0) = o,

‘ (1.10)
f(t) = _vx)‘zq(x7§)7 5(0) = &o.

The system (1.10) is also called the bicharacteristic flow and the rays (x(t),£(t)) the bichar-
acteristics. It is a little bit more general than (1.5) because we are considering general
hyperbolic equations. In the above expression, the A\)(xz,¢) are the eigenvalues of the dis-

persion matrix

a®(z,8) = Ag(x)g;. (1.11)
k
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(Note that a®(z,€) is the principal symbol of (1.7).) As we mentioned earlier, it is well
known that the Hamiltonian equations describe the evolution of the wavefront set of the
solution [51].

We are now in a position to qualitatively describe the behavior of the wave propagation
operator E(t) acting on a curvelet ¢,,. However, we first need to introduce a notion of vector-
valued curvelet since F(t) is acting on vector fields. Let 70(z, &) be the eigenvector of the
dispersion matrix associated with the eigenvalue \2(z,&). We then define hypercurvelets
by

1

(0) () — 1+
P () (

ol KRGS (112

Later in this section, we will motivate this special choice but for now simply observe that
(0)

@ is a vector-valued waveform.
Consider then the solution to the wave equation <p£2,) (t,z) with initial value @L()V) (x).

Our claim is as follows:

the wave group maps each hypercurvelet onto another curvelet-like waveform whose

location and orientation are obtained from the corresponding Hamiltonian flow.

To examine this claim, let (z,,£,) be the center of cp,(f) in phase-space and define the

rotation matrix U(t) by
€0 &

UOem) = Tl

where (x(t),£(t)) is the solution to (1.10) with initial condition (z,,§,). Our claim says that
the solution to the wave equation nearly follows the dynamics of the reduced Hamiltonian
flow, i.e.,

ei (t,7) = @) (Un(t)(x — wu(t)) + 2p0)- (1.13)
We will show in Chapter 2 that the waveform L,El(gj) has the same strong spatial and frequency
localization properties as the initial curvelet cp,(LO,,) itself. For an illustration, see Figure 1.2.

We now return to the interpretation of a hypercurvelet. Suppose that 70 only depends

on ¢ as in the case of the acoustic system (1.1)

/1] 1 [ £E/[€]
rO(¢) = 70 ———
0(5) 0 ) ﬂ:(g) \/§ 1

(Here and below, £+ denotes the vector obtained from ¢ after applying a rotation by 90
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Figure 1.2: Schematic representation of the action of the wave group on a hypercurvelet.
The new positions and orientations are given by the Hamiltonian flow. The two waveforms
at time 0 and ¢ are not quite the same although they have very similar profiles.
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degrees). In this special case, we see that the hypercurvelet is obtained by multiplying—
in the frequency domain—a scalar-valued curvelet with the eigenvectors of the dispersion

matrix
@0 (&) =rS(O)pu(§), ve{+ -0}

This is useful for the curvelet 4,5,(?,,) will essentially follow only one flow, namely, the vth flow.

Suppose we had started, instead, with an initial value of the form ¢,, = ¢,e,, where e,
is the canonical basis of R?, say. Then our curvelet would have interacted with the three
eigenvectors of the dispersion matrix, and would have “split” and followed the three distinct
flows. By forcing <,5,(Py) (¢) to be aligned with r2(¢), we essentially removed the components
associated with the other flows. In the general case (1.12), we build hypercurvelets by
applying R, which is now a pseudodifferential operator with symbol 7%(z, &), mapping
scalars to m-dimensional vectors, and independent of time. The effect is, of course, the
same.

Note that when 70 is independent of z, hypercurvelets build up a (vector-valued) tight
frame; letting [F, G] be the usual inner product over 3D vector fields in L?(R?), the family

((pfg,)) uv Obeys the reconstruction formula

u=>Y [u,e]el) (1.14)
787
and the Parseval relation
lull72 =) |[u, o] (1.15)
v

Just as one can decompose a scalar field as a superposition of scalar curvelets, one can
analyze and synthesize any wavefield as a superposition of hypercurvelets in a stable and
concrete way. For arbitrary r0(x, £), this is, however, in general not true.

We would like to emphasize that although the Hamilton-Jacobi equations only have
solutions for small times, the approximation (1.13) and, more generally, all of our results
are valid for all times since the rays (1.10) are always well defined, see Section 1.6 below for

a more detailed discussion.
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1.2.3 Curvelet and Hyperbolic Systems

The previous section gave a qualitative description of the action of the wave group on a
curvelet and we we shall now quantify this fact. The evolution operator E(t) acting on a
curvelet cpfﬂ)),,o is of course not exactly another curvelet cpl(ﬁ))( )

location and orientation. Instead, it is a superposition of curvelets >

. which occurs at a displaced

o ano,(PV) such that

1. the coefficients (o) decay nearly exponentially,

2. and the significant coefficients of this expansion are all located at indices (p,v) “near”

(o(t), o). By near, we mean nearby scales, orientations and locations.

To state our key result, we need a notion of distance w between curvelet indices which
will be formally introduced in Section 2.2. Crudely, w(u,p’) is small if and only if both
curvelets are at roughly the same scale, have similar orientation and are at nearby spatial
locations. In the same spirit, the distance w(p, ') increases as the distance between the
scale, angular, and location parameters increases.

For each = (j,k,¢) and v = 1,...,m, define the vector-valued curvelets

Purv = €y, (116)

where e, is the vth canonical basis vector in R"™. The ¢,,, inherit the tight frame property
(1.14)—(1.15). We would like to again remind the reader that these vector-valued curvelets
are simpler and different from the hypercurvelets <pr) defined in the previous section. Con-
sider now the representing the operator E(t) in a tight frame of vector-valued curvelets,

namely,

E(t; p,v; t, V') = (P E@) @) (1.17)

We will refer to E(t; u,v; i/, ') or simply E as the curvelet matrix of E(t), with row index
p, v and column index p', . Decompose the initial wavefield uo =, , ¢uv¢ppw. Then one

can express the action of E(t) on ug in the curvelet domain as

E(t)u() = Z C,LLI/(t)‘jo;LV7 Cw/(t) = Z E(t; N/a V/; H, V)cu’u’
v v

with convergence in L?(R?,C™). In short, the curvelet matrix maps the curvelet coefficients

of the initial wavefield ug(-) into those of the solution wu(¢,-) at time t.
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Theorem 1.1. Suppose that the coefficients Ag(x) and B(x) of the hyperbolic system are
C>, and that the multiplicity of the eigenvalues of the dispersion matric ), Ap(x)&y is

constant in x and &. Then

e The matriz E is sparse. Suppose a is either a row or a column of E, and let ]a|(n) be

the nth largest entry of the sequence |a|, then for each M >0, |a|,) obeys

lal(n) < Cear -0~ M. (1.18)

e The matrix E is well organized. For each N > 0, the coefficients obey

m

Bt v i, V) < Con - D wlp, gy (£) 7. (1.19)

v''=1
Here p,(t) is the curvelet index p flown along the vth Hamiltonian system.

Both constants Cypr and Cyn grow in time at most like C1e€2t for some Cy,Cy > 0 depending

on M, resp. N.

In effect, the curvelet matrix of the solution operator resembles a sum of m permutation
matrices where m is the order of the hyperbolic system; first, there are significant coefficients
along m shifted diagonal, and second, coefficients away from these diagonals decay nearly
exponentially; i.e., faster than any negative polynomial. Now just as wavelets provide
sparse representations to the solution operators to certain elliptic differential equations,
our theorem shows that curvelets provide an optimally sparse representation of solution
operators to systems of symmetric hyperbolic equations.

Notice that Theorem 1.1 holds for large times, even when caustics form in the geometrical
optics approximation. Caustics are a nonissue in the curvelet domain.

We can also resort to hypercurvelets as defined in the previous section and formulate
a related result where the curvelet matrix is sparse around a single shifted diagonal. This
refinement approximately decouples the evolution into polarized components and will be
made precise later.

To grasp the implications of Theorem 1.1, consider the following corollary:

Corollary 1.1. Consider the truncated operator Ag obtained by keeping m- B elements per

row—the B closest to each shifted diagonal in the sense of the pseudo-distance w. Then the
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truncated matrix obeys

|A = Agllp2—p2 < Car - B, (1.20)
for each M > 0.

The proof follows from that of Theorem 1.1 by an application of Schur’s lemma and is
omitted. Hence, whereas the Fourier or wavelet representations are dense, curvelets faith-
fully model the geometry of wave propagation as only a few terms are needed to represent

the action of the wave group accurately.

1.2.4 Generalization: Wave Atoms

It is a natural question to ask whether other waveforms than curvelets would yield compa-
rable sparsity results. The short answer is that the parabolic scaling is essential, allowing
only for slight variations on a fixed theme.

Since a complete collection of wave packets ¢, («) must “span” all positions and frequen-
cies, we will call it a phase-space tiling, with wave packets as tiles. Some tilings are more
interesting than others. We say a tiling is universal if it treats democratically all positions

and orientations. In that case,
e the geometry of the tiling in space must be Cartesian, or approximately so; and
e the geometry of the tiling in frequency must be polar, or approximately so.

In what follows we limit our discussion to two space variables. This is not an essential
restriction.

Universality as above suggests that two parameters should suffice to index a lot of known
wave packet architectures: « to index whether the decomposition is “multiscale” (o = 1)
or not (o = 0); and [ to indicate whether basis elements should be isotropic (8 = «) or, on
the contrary, elongated and anisotropic (8 < «).

In terms of phase-space localization of the wave packets, we will require that

e the essential support of ¢, () be of size ~ 272 vs. 2757 as scale j, with oscillations

of wavelength ~ 277 tranverse to the ridge; and

e the essential support of ¢, (§) be of size ~ 207 vs. 207 as scale j, at a distance ~ 27

from the origin.
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Figure 1.3: Essential support of a wave packet with parameters («, ), in space (left), and
in frequency (right). The parameter « indexes the multiscale nature of the transform,
from O (uniform) to 1 (dyadic). The parameter 3 measures the wave packet’s directional
selectivity, from 3 = 0 (best selectivity) to 5 = 1 (poor selectivity). Curvelets are the
special case a =1,  =1/2.

B

Wavelets
1 >
Wave atoms
12+ » Curvelets
f >
Gabor Ridgelets

Figure 1.4: Identification of various transforms as (a, ) families of wave packets. The
horizontal segment at 5 = 1/2 indicates the only wave packet families that yield sparse
decompositions of Fourier Integral Operators.
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Figure 1.3 summarizes these microlocalization properties.

We hope that a description in terms of o and [ will clarify the connections between
various transforms of modern harmonic analysis. Curvelets correspond to a =1, 5 =1/2,
wavelets are o = § = 1, ridgelets are a = 1, § = 0, and the Gabor transform is o = § = 0.
The situation is summarized in Figure 1.4.

A careful inspection of the arguments in Chapter 2 shows that the sparsity result, The-
orem 1.1, extends to the whole segment f=1/2 and 1/2 < o <1 in the (o, 3) plane.

In short, other scalings than the parabolic scaling do not work. In Chapter 2, section
2.3 we argue why that is the case: the parabolic scaling is the right trade-off between
directionality and spatial localization for which dispersion of waves and distortion of wave
fronts are comparable and both small.

We term the other endpoint, corresponding to o = 3 = 1/2, wave atoms, to stress their
unique relation to the wave equation. A precise definition of wave atoms will be given in
Chapter 4, but let us observe for now that they have an isotropic aspect ratio ~ 279/2x277/2
in space, with oscillations of wavelength ~ 277 in the codirection &,. Each wave atom is
like a train of “stacked curvelets” along 5#'5

Note that the range of possible transforms in Figure 1.4 could presumably extend beyond
the triangle shown—the horizontal segment indicating sparse FIO, on the other hand, does
not. All the transforms within the triangle can be realized as tight frames of L?(R?), in the
spirit of the curvelet or wave atom construction that we present next.

As we will see later, wave atoms are sometimes more adequate than curvelets for nu-
merical simulations of wave equations because of their low separation rank.

We now turn our attention to the problem of implementing curvelet and wave atom

expansions as digital transforms.

1.3 A Fast Discrete Curvelet Transform

As mentioned earlier, curvelets offer fundamentally improved sparsity rates for functions
with discontinuities along curves [20]. As such, their application to wave equations is only

one facet of their versatility. A promising potential in application areas such as image

®Wave atoms are in a sense simpler than curvelets so we prefer avoiding terming them curvelet packets.
Moreover, it seems that wavelet packets refer to the line a = 3, and ridgelet packets to the whole triangle
in Figure 1.4 [40] (as well as all other hybrid architectures). We prefer not to add to the confusion.
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processing, data analysis, scientific computing, and, in particular, seismic imaging, clearly
lies ahead.
To realize this potential though, and deploy this technology to a wide range of problems,

one would need a fast and accurate discrete curvelet transform operating on digital data.

1.3.1 Curvelets

Soon after the introduction of curvelets, researchers developed numerical algorithms for
their implementation [76, 33|, and scientists have started to report on a series of practical
successes, see [78, 77] for example. Now these implementations are based on the original
construction [18] which uses a preprocessing step involving a special partitioning of phase-
space followed by the ridgelet transform [13, 17] which is applied to blocks of data that are
well localized in space and frequency.

In 2003 Emmanuel Candes and David Donoho proposed a simplified implementation
of second generation curvelets directly in the frequency plane, that relied on interpolation
by means of the Unequispaced FFT (USFFT)[16]. Applications can be found at least in
[22, 48, 35].

We propose an improved algorithm for second generation curvelets based on the wrapping
of Fourier samples, instead of interpolation. Wrapping is a simple strategy that results in
an equally faithful but faster transform than the USFFT version. It also allows to make
the digital transform an isometry, up to round-off errors of the order of 10! in double
precision. As a result, the inversion algorithm is greatly simplified, more accurate and
simply consists of applying the adjoint transform. FEfforts in designing the USFFT and
wrapping versions have been grouped and resulted in a single publication, [16].

Since then, it seems that curvelets via wrapping have become the implementation of
choice in many applications [49, 47].

We expand on curvelets via wrapping in Chapter 3. Our claims are as follows:

e The complexity of both the forward and inverse transforms is O(N?log N) on N-by-N
grids. In practice, applying the transform takes about 5 to 10 times the work of the
FFT on the same grid.

e The accuracy of reconstruction is comparable to the machine epsilon.

e The Riesz representers of the transform are as faithful to continuous curvelets as the
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grid allows. In particular, we exploit the Shannon sampling theory which says that
computing inner products involving bandlimited functions can be done ezactly on a

grid.

Numerical examples are given as well. We show in particular that curvelets via wrapping
allow a spectacular gain of 7dB over translation-invariant wavelet thresholding, for denoising
of synthetic seismic data.

An extension to three dimensions has been worked out, mostly by Lexing Ying [91].
The curvelet code has been turned into the toolbox CurveLab, and can be downloaded

from http://www.curvelet.org.

1.3.2 Wave Atoms

Wave atoms can be implemented using the wrapping strategy in the frequency plane, along
the same line of thought as curvelets.

The search for a low redundancy transform is however complicated by the wavelet packet
curse, a well documented phenomenon that filterbank ideas provide provably suboptimal
time-frequency localization. Our implementation bypasses this obstruction by designing
basis functions directly in the frequency plane, with the necessary cancellations properties
for numerical tightness (isometry). The ideas involved have roots in harmonic analysis
constructions like [88].

We obtain a fast O(N?1og N) transform, isometric up to round-off errors, and invertible
with inversion algorithm of the same complexity. Wave atoms have redundancy 2, i.e., there
are twice more wave atom coefficients than samples on the Cartesian grid. See Chapter 4,

Section 4.1.3 for more details.

1.4 Wave Atoms and Time Upscaling of Wave Equations

Typical numerical methods for the wave equation, say in the periodic square [0, 1]? with
initial conditions on a N-by-N grid, consist in evolving the solution using small time-steps

At constrained by the CFL condition,

At < ———,
CmaXN
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Figure 1.5: A curvelet (left) and a wave atom (right). They are examples of Riesz rep-
resenters of the digital transforms we propose in this thesis. The annotations remind the
reader of the essential parabolic scaling properties: curvelets obey width = length? and
wave atoms obey wavelength = diameter?.

where ¢pax = max, c¢(z). When the wave equation is written as a system u; = Au, the

Euler explicit time discretization heuristically converges because
u(t) = eTug ~ (I + At A)3iug. (1.21)

The results of Sections 1.2 and 1.3 suggest that it may become preferable to solve the
same equation by constructing the full Green’s function in compressed form, and dispensing

with the CFL timestepping.

1.4.1 Time Upscaling

We call time upscaling the possibility of building a representation of the Green’s function
e™ up to some time 7 larger than the CFL timestep At, yet smaller than the time 7" up

to which the wave equation needs to be solved. The solution at ¢ = 71" can be obtained

by performing % “upscaled” time steps, consisting of repeated applications of the Green’s
function:
T

TA wo.

e fug = (eTA)

The question of representation is left implicit in the above equation. In the sequel we will
use a tight frame of curvelets or wave atoms; by writing down A we actually mean the

infinite matrix (.., Ap,ns) as in Section 1.2. In that case, ug stands for the vector of



24

coefficients (uo, @,/ ).

It is important to understand the sense in which a numerical method could qualify as
“beating the CFL condition”. After all, one could discretize ug by finite differences, group
small time steps two by two in (1.21), use (I + At A)? as propagator and declare that the
new time step is 2A¢. This operation of course does not qualify as time upscaling, because
the matrix representation of the propagator fills up to compensate the larger time step, so
that no overall simplification occurs. Progress is achieved only if a representation can be
found in which the Green’s function stays simple, even for times greater than At.

On the other hand, perfect time upscaling would be obtained in the basis of eigenfunc-

tions of A. In that case ef

A= Zj et’\ij is a diagonal operation in each eigenspace with
projector P;. There is, at present, no known fast numerical procedure to compute the eigen-
decomposition of A in compressed form, let alone expand ug in eigenfunctions. Although
curvelets and wave atoms are not eigenfunctions, they each offer a fized frame of L2(]0,1]?)

with reliable expansion algorithms and good sparsity properties.

1.4.2 Repeated Squaring

In the spirit of [66] and [37], we form the matrix exponential e™ by repeated squaring from
a small time approximation. Let ¢, = 2" At for some small At, and assume 7 = ¢, for some

n*. Then the basic relation underlying our algorithm is the time-doubling group property

ptnt1A _ (et”A)2 .

As mentioned earlier, this equation should be understood in a tight frame of curvelet or
wave atoms.

Sparsity needs to be imposed by an adequate truncation step after each time doubling.
As we saw in Section 1.2, the large matrix elements occur near two shifted diagonals defined
from the flows p/, (). Let us call B the desired band size, such that the significant matrix
elements live within

w(p, W (t)) < C, (1.22)

where Cp is a constant depending on B. Elements outside of those shifted band diagonals
should not be accessed or computed at all.

Prediction of the location of the shifted diagonals for O(1) times is not a priori obvious.
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We believe the Phase Flow Method (PFM) is perfectly suited for this task [90]. This new
method is an important improvement over raytracing which allows to compute a multitude
of rays at once. PFM is an interpolation-based repeated squaring strategy to compute the
whole phase flow, that is, the diffeomorphism of phase-space generated by the Hamiltonian
ODE system.

We believe that this simple repeated squaring procedure has near-optimal asymptotic

complexity, in the sense that it requires
CesN**° (1.23)

operations to build the propagator on an N-by-N grid, for a resulting ¢? accuracy e on
fairly oscillatory initial data, and for arbitrarily small § > 0. Notice that reading the initial
data already takes N2 operations. The full repeated squaring algorithm can be found in
Section 4.2.1.

Heuristically, the complexity result (1.23) follows directly from the compression result
(1.20): multiplication of sparse matrices with size N? and band size B has complexity
O(B?N?). Justifying (1.23) would mean showing that B = O(N%/?) for small § suffices to

control the error from successive thresholdings and repeated squarings of matrices.

1.4.3 The Separated Wave Atom Representation

To our knowledge, the complexity claim (1.23) for the repeated squaring would be the first
to break the asymptotic O(N?3log N) bottleneck of standard methods in two dimensions,
and by a wide margin. In the spirit of spectral methods, universally good accuracy over
oscillatory initial conditions is a result of discretizing differential operators in the Fourier
domain. These encouraging result shows that wave packet analysis brings fundamentally
new insights into the numerical analysis of wave equations.

Yet, the repeated squaring algorithm as introduced above does not perform as expected,
regardless of whether curvelets or wave atoms are used. A typical band size B to obtain
¢% accuracy ~ 1072 in (1.20) would be B ~ 500. As a result, storing the compressed
Green’s function on grids larger than 128-by-128 requires more memory than what most
2006 desktop computers can offer (2 to 4 Gb).

Accordingly, we will neither try to formulate the complexity estimate (1.23) as a theorem



26

in the present thesis, nor address the myriad of (deep and interesting) technicalities involved
in its rigorous justification. Instead, we prefer trying to understand how to improve on the
algorithm itself.

Asymptotic estimates like (1.20) and (1.23) are probably valid, but with large constants.
In two space dimensions these large constants makes sense if we observe that B is the total
number of elements inside a ball in four-dimensional phase-space, as in equation (1.22),
hence the relation B ~ C4. If Cp ~ 5 elements define a decent neighborhood in phase-
space, then B ~ 625.

The message of this section is that the curse of phase-space dimensionality can be
overcome with an adequate separation of variables strategy in the wave atom frame.

In the notations of Section 1.2.4, consider a tight frame of wave atoms ¢, (z), with
i = (j,m,n). We recall from Section 1.2.3 that the wave atom representation of E(t) is
the (infinite) matrix

E(t; pv; i V') = (E(t)ppey, puey).

where e, are the canonical basis vectors in R". In the above matrix, consider the submatrix
left after fixing v,/ and the wave vectors (j,m) and (j/,m’). The remaining indices are
those of the position vectors n = (n1,n2) and n’ = (nf,n}). The separated wave atom
representation is obtained by seeking a low-rank approximation corresponding to separation

of the spatial indices along z1 vs. x2,

.
E(t;j,mn,v;j m' n V)= Z Ukuf”’nxlvzzné + O(e),
k=1

where u* and v* have been normalized to unit ¢3 norm. Of course u* and v* depend on
j,m,v;j,m’, /. The most efficient such decomposition, in the sense that the ¢?> norm of
the residual is minimized for fixed r, is the singular value decomposition (SVD) of the block
(j,m,v;j',m’ V') after reorganization of the matrix elements to make the row and column
indices (n1,n);ng,nb) instead of (n1,ne;nf,nb).

Conversion from the standard to the separated wave atom representation, as an SVD
factorization of the reorganized submatrix, is however never done in practice. Instead,
we modify the repeated squaring strategy so that all computations are done on separated
components without ever forming the standard submatrix. We explain in Chapter 4 how

both initialization and matrix multiplication can be realized in this context, using small
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QR and SVD decompositions.

The composition rules we developed for wave atom submatrices are remindful of the
calculus of H-matrices [46]. A similar partitioned low rank representation was also used
in [9]. In fact, high-dimensional numerical analysis using separated representations is a

promising emerging idea, see [8] and citations thereof.

1.4.4 Complexity

The separated wave atom scheme performs much better than the standard repeated squar-
ing, both in terms of memory and time savings—hence feasibility on larger grids. It even
competes with the standard pseudospectral method® in regimes where a given wave equa-
tion should be solved several times with different initial conditions. Forming the Green’s
function should be seen as a precomputation that can be amortized over the several runs.
For instance in Chapter 4, Section 4.3, we take for ¢(x) a smooth wave guide and observe
that about 500 runs is enough to amortize the precomputation. Upscaled timestepping
alone runs 5 to 10 times faster than a pseudospectral method, see Section 4.3.

Complexity of the separated wave atom scheme is very well understood. We give precise
estimates of e-separation ranks (r in equation (4.12)) as a function of the upscaled time
step 7, the scale j and accuracy level e. The resulting number of operations for repeated
squaring (RS) and upscaled timestepping (UTS) are reported in Section 4.2.3. Although
not optimal anymore, estimates for UTS still beat the O(N?3log N) bottleneck in a variety
of physically interesting situations.

The methods of proof of rank estimates rely on understanding the information con-
tent of oscillatory functions in high dimensions—or their Fourier dual, functions with
singularities—and could be of independent interest in numerical analysis.

Last but not least, sparsity of the solution wavefield in wave atoms directly translates into
complexity gains for the upscaled timestepping. If the initial condition can be accurately
represented using a fraction p < 1 of all wave atoms, then applying the Green’s function in
wave atoms only requires considering a fraction p of all rows. For instance, we can show
that “bandlimited wavefronts” remain so in time and satisfy p = O(ﬁ)

Hence we see that wave atoms, or curvelets, provide the unique opportunity for having a

5The pseudospectral method is a split-step timestepping where multiplications by c(z) are done in x, and
differentiations are done in the Fourier domain. Periodic boundary conditions implicitly follow from using
the FFT.
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representation giving enhanced sparsity of wave groups, and simultaneously of the solution
space. As we alluded to earlier, curvelets are ideal for representing wavefront phenomena
[21], or objects which display curve-punctuated smoothness—smoothness except for discon-
tinuity along a general curve with bounded curvature [18, 20]. We believe that this joint
sparsity property will eventually be of great practical significance for applications in fields

which are great consumers of these mathematical models, e.g., seismic imaging.
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Chapter 2

The Curvelet Representation of
Wave Propagators is Optimally
Sparse

In this chapter we prove Theorem 1.1. We give some background and introduce the proof
strategy in Section 2.1 below. Section 2.2 reviews the construction of Curvelets. Section
2.3 gives further heuristic indicating why the sparsity may be expected to hold. Section 2.4
links our main result with properties of FIOs. Section 2.5 proves that FIOs are optimally
sparse in scalar curvelet tight frames. Finally, proofs of key estimates supporting our main

result are given in Appendix A.

2.1 Background and Strategy

In his seminal paper [57], Lax constructed approximate solution operators to linear and
symmetric hyperbolic systems, also known as parametrices. He showed that these paramet-
rices are oscillatory integrals in the frequency domain which are commonly referred to as
Fourier integral operators (FIO) (the development and study of FIOs is motivated by the

connection). An operator 7" is said to be an FIO if it is of the form

Tf(z) = / w0 o (2, €) () de. (2.1)

We suppose the phase function ® and the amplitude o obey the following standard assump-

tions [79]:

e the phase ®(z,¢) is C°°, homogeneous of degree 1 in &, i.e., ®(x,\§) = AP (z, &) for
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A >0, and with @, = V,V¢®, obeys the nondegeneracy condition
|det e (x,§)| > ¢ >0, (2.2)

uniformly in z and &;

e the amplitude o is a symbol of order m, which means that ¢ is C"*°, and obeys
08050 (2,6)| < Cap(1+ (€)1 (2.3)

Lax’s insight is that the solution of the initial value problem for a variable coefficient
hyperbolic system can be well approximated by a superposition of integrals of the form
(2.1) with matrix-valued amplitudes of order 0. The phases of these FIOs are those solving

the Hamilton-Jacobi equations
X®, + \(z,V,®,) =0 (2.4)

(compare with (1.3)). Hence, a substantial part of our argument will be about proving
that curvelets sparsify FIOs. Now an important aspect of this construction is that this
approximation is only valid for small times whereas our theorem is valid for all times. The
reason is that the solutions to the Eikonal equations (2.4) are not expected to be global in
time, because ®, would become multivalued when rays originating from the same point zg
cross at a later time. This typically happens at cusp points, when caustics start developing.
We refer the reader to [43, 89]. Because, we are interested in a statement valid for all times,
we need to bootstrap the construction of the FIO parametrix by composing the small time
FIO parametrix with itself. Now this creates an additional difficulty. Each parametrix
convects a curvelet along m flows, and we see that after each composition, the number of
curvelets would be multiplied by m, see Section 4.1 for a proper discussion. This would lead
to matrices with poor concentration properties. Therefore, the other part of the argument
consists in decoupling the equations so that this phenomenon does not occur. In summary,

the general architecture of the proof of Theorem 1.1 is as follows:

e We first decompose the wave-field into m one-way components, i.e., components which

essentially travel along only one flow. We show that this decomposition is sparse in
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tight frames of curvelets.

e Second, we show that curvelet representations of FIOs are optimally sparse in tight

frame of curvelets, a result of independent interest.

2.2 Curvelets

This section briefly introduces tight frames of curvelets, see [20] for more details.

2.2.1 Definition

We work throughout in R?, with spatial variable z, with ¢ a frequency-domain variable, and
with 7 and 8 polar coordinates in the frequency-domain. We start with a pair of windows

” respectively.

W (r) and V(t), which we will call the “radial window” and “angular window,’
These are both smooth, nonnegative and real valued, with W taking positive real arguments
and supported on r € [1/2,2] and V taking real arguments and supported on t € [—1,1].

These windows will always obey the admissibility conditions:

Yo W) =1,  r>0; (2.5)
j=—00

Y Vit-6)=1, teR (2.6)
{=—00

Now, for each j > jo, we introduce the frequency window U; defined in the Fourier domain

by
oli/2)g

2T

Uj(r,0) = 2733/ W (279r) V( (2.7)

where |j/2] is the integer part of j/2. Thus the support of U; is a polar “wedge” defined
by the support of W and V, the radial and angular windows, applied with scale-dependent
window widths in each direction.

To obtain real-valued curvelets, we could work with the symmetrized version of (2.7),
namely, U;(r,8) + Uj(r, 0 + 7).

Define the waveform ¢;(z) by means of its Fourier transform ¢;(w) = Uj(w) (we abuse
notations slightly here by letting U;(w1,w2) be the window defined in the polar coordinate

system by (2.7)). We may think of ¢; as a “mother” curvelet at scale 277 in the sense that



32

all curvelets at that scaled are obtained by rotations and translations of ¢;. Introduce

e the equispaced sequence of rotation angles §p = 2r - 27U/2 . ¢ with ¢ = 0,1,...
such that 0 < 6, < 27 (note that the spacing between consecutive angles is scale-

dependent),
e and the sequence of translation parameters k = (ky,ks) € Z2.

With these notations, we define curvelets (as function of z = (z1,72)) at scale 277, orien-
tation 6;, and position bg’z) = Ry, ,(k1-277 /01, ks - 279/2/65) for some adequate constants
01,02 by

©jke(T) = @j (Rfej,g (x — bg’”)) :

where Ry is the rotation by 0 radians and R, Uits inverse (also its transpose),

cosf  sind ., T
Ry = , R," =Ry = R_y.
—sinf cos6

A curvelet coefficient is then simply the inner product between an element f € L?(R?) and

a curvelet ©; s,

.68 1= (Fpsead = [ T@aentodo. (28)

In the sequel it will prove useful to apply Plancherel’s theorem and express this inner

product as the integral over the frequency plane

20,.(3,0)
(4, £, k) /f w) k(W) e /f U;(Rg,w)e’®e ) de. (2.9)
As in wavelet theory, we also have coarse scale elements. We introduce the low-pass
window Wy obeying

(Wo(r)]* + ) IW@r)]? =
320

and for ki, ko € Z, define coarse scale curvelets as
o (@) = Djo(w — 277k), By (€) = 27 Wo(277¢]).

Hence, coarse scale curvelets are nondirectional. The full curvelet transform consists of the

fine-scale directional elements (¢; ¢ k) ;>jo.0,k and of the coarse-scale isotropic father wavelets
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Spatial grid: fixed scale and orientation

T

Figure 2.1: Curvelet tiling of phase-space. The figure on the left represents the sampling
in the frequency plane, also called second dyadic decomposition (SDD). In the frequency
domain, curvelets are supported near a “parabolic” wedge. The shaded area represents such
a generic wedge. The figure on the right schematically represents the spatial Cartesian grid
associated with a given scale and orientation.

(®jo,k)x- It is the behavior of the fine-scale directional elements that are of interest here.
In the remainder of the chapter, we will use the generic notation (y,)ucnm to index the
elements of the curvelet tight frame. The dyadic-parabolic subscript u stands for the triplet

(J, k,¢). We will also make use of the convenient notations

® 1, = b,(j ) is the center of ¢, in space.
e 0, =0;, is the orientation of ¢, with respect to the vertical axis in x.
e &, = (27 cosf,,27sinb,) is the center of ¢, in frequency.

o ¢, =¢,/|€,| indicates the codirection of ¢,,.

Figure 2.1 summarizes the key components of the construction.

2.2.2 Properties

We now list a few properties of the curvelet transform which will play an important role

throughout the remainder of this thesis.
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1. Tight frame. Much like in an orthonormal basis, we can easily expand an arbitrary

function f(z1,z2) € L?(R?) as a series of curvelets: we have a reconstruction formula
F= {f0u)0u
“w
with equality holding in an L? sense; and a Parseval relation

> ol = If1Zee),  VF € LAR?).
0

2. Parabolic scaling. The frequency localization of ¢, implies the following spatial
structure: ¢;(x) is of rapid decay away from a 277 by 279/2 rectangle with minor axis
pointing in the horizontal direction. In short, the effective length and width obey the

anisotropy scaling relation

length ~ 279/ width ~ 277 =  width ~ length®. (2.10)

3. Oscillatory behavior. As is apparent from its definition, ¢; is actually supported
away from the vertical axis £ = 0 but near the horizontal &, = 0 axis. In a nutshell,
this says that ¢;(z) is oscillatory in the x;-direction and lowpass in the xp-direction.
Hence, at scale 277, a curvelet is a little needle whose envelope is a specified “ridge”
of effective length 277/2 and width 277, and which displays an oscillatory behavior

across the main “ridge.”

4. Vanishing moments. The curvelet template ¢; is said to have ¢ vanishing moments
when

o0
/ j(x1,z2)xt doy =0, for all 0 < n < ¢, for all xs. (2.11)

—0o0
The same property of course holds for rotated curvelets when x; and xo are taken
to be the corresponding rotated coordinates. Notice that the integral is taken in
the direction perpendicular to the ridge, so counting vanishing moments is a way

to quantify the oscillation property mentioned above. In the Fourier domain, (2.11)
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becomes a line of zeros with some multiplicity:

I"p;
ow?

(0,w2) =0, for all 0 < n < ¢, for all ws.

Curvelets as defined and implemented in this thesis have an infinite number of van-
ishing moments because they are compactly supported well away from the origin in

the frequency plane, as illustrated in Figure 2.1.

5. Phase-Space Tiling/Sampling. We can really think about curvelets as Heisenberg
tiles of minimum volume in phase-space. In z, the essential support of ¢, has size
O(277 x 277/2). In frequency, the support of ¢, has size O(27/2 x 27). The net volume

in phase-space is therefore
0277 x279/2). 0272 x 27) = 0(1),

which is in accordance with the uncertainty principle. The parameters (7, k, ) of the
curvelet transform induce a new non-trivial sampling of phase-space, Cartesian in x,

polar in &, and based on the parabolic scaling.

6. Complex-valuedness. Since curvelets do not obey the symmetry ¢, (—=¢§) = ¢,(§),
¢y is complex-valued. There exists a related construction for real-valued curvelets
by simply symmetrizing the construction, see [20]. The complex-valued transform is

better adapted to the purpose of this chapter.

2.2.3 Curvelet Molecules

We introduce the notion of curvelet molecule; our objective, here, is to encompass under this
name a wide collection of systems which share the same essential properties as the curvelets
we have just introduced. Our formulation is inspired by the notion of “vaguelettes” in
wavelet analysis [65]. Our motivation for introducing this concept is the fact that operators
of interest do not map curvelets into curvelets, but rather into these molecules. Note that
the terminology “molecule” is somewhat standard in the literature of harmonic analysis

[42].

Definition 2.1. A family of functions (m,), is said to be a family of curvelet molecules
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with regularity R if (for j > 0) they may be expressed as
my(x) = 237/44(1) (D27jR,9ufE — k’) ,

where k' = (%, ];_;) and where for all u, the a® s verify the following properties:
e Smoothness and spatial localization: for each |B| < R, and each M =0,1,2,... there

is a constant Cpy > 0 such that

1020 (z)| < Car - (1 4 |2|) ™. (2.12)

e Nearly vanishing moments: for each N =0,1,..., R, there is a constant C'y > 0 such
that

a®(€)] < C - min(1,277 + & | + 2772 &)V, (2.13)

Here, the constants may be chosen independently of p so that the above inequalities hold
uniformly over u. There is of course an obvious modification for the coarse scale molecules

which are of the form a™ (x — k') with o™ as in (2.12).

This definition implies a series of useful estimates. For instance, consider 6, = 0 so that

Rgu is the identity (arbitrary molecules are obtained by rotations). Then, m,, obeys
4 4 Ky . ko \ M
Imu(x)] < Chr - 237/4 . <1 + |2z — 5—| + |27/ To — 5—]) (2.14)
1 2
for each M > 0 and |5| < R, and similarly for its derivatives
A . , k1 A ko \ M
02m,,(z)] < Cpy - 25974 2B1t52/2)7 . (1 + |22 — 5—| + |27/ 2y — 6—]) . (2.15)
1 2

Another useful property is the almost vanishing moments property which says that in the
frequency plane, a molecule is localized near the dyadic corona {27 < [¢] < 27F1}; |, ()]
obeys

i (€)] < O - 273/ - min(1,277 (1 + [¢))", (2.16)

which is valid for every N < R, which gives the frequency localization

[ (€)] < Cn - 2734 1S, (2.17)
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where for po = (5,0,0),
Spuo(€) = min(1,277 (1 4 [€])) - (1 + [277&| + [277/2&)) " (2.18)

For arbitrary j, S, is obtained from S, by a simple rotation of angle 6,,, i.e., Sy, (Rg,&).
Similar estimates are available for the derivatives of ¢,,.

In short, a curvelet molecule is a needle whose envelope is supported near a ridge of
length about 279/2 and width 277 and which displays an oscillatory behavior across the
ridge. It is easy to show that curvelets as introduced in the previous section are indeed

curvelet molecules for arbitrary degrees R of regularity.

2.2.4 Near Orthogonality of Curvelet Molecules

Curvelets are not necessarily orthogonal to each other,! but in some sense they are almost
orthogonal. As we show below, the inner product between two molecules m, and p,s decays
nearly exponentially as a function of the “distance” between the subscripts p and p'.

This notion of distance in phase-space, tailored to curvelet analysis, is to be understood
as follows. Given a pair of indices pu = (j, k,0), ' = (j', k', ¢"), define the dyadic-parabolic
pseudodistance

wp, ) = 25791 (1 +min(27,27) d(p, u’)) , (2.19)

where

d(l‘aﬂl) = ’9# - Ou’|2 + |xu - $u’|2 + |<e,u,$u - xu’>|-

Angle differences like 6, — 0,/ are understood modulo 7. As introduced earlier, e, is the
codirection of the first molecule, i.e., e, = (cosf,,sinf,,).

The pseudodistance (2.19) is a slight variation on that introduced by Smith [74]. We
see that w increases by at most a constant factor every time the distance between the scale,
angular, and location parameters increases. The extension of the definition of w to arbitrary
points (z,&) and (2,¢’) is straightforward. Observe that the extra term |[(e,,z, — /)|
induces a non-Euclidean notion of distance between z, and x,,. The following properties
of w are proved in Appendix A.1. (The notation A < B means that C; < A/B < () for

some constants C7,Cy > 0.)

Tt is an open problem whether orthobases of curvelets exist or not.
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Proposition 2.1. 1. Symmetry: w(p, p') < w(/, 1.
2. Triangle inequality: d(p,p') < C - (d(p, ") +d(p”’, 1)) for some constant C' > 0.

3. Composition: for every integer N > 0, and some positive constant C

> wlp, p" )N w( )N < O - w(p, )",
/'L//

4. Invariance under Hamiltonian flows: w(p, p') =< w(py(t), w,(t)).
We can now state the almost orthogonality result

Lemma 2.1. Let (m), and (py ) be two families of curvelet molecules with regularity R.
Then for j,j" >0,

(e, pr)] < Cv - wi(p, 1) (2:20)
for every N < f(R) where f(R) goes to infinity as R goes to infinity.

Proof. Throughout the proof of (2.20), it will be useful to keep in mind that A < C'- (1 +
|B)™™ for every M < 2M' is equivalent to A < C - (1 + B?)™™ for every M < M’.
Similarly, if A < C - (14 |By|)™ and A < C - (1 + |Ba|)™ for every M < 2M’, then
A< C-(14|By|+|Ba|)™ for every M < M’. Here and throughout, the constants C' may
vary from expression to expression.

For notational convenience put A = 6, —60,, and Az = z,, —x,,. We abuse notation by
letting m,, be the molecule a™(Dy-; Ry, ), i.e., my, is obtained from m, by translation
so that it is centered near the origin. Put I, = (my,p,). In the frequency domain, I,

is given by

1 o ~ —i(Ax)-
Ly = W/muo(f)mg(f)e (A2)€ g,

Put jo to be the minimum of j and j’. The Appendix shows that
/|Sﬂo(£) Sy (O de < € - 23/4433'/4 g~ li=d'IN (1 4 930 |Ag|%) ™, (2.21)

where S, is defined in equation (2.18). Therefore, the frequency localization of the curvelet
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molecules (2.17) gives

/ o ()] 1By (E)] dE < C - 273/4=33/4. / 140(8) Sy ()1 i€

< €2 IV (1 4 2001A02) N (2.22)

This inequality explains the angular decay. A series of integrations by parts will introduce
the spatial decay, as we now show.

The partial derivatives of 1, obey
08, (€)] < € - 273 273t |, ()N

Put A¢ to be the Laplacian in {. Because p,/ is misoriented with respect to e,, simple

calculations show that

Agpw(€)] < C 279427715, (&)Y,
82 -/ ! -/
|a—§2ﬁu'(£)\ < C- 27 @27 4 27T sin(A0)7) - S ()Y
i
Recall that for ¢t € [—7n/2,7/2], 2/7 - |t| < |sint| < |t|, so we may just as well replace

|sin(Af)| by |Af]| in the above inequality. Set

9240 92

— T _ 9Jo _ __
L=T= 208 T onasE o2

On the one hand, for each k, L¥(11,p,/) obeys
L () ()] < € - 273 (€7 - 19, (©)1.

On the other hand

92j0

Lk —i(Az)-€ _ 1 -+ 290 | Ax|? i _
e (14 27°|Ax| +1+210\A9]2

(e, A PJFe A7),
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Therefore, a few integrations by parts give

L] < C 270N (1420000, —6,,1%) 7"

, ) 92jo ) -N
. <1 +2]°|Ax\ + W‘<€M7Ax>’ ) s

and then

Ly < C- 27070 (1 4 200 (|AG? + |Az)? 2 Az)|? -

Lyl < C- | L+ 2°(JAG° + |Ax] )+1+TO|A0|2’<€/M )| :
One can simplify this expression by noticing that

- 2200\ (e, Ax)|? ; 270|{e,,, Az)| -

1+ 20|A0%) + — =20 > /1 4 20| AQ)2 2 — 9o Ax)|.

(1+-2|A0) + ST 2 1+ 2| S = 27 ey, )|
This yields equation (2.20) as required. O

Remark. Assume that one of the two terms or both terms are coarse scale molecules,

e.g., py, then the decay estimate is of the form
—j -N
(M, pu)| < C 279N - (Lt |z — 2w P+ ez —zp)])
For instance, if they are both coarse scale molecules, this would give
-N
[(mu, pp)| < C- (1 + |2p — mu”) .

The following result is a different expression for the almost-orthogonality, and will be

at the heart of the sparsity estimates for FIOs.

Lemma 2.2. Let (m,), and (pu)u be two families of curvelet molecules with regularity R.

Then for each p > p*,

sup Y [{my, p) P <
124 /
W

Here p* — 0 as R — oo. In other words, for p > p*, the matriz 1, = ({my,pw)) . acting
on sequences (o) obeys

Hellg, < Cp-llalle,
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Proof. Put as before jo = min(j, j'). The appendix shows that

N (1 20(d( ) < 022 (2.23)
,uGM]-/

provided that Np > 2. We then have

Z [P < C- Z 921i=J'INp . 92li=i'l < C,,
w J'eL

provided again that Np > 2.
Hence we proved that for p < 1, I is a bounded operator from ¢, to £,,. We can of course

interchange the role of the two molecules and obtain
su/pz [(ms pp) | < Cp.
Boop

For p = 1, the above expression says that I is a bounded operator from f, to {.. By

interpolation, we then conclude that I is a bounded operator from ¢, to ¢, for every p. [

This completes the discussion of the mathematical properties of curvelets. We can now

go back to hyperbolic equations.

2.3 Heuristics

This section explains the organization of the argument underlying the proof of the main

result, namely, Theorem 1.1, and gives the main reasons why curvelets are special.

2.3.1 Architecture of the Proof of the Main Result

e Decoupling into polarized components. The first step is to decouple the wavefield

u(t, ) into m one-way components f, (¢, x)

u(tv :L‘) = Z Rufu(t’ 33)7
v=1

where the R, are operators mapping scalars to m-dimensional vectors, and inde-

pendent of time. The f, will also be called “polarized” components. This allows
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a separate study of the m flows corresponding to the m eigenvalues of the matrix
Yoy Ag(2)&g. In the event these eigenvalues are simple, the evolution operator E(t)

can be decomposed as

m

E(t) =) R,e "L, + negligible, (2.24)

v=1

where the L, are operators mapping m-dimensional vectors to scalars and the A,’s
are one-way wave operators acting on scalar functions. In effect, each operator
E,(t) = e "\ convects wave-fronts and other singularities along a separate flow.
The “negligible” contribution is a smoothing operator—not necessarily small. The
composition operators R, and decomposition operators L, are provably pseudodiffer-

ential operators, see Section 2.4.2.

Fourier integral operator parametriz. We then approximate for small times ¢ > 0 each
e”#\v y = 1,...,m, by an oscillatory integral or Fourier integral operator (FIO)

F,(t). Such operators take the form

() f(z) = / e g, (1,2, €) (€ de,

under suitable conditions on the phase function @, (¢, z, £) and the amplitude o, (¢, x, §).

Again, the identification of the evolution operator E,(t) = e~ v with F, is valid up
to a smoothing and localized additive remainder. The construction of the so-called

parametriz F,(t) and its properties are detailed in Section 2.4.3.

Historically [57], the construction of an oscillatory integral parametrix did not in-
volve the decoupling into polarized components as a preliminary step. When applied
directly to the system (2.25), the construction of the parametrix gives rise to a matrix-
valued amplitude o (¢, z, &) where all the couplings are present. This somewhat simpler
setting, however, is not adequate for our purpose. The reason is that we want to boot-
strap the construction of a parametrix to large times by composing the small time
FIO parametrix with itself, F'(nt) = [F(t)]"™. Without decoupling of the propagation
modes, each E(t) or F(t) involves convection of singularities along m families of char-
acteristics or flows. Applying F'(¢) again, each flow would artificially split into m flows

again, yielding m? fronts to keep track of. At time 7' = nt, that would be at most
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m™ fronts. This flow-splitting situation is not physical and can be avoided by isolat-
ing one-way components before constructing the parametrix. The correct large-time
argument is to consider E,(nt) for small ¢ > 0 and large integer n as [E,(¢)]". This

expression involves one single flow, indexed by v.

e Sparsity of Fourier integral operators. The core of the proof is found in Section 2.5
and consists in showing that very general FIOs F(t), including the parametrices F, (),
are sparse and well structured when represented in tight frames of (scalar) curvelets
@u- The scalar analog of Theorem 1.1 for FIOs is Theorem 2.1—a statement of
independent interest. Observe that pseudodifferential operators are a special class of

FIOs and, therefore, are equally sparse in a curvelet frame.

Section 2.4.5 assembles key intermediate results and proves Theorem 1.1.

2.3.2 The Parabolic Scaling is Special

Why is the curvelet parabolic scaling the only correct way to scale a family of wave packets
to sparsely represent wave groups? In analogy with the discussion in Section 1.2.4, assume
for a moment that the curvelet scaling width ~ length? is replaced with the more general
power-law

1
width =~ length?, 1< — < o0,

R

and that one has available a tight frame ¢, of “g-wave-packets” (we have put o = 1 in the
notations of Section 1.2.4.) For example, § = 1 would correspond to wavelets and 5 = 0 to
ridgelets [13].

Consider a wave packet ¢, (z) centered around z, in space and &, in frequency. The
action of a Fourier integral operator on this wave packet can be viewed as the composition
of two transformations, (1) non-rigid convection along the Hamiltonian flow due to the
phase factor ®(z,t,£) (or more precisely its linearization £- V¢ ®(¢, z,,) around £,,) and (2)
microlocal dispersion due to the remainder after linearization and the amplitude o(t, x,§).
Depending upon the size of the essential support in phase-space (controlled by the value of
B), these two transformations may leave the shape of the waveform nearly invariant, or not.

We now argue that the curvelet parabolic scaling, 5 = 1/2, offers the correct compromise.

1. Spatial localization. For simplicity, suppose that one can model the convective
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effect by a smooth diffeomorphism g(z), so that a wave-packet ¢, (z) is effectively
mapped into ¢, (g(z)). If we Taylor expand g(x) around y, = ¢ '(z,), where z,, is

the center of ¢, (x), we obtain

9(x) = 2 + (& — 2,)g' (yu) + O((z — 2)?).

The first two terms induce an essentially rigid motion, while the remainder is respon-
sible for deforming the waveform. The requirement for optimal sparsity, as it turns
out, is that the extent of the deformation should not exceed the width of the wave
packet. In the case of curvelets, this imposes the correct condition for ¢,(g(z)) to
remain a “molecule” in the sense defined earlier; see how equation (2.71) combines

with the molecule estimate (2.14).

If the spatial width is of the order of a = 277, then the wave packet should essentially
be supported in a region obeying (x — z,) ~ 279/2 This is satisfied if and only if

1/2 < B < 1. In short, any scaling more isotropic than the parabolic scaling works.

. Frequency localization. Dispersive effects are already present in the wave equation

with constant velocity ¢ = 1,

e = A

with initial conditions u(x,0) = ug(z), %(x, 0) = ui(x). In the Fourier domain, the
solution is given by

sin([&[t) .

a(t, §) = cos([&]t) do (&) + e i (€)-

These multipliers are of course associated with the phases ®4(¢,2,£) = x - § £ t[¢]
(express sine and cosine in terms of complex exponentials). Linearize ®4 around §,,

the center of ¢,,, and obtain

(I)i(t7$7§) = (l’:tte,» fit(‘ﬂ - f : eH)?

where e, = éﬁ The first term is responsible for convection as before while the
second is responsible for dispersion (transverse to the oscillations of the wave packet).

Again, we must invoke more sophisticated arguments to see that to achieve sparsity,
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one needs 6(§) = [£] — £ - e, to be uniformly bounded over the frequency support
of the wave packet ¢, as to make the remainder ™€) non-oscillatory. This would
effectively transform each wave-packet into a proper “molecule.” For curvelets, see
how equation (2.52) depends on the crucial estimate (A.8) about the phase, and how
this implies the molecule inequality (2.17).

It is easy to see that 6(§) is zero on the line { = const x e,, and proportional to

(&ep)?

€l
lies well away from the origin, then §(§) < const implies that & - ef; be bounded by

away from it. If ¢, is supported around &, so that [{,| ~ 27, and the support

constant times 29/2. This is saying that the width of the support should be at most
the square root of the length (in frequency), i.e., 0 < § < 1/2. In short, any scaling

more anisotropic than the parabolic scaling works.

In conclusion, only the parabolic scaling, 8 = 1/2, allows to formulate a sparsity result
like Theorem 1.1 because it meets both requirements of small warping and small dispersion

effects.

2.4 Representation of Linear Hyperbolic Systems

We now return to the main theme of this chapter and consider linear initial-value problems
of the form

o — ou
G L A+ B0, u(0.2) = wla) (225)

where in addition to the properties listed in the introduction, Ay and B together with all
their partial derivatives are uniformly bounded for x € R™. As explained in Section 2.4.2,
we need to make the technical assumption that for every set of real parameters £, the (real)
eigenvalues of the matrix ), Ap(x)&, have constant multiplicity in = and &.

Curvelets will provide a concrete “basis” of L?(R™, C™) in which the evolution is sim-
ple/sparse. We choose to specialize our discussion to n = 2 spatial dimensions. The reason
is twofold: first, this setting is indeed that in which the exposition of curvelets is the most
convenient; and second, this is not a restriction as similar results would hold in arbitrary

dimensions.
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2.4.1 Main Result

We need to prove

B (t; s ! V)| < Con - D> wlps ()7, (2:26)

o
for some constant Cyn > 0 growing at most like Cnef~t for some Cn, Kn > 0. The
sum over v indexes the different flows and takes on as many values as there are distinct
eigenvalues )\B/,.

It is instructive to notice that the estimate (2.26) for t = 0 is already the strongest of its
sort on the off-diagonal decay of the Gram matrix elements for a tight frame of curvelets.
For t > 0, equation (2.26) states that the strong phase-space localization of every curvelet
is preserved by the hyperbolic system, thus yielding a sparse and well organized structure
for the curvelet matrix. These warped and displaced curvelets are “curvelet molecules” as
introduced in Section 2.2.3 because, as we will show, they obey the estimates (2.12) and
(2.13).

The choice of the curvelet family being complex-valued in the above theorem is not es-
sential. E(t) acting on real-valued curvelets would yield two molecules per flow (upstream
and downstream). Keeping track of this fact in subsequent discussions would be unneces-
sarily heavy. In the real case, it is clear that the structure and the sparsity of the curvelet
matrix can be recovered by expressing each real curvelet as a superposition of two complex
curvelets.

The following two sections present results which are for the most part established knowl-
edge in the theory of hyperbolic equations. For example, we borrow some methods and
results from geometric optics [57] and most notably from Taylor [84] and Stolk and de
Hoop [81]. The goal here is to keep the exposition self-contained and at a reasonable level,
and to recast prior results in the framework adopted here, which is sometimes significantly

different from that used by the original contributors.

2.4.2 Decoupling into Polarized Components

How to disentangle the vector wavefield into m independent components is perhaps best
understood in the special case of constant coefficients, Ay(x) = A, and with B(z) = 0.

In this case, applying the 2-dimensional Fourier transform on both sides of (2.25) gives a
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system of ordinary differential equations

du

= (L6 +ia(©i(t,€) =0, a(§) =Y Axk.
k

(Note that a(§) is a symmetric matrix with real entries.) It follows from our assumptions

that one can find m real eigenvalues A, () and orthonormal eigenvectors r, (), so that

a(§>ru(§) = )\V(g)rl/(g)

Put f,(t,&) = r,(&) - u(t,§). Then our system of equations is of course equivalent to the

system of independent scalar equations

Aoy o _
L) +iN(Ef(6) =0,

which can then be solved for explicitly;

Fo(t,6) = e MO £(0,€).

Hence, the diagonalization of a(§) decouples the original equation (2.25) into m polarized
components; these can be interpreted as waves going in definite directions, for example “up
and down” or “outgoing and incoming” depending on the geometry of the problem. This
is the reason why f, is also referred to as being a “one-way” wavefield.

The situation is more complicated when Ag(x) is non-uniform since Fourier techniques
break down. A useful tool in the variable coefficient setting is the calculus of pseudodiffer-
ential operators. An operator T is said to be pseudodifferential with symbol o if it can be

represented as

Tf(z) =o(z,D)f = (27];)2 /R ol ) f(§) de, (2:27)

with the convention that D = —iV. It is of type (1,0) and order m if o obeys the estimate
08070 (2,€)] < Cas - (1+ €)™

for every multi-indices « and 3. Unless otherwise stated, all pseudodifferential operators in

this thesis are of type (1,0). An operator is said to be smoothing of order —oo, or simply
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smoothing if its symbol satisfies the above inequality for every m < 0. Observe that this is
equivalent to the property that T maps boundedly distributions in the Sobolev space H ~*
to functions in H? for every s > 0, in addition to a strong localization property of its kernel

G(z,y) which says that for each N > 0, there is a constant C'y > 0 such that G obeys
|Ga,y)| < On - (1+ |z —y)) ™V (2.28)

as in [79](Chapter 6).
Now set

a(z,D) =Y Ap(z)Dy, — iB(z),
=1

and its principal part
m

a’(z,D) =Y Ap(z)Dy,
k=1

so that equation (2.25) becomes dyu+ia(x, D)u = 0. The matrices a(z, £) (resp. a®(z,)) are
called the symbol of the operator a(z, D) (resp. a’(x, D)). Note that a°(z, ¢) is homogeneous
of degree one in &; a® also goes by the name of dispersion matriz.

It follows from the symmetry of Ay and B that for every set of real parameters &1, ..., &,
the matrix a®(z, &) = >°;, Ag(z)& is also symmetric and thus admits real eigenvalues A)(z, €)

and an orthonormal basis of eigenvectors r9(z, &),

a’(w, )ry(w,8) = Ay, )ry(, €), (2.29)

The eigenvalues being real and the set of eigenvectors complete is a hyperbolicity condition
and ensures that equation (2.25) will admit wave-like solutions. We assume throughout this
thesis that the multiplicity of each \2(z, &) is constant in = and &.

By analogy with the special case of constant coefficients, a first impulse may be to
introduce the components 70(z, D) - u, where 7)(x, D) is the operator associated to the
eigenvector r9(x, ¢) by the standard rule (2.27). In particular this is how we defined hyper-
curvelets from curvelets in Section 1.2.2. Unfortunately, this does not perfectly decouple
the system into m polarized modes—it only approximately decouples. Instead, we would

achieve perfect decoupling if we could solve the eigenvalue problem

a(x, D)r,(x, D) = r,(x, D)\, (z, D). (2.30)
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Here, each A, = A\, (z, D) is a scalar operator and R, = r,(x, D) is an m-by-1 vector of
operators. Equation (2.30) must be understood in the sense of composition of operators.

Now let f, be the polarized components obeying the scalar equation

of, .
GIv LGN f, =0, 2.31
N +iA,f, =0 (2.31)

with initial condition f,(0,z) and consider the superposition
u = Zu,,, uy, = Ry fo.
v

Then w is a solution to our initial-value problem (2.25). (We will make this rigorous later,
and detail the dependence between the initial values ug and the f,(0,-).)

The following result shows how in some cases, (2.30) can be solved up to a smoothing
remainder of order —oo. When all the eigenvalues A\ (x,¢) are simple, the exact diagonal-
ization is, in fact, possible. The situation is more complicated when some of the eigenvalues
are degenerate; further decoupling within the eigenspaces is in general not possible. This
complication does not compromise, however, any of our results.

The theorem is due to Taylor [84], Stolk and de Hoop [81].

Lemma 2.3. Suppose our hyperbolic system satisfies all the assumptions stated below
(2.25). Then there exists an m-by-m block-diagonal matriz of operators A and two m-by-m

matrices of operators R and S such that
a(x,D)R = RA + S,

where A, R and S are componentwise pseudodifferential with A of order one, R of order
zero, and S of order —oo. Each block of A corresponds to a distinct eigenvalue \O whose
size equals the multiplicity of that eigenvalue. The principal symbol of A is diagonal with

the eigenvalues \o(x, &) as entries.
Let us provide an alternative, easier proof of the Taylor-Stolk-de Hoop lemma.

Proof. We already argued (2.30) is not just the eigenvalue problem for the symbol a(z,§)
for the composition of two operators does not reduce to a multiplication of their respective

symbols. Instead, it is common practice [41] to define the twisted product of two symbols o
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and 7 as

(ct7)(x,D) =0(x,D)r(x,D),

so that (2.30) becomes the symbol equation afr, = r,§A,. Note that D = —iV. The

explicit formula for the twisted product is, in multi-index notation?,

ofT = Z i@?aDgT.
la>0
We can see that o f 7 is the product o7 up to terms that are at least one order lower (because
of the differentiations in £).

Recall the decomposition of the symbol a(z, £) into a principal part a®(x, &) = >, A ()&,
homogeneous of degree one in &, and a remainder B(x) homogeneous of order zero. It follows
that the eigenvalues \)(x, £) of a®(z, ¢) are homogeneous of degree one, and the correspond-
ing eigenvectors r0(z, &) may be selected as homogeneous of degree zero (and orthonormal).
Up to terms of lower order in &, the original problem (2.30) therefore reduces to the eigen-
value problem a®(x, &)r0(x, &) = r%(z, &)A%(z, &) for the symbol a®. It is then natural to

0

look for a solution 7,,, A, of (2.30) as a perturbation of 70, A% by lower-order terms.

Consider first the case in which each eigenvalue \Y is simple and define the expansions
RNE S o ok D WD LR LR LT
so that r) is of order —n in £ and Al of order —n + 1 i.e.,
080517 (2, €)| < Cayp(1 + €)1,

and similarly for A\'. We plug these expansions in the twisted product, or equivalently in
(2.30), and isolate terms of identical degree.

The contribution at the leading order is, of course, a’r) = A% and the remainder is of
the form a0 — r94 A% put €Y as its principal symbol. The zero-order equation reads

(a® = X0 1)rl = —e0 4 700! (2.32)

vty

2 All the pseudodifferential operators considered in this paper are of type (1,0) therefore all such polyho-
mogeneous expansions are valid.



51

which admits a solution if and only if the right hand side has a zero component in the
eigenspace spanned by rY. This is possible if Al is selected so that

—e0 40\ 10 e AL =400

It follows that equation (2.32) admits the family of solutions

L= (a® =\ D)7 (=€l + 7O 4 £,

v

where f; is actually a scalar function of x and &, and homogeneous of degree -1 in £. Our
proof does not exploit this degree of freedom.

It is clear that one can successively determine all the A}}’s and 7]'’s in a similar fashion.
Let e? be the principal symbol of af (r) + ... +77) — (rO + ... +72) 8 (A + ...+ A7), then
the equation at the order —n is

(a® =AY Dyt = —ep + AT

and is solved exactly like (2.32).

Suitable cutoffs of the low frequencies guarantee convergence of the series for r, and A, .
As is standard in the theory of pseudodifferential operators [75, 85], one selects a sequence
of C*° cut-off functions x,(§) = x(€"€) for some x vanishing inside a compact neighborhood
of the origin, and identically equal to one outside a larger neighborhood. Then ¢ is taken

small enough so that
(@, &) =Y i@, Oxa(€)s A(@:8) = D A, E)xn(€)
n=0 n=0

are converging expansions in the topology of C*°. As a result, the remainder s, = afr, —

r, § A, also converges to a valid symbol which, by construction, is of order —oo, i.e., obeys
08070 (2,€)] < Caypn - (L+1€) N1

for every N > 0. The lemma is proved in the case when all eigenvalues of the principal
symbol are simple.

Consider now the case of a multiple eigenvalue A\°, say. Suppose the corresponding
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eigenspace is of dimension p and spanned by r?, ..., 7). The reasoning for simple eigenvalues

b p'
does not apply because the p solvability conditions are too many for purely diagonal lower-

order corrections. Instead, the block corresponding to \° is now perturbed as

D | /\h )\%p )\%1 )\%p

0 - X )\11)1 )\Il,p )\1201 )\gp

n

where each A is homogeneous of degree —n+1 in €. At the leading order, The p equations

relative to \g are

P
0 0 \,.1 0 041
i=1
where eg is the principal symbol of a § r? — r? # A%, Solvability requires that the projection of

the right-hand side on each of the 9, i = 1, ..., p vanishes. This unambiguously determines

all the components of the p-by-p block A! as

1 _ .0 0
)\U—Tle]

All blocks relative to other eigenvalues are solved for in a similar way, yielding a block-
diagonal structure for the zeroth order correction A\!. Each block should have dimension
equal to the multiplicity of the corresponding eigenvalue in order to meet the solvability
requirements.

The perturbed eigenvectors 71, ... ,r; are determined as previously once the )\}j are
known. The same reasoning applies at all orders and thereby determines A and R. Con-
vergence issues are addressed using cutoff windows just as before.

O

The above construction indeed provides efficient decoupling of the original problem
(2.25) into polarized modes. The following lemma is a straightforward consequence of
Lemma 2.3 although we have not been able to find it in the literature. See [81] for related

results.

Lemma 2.4. In the setting of Lemma 2.3, the solution operator E(t) for (2.25) may be
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decomposed for all times t > 0 as
E(t) = Re™™ L+ S(1),

where the matrices of operators A and R are defined in Lemma 2.3 and S(t) is (another)

matriz of smoothing operators of order —oo. In addition,
1. L is an approximate inverse of R, i.e., RL =1 and LR = I (mod smoothing).
2. L is a pseudodifferential of order zero (componentwise).

Observe that e~ inherits the block structure from A, and is diagonal in the case where all

the eigenvalues N2 are simple.

Proof. Begin by observing that R = r(x, D)—as an operator acting on L?(R?, C™)—is in-
vertible modulo a smoothing additive term. This means that one can construct a parametrix
L so that LR = I and RL = I with both equations holding modulo a smoothing operator.
To see why this is true, note that the matrix r(z,£) is a lower-order perturbation from
the unitary matrix r%(z, &) of eigenvectors of the principal symbol a’(x, ). The inverse of
r0(x, €) is explicitly given by °(z,¢) = r%(z,£)*. The symbol of L can now be built as an
expansion 0 + ¢! + ..., where each ¢"(x,¢) is homogeneous of degree —n in ¢ and chosen
to suppress the O(|¢]77) contribution in RL — I as well as in LR — I. This construction
implies that L is pseudodifferential of order zero (componentwise). All of this is routine
and detailed in [41](page 117).

In the sequel, S, S1 and Sy will denote a generic smoothing operator whose value may
change from line to line. The composition of a pseudodifferential operator and a smoothing
operator is obviously still smoothing. Set f = Lu and let A = a(z, D), so that Jyu = —iAu.
On the one hand, u = Rf — Su and

ou = RO f — SOu = RO f — SAu. (2.34)
On the other hand, Lemma 2.3 gives

Au= ARf — ASu = RAf + Sif + Syu = RAf + Su (2.35)



54

Comparing (2.34) and (2.35), and applying L gives
Of = —iAf + Su. (2.36)
This can be solved by Duhamel’s formula,

f(t) = e " f(0) + /0 t e E=DAGu(r) dr. (2.37)

We now argue that the integral term is, indeed, a smoothing operator applied to the initial

value ug.

e First, the evolution operator E(t) = e~ 4 has a kernel K(t,z,y) supported inside
a neighborhood of the diagonal y = x and for each s > 0, is well known to map
H*(R?%,C™) boundedly onto itself [57]. Therefore, SE(7) maps H* to H* boundedly
for every s > 0 and has a well localized kernel in the sense of (2.28). This implies that

SE(T) is a smoothing operator.

e Second, Section 2.4.3 shows that e~/ is, for small ¢, a FIO of type (1,0) and order
zero, modulo a smoothing remainder. The composition of a FIO and a smoothing
operator is smoothing. For larger ¢, think about e A as the product (e_i%A)” for

appropriately large n.

e And third, the integral extends over a finite interval [0, ¢] and may be thought as an

average of smoothing operator—hence smoothing.

In short, f(t) = e " f(0) + Sug. Applying R on both sides of (2.36) finally gives
u = RefitALuO + St1ug + Sou = (RefitAL + S)uo

which is what we set out to establish.

It remains to see that the evolution operator e~#A for the polarized components has the
same block-diagonal structure as A itself. This is gleaned from equation (2.36): evolution
equations for two components f,,, f,, (corresponding to distinct eigenvalues) are completely

decoupled. Il
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2.4.3 The Fourier Integral Operator Parametrix

Lemma 2.4 explained how to turn the evolution operator E(t) into the block-diagonal rep-
resentation e A, In this section, we describe how each of these blocks can be approximated
by a Fourier integral operator. The ideas here are standard and our exposition is essentially
taken from [43] and [75]. The original construction is due to Lax [57].

Let us first assume that all eigenvalues of the principal symbol a°(z, ) are simple. This
is the situation where the matrix of operators A (Lemma 2.3) is diagonal with elements A,,.
Put E,(t) = e the (scalar) evolution operator relative to the vth polarized mode. We
seek a parametrix F),(t) such that S, (t) = E,(t) — F,(t) is smoothing of order —oc.

Formally,

ft.0) = [ B0 R d.

Our objective is to build a high-frequency asymptotic expansion for E,(t)(e**¢) of the form
e tr g (¢, 1,€), (2.38)

where o, ~ 09 + ol + ... with ¢ homogeneous of degree —n in ¢, and ® homogeneous of
degree one in &.

As is classical in asymptotic analysis, we proceed by applying M, = 0; + iA, to the
expansion (2.38) and successively equate all the coefficients of the negative powers of [¢]
to zero, hence mimicking the relation M, E, (t)(e’*€) = 0 which holds by definition. For
obvious reasons, we also impose that (2.38) evaluated at ¢ = 0 be e'¢ Note that, in
accordance to Lemma 2.3, A, is taken as a polyhomogeneous expansion >0 A];(x, D),
where each symbol )\,@(x, €) is homogeneous of degree —j + 1 in &.

After elementary manipulations, one finds that the phases must satisfy the standard

Hamilton-Jacobi equations
0o,

ot

+20(z,V,®,) =0, (2.39)

with @,(0,z,¢&) = x - {. The amplitudes o}’ are successively determined as the solutions of

transport equations along each Hamiltonian vector field,

6;” + Ve (2, Vi®,) - Vol = Py(al, ..., 00), (2.40)
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n
v

where P, is a known differential operator applied to ¢¥,..., o

In the case where some eigenvalue A\ has multiplicity p > 1, the construction of a FIO
parametrix goes the same way, except that A, denotes the p-by-p block corresponding to
A in the matrix A of Lemma 2.3. Also each o7 is now a p-by-p matrix of amplitudes.

It is important to notice that ¢, may be defined only for small times, because it would
become multivalued when rays originating from the same point x( cross again later. This
typically happens at cusp points, when caustics start developing. We refer the interested
reader to [43, 89).

We skipped a lot of justifications in the above exposition, in particular on convergence

issues, but these technicalities are standard and detailed in some very good monographs.

The following result summarizes all that we shall need.

Lemma 2.5. Define t* as half the infimum time for which a solution to (2.39) ceases to
exist, uniformly in v and £. In the setting of Lemma 2.3, denote by A, a block of A and
E,(t) = e v, Then for every 0 < t < t*, there exists a parametriz F,(t) for the evolution

problem Oy f + iA, f = 0 which takes the form of a Fourier integral operator,

E () folx) = / e 5, (1 1, €) fol€) dE.

For each t < t*, the phase function ®, is positive-homogeneous of degree one in & and
smooth in x and &; the amplitude o, is a symbol of type (1,0) and order zero. The remainder

Sy(t) = E,(t) — F,(t) is a smoothing operator of order —oo.
Proof. The proof is for the most part presented in [75](Pages 120 and below). See also

36, 43, 85). O

2.4.4 Sparsity of Smoothing Terms

The specialist will immediately recognize that a smoothing operator of order —oco is very

sparse in a curvelet frame. This is the content of the following lemma.

Lemma 2.6. The curvelet entries of a smoothing operator S obey the following estimate:

for each N > 0, there is a constant Cn such that

[(pu Sl < On - 27PN (L 4y — ). (2.41)
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Note that (2.41) is a stronger estimate than that of Theorem 1.1. Indeed, our lemma

implies that

(o, S| < On - wlp, iy, (8)
which is valid for each NV > 0 and regardless of the value of v.

Proof. We know that S maps H~° to H® for arbitrary large s, so does its adjoint S*. As a

result,

(s S )| < 1(S™ 0 0 ) 2 (s Spp) V2

* 1/2 1/2 1/2 1/2
< 1S* el e 132 oul 22 1S 1 0e

<Cewlla-—slleullg—s < €270+,

Next, recall that curvelets have an essential spatial support of size at most O(1) x O(1).
(Coarse scale curvelets have support size about O(1) x O(1) and the size decreases at

increasingly finer scales.) The action of S is local on this range of distances, so that
-N
(s Spp)l < On - (L4 oy — 2w |) 7

for arbitrary large N > 0. These two bounds can be combined to conclude that the matrix

elements of S are negligible in the sense defined above. O

2.4.5 Proof of Theorem 1.1

Let us first show how the first assertion on the near-exponential decay of the curvelet matrix
elements follows immediately from the second one, equation (1.19). Let a be either a row
or a column of the curvelet matrix and let |a|(,) be the nth largest entry of the sequence
|a|. We have

1
P aly < Jlall’?

and, therefore, it is sufficient to prove that the matrix F has rows and columns bounded in

¢y, for every p > 0. Consider the columns. We need to establish

sup » | E(t; p,vi pf, V)P < Cip, (2.42)
P
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for some constant C;, > 0 growing at most like CpeKPt for some C,,, K, > 0.

The sum over v and the sup over v/ do not come in the way since these subscripts take
on a finite number of values. The fine decoupling between the m one-way components,
crucial for equation (1.19), does not play any role here.

Let us now show that there exists N so that

ZW(/% IU//)_Np S CN,pv
I
uniformly in z/. We can use the bound (A.2) with Np in place of N for the sum over k and
£. This gives

S0 )V < Oy - S 27T IND 20
Z i20

which is bounded by a constant depending on N and p provided again that Np > 2.
Hence we proved the property for the columns. The same holds for the rows because the

same conclusion is true for the adjoint E(t)*; indeed, the adjoint solves the backward initial-

value problem for the adjoint equation u; = A*u, and A* satisfies the same hyperbolicity

conditions as A. We can therefore interchange the role of the two curvelets and obtain

sup > |E(t; p/, /s p, v) [P < Cip.
Wy
Note that the classical interpolation inequality shows that E(t) is a bounded operator from
¢y to £, for every 0 < p < oo.
We now turn to (1.19). Let us assume first that all eigenvalues A\ of the principal
symbol a” are simple. According to Lemmas 2.4 and 2.5, each matrix element E(t;v;v) =

e, E(t)e, of E(t) can for fixed (possibly large) time ¢ > 0 be written as

m
Etviv) = Y Ry (€7 w™ )" Ly + 8,00 (). (2.43)

v'=1

We have taken n large enough—proportional to t—so that e~inh

v is a Fourier integral
operator (mod smoothing) for every v. Each R, ,, and L, is pseudodifferential of order
zero and S, ,/(t) is smoothing.

Thanks to Lemma 2.6, we only need to prove the claim for the first term of (2.43) which

follows from Theorem 2.1 in Section 2.5 about the sparsity of FIOs in a curvelet tight frame.
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As is well known, the ray dynamics is equivalently expressed in terms of Hamiltonian

flows
#(t) = VeAl(z(t), £(1)), x(0) = =z,
1) = VeN(a(0).€(0) (0) = o o
£(t) ==V (x(1),£(1)), £(0) = &,
or in terms of canonical transformations generated by the phase functions ®,,,
T = Ve®(t,x(t), &),
0 ¢®(t, z(t), So) (2.45)

f(t) = qu)(t, .I‘(t), §O)a

provided ®(¢, x, &) satisfies the Hamilton-Jacobi equation %—f + A0z, V,®) = 0 with initial
condition (0, x,&y) = x - §. We obviously need this property to ensure that the geometry
of FIOs is the same as that of hyperbolic equations.

Pseudodifferential operators are a special instance of Fourier integral operators so the

theorem equally applies to them. For E(t; 1, v; p',v') = (pp, E(t;v; V') ¢l,) we get

m 3 t B
Bt v V) < COn DY > wlp, po) N w(po, (=) 7N -

n
v''=1 po Bn
/)—N

9

to_
(g1 pmay (=) "N (ptn, o

for all N > 0. Inequality (2.26) then follows from repeated applications of properties 3 and
4 of the distance w, see proposition 2.1. The power growth in ¢ of the overall multiplicative
constant comes from the number of intermediate sums over po, ..., ttn. There are n+1 ~ ¢
such sums and they each introduce the same multiplicative constant C'y.

The reasoning is the same when at least some eigenvalues A\ are degenerate. The sub-
script v now denotes the flows i.e., the eigenvalues A\Y, not counting their multiplicity. Each

t
—i A

R, is a row vector, e a matrix and L,» ;s a column vector. The FIO parametrix

for e~»" was constructed in such a way that only one flow h,~» appears in the majoration
of its curvelet elements (componentwise). There is no intermediate sum over vy, ..., v, and
this is the whole point of decoupling the polarized components before constructing the FIO

parametrix.
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2.4.6 Relation to Hypercurvelets

In Section 1.2.2 we introduced hypercurvelets as “polarized” curvelets which would not split
into m molecules along the m different flows. In light of Section 2.4.2, it is interesting to

reformulate our main result (2.26) in terms of hypercurvelets. We recall that

00(@) = 1%z, D)pu(z) = / 0 (2, )3, (€) de.

1
(2m)?
Corollary 2.1. Define EO(t; p,v; i/, ') = ( ES,),E(t)cpESZ,). Then under the same as-

sumptions as those of Theorem 1.1 we have for all N > 0

EO (6 vi 1 V)] < Co - [l iy ()N 4277 57wl il () V). (246)

VI £y
The main contribution to the right-hand side is due to the v'th flow. All other flows
are weighted by the small factor 277" (which is about equal to |¢|~' on the support of
). In other words, there might be some “cross talk” between the various components
corresponding to the different flows but it is at most smoothing of order —1, hence small at

small scales.

Proof. Equation (2.46) follows from Theorem 1.1 and the fact that the adjoint of the matrix
operator R? whose columns are the R) = 79(x, D) is an approximate left inverse for RO—
up to an error smoothing of order —1. Indeed, by the standard rules for composition and
computation of the adjoint of pseudodifferential operators,
(R))* Ry = ((r)" $rp)(x, D)
= ((r9)*rY%)(x, D) + order —1

= 0,1 + order —1.

We have used the fact that the dispersion matrix a®(z, ) is assumed to be symmetric, hence
admits an orthobasis of eigenvectors r)(z,£). We then conclude from Theorem 2.1 applied

to pseudodifferential operators of order —1. O
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Alternatively, we could have defined hypercurvelets as

) =ry(x,D)pu(x) = (2717)2 / ¢TEr, (2, €) G, (€) dE.

This would have given the same result.? The reason why we did not use hypercurvelets in
the preceding sections is that they do not necessarily constitute a suitable practical basis to
decompose wavefields onto. We do not even know if they always constitute a frame. Digital

implementation would also seem less obvious.

2.5 Representation of FIOs

The purpose of this section is to show that Fourier integral operators admit a sparse and
well organized structure in a curvelet frame. The main result, Theorem 2.1, is a key step in
completing the discussion of the previous section. (Observe that by construction, the FIOs
encountered in the previous section satisfy all the assumptions stated in Section 2.1 right
below (2.1).) As in the previous section, we will restrict the discussion to x € R? which is

no loss of generality, see Section 2.6.

2.5.1 Main Results

In the introduction section, we detailed a notion of Hamiltonian correspondence for hyper-
bolic equations. This correspondence also exists for FIOs and is “encoded” in the phase
function ® of the FIO. It is called the canonical transformation associated to ®, and is

defined as the mapping (z,&) — (y,n) of phase-space

z=Ved(y, ), n=V:®(y,§). (2.47)

As suggested in Section 2.4.5, this formulation is equivalent to that involving trajectories
along the bicharacteristic flow as in equation (1.10), provided the phase function solves an
appropriate Hamilton-Jacobi equation.

This canonical transformation induces a mapping of curvelet subscripts, denoted by
p = h(p). It is defined via the closest point (x,/,&,), on the curvelet lattice, to the image

of (z,,&,) by the canonical transformation. We can already remark that mistaking a point

3We can only conjecture that the decoupling should be better if we use the improved cpff,,o).
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(@, &) for one of its neighbors will not compromise the following result, only increase the
value of the constant Cy in front of the estimate.

The main result for this section reads as follows.

Theorem 2.1. Let T be a Fourier integral operator of order m acting on functions of R?,
with the assumptions stated above, and T(u; ') denote its matriz elements in the complex
curvelet tight frame. Then with h the curvelet index mapping and w the distance defined in

(2.19), the elements T'(u; 1') obey for each N > 0
T (s 1)] < O - 27w, h(u') 7Y,

for some Cy > 0. Moreover, for every 0 < p < oo, (T'(u,p')) is bounded from ¢P to (7.

The interpretation of Theorem 2.1 is in strong analogy with that of Theorem 1.1.
Namely, a FIO has the property of transporting and warping a curvelet into another
curvelet-like molecule. (Again, the choice of using complex-valued curvelets is not essential,
as a real curvelet would be mapped onto two molecules.)

The proof of Theorem 2.1 relies on the factorization of T" on the space-frequency support
of ¢, as a nice pseudolocal operator 17, followed by a smooth change of variables, or
warping T ,. This decomposition goes as follows.

Let ¢, be a fixed curvelet centered around the lattice point (z,,¢,) in phase-space. The

phase of our FIO can be decomposed as

<I>(a:,£) = (I)g(l’,gu) 5"’ (5(-’1),5), ¢M(x) = (I)E(:L‘agﬂ) (248)

In effect, the above decomposition “linearizes” the frequency variable and is classical, see

(68, 79]. With these notations, we may rewrite the action of 7" on a curvelet ¢, as

(o)) = [ et eaa, )0, (6) de. (2.19)
Now for a fixed value of the parameter u, we introduce the decomposition

T = TQ,'U,TL'LL;
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where

(T1,uf)() Z/eix'gbu(fv,ﬁ)f(f) dg,  (Topuf)(x) = f(ou(x)), (2.50)

with b,(z,§) = ei5(¢;1(z)’5)a(¢;1(x),5)). This decomposition allows the separate study of
the nonlinearities in frequency & and space z in the phase function ®. The point is that

both 17, and T3, are sparse in a curvelet tight frame—only for very different reasons.

Theorem 2.2. Let (¢,), be a tight frame of curvelets compactly supported in frequency.
For each i, T1,, maps @, into a curvelet molecule m,, with arbitrary regularity R, uniformly

over u in the sense that the constants in estimates (2.12) and (2.18) do not depend on .

As we shall see, the proof of Theorem 2.2, presented in Section 2.5.2, relies on the
property of compact support in frequency of the ¢,. In contrast the corresponding result
for the operators 75 , which we present next, is extraordinarily simplified if one uses curvelets
compactly supported in space. Although well localized in space, the tight frame introduced
in Section 2.2 does not meet this requirement. In order to circumvent this technical difficulty,
we introduce compactly supported curvelet atoms in Section 2.5.3. They are built on the

model of atomic decompositions, standard in approximation theory [42].

Theorem 2.3. Let (p,), be a family of complexz-valued curvelet atoms, compactly supported
in space, with reqularity R. Denote by h the canonical index correspondence associated to
P, as defined above. For each p, Ta,, maps p, into a molecule my ) of the same regularity

R, uniformly over u.

The latter theorem says that the “warped” atom p, o ¢, is still an atom, only its scale,
orientation, and location may have been changed. That a smooth warping preserves the
sparsity of curvelet expansions is a result of independent interest.

The remaining three sections are devoted to the proofs of Theorems 2.2, 2.3 and 2.1. The
dependence of ¢, upon p is not essential in proving Theorems 2.2, 2.3 as the only property
of interest is that the derivatives of ¢, are bounded from above and below uniformly over p
(which follows from our assumptions about ®). This is the reason why in the next sections

we will drop the explicit dependence on p and work with a generic warping ¢.
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2.5.2 Proof of Theorem 2.2

We will assume without loss of generality that our curvelet ¢, is centered near zero (k = 0)
and is nearly vertical (6, = 0).

Set m,, = T1p,. We first show that m, obeys the smoothness and spatial localization
estimate of a molecule (2.12). With the same notations as before, recall that m,, is given
by

@) = [0 008, de bule,6) = OOa(6 w0 (25)

To study the spatial decay of m,(z), we introduce the differential operator

0* 02

J

Le=1—-2% -
¢ o ogg’

and evaluate the integral (2.51) using an integration by parts argument. First, observe that
N i . 9 /9 9 N
L et = (1 + 2721 |2 + |27/ %) ) et
Second, we claim that for every integer N > 0,
L b2, () < C - 274, (2.52)

(The factor 2733/% comes from the L? normalization of ¢p-) This inequality is proved in

appendix A.2. Hence,

my(w) = (14 (2721 + |2j/2:czl2)7N /L?[bu(m,f)gbu(g)] e,

Since ]Lév (b (,8)p,(€)]] < C-27%/* and is supported on a dyadic rectangle R,,, of length
about 27 and width 27/2, we then established that

93j/4

[mu(z)| < C

(1+ 2012 + [29/25[2) Y
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The derivatives of m,, are essentially treated in the same way. Begin with

O bu(w,€©)) = Y () 9 (bu(w,€))

B+p<La
= > P(bu(w, )%
B+p<La
Therefore, the partial derivatives of m, are given by
(OFmy)(z) = Z I (), (2.53)
B+e<la
where

Tnola) = [ 50200, €)6%6,(6) de (2.50)

First, observe that on the support of ¢, [£|% obeys |¢|8 < C'-2761.2782/2 Second, the term
0% b(z, &) is of the same nature as b, (x,€) in the sense that it obeys all the same estimates

as before. In particular, we claim that for every integer N > 0,
LY [08b,(2,€)EP pu(€)]| < C - 27%/% . 2081 . 2352/, (2.55)

Hence, the same argument as before gives

93/4 . 9B . 9if2/2

(s p(2)| < C-

(14 1201 |2 + |20/225[2)

Now since 8 < «, we may conclude that

93j/4 . 9jon . 9jaz/2

[(@zmu)(z)] < C-

(1+ 12021 2 + |20/25)2) Y

This establishes the smoothness and localization property.

The above analysis shows that m,, is a “ridge” of effective length 279/2 and width 277;
to prove that m, is a molecule, we now need to evidence its oscillatory behavior across
the ridge. In other words, we are interested in the size of the Fourier transform at low

frequencies (2.13)—(2.16).
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Formally, the Fourier transform of m,, is given by

i (€) = / / &% =90, (2, 1) Gy () dvdl. (2.56)

We should point out that because the amplitude b is not of compact support in z, the
sense in which (2.56) holds is not obvious. This is a well known phenomenon in Fourier
analysis and a classical technique to circumvent such difficulties would be to multiply m,,
(or equivalently b,) by a smooth and compactly supported cut-off function x(ex) and let e
tend to zero. We omit those details as they are standard.

Set Dy = —ia%l. To develop bounds on |17, (£)|, observe that
DY e = ()"
An integration by parts then gives

(€)= [ [ DN (7%, 0,0)) nr ¥ oun) dod

Hence,

N
Mu(€) =Y em & Fn (8,
m=0

where

Fon(a) = / (O, €)) ;") .

Note that F,, is exactly of the same form as (2.54)—but with n;" instead of n°—and

therefore, the exact same argument as before gives

93i/4 . 9—jn

|Fn(2)] < C - . _
" (1+ 221 [2 + |20/25|2

)

We then established

1Fllre < IF Iy < Cp - 27304 2707,

which gives

mu(€)] < C- 273 27 (L4 [,

as required. This finishes the proof of Theorem 2.2.
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The careful reader will object that we did not study the case of coarse scale curvelets; it
is obvious that coarse scale elements are mapped into coarse scale molecules and, here, the
argument would not require the deployment of the sophisticated tools we exposed above.

We omit the proof.

2.5.3 Atomic Decompositions

As we will see later, to prove our main result and especially Theorem 2.3, it would be most
helpful to work with tight frames of curvelet compactly supported in space. Unfortunately,
it is unclear at this point how to construct such tight frames with nice frequency localization
properties. However, there exist useful atomic decompositions with compactly supported
curvelet-like atoms. We now explore such decompositions.

In this section, the notation f, ¢ refers to the function obtained from f after applying a

parabolic scaling and a rotation

1/a 0

fa,@(l‘) = a_3/4f (DaRG:L') ) Da =
0 1/va

and where Ry is the rotation matrix which maps the vector (1,0) into (cos, —sin#). Note

that this is an isometry as

[ faollL, = If]lz,-

In [73], Smith proved the following result: let 1 be a Schwartz function obeying 1/;(1, 0) #
0; then one can find another Schwartz function v, and a function ¢(§) such that the following

formula holds

a(€) / 00 (€ aol€) adadd = r(6); (2.57)

here r is a smooth cut-off function obeying

I [>2
0 [l<1

r(§) =

and ¢ is a standard Fourier multiplier of order zero; that is, for each multiindex «, there

exists a constant C, such that

084(€)] < Ca(1+ €)1
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This formula is useful because it allows us to express any object whose Fourier transform
vanishes on {|{| < 2} as a continuous superposition of curvelet-like elements. We now make
some specific choices for ¢. In the remainder of this section, we will take ¥(z) = th(—z)

and the function ¥ of the form
Y@, x2) = P (21) p(2), (2.58)
where both ¢ and 1 are compactly supported and obey
Supp ¢ C [0,1], Supp¥? c [0,1].

We will assume that ¢ and 1? are C* and that the function ” has vanishing moments

up to order D, i.e.,

/wD(azl)xlf dry =0, k=0,1,...,D. (2.59)

For each a < 1, each b € R? and each 6 € [0,27), introduce

Ya05(x) = ao(x — b) = a9 (DeRy(z — b)) ; (2.60)

and given an object f, define coefficients by

CCT(f)(a.b,8) = [ Tagal@f (2)da. (2.61)

Now, suppose for instance that f vanishes over |£] < 2, then (2.57) gives the exact recon-

struction formula

f@ = |  COT((D))(a.b.O) g s(a)p(dada) (2.62)

with pu(dadfdb) = adadfdb. In the remainder of this section, we will use the shorter notation
dy for p(dadfdb).

As is now well established, the reproducing formula may be turned into a so-called
“atomic decomposition.” Not surprisingly, our atomic decomposition will just mimic the
discretization of the curvelet frame as introduced in Section 2.2. With the notations of that

section, we introduce the cells @, defined as follows: for j >0, £ =0,1,..., 2U/2] — 1 and
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k = (k1,k2) € Z2, the cell Q, is the collections of triples (a,6,b) for which
2 0t) <g< 27, 90, < gTUﬂJ

and

DQ—jRgub S [kl,kl + 1) X [kg,kg + 1).

Note that fQu dp = 37m/2 for j even, and 37 for j odd. We may then break the integral

(2.62) into a sum of terms arising from different cells, namely,
f(l‘) = Zaupu(m) (2.63)
m

where

oy = [|CCT(¢(D) )l Ly(0,0)5 (2.64)
() = - [ COTtaD) )0 0h00() o

Of course, the decomposition (2.63) greatly resembles the tight frame expansion, com-
pare (1.9). In particular, the atoms p,, are curvelet-like in the sense that they share all the
properties of the tight frame (¢, ), — only they are compactly supported in space. In the
remainder of the chapter, we will call these elements curvelet atoms. Below are some crucial
properties of these atoms. Please note that we are not talking about wave atoms here, but
merely a specific type of curvelet-like waveforms which happen to be named “atoms” as

well.

Lemma 2.7. Rewrite the atoms p,, as p,(x) = 233/, (1) (DQ_jRgux — k) In other words,
pu is obtained from a™ after parabolic scaling, rotation, and translation. For all p, the a(*)

verify the following properties.

e Compact support;
Supp a'™) C Q. (2.65)

e Nearly vanishing moment along the horizontal azis; let m = D/2. Then for each
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k=0,1,...,m, there is a constant C,, such that

/a(“) (21, z0)2k dzy < Cpy - 279D, (2.66)

e Reqularity; for every multiinder o

920 ()] < C. (2.67)

In (2.66) and (2.67), the constants may be chosen independently of u and f.
Proof. See appendix A.2 O

Needless to say that curvelet atoms are molecules with spatial compact support, compare
lemma 2.7 with the definition of a molecule. Finally, observe (and this is important) that

it is of course possible to decompose a molecule into a series of atoms
My = Z Cpp! Py -
,LL/
The coefficients would then obey the same estimate as in lemma 2.1
Q] < Cn - w(p, 1), (2.68)
and in particular, for each p > 0,

supz |y [P < Cp.
H w

This is briefly justified in appendix A.2.

2.5.4 Proof of Theorem 2.3

As mentioned earlier, curvelet atoms depend in a nonessential way upon the object f we
wish to analyze and we shall drop this dependence in our notations. To prove Theorem 2.3,
recall that we need to show that for each curvelet atom p,, with regularity R, the “warped”

atom p,, o ¢ is also a curvelet atom, with the same regularity.
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As in Section 2.5.3, we suppose our curvelet atom is of the form
pu(x) = 23j/4a(“)(D27jR9# (x —xu)),

where a(® obeys the conditions of Lemma 2.7. (Here, the location x, may be formally

defined by z, = (Dy-; Rg,) *ks.) Define y, and A, by

Yu=¢ (z4), and A= (Vo) (y,) (2.69)

so that

oY) =xu+ Auly — yu) + 9y — yu)-

With these notations, it is clear that the warped atom p,, 0 ¢ will be centered near the point
Yu; that is,
pu(d(y)) = 2% (Dy-s Ry, (Au(y — yu) + 9(y — wu))) -

To simplify matters, we first assume that A, is the identity and show that p,0¢ is a curvelet
atom with the same scale and orientation as p,. Later, we will see that in general, p, o ¢
is an atom whose orientation depends upon A, and whose scale may be taken to be the
same as that of p,. Assume without loss of generality that 6, = 0 and y,, = 0 (statements

for arbitrary orientations and locations are obtained in an obvious fashion) so that

pu(d(y)) = 257/4a) (Dy (y + g(y))) = 2%/41) (D, 5y), (2.70)

with
b (y) = a™ (y + Dy g(Dasy)) -

The atom a® is supported over a square of sidelength about 1; likewise, b is also com-
pactly supported in a box of roughly the same size—uniformly over py. We then need to

derive smoothness estimates and show that b(*) obeys
180 ()| < Cu, || < R. (2.71)

Over the support of p, o ¢, g = (g1, g2) deviates little from zero and for each k = 1,2, gi
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obeys
gk < C-279, |9%gr(y)| < C-277/2, |a| = 1.

Similarly, for each «, |a| > 1,

0% (y)| < Ca. (2.72)
These estimates hold uniformly over u. It follows that for |y1],|y2| < C and each «, the
perturbation g obeys

27 10%1 (277y1, 279 20)| < Cuy 2972 [0%g2(277 1,277/ 20| < Ca (2.73)

The bound (2.71) is then a simple consequence of (2.73) together with the fact that all the
derivatives of a{*) up to order R are bounded, uniformly over .

We now show that p, o ¢ exhibits the appropriate behavior at low frequencies.

—

o d(E) = / e, (9(x)) da

_ [ @, (o du '
/ Pu) [tV ol @)

We will use the nearly vanishing moment property of p,. Set

Se(x) = e @€ /| det Vol (71 (2));

note that over the support of p,, and for each N < R, we have available the following upper

bound on the partial derivative of S¢
|01 Se ()| < On - (1+ DY

Classical arguments give

n—I1
kS, 0
Pu0¢ Z/ 1 E , T2) dm/pu(arl,xg)x’fdmldxg—i—E, (2.74)
k=0

where F is a remainder term obeying

|E| < Cp, - 2733/% 270" qup |97 S (2)] < Cy - 2739742700 (1 4 [¢]™). (2.75)
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The near-vanishing moment property gives that each term in the right-hand side of (2.74)

obeys the estimate in (2.75). This proves that the Fourier transform of p, o ¢ obeys
[ppod(€)| < Cp- 2_jn<1 + 1€1™)

as required.
We now discuss the case where the matrix A, is not the identity. In this case, (2.70)

becomes

pu(@(y)) = mu(Auy),

with

mu(y) = 25/4a% (Dy; (y + §(y))), and  §ly) = g(A,'y).

Our assumptions about FIOs guarantee that ]A;l\ is uniformly bounded and, therefore, it
follows from the previous analysis that m,, is a curvelet atom. As a consequence p,, 0 ¢ is a
curvelet atom with the same regularity R since it is clear that bounded linear transforma-

tions of the plane map curvelet atoms into curvelet atoms.

2.5.5 Proof of Theorem 2.1

Let ¢,, be a fixed curvelet and decompose T" as T3, © T ,,. First, Theorem 2.2 proved
that T ¢, is a curvelet molecule m,, which we will express as a superposition of curvelet

atoms py,

T uouo = Mg = Y Bo(H1s 110) ppy -
7

Second, for each p1, Theorem 2.3 shows that T3, py, is a molecule my(,,) at the location
h(p1). We are not exactly in that setting since in 7% ,,p,,, the subscripts do not, in
general, match. This does not pose any difficulty since Theorem 2.3 can be understood as
a statement concerning general warpings ¢. We can define the map h,, as induced by the

transformation (x,§) — (y,7n) given by

T = vxq)(yvg,uo)v n= vf(y’glm)
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(compare this with equation (2.47)). Then, according to Theorem 2.3, T, pu, 1S a

molecule my,, () at the location hyy(p1). So

(‘Pu27T2,N0PM1> =5 (N27 huo (:ul))'

Hence,

<90#27T90H0> = E b1 (/@a huo (/‘1))60(#17 NO)'
7

Of course, both [y and (3; obey very special decay properties.

e By Theorem 2.2 and Lemma 2.1, |Bo(p1, po)| < C - w(p1, o) ™Y for arbitrarily large

N > 0, provided that the selected atoms are regular enough.

e By Theorem 2.3 and Lemma 2.1, |51 (p2, hyy (111))] < Cn - w(p2, hyy (1))~ for arbi-

trarily large N > 0, provided that the selected atoms are regular enough.

Theorem 2.1 now follows from the observation that

D wlpiz, b (1)) ™ - wpns p0) ™ < Cn - w(piz, g (p0)) =Y, (2.76)
B

This is an immediate consequence of properties 3 and 4 of the pseudodistance w, see propo-
sition 2.1.

Cases involving coarse scale elements are treated similarly and we omit the proof. The
boundedness from ¢P to P for every p > 0 follows from the same argument as in the proof

of Theorem 1.1.

2.6 Discussion

All along we specialized our discussion to the special case where the dimension of the spatial
variable is n = 2. It is clear that nothing in our arguments depends upon this specific
assumption. Indeed, we could just as well construct tight frames of curvelets in arbitrary
dimensions by smoothly partitioning the frequency plane into dyadic coronae, which would
then be angularly localized near regions of sidelength length 27 in the radial direction and
27/2 in all the other directions; in order to this, we would use smooth partitions of the unit

sphere of R” into spherical caps of radius about 277/2. All of our analysis would apply as
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is, and would prove versions of Theorem 1.1 in arbitrary dimensions.

Our main result assumes that the coefficients of the equation (1.7) be smooth. In many
applications of interest, however, the coefficients may be smooth away from singular smooth
surfaces. In geophysics for example, we typically have different layers with very different
physical properties. A very important question would be to know how our analysis would
adapt to this situation. In fact, it seems natural to believe that sparsity would continue to
hold in this more general setting. Intuitively, the wave group would still be approximated
by rigid motion along the Hamiltonian flow. Only, one would need to account for possible
reflections/refractions. A curvelet hitting a singularity at a small angle of incidence would
typically produce two curvelets, a reflected and a refracted curvelet. This is merely an
intuition which one would need to justify by a careful analysis quantifying the behavior of
a curvelet near the interface (here, the singular surface). We regard this type of question

as an important extension to this work.
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Chapter 3

Fast Discrete Curvelet Transforms

This chapter is organized as follows. Section 3.1 introduces the main ideas underlying
the wrapping-based digital implementation of curvelets. Its mathematical properties are
then detailed in Section 3.2. Section 3.3 discusses refinements and extensions of the ideas
underlying the discrete transforms while Section 3.4 illustrates our methods with a few
numerical experiments. Finally, we conclude with Section 3.5 which explains connections
with the work of others, and outlines possible applications of these transforms. A few open
problems are listed in the conclusion (Chapter 5).

The software package CurveLab implements the transforms proposed in this paper, and
is available at http://www.curvelet.org. It contains the Matlab and C++ implementa-
tions of both the USFFT-based [16] and the wrapping-based transforms. Several Matlab
scripts are provided to demonstrate how to use this software. Additionally, three different

implementations of the 3D discrete curvelet transform are also included.

3.1 Digital Curvelet Transforms

In this chapter, we propose an implementation of the curvelet transform which is faithful to
the mathematical transformation outlined in section 2.2. These digital transformations are
linear and take as input Cartesian arrays of the form f[t1, 2], 0 < ¢1,t2 < n, which allows
us to think of the output as a collection of coefficients ¢”(j, ¢, k) obtained by the digital

analog to (2.8)
CD(ja& k) = Z f[t17t2] @f&k[tlatﬂv (31>

0<ty,ta<n
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where each cijj?k is a digital curvelet waveform (here and below, the superscript D stands
for “digital”). As is standard in scientific computations, we will actually never build these
digital waveforms which are implicitly defined by the algorithms; formally, they are the
rows of the matrix representing the linear transformation and are also known as Riesz
representers. We merely introduce these waveforms because it will make the exposition
clearer and because it provides a useful way to explain the relationship with the continuous-
time transformation.

Let us now introduce the architecture of the curvelet transform.

3.1.1 Digital Coronization

In the continuous-time definition (2.7), the window U; smoothly extracts frequencies near
the dyadic corona {2/ < r < 27%1} and near the angle {—7-277/2 <9 < 7-277/2}. Coronae
and rotations are not especially adapted to Cartesian arrays. Instead, it is convenient
to replace these concepts by Cartesian equivalents; here, “Cartesian coronae” based on
concentric squares (instead of circles) and shears. For example, the Cartesian analog to the

family (W;)j>0, Wj(w) = W(29w), would be a window of the form

Wilw) = /@2, (w) - ®3(w), j >0,
where @ is defined as the product of low-pass one dimensional windows
®j(wi,w2) = G277 wr) G277 wn).

The function ¢ obeys 0 < ¢ < 1, might be equal to 1 on [—1/2,1/2], and vanishes outside

of [-2,2]. It is immediate to check that

Do(w)? + Y Wi(w) =1. (3.2)
J>0

We have just seen how to separate scales in a Cartesian-friendly fashion and now examine

the angular localization. Suppose that V' is as before, i.e., obeys (2.6) and set

Vi(w) = V(252 wy fwy).
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We can then use Wj and Vj to define the “Cartesian” window
Uj(w) = W;(w)V;(w). (3.3)

It is clear that Uj isolates frequencies near the wedge {(w,ws) : 2/ < w; < 20F1 —27J /2 <
wo wy < 277 / 21, and is a Cartesian equivalent to the “polar” window of Section 2.2. Intro-
duce now the set of equispaced slopes tan, := ¢-2-U/21 ¢ = —2li/2]  9li/2] _ 1 and
define

Uje(w) := Wj(w)V;(Sg, w),

where Sy is the shear matrix,

1 0
Sp =
—tanf 1

The angles 6, are not equispaced here but the slopes are. When completed by symmetry
around the origin and rotation by 4+ /2 radians, the UM define the Cartesian analog to the
family U;(Rp,w) of Section 2.2. The family U ;0 implies a concentric tiling whose geometry
is pictured in Figure 3.1.!

By construction, V;(Sg, w) = V(2/2ws /wy — £) and for each w = (w1, ws) with wy > 0,

say, (2.6) gives

Because of the support constraint on the function V', the above sum restricted to the angles

of interest, —1 < tan#, < 1, obeys > |V;(Sp, w)|? = 1, for wa/wy € [-1+27U/21 1~

all angles

2-Li/2]]. Therefore, it follows from (3.2) that

YooY Tw)P =1 (3.5)

all scales all angles

!There are other ways of defining such localizing windows. An alternative might be to select U ; as
Uj(w) = ¢ (@1)V;(w), (3.4)

where 1;(w1) = ¥(277w1) with ¥(w1) = /¢(w1/2)2 — #(w1)? a bandpass profile, and to define for each
0 € [-7/4,7/4)

Uj.e(w) = 1 (w1)V;(Se, w) = U;(Se, w).

With this special definition, the windows are shear-invariant at any given scale. In practice, both these
choices are almost equivalent since for a large number of angles of interest, many ¢ would actually give
identical windows Uj ¢.
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Figure 3.1: The figure illustrates the basic digital tiling. The windows UM smoothly localize
the Fourier transform near the sheared wedges obeying the parabolic scaling. The shaded
region represents one such typical wedge.

There is a way to define “corner” windows specially adapted to junctions over the four
quadrants (east, south, west, north) so that (3.5) holds for every w € R?. We postpone this
technical issue to Section 3.3.2.

The pseudo-polar tiling of the frequency plane with trapezoids, in Figure 3.1, is already
well-established as a data-friendly alternative to the ideal polar tiling. It was perhaps
first introduced in two articles that appeared as book chapters in the same book, Beyond
Wavelets, in 2003. The first construction is that of contourlets [31] and is based on a cascade
of properly sheared directional filters. On the other hand, ridgelet packets [40] are defined
directly in the frequency plane via interpolation onto a pseudo-polar grid aligned with the
trapezoids.

In the next section we explain the rest of the architecture, based on the wrapping opera-
tion. Candes and Donoho proposed another implementation, via USFFT, which is described
in [16]. In a nutshell, the two implementations differ in the way curvelets at a given scale and
angle are translated with respect to each other. In the USFFT-based version the translation
grid is tilted to be aligned with the orientation of the curvelet, yielding the most faithful
discretization of the continuous definition. In the Wrapping version the grid is the same for
every angle within each quadrant — yet each curvelet is given the proper orientation. As a

result, the wrapping-based transform may be simpler to understand and implement.
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3.1.2 Digital Curvelet Transform via Wrapping

The “wrapping” approach assumes a regular rectangular grid to translate curvelets at each

scale and angle, and defines “Cartesian” curvelets as

(G, 0, k) = / F()T3(857 @) @) do. (3.6)

In the above formula we will take b ~ (k1277, ky277/2), taking on values on a rectangular
grid. This formula for b is understood when 6 € (—Z, %) or (I, 2T), otherwise the roles of
Ly and Lg ; are to be exchanged.

The difficulty behind this approach is that, in the frequency plane, the window U e[, ma)
does not fit in a rectangle of size ~ 27 x 29/2, aligned with the axes, in which the 2D IFFT
could be applied to compute (3.6). After discretization, the integral over w becomes a
sum over ni,ng which would extend beyond the bounds allowed by the 2D IFFT. The
resemblance of (3.6) with a standard 2D inverse FFT is, in that respect, only formal.

To understand why respecting rectangle sizes is a concern, we recall that UM is supported

in the parallelepipedal region

Pje = So, P;.

For most values of the angular variable 6,, P;, is supported inside a rectangle R;, aligned
with the axes, and with sidelengths both on the order of 27. One could in principle use the
2D inverse FF'T on this larger rectangle instead. This is close in spirit to the discretization
of the continuous directional wavelet transform proposed by Vandergheynst and Gobbers
in [86]. This seems ideal, but there is an apparent downside to this approach: dramatic
oversampling of the coefficients. In other words, whereas the previous approach showed
that it was possible to design curvelets with anisotropic spatial spacing of about n/27 in
one direction and n /27 /2 in the other, this approach would seem to require a naive regular
rectangular grid with sidelength about n/27 in both directions. In other words, one would
need to compute on the order of 2%/ coefficients per scale and angle as opposed, to only
about 237/2 in the USFFT-based implementation. By looking at fine scale curvelets such
that 2/ =< n, this approach would require O(n?9) storage versus O(n?) for the USFFT
version.

It is possible, however, to downsample the naive grid, and obtain for each scale and angle
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a subgrid which has the same cardinality as that in use in the USFFT implementation. The
idea is to periodize the frequency samples as we now explain.

As before, we let P; ; be a parallelogram containing the support of the discrete localizing
window Uﬂ[nl,ng}. We suppose that at each scale j, there exist two constants Li; ~
2/ and Lo ~ 27/2 such that, for every orientation 6y, one can tile the two-dimensional
plane with translates of P;, by multiples of L;; in the horizontal direction and Lj; in
the vertical direction. The corresponding periodization of the windowed data d[ni,ns] =

Uj o[n1, n2) f[n1, no) reads

Wd[ni, ns] = Z Z d[ni +miLy j,ng + maLs ]
mi1ELmo€EZ
The wrapped windowed data, around the origin, is then defined as the restriction of Wd[n1, ns]

to indices n1, ng inside a rectangle with sides of length L ; X Lo j near the origin:
0<mn <L17j, 0§n2<L27j.

Given indices (n1,n2) originally inside P; ¢ (possibly much larger than Ly ;, Lo ;), the corre-
spondence between the wrapped and the original indices is one-to-one. Hence, the wrapping
transformation is a simple reindexing of the data. It is possible to express the wrapping of

the array d[n1,ng] around the origin even more simply by using the “modulo” function:
Wd[m mod Ll’j, ng mod LQJ] = d[nl,ng], (37)

with (n1,n2) € Pj,. Intuitively, the modulo operation maps the original (n1,n2) into their
new position near the origin.

For those angles in the range 6 € (7/4,3n/4), the wrapping is similar, after exchanging
the role of the coordinate axes. This is the situation shown in figure 3.2.

Equipped with this definition, the architecture of the FDCT via wrapping is as follows:
1. Apply the 2D FFT and obtain Fourier samples f[nl, nal, —m/2 < ny,ng < n/2.

2. For each scale j and angle ¢, form the product Uﬂ[nl, ng]f[nl, na).
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Figure 3.2: Wrapping data, intially inside a parallelogram, into a rectangle by periodicity.
The angle 6 is here in the range (7/4,37/4). The black parallelogram is the tile P;, which
contains the frequency support of the curvelet, whereas the gray parallelograms are the
replicas resulting from periodization. The rectangle is centered at the origin. The wrapped
ellipse appears “broken into pieces” but as we shall see, this is not an issue in the periodic
rectangle, where the opposite edges are identified.

3. Wrap this product around the origin and obtain

~ ~

Fielna,na] = W (U f ) [n1, nal,

where the range for ny and ng is now 0 < n; < Ly j and 0 < ny < L ; (for 6 in the

range (—m/4,7/4)).

4. Apply the inverse 2D FFT to each ijg, hence collecting the discrete coefficients
P (5,0, k).

It is clear that this algorithm has computational complexity O(n?logn) and in practice,
its computational cost does not exceed that of 6 to 10 two-dimensional FFTs, see Section
3.4 for typical values of CPU times. In Section 3.2, we will detail some of the properties
of this transform, namely, (1) it is an isometry, hence the inverse transform can simply be

computed as the adjoint, and (2) it is faithful to the continuous transform.
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3.1.3 FDCT Architecture

We finally close this section by listing the key elements of the implementation.

1. Frequency space is divided into dyadic annuli based on concentric squares.
2. Each annulus is subdivided into trapezoidal regions.

3. The wrapping operation uses extension by periodization to localize the Fourier samples
in a rectangular region in which the IFFT can be applied. For a given scale, this
corresponds only to two Cartesian sampling grids, one for all angles in the east-west

quadrants, and one for the north-south quadrants.

4. Both forward transforms are specified in closed form, and are invertible, with inverse

in closed form.

5. The design of appropriate digital curvelets at the finest scale, or outermost dyadic
corona, is not straightforward because of boundary/periodicity issues. Possible solu-

tions at the finest scale are discussed in Section 3.3.

3.2 FDCT via Frequency Wrapping

3.2.1 Riesz Representers
The naive technique suggested in Section 3.1 to obtain oversampled curvelet coefficients
consists of a simple 2D inverse FFT, which reads

1 A ~ )
CD’O(j, 67 k‘) _ ﬁ Z f[nl, TLQ]ijg[TLl, nQ]627”(]{21711/Rl,j+k2n2/R2,j)_ (3_8)

n1,m2€R; ¢

The superscripts D, O stand for Digital, Oversampled. As before, R, is a rectangle of
size R1; X Ry j, aligned with the Cartesian axes, and containing the parallelogram P; ..
Assume that Ry j, Rp; divide the image size n. Then it is not hard to see that the coeffi-
cients ¢P°9 (4,4, k) come from the discrete convolution of a curvelet with the signal f(t1,ts),
downsampled regularly in the sense that one selects only one out of every n/Ri ; x n/Rs
pixel.

In general the dimensions Ry j, Ra; of the rectangle are too large, as explained earlier.

Equivalently, one wishes to downsample the convolution further. The idea of the wrapping
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approach is to replace Ry j and Ry ; in equation (3.8) by L; ; and L j, the original dimen-
sions of the parallelogram P; 4. In order to fit P; into a rectangle with the same dimensions,
we need to copy the data by periodicity, or wrap-around, as illustrated in Figure 3.2. This

is just a relabeling of the frequency samples, of the form
n'l =ny +milj, n/2 =ng +malo j,

for some adequate integers mq and mo themselves depending on nq and no.

The 2D inverse FFT of the wrapped array therefore reads

Llj 1Ls,— ‘
KEUET-DY S WGy, mlm g (3

n1=0 mno=0

Notice that the wrapping relabeling leaves the phase factors unchanged in the above formula,

so we can also write it as?

n/2—-1 n/2-1
PGk == > Y Ujlni,nolfln, nole?mFim/bsthana/lz;),

nl—fn/Q no=-n/2

It is then easy to conclude that we have correctly downsampled the convolution of f with the
discrete curvelet, this time at every other n/L; j x n/Ls ; pixels. The following statement
establishes precisely this fact, i.e., that the curvelet transform computed by wrapping is as

geometrically faithful to the continuous transform as the sampling on the grid allows.

Proposition 3.1. Let cpjpe be the “mother curvelet” at scale j and angle £,

1 . -
oh)(z) = CE / T o (w) dw,

and cpgg denote its periodization over the unit square [0, 1],

<P§g (w1, 22) Z Z%e x1 +my, x2 + ma).
m1EZ mo€Z

2The leading factor % is not the standard one for the inverse FFT (that would be L—) but this

choice of normalization is useful in the formulation of proposition 3.1. Yet another choice of normahzatlon
will be made later to make the transform an isometry.
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In exact arithmetic, the coefficients in the Fast and West quadrants are given by

n—1 n—1 k " k
0, k) [t1,t0] @ (= — ——, 2 — 22, 3.10
(.]7 2 tz:()tz:of 1, 2 90]( Ll,j’ n L2,j) ( )
1 2
This is a discrete circular convolution if and only if Ly ; and Lo ; both divide n. For angles

in the North and South quadrants, reverse the roles of Ly and Lo ;.

Proof. By definition, the East and West coefficients are given by the formula

1 Ly,j—1L2 ;-1
(]7 g k Z Z 627TZ]€1711/L1 J€27T'Lk2n2/L2 ]W( ff)[nl, n2]

n1=0 n9o=0
Let us change ny and ng to nj = ny + miLy j, nh = ng + maLy ;, for appropriate integers
my, my (themselves depending on ny and ng) so that (27n},27n,) € Pj,, or more con-
cisely, “n’, nf in tile.” This is the unwrapping transformation, and leaves the phase factors
unchanged. Notice that n; = n} mod Li; and ng = nf mod Ly ;. We can then use the

definition of wrapping in equation (3.7) to rewrite

1 . . - .
D(j, ¢, k:) _ ﬁ Z 627rzk1n1/L1,]'62mk2nz/L2,j Uj,f[nly n2] f[nb n2],

n1,ng in tile

We recall that the index-to-sample correspondence in the frequency plane is just

Ujln1, na] = Uje(2mny, 2mns).

It is also valid for f , if we introduce f (w1,w2) as the trigonometric interpolant of the array
f [n1,n2]. Notice in passing that f (w1, ws) is periodic in w outside of the fundamental cell,

so we actually have

f(2mny, 2mng) = fl(ni + g) mod n — g, (ng + g) mod n — %] (3.11)
for every (ni,ns) € Z?. With this convention the data f[t1,ts] itself can be viewed as

th to

,2) of f, the inverse (continuous) Fourier transform of f restricted to the

samples f (%
fundamental cell.

Using this continuous representation of the data, along with equation (3.12) in the case
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when the modulo is triggered in equation (3.11), c¢”(j, ¢, k) obeys

1 ; .
CD(J}&]C)ZE Y erthmibuthane/lzg) o (2mny, 2mns) f(2mny, 2mng)

ni,ng in tile

and since ¢;¢ is compactly supported, one can extend the sum above to (ni,n2) € 72.

Introduce the Dirac comb

c(wi,wy) = Z Z 0(w1 — 211 )6 (we — 27ng).

n1E€EZno€EL
and rewrite cP(j, 4, k) as

1 iwor L oo k2 "
PG k) = - / e T € P e(w)phy (W) f (w) duw.
n R2 ’

Our claim follows from Parseval’s identity which states that [ 4 = (27)? [uv. Indeed, the

inverse Fourier transform of f is given by

n—1 n—1

1,7 t t
FHF@)@) = D0 Y e = )o(ea = ) fltr. ),
t1=01t2=0
while for the other
Fo R S ) @)() = el — s - 1)
¥, (QW)ZSDJ,Z 1 Ll,j7 2 Lz,j )

The Parseval formula then gives (3.10). For the North and South quadrants, the proof is
identical after swapping L1 ; and Lo ;.

O

Notice that the actual value of x,, the center of ¢, (x) in physical space, is implicit in

formula (3.10). If ¢, is centered at the origin when ky = kg = 0, then

vy, = (L k2
re Ll,ijQJ‘

when the angle is —7/4 < 6, < 7/4, and

ki ke

= (
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for angles /4 < 0, < 37/4.

3.2.2 Isometry and Inversion

In practice the curvelet coefficients are normalized as follows,

n

A/ LL]’LQJ

where L j, Ly ; are the sidelengths of the parallelogram P;,. Equipped with this normal-

NG k) = P, 0, k),

ization, we have the Plancherel relation

DIl =D 1PN G R) P

t1,t2 3,4k
This is easily proved by noticing that every step of the transform is isometric.
e The discrete Fourier transform, properly normalized,

~

f[nh n2]

S|

f[tl, tQ] -

is an isometry (and unitary).

e The decomposition into different scale-angle subbands,

fln1,na] — {U;e[n1, n2) fn1,ma)}je

is an isometry because the windows Uj ;s are constructed to obey Z‘jjzo S Uje(w)? =1

e The wrapping transformation is only a relabeling of the frequency samples, thereby,

preserving £ norms.

e The local inverse Fourier transform (3.9) is an isometry when properly normalized by

1

VIi;La;
Owing to this isometry property, the inverse curvelet transform is simply computed as
the adjoint of the forward transform. Adjoints can typically be computed by “reversing”

all the operations of the direct transform. In our case,
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1. For each scale/angle pair (j,¢), perform a (properly normalized) 2-D FFT of each
array ¢?NV(j, £, k), and obtain W(Uj7gf)[n1,n2].

2. For each scale/angle pair (j, ¢), multiply the array W (U it f)[n1, ng] by the correspond-

ing wrapped curvelet W(Uj ¢)[n1, n2] which gives

W(|U; o)1, na).

3. Unwrap each array W (|U; > f)[n1,n2] on the frequency grid and add them all to-

gether. This recovers f[n1,nsl.
4. Finally, take a 2-D inverse FFT to get f[t1,t2].

In the wrapping approach, both the forward and inverse transform are computed in

O(n?logn) operations, and require O(n?) storage.

3.3 Extensions

3.3.1 Curvelets at the Finest Scale

The design of appropriate basis functions at the finest scale, or outermost dyadic corona, is
not as straightforward for directional transforms like curvelets as it is for 1-D or 2-D tensor-
based wavelets. This is a sampling issue. If a fine-scale curvelet is sampled too coarsely, the
pixelization will make it look like a checkerboard and it will not be clear in which direction
it oscillates anymore. In the frequency domain, the wedge-shaped support does not fit in
the fundamental cell and its periodization introduces energy at unwanted angles.

The problem can be solved by assigning wavelets to the finest level. When j = J, the
unique sampled window U 7[n1,ne] is so constructed that its square forms a partition of
unity, together with the curvelet windows. A full 2D inverse FFT can then be performed
to obtain the wavelet coefficients. This highpass filtering is very simple but goes against
the philosophy of directional basis elements at fine scale. Wavelets at the finest scale are
illustrated in Figure 3.7 (top row).

In this section, we present the next simplest solution to the design of faithful curvelets at
the finest scale. For simplicity let us adopt the sampling scheme of the wrapping implemen-

tation, but a parallel discussion can be made for the USFFT-based transform. As above,
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denote by .J the finest level. By construction, the standard curvelet window U. jelni,mal is
obtained by sampling a continuous profile Uj7g(w1,w2) at w; = 27Ny, we = 2mne. When
j = J, the profile Uj,f overlaps the border of the fundamental cell but can still be sampled

according to the formula
Uyel(ny + g) mod n — g, (na + g) mod n — g] = Uy(2mn1, 27n3). (3.12)

The indices ni, ns are still chosen such that U J¢ is evaluated on its support. The latter
is by construction sufficiently small so that no confusion occurs when taking modulos. In
effect we have just copied U 70 by periodicity inside the fundamental cell. The windows
U, J0(wi,w2) must be chosen adequately so that the discrete arrays U Je[n1,no], now with

ni,ng = —n/2...n/2 — 1, obey the isometry property together with the other windows,

In fact, this is the case if U 7 is chosen as in Section 3.1 (after an appropriate rescaling).

Periodization in frequency amounts to sampling in space, so finest-scale curvelets are just
undersampled standard curvelets. This is illustrated in Figure 3.7 (middle row). What do
we loose in terms of aliasing? Spilling over by periodicity is inevitable, but here the aliased
tail consists of essentially only one-third of the frequency support. Observe in Figure 3.7
(middle right) that a large fraction of the energy of the discrete curvelet still lies within the
fundamental cell. Numerically, the non-aliased part amounts to about 92.4% of the total
squared £? norm HgofMH?Q. The “checkerboard” look of undersampled curvelets, mentioned
above, is shown in Figure 3.7 (bottom right).

Accordingly, the definition of wrapping of an array d[ni,ns], in the presence of under-

sampled curvelets, is modified to read:

Wdlny mod Ly j,no mod Lo ;] = d[(n1 + g) mod n — —

2,(n2+ﬁ) mod n — g] (3.13)

2

The new modulo that appears in the above equation (compare with (3.7)) prevents data
queries outside [0, n]?, which would otherwise happen if equation (3.7) were used naively.

Instead, data is folded back by periodicity onto the fundamental cell, ultimately resulting
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in aliased basis functions.
The definitions of forward and inverse curvelet transforms, as well as their properties,
otherwise go unchanged. Proposition 3.1 and its proof do not have to be changed either:

they are already compatible with equation (3.13).

3.3.2 Windows over Junctions Between Quadrants

The construction of windows Uj,g explained in Section 3.1.1 make up an orthonormal parti-
tioning of unity as long as the window is supported near wedges that do not touch neither
of the two diagonals. There are 8 “corner” wedges per scale calling for a special treatment,
and corresponding to angles near +7/4 and +37/4, see Figure 3.3 on the left. In these
exceptional cases, creating a partition of unity is not as straightforward. This is the topic
of this section.

It is best to follow Figure 3.3 while reading this paragraph. Consider a trapezoid in the
top quadrant and corresponding to an angle near 37 /4 as in the figure. The grey trapezoid
is the corner wedge near which the curvelet is supported, but the actual support of the
curvelet is the nonconvex hexagon bounded by the dash-dotted line. As before, the corner
curvelet window is given as a product of the radial window W; and of the angular window
Vie,

G(w) = Wj(w)Vje(w).

We decompose the corner window Vj, into a left-half and a right-half. The right-half is
given by the standard construction presented earlier. It is a function of g—; The left-half
of the window is constructed as a member of a square-root of a partition of unity designed

in a frame rotated by 45 degrees with respect to the Cartesian axes. The left-half of the

w1tw2
w1 —wg "

window is a function of The left and right-halves agree on the line where they
are stitched together (on the figure, it is the tilted line, first to the right of the diagonal
w1 = —wy). Along the border line, they are both equal to one and they have at least a couple
of vanishing derivatives in all directions. Again, the partition of unity can be designed so

that all these derivatives are zero. By construction, our set of windows obeys the partition

of unity property, equation (3.2).
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i

Figure 3.3: Left: The corner wedges appear in grey. Right: Detail of the construction of a
partition of unity over the junction between quadrants.

3.3.3 Other Frequency Tilings

The construction of curvelets is based on a polar dyadic-parabolic partition of the frequency
plane, also called FIO tiling, as explained in Section 2.2. However, the approach is flexible,
and can be used with a variety of choices of parallelepipedal tilings, for example, including

based on principles besides parabolic scaling. For example:

e A directional wavelet transform is obtained if, instead of dividing each dyadic corona
into C-2L9/2) angles, we divide it into a constant number, say 8 or 16 angles, regardless
of scale as in [71]. This can be realized by dropping the requirement that wedges be

split as scale increases.

e A ridgelet transform is obtained by subdividing each dyadic corona into C' - 27 angles.
This can be achieved by subdividing every angular wedge every time the scale index

Jj increases (not just every other time, as for curvelets.)

e A Gabor analysis is obtained if, instead of considering bandpass concentric annuli of
thickness increasing like a power of two, we consider the thickness to be the same for
all annuli. In other words, coronae with fixed width are substituted for dyadic coronae.
The number of wedges into which an annulus should be divided is proportional to its

length, or equivalently, its distance to the origin.

e More generally, one can create an adaptive partitioning of the frequency plane that

best matches the features of the analyzed image. This is the construction of ridgelet
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packets as explained in [40]. A best basis strategy can then be overlaid on the packet
construction to find the optimal partitioning in the sense that it minimizes an additive

measure of “entropy”, or sparsity.

In all these cases the wrapping strategy carries over without essential modifications and
yield tight or nearly tight frames. The design problem is reduced to the construction of a

smooth partition of unity that indicates the desired frequency tiling.

3.3.4 Higher Dimensions

Curvelets exist in any dimension [15]. In 3 dimensions for example, curvelets are little plates
of sidelength about 279/2 in two directions and thickness about 277 in the orthonormal
direction. They vary smoothly in the two long directions and oscillate in the short one (the
3D parabolic scaling matrix is of the form diag(279/2,279/2,277)). Just as 2D curvelets
provide optimally efficient representations of 2D objects with singularities along smooth
curves, 3D curvelets would provide efficient representations of 3D objects with singularities
along smooth 2D surfaces, and more generally, of objects with singularities along smooth
manifolds of codimension 1 in higher dimensions.

The algorithms for 3D discrete curvelet transforms are similar to their 2D analogs. We
first decompose the object into dyadic annuli based on concentric cubes. Each annulus
is subdivided into trapezoidal regions obeying the usual frequency parabolic scaling (one
long and two short directions), see Figure 3.4. (Note that they are now 6 components

corresponding to the 6 faces of the cube.)
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Figure 3.4: The dyadic-parabolic frequency tiling in 3D. Curvelets are supported near the
gray regions.
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Both transforms carry over to 3 dimensions and we only rehearse the minor modifica-

tions.

1. The 3D FDCT via wrapping just wraps the 3D parallelepipeds instead of their 2D

analogs.

2. The construction of junction windows (described in Section 3.3.2 for 2D FDCTs) is a
little more delicate since one needs to consider more cases. One possible solution is to
develop a partition of unity over the unit sphere which is then mapped onto the cube.
The detailed algorithm and numerical results of the 3D transform will be presented

in a future report.

In short, 3D FDCTs follow exactly the same architecture as 2D FDCTs, and the forward,
adjoint, and inverse transforms all run in O(N log N) for Cartesian arrays of size N = n?

voxels.

3.3.5 Nonperiodic Image Boundaries

An (unfortunate) consequence of using the DFT to define our transform is that the image is
implicitly considered as a periodic array. The leftmost and rightmost pixels in a given row,
or the top and bottom pixels in a given column, are considered immediate neighbors as much
as ordinary adjacent pixels are. By construction, a substantial number of basis functions
appear to be supported on two (or more) very distant regions of the image, because they
overlap the image boundary and get copied by periodicity. Let us call them “boundary
curvelets.”

Periodization may result in unwanted curvelet-looking artifacts near the image bound-
ary, for example in image denoising experiments. The reason for the presence of these
artifacts, however, is not the same for curvelets and for wavelets. In order to understand

this phenomenon, we need to sort curvelets according to their orientation.

1. Boundary curvelets that are aligned with a boundary edge mostly respond to the
artificial discontinuity created by periodization. Since the basis elements very closely

follow the boundary, the visual effect of a big coefficient is minor.

2. Boundary curvelets misaligned with respect to the boundary edge are assigned big

coefficients when they respond to geometrical structure on the opposite side of the
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image, across the edge. This causes the most severe visual artifacts.

In the remainder of this section, we present a few (somewhat naive) solutions to artifacts
of type 2, when boundary curvelets are misaligned.

The most obvious remedy is to pad the image with zeros to make it twice larger in
both directions. The curvelet transform is then applied to the extended image, increasing
the redundancy by a factor 4. The blank surrounding region is large enough to prevent
boundary curvelets from wrapping around. The inverse or adjoint transform would then
would have an extra step, clipping off the extra pixels.

If we postulate that artifacts of type 2 are caused by boundary curvelets forming an
angle greater than 45 degrees with the edge, then it is not necessary to zeropad in all
directions. The image should only be extended horizontally for mostly horizontal curvelets,
and vertically for mostly vertical curvelets. The zeropadding will make the image twice
larger in only one direction, depending on the orientation of the subband considered. In
this case, the increase in redundancy is only of a factor 2.

In principle it would be advantageous to make the width of the zeropadding not only
angle-dependent, but also scale-dependent. More precisely, the width of the padding does
not have to be bigger than a factor times the length of misaligned curvelets, i.e., C'-2/2].
The gain in redundancy would be obvious. There is a complication, however, in considering
scale-dependent or even angle-dependent paddings. Different subbands will correspond to
different grids and extra care will be needed to properly re-design the transform to make
it an isometry. It will be necessary to rethink the notion of discrete partition of unity to
accommodate interpolation between different grids.

We have not pursued this issue much further, but a better handling of image bound-
aries would improve the current architecture of the curvelet transform for image processing

applications.

3.4 Numerical Examples

We start this section by displaying a few curvelets in both the spatial and the frequency
domain, see Figures 3.5 (coarsest scale curvelets), 3.6 and 3.7 (curvelets at the finest level
where one can choose between wavelets and curvelets). Localization in both space and

frequency is apparent. The digital curvelets seem faithful to their continuous analog. In the
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Figure 3.5: At the coarsest level, curvelets are nondirectional and are Meyer scaling func-
tions. (a) Spatial-side. The color map is as follows: white is most negative, zero corresponds
to some tone of grey, and black is most positive. (b) Frequency-side (modulus of the Fourier
transform). The level of grey indicates values from zero (white) to one (black).

spatial domain, they are smooth along and oscillatory across the ridge. In the frequency
domain, they are sharply localized.

Next, Tables 3.1 and 3.2 report the running time of both FDCT's on a sequence of arrays
of increasing size. Tryd, Tny and Tag; are running times of the forward, inverse and adjoint
transforms respectively (we only give Ty, for the FDCT via wrapping since the inverse is
the same as the adjoint). The column Tryq/TFrr gives the ratio between the running time
of the FDCT and that of the FFT on an array of the same size. The accuracy or £?-error
is computed as ||f — CrnoCruwaflle2/||fllez where Crpy and Cpyq are the the forward and
inverse FDCTs. The FDCT via wrapping achieves machine accuracy because of the exact
numerical tightness of the digital transform. The FDCT via USFFT also achieves high
accuracy, i.e. of the order of 107%. Although both transforms have low running times, the
USFFT transform is somewhat slower; this is due to the interpolation step in the forward

transform and to the CG iterations in the inverse transform.

Image size  Trwi(s) Trn(s) Trwa/Trrr €2 error
128 x 128 0.040458 0.039520 11.2383 4.5450e-16
256 x 256 0.174807 0.176519 8.8286 4.8230e-16
512 x 512 0.829820 0.868141 6.0793 4.8908e-16

1024 x 1024 4.394066 4.482452 7.7224 5.6303e-16

2048 x 2048 20.01692 23.02144 7.7567 6.3018e-16

Table 3.1: Running time and error for the wrapping-based transform.
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Figure 3.6: Curvelets at increasingly fine scales. The left panels represent curvelets (real
part) in the spatial domain (as functions of the spatial variable x). The right panels show
the modulus of the Fourier transform (as functions of the frequency variable w). The color
map is the same as in Figure 3.5.

We then illustrate the potential of FDCTs with several examples. The wrapping-based
implementation has been used for all experiments. In the first example, we compare the
decay of the coefficients of the curvelet and various wavelet representations on images with
curve-like singularities. Our first input image—shown in Figure 3.8 (a)—is singular along

a smooth curve and is otherwise perfectly smooth (this image is de-aliased to remove the
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Figure 3.7: Wavelets and curvelets at the finest scale. Meyer wavelet in space (a) and
frequency (b). Undersampled curvelet in space (c¢) and frequency (d). (e) Zoom of (a). (f)
Zoom of (c).

artifacts due to pixelization). To compensate for the redundancy of the curvelet transform
and to display a meaningful comparison, we extract a fraction of the entries of the curvelet
coefficient table so that the number of curvelet and wavelet coefficients is identical. The

extracted curvelet entries are renormalized to preserve the overall £2 norm. Figure 3.8 (b)
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Image size  Trwq(s) T'agj(s) Trnw(s)  Trpwa/Trrer 02 error
128 x 128 0.088832 0.091578 1.006522 24.6756 1.4430e-06
256 x 256 0.376838 0.390533 4.002353 19.0322 8.8154e-07
512 x 512 2.487052 2.579102 35.09599 18.2202 5.3195e-07

1024 x 1024 16.47702 16.87764 129.3631 28.9579 3.2390e-07

2048 x 2048 62.42980 65.09365 566.1732 24.1920 3.4305e-06

Table 3.2: Running time and error for the USFFT-based transform.

shows the values of the coefficients sorted in decreasing order of magnitude. The faster
the decay, the better. The sparsity analysis is complemented by the quantitative study
of partial reconstructions of f, where we have again used redundancy compensation as

explained above. Figure 3.8 (c¢) shows the PSNR of best m-term approximation,

PSNE - 0log, (max(f(x)) - min(f(a:))) an)

I = fmll2

where f,, is the partial reconstruction of f using the m largest coefficients in magnitude,
in the curvelet (or wavelet) expansion (note that because of the redundancy of the FDCT,
there are better ways of obtaining partial reconstructions).

The second input image—shown in Figure 3.9 (a)—is a synthetic seismogram corre-
sponding to the acoustic response of a one-dimensional layered medium to a point source.
The decay of the coefficients and the partial reconstruction error for this image are shown
in Figure 3.9 (b) and (c) respectively. Our experiments suggest that FDCTs outperform,
by a significant margin, traditional wavelet representations on these types of image data.
Synthetic seismic images seem to be the ideal setting for curvelets because they are pre-
pared as solutions to a wave equation in simple layered media, with a bandlimited point
excitation. The solution itself is therefore very close to being bandlimited. We are in the
setting of proposition 3.1: when the data are oscillatory yet properly sampled, curvelets
are expected to be completely faithful to the continuous transform, explaining the good
denoising performance.

The second example is denoising. The original image is the seismogram used in the
previous example (see Figure 3.9 (a)). The noise-to-signal ratio is set to 10%, which cor-
responds to PSNR = 20.0 dB. A denoising algorithm based on our curvelet transform
results in an image with PSNR = 37.6 dB. (see Figure 3.10 (c)) while a traditional wavelet

denosing algorithm (Symmlet 8 in WaveLab, shift-invariant hard thresholding at 2.50) gives
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Figure 3.8: Sparsity analysis of the curvelet and wavelet representations of a singular object.
(a) Input image. (b) Magnitude of the coefficients sorted in descending order. (c¢) PSNR
for partial reconstruction with the m largest coefficients in magnitude. The horizontal line
at 40 dB indicates a typical “visually acceptable” level of reconstruction.

PSNR = 30.8 dB. (see Figure 3.10 (d)). The curvelet denoising algorithm used above is
a simple shift-invariant block-thresholding of the wrapping-based curvelet transform (with
curvelets at the finest scale) and is available as Matlab code in CurveLab. (For an image of
size 1024 x 512, the whole procedure runs in less than 90 seconds on a standard desktop.)

In the introduction chapter, we pointed out that curvelets were especially well-adapted
to simultaneously represent the solution operators to large classes of wave equations and
the wavefields that are solutions to those equations. In our third example, we consider the

constant coefficient second-order wave equation with periodic boundary condition

Utt—AUZO xE[O,l)X[O,l)
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Figure 3.9: Sparsity analysis of the curvelet and wavelet representations of a seismogram.
(a) Synthetic seismogram corresponding to the acoustic response of a one-dimensional lay-
ered medium to a point source, courtesy of Eric Verschuur and Felix Herrmann. The x-axis
is the offset from the source and the y-axis is time. (b) Decay of the coefficients. (c) Partial
reconstruction error, measured in PSNR.

We discretize the domain with a 512-by-512 Cartesian grid, and take as initial wavefield a
delta function located at the center of the domain, see Figure 3.11 (a). The solution at a
later time is known analytically, and may therefore be computed exactly. We use the FDCT

to compress the wavefield at time ¢t = 0.25 and ¢t = 0.75. Figures 3.11 (b) and (c) show the
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approximate wavefields reconstructed from only 1.25% of the curvelet coefficients. In both
cases, the relative £2 error is about 107°.

We have seen that the wavefield is well-approximated by just a few curvelets and now
study the compressibility of the wave propagator F;. For simplicity, assume FE; acts on
scalar wavefields. From a theoretical point of view, it is known that the entries of Fy(u, ') =
(¢u, Erpy) taken from an arbitrary row (fixed p) or column (fixed p') decay faster than
any negative power law. Figure 3.11 (d) plots the decay of the matrix coefficients (sorted
by decreasing magnitude) for several columns of the propagator matrix E; at ¢ = 0.75
while (e) plots the relative truncation error for those same columns. “Scale” in the legend
refers to the scale j’ corresponding to p/, the index of the column. Observe that for every
column, we achieve a relative error of order 10~ by using about 1% of the largest curvelet
coefficients. The data are shown as is; no compensation for redundandy has been made in

this experiment.

3.5 Discussion

The transform introduced in this chapter was designed with the goal of being as faithful to
continuous curvelets as possible. The main step of the transform is to window the data in
frequency with prescribed windows, sampled on the same grid as the data. This sampling
in frequency is the only distortion that curvelets incur in the digital transforms. This issue
is inevitable but minor, since it is equivalent to periodization in space where curvelets decay
fast. Recall that the other potential source of error, spatial sampling, is a nonissue here
since curvelets are nearly bandlimited.

The wrapping variant is to our knowledge the fastest curvelet transform currently avail-
able. Computing a direct or inverse transform in C+4++ takes about the same time as 6 to
10 FFTs using FFTW (available at http://www.fftw.org), which can hardly be improved

upon.

3.5.1 Relationships with Other Works

The notion of directional multiscale transform originated independently in different fields
in the early nineties. Without the claim of being exhaustive, let us only mention continuous

wavelet theory [67] and steerable pyramids in the field of computer vision [71, 70]. The latter
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approach was the first practical, data-friendly strategy to extract information at different
scales and angles.

A more recent, very interesting attempt at implementing low-redundancy curvelets,
was introduced by Minh Do and Martin Vetterli, in [32]. The construction is based on a
filterbank decomposition of the image in both scale and angle. The resulting basis functions
are called “contourlets,” and form a tight frame with redundancy 4/3. The contourlet
transform has a very fast O(n?logn) implementation as well, at least when contourlets are
selected to be compactly supported. The only problem with this construction is that it
is not faithful to the idea of the curvelet transform in the sense that for most choices of
filters in the angular filterbank, contourlets are not sharply localized in frequency. On the
practical side, this means that contourlets lack smoothness along the ridge in the spatial
domain and exhibit spurious oscillations which may be of source of numerous problems,
especially if one wants to use these transforms for scientific computing. On the theoretical
side and to the best of our knowledge, contourlets do not allow to formulate as strong
theorems in approximation and operator theory as in [15, 20].

The idea of using concentric squares and shears is also central to the construction of
tight-frames of “shearlets”, by Guo, Kutyniok, Labate, Lim, Weiss and Wilson in a recent
series of papers [44, 45, 56] starting with [44]. In these papers, they show how to built
wavelets or multiwavelets from composite dilations and translations. The architecture is

very similar to that of curvelets.

3.5.2 Possible Applications

Just as the wavelet transform has been deployed a countless number of times in many
fields of science and technology, we expect fast digital curvelet transforms to be widely
applicable—especially in the field of image processing and scientific computing.

In image analysis for example, the curvelet transform may be used for the compression
of image data, for the enhancement and restoration of images as acquired by many common
data acquisition devices (e.g., CT scanners), and for postprocessing applications such as
extracting patterns from large digital images, detecting features embedded in very noisy
images, enhancing low contrast images, or registering a series of images acquired with very
different types of sensors.

Curvelet-based seismic imaging already is already a very active field of research, see for
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example the recent papers [47, 49] as well as several expanded abstracts by Felix Herrmann

and his collaborators, currently available at http://slim.eos.ubc.ca/.
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Original Image Noisy Image
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Restored image Restored, wavelets

() (d)

Figure 3.10: Image denoising using curvelets. (a) The Original image (zoom). (b) Noisy
image (Gaussian white noise with 0 = 10% of the maximum intensity), PSNR = 20.0 dB.
(c) Denoised image using curvelets, PSNR = 37.6 dB. (d) Denoised image using wavelets,
PSNR = 30.8 dB.
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Figure 3.11: Compression of the wavefield and of the solution operator to the wave equation
with periodic boundary conditions. (a) The initial condition is a delta function located at
the center of the domain. (b) Approximate solution at ¢ = 0.25. (c) Approximate solution
at t = 0.75. Both approximations only use 1.25% of nonzero curvelet coefficients. (d)
Magnitude of the matrix entries (rearranged in descending order) of the solution operator
E; at t = 0.75 taken from three columns corresponding to three curvelets at various scales.
(e) For the same three columns, truncation error obtained by keeping the m largest entries,
measured in PSNR.
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Chapter 4

Wave atoms and time upscaling of
wave equations

In this chapter, we show how wave atoms can be used to formulate a fast algorithm for
wave propagation in smooth, periodic, 2D inhomogeneous media.

We already know that wave atoms offer a uniquely structured representation of the
time-dependent Green’s function in the sense that the resulting matrix is universally sparse
over the class of C* coefficients, even for “large” times. Additionally, we will show that
the wave atom matrix has a natural low-rank block structure after separation of the spatial
indices.

In Section 4.1 we give a more precise description of wave atoms, including a fast digital
transform. Section 4.2 introduces the repeated squaring algorithm, its refinement involving
the separated wave atom representation, and complexity estimates. We present numerical
experiments in Section 4.3. The rest of the chapter is then devoted to stating and proving

estimates of e-separation ranks in various situations.

4.1 Wave Atoms

In this section we show how to implement wave atoms as a fast digital transform. The
requirements we put on a family of basis function to be called “wave atoms” are quite
stringent and will be made precise in Section 4.1.1. They have to do with uniform space-
frequency localization, and put the general architecture introduced in Section 1.2.4 on solid
ground. To the best of our knowledge, none of the transforms in the repertoire of modern

computational harmonic analysis satisfies these localization conditions.
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4.1.1 Definition of Wave Atoms

We write wave atoms as ¢, (), with subscript g = (j, m,n) = (j, mi, ma, n1,n2). All five

quantities j,mi,ma, ni,ng are integer-valued and index a point (z,,§,) in phase-space, as
z,=2"n, ¢ =72m, (12 < max [m;| < Cy27. (4.1)
=1,

where C7, Cy are two positive constants left unspecified for convenience, but whose values
will be implied by the specifics of the implementation. Heuristically, the position vector
x,, is the center of ¢, (x) and the wave vector , determines the centers of both bumps of
Pu(§) as ££,. Note that the range of m needs to be further reduced to mg > 0, (or mg =0
and m; > 0,) to account for the central symmetry of the Fourier transform of real-valued
functions about the origin in £. Some further restriction on n (cutoff in space) and j (cutoff
in scale), are of course necessary in practice, but not for the description of a frame of L2.

Wave atoms then need to obey a localization condition around the phase-space point

(s )

Definition 4.1. (Wave Atoms) Let x,, and £, be as in equations (4.1) for some C1,Cs.

The elements of a frame of wave packets {¢,} are called wave atoms when
1u(6)] < Cpr279 (4277 |6 —€, ) M4Opr-279 (14277646, ) ™, for all M >0, (4.2)

and

lpu(2)] < Car-29(1 + 27|z — )™M, for all M > 0. (4.3)

It is of course possible to restrict the decay order or even moderately alter the definition
of x, and §,—and still call the basis functions “wave atoms”—but this is a refinement we
will not address here.

The parabolic scaling is encoded in the localization conditions as follows: at scale 272/,
or frequency |¢,| ~ 2%, the essential frequency support is of size ~ 27 (for each bump) and
the essential spatial support is of size ~ 277. Note that the subscript j indexes the different
“dyadic coronae,” whereas the additional subscript m labels the different wave numbers §,,

within each dyadic corona.
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4.1.2 Properties

In the same spirit as curvelets, there is a natural notion of pseudodistance in phase-space

associated to wave atoms.

Definition 4.2. Let yu = (j,m,n) and p' = (j',m’,n’) be two wave atom subscripts. The

wave atom pseudodistance w(pu, ') is defined as

The motivation for this definition is the interpretation of w a lattice distance in phase-
space. Consider the graph with wave packet indices p as nodes, and connection between

two nodes if and only if the corresponding wave packets are neighbors, that is if

e cither j =/, m=m' and jn —n’'| = 1;
/ : . .
e or yand p' correspond to adjacent frequency tiles and |z, —x,/| = min,»_jr ms oy [7,—
.Z'M// ’

Then w(p, ') is proportional to the minimum number of edges needed to connect p and p'.
Of course w is not a distance in the strict sense, but it is symmetric, satisfies the quasi-
triangle inequality w(p, p”) < C(w(p, 1') + w(p', 1)), and is invariant under Hamiltonian
flows, w(u(t), W' (t)) =< w(p(0), 1'(0)).
The main purpose of w is that it allows us to formulate a key almost-orthogonality

estimate.

Lemma 4.1. Let ¢, and ¢, be two collections of wave atoms, in the sense of Definition

4.1. Then for every M > 0 there exists a constant Cpy > 0 such that

s Purd| < Car - w(p, 1) ™.

Proof. We will make use of the following elementary bump convolution convolution inequal-

ity (see [65] p. 56), valid when a > o and, say, M > 2,

/ (1+alz)) ™1 +d |z — zo|) Mdx < g(1 + d'|zo]) M. (4.4)

oo a
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Assume without loss of generality that j < j’. Combining (4.4) with the frequency

localization estimate (4.2), we obtain

/ Gu (O (O de < Car- 277 (14277 |6, — €)M, (4.5)

Similarly, combining (4.4) with the spatial localization estimate (4.3), we obtain

[ 1eu@u@]dz < Ca 291+ 2l = ). (4.6)

The conclusion follows by taking the geometric mean of (4.5) and (4.6), and noticing

that
(1+ 27j/|€u - fu’DiM(l + 2j|$u - JUM’D?M <1+ 27j/‘€u - €,u’| + 2j|xu - $u’|)7M-

O

Almost orthogonality is one ingredient in the proof of the main sparsity result, theorem

1.1, hence the resemblance of statements.

4.1.3 Implementation of Wave Atoms: 1D Warmup

In practice, wave atoms will be constructed from tensor products of adequately chosen 1D
wave packets.

We will first build a one-dimensional family of real-valued wave packets @/an,n(x), 7>
0,m > 0,n € Z, centered in frequency around £ §;,, = + 7129m, with C127 < m < Cy27; and
centered in space around x;, = 27/n. The one-dimensional version of the parabolic scaling
dictates that the support of (each bump of) ¢, ,(€) be of length O(27) while &im = O(2%).
The desired corresponding tiling of frequency is illustrated at the bottom of Figure 4.1.

Filterbank-based wavelet packets naturally come to mind as a potential definition of
an orthonormal basis satisfying these localization properties. They also come with fast
algorithms. The wavelet packet tree, defining the partitioning of the frequency axis in 1D,
can be chosen to have depth j when the frequency is ~ 2%, as illustrated in Figure 4.1.
However, there is a well-documented problem associated with standard wavelet packets,
namely that the sense in which they satisfy frequency localization is rather weak. It is

an unavoidable feature of the filterbank architecture that the uncertainty (product of time
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and frequency deviations) increases with the frequency, instead of remaining close to the
Heisenberg bound. For references for precise estimates of the “wavelet packet curse,” see
[69, 88]. As a result, in our context, we cannot hope to satisfy the wave atom definition
using basis functions which come from a wavelet packet analysis.

An elegant solution to the frequency localization problem has been given by Lars Ville-
moes in [88]. The trick consists in exhibiting adequate symmetric pairs of compactly sup-

ported bumps in frequency, given by the formula

) = 2 [comglens = mim + 5)) + ¢ glemia(€ +wlm+ )]

where €, = (—1)™ and a,, = 5(m + %) The function g is an appropriate real-valued, C'*°

bump function, compactly supported on an interval of length 27, and chosen such that
D @) =1.
m

Then the translates t,,(t — n) form an orthonormal basis of L?(R). This construction
provides a uniform tiling of the frequency axis,! in the sense that every bump in frequency
has the same support size, 2.

Multiscale tilings like the one in Figure 4.1 can be obtained by combining dyadic dilates
and translates of 1&21 on the frequency axis. We need to introduce the subscript j to index
scale, and write our basis functions as 9%, ,(z). To preserve orthonormality of the 1/1%%”(:1:),
the profile g needs to be asymmetric in addition to all the other properties, in the sense

that
T T
g(—2¢ — 5) = 9(5 +£)

for & € [—m/3,7/3], with g itself supported on [-77/6,57/6]. We say g(§) is “left-handed”,
whereas g(—¢) is “right-handed”. As a result, the uniform partitioning of the frequency axis
is obtained as an alternating sequence of staggered left-handed and right-handed bumps. A
scale doubling can be achieved by concatenating two left-handed bumps at scales differing by
a factor 2. Figure 4.1, bottom row, depicts the Villemoes system where three scale doublings
have been implemented and marked by crosses. Remark in passing that scale halving could

be implemented using right-handed bumps at different scales, but scale quadrupling is

'For specialists, the secret to avoiding the Balian-Low no-go theorem is to use two bumps in frequency.
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impossible using the present scheme.

As for labeling, note that the couple (j,m) refers to a point on the wavelet packet tree;
the depth at that point is J — j, where J is the maximum depth, and m can be interpreted
as the number of nodes on the left at the same depth (nodes are not necessarily leaves).
This is the standard indexing scheme for wavelet packets used in [62]. The translation step
is now 277 at scale j, whereas each bump in frequency is supported on an interval of length
2J x 27. Choosing the “parabolic tree” as in Figure 4.1 amounts to specifying the wave

vector &, defined as the center of the positive frequency bump, as
&im = 720m ~ 2%

The resulting basis of wavelet packets {1%,(z — 279n)} is orthonormal for L2(R).
The implementation of the Villemoes wavelet packets is rather straightforward in the
frequency domain. For each wave number &;,,, the coefficients c¢;;,,, can be seen as a

decimated convolution at scale 277,

Cimmn = /d)fn(x - 2_jn)u(x) dz,

By Plancherel,
1 I
Cimn = g [ €U ©(6) de

Assuming that the function u is accurately discretized at xy = kh, h=1/N, k=1,...,N,

then up to some small truncation error,

1 —i27Ink, 73 ~
Cjmmn = Y Z e kd)gn(k)u(k) (4.7)

k=2m(—N/2+1:1:N/2)
If the data 7, (k)a(k) were supported in an interval of length 2/ x 2, then the above
sum could be restricted to values of k inside that interval, and computed efficiently using
a reduced inverse FFT, of size 27. In reality the support properties of g are such that the
data is supported inside two disjoints intervals of size 2917, symmetric about the origin.
The sum (4.7) can still be computed by a reduced inverse FFT provided ﬁnﬁ is folded

by 2/t r-periodicity inside an interval of size 2/T'7 centered about the origin. This trick

was already used for the implementation of the discrete curvelet transform and is called
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wrapping, see chapter 3. The simple algorithm for wavelet packets is then the following.
e Perform a FFT of size N of the samples u(xy).

e For each pair (j, m), wrap the product U2, by periodicity inside the interval [~277,277].

Then perform an inverse FFT of size 27 of the result to obtain Cimn-

e Repeat over (j,m).

The complexity of each inverse FFT at scale j is O(j27), and there are O(27) frequency

bumps at scale j, indexed by m, so the total complexity is

> 0(j27) = 0(J2*) = O(Nlog N),
0<5<J

with N = 2%/,
Since the ¢, , are coefficients in an orthonormal basis, the inverse transform is simply

the adjoint and can be computed by reversing all the steps in the above algorithm.

e For each (j,m), perform a FFT in n of ¢, of size 27, then unwrap the result on

the frequency axis around the support of 1[)%1
e Sum the contributions corresponding to all the couples (j,m).

e Perform an inverse FFT, of size N, to obtain u(xy).

Likewise, the complexity of the inverse transform is O(N log N).

The decomposition into two bumps, of positive and negative frequency respectively, can

be written
(&) = Vit (€) + Yinn, - (©) (48)
with the symmetry relation &jnn— &) = Afnn +(=&) which owes to the real-valuedness of

gﬁ,n' After preforming a Hilbert transform, H @/;Jnm is another orthonormal basis of LQ(R).
In the frequency domain, Hilbert transformation amounts to taking a linear combination of

the two bumps with weights (—i,4) instead of (1,1):

o —

Hipfp (&) = =i, (&) + i), . (€). (4.9)
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p2

Figure 4.1: The wavelet-packet tree corresponding to wave atoms. Textbook material on
wavelet packet trees can be found in [62], chapter 8. The bottom graph depicts Villemoes
wavelet packets on one half of the frequency axis. The dot indicates the frequency where a
change of scale occurs.

Even though we made a point that the Villemoes basis functions do not come from a
standard multiresolution analysis, we still continue to call them “wavelet packets” in what
follows.

Finally, we would like to mention Eric Kolaczyk’s approach [55] for the implementation
of Meyer wavelets, and by extension Villemoes wavelet packets, based on local cosine win-
dowing of the frequency axis. His approach explains in a transparent manner the aliasing
cancellations during inversion of the wavelet transform, though the implementation looks

involved in contrast to the “wrapping” approach.

4.1.4 Implementation of Wave Atoms: 2D Extension

Two-dimensional orthonormal basis functions with 4 bumps in the frequency plane can be
formed by individually taking products of 1D wavelet packets. As we did in earlier sections,

let us abbreviate p = (j, m,n), where m = (mj,my) and n = (n1,n2). We write
o (21, m9) = P, (21 — 277 n0) P, (w2 — 277 my),
The Fourier transform is also separable, namely

@ (&1,60) = Afﬁl(fl)e*m(”wl) A%Q(fg)e*ﬁj(nﬁ:g).
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A dual orthonormal basis can be defined from the Hilbert-transformed wavelet packets,
¢, (r1,20) = szfnl(xl —27ny) Hi/}%w (zo —277ng).

It is easy to see from relations (4.8) and (4.9) that the recombination

+ - +_ -
1) _ Put e @ _ Pu — Pu
(10,u - 9 ’ SOM - 2 ’

provides basis functions with two bumps in the frequency plane, symmetric with respect

to the origin, hence directional wave packets. Together, 908) and gp,(?) form the wave atom

frame and may be denoted jointly as ¢,,. The price to pay in considering both cp,(}) and cpl(f)
is an increase of a factor 2 in the redundancy. Wave atoms otherwise remain a tight frame,

in the sense that

S e P+ 1P w? = [ul®.
0 ju

They also satisfy all the wave atom properties, by construction.

As the reader might have noticed, the construction is not a simple tensor product because
there is only one scale subscript j. This is akin to the construction of “nonstandard,” or
MRA wavelet bases in 2D where the point is to enforce the same scale in both directions,
hence an isotropic aspect ratio. The resulting tiling of the frequency plane is shown in
Figure 4.2.

In practice, the algorithm for wave atoms is based on the obvious generalization of the
1D wrapping strategy to two dimensions — except for a slight complication. The admissible
tilings of the frequency plane at scale j are restricted by

| = A4n. + 2
inzl%?§|mz‘ nj+ 2,

for some integer n; depending on j. In Figure 4.2, we check that this property holds with
no = 0, n; = 1 and ny = 2. The rationale for this (benign) restriction is that a window
needs to be left-handed in both directions near a scale doubling (for positive frequencies),
and that this parity needs to match with the rest of the lattice. The rule is that 1&7]71 4 s

left-handed for m even and right-handed for m odd, so for instance 1&%(51)1&:%({2) would not

be an admissible window near a scale doubling, whereas 13 (x1)13(z2) is admissible (and
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its tile is indicated in Figure 4.2 by a dot).

In complete analogy with the 1D case, the complexity of wave atoms is of course
O(N?log N).

The adjoint wave atom transform is still an inverse (actually the Moore-Penrose pseudo-
inverse) because the frame is tight. As explained previously, it is computed by reversing all
the operations in the direct transform, and also takes O(N2log N) operations.

Note that the same 2D recombination strategy, but based on standard wavelet packets
instead of Villemoes packets, has already been considered in the field of image processing
under the name “dual-tree M-band wavelets,” see [24].

Let us conclude this section by mentioning that, in the present implementation, most

wave atoms have an infinite number of (directional) vanishing moments in the sense that

/npu(yl, y2)yk dyy = 0, for all k>0, for all o, (4.10)

where y; is the spatial coordinate along the wave vector £, and y2 is perpendicular. This
property follows from the fact that most atoms ¢, (£) vanish in a (large) strip including the
origin, oriented in the direction perpendicular to §,. In contrast, those few atoms obeying

$u(0) # 0 form the small minority of “coarse scale” wave atoms, when j = 0.

4.1.5 The Orthobasis Variation

In practice, one may want to work with an orthonormal basis instead of a tight frame to
represent the wave equation, for example (pj(x) The consequence of this choice is that

each basis functions would oscillate in two distinct directions, instead of one.

4.2 Main Algorithm

The description of the main algorithm will be split into two parts. The basic repeated
squaring algorithm only exploits sparsity of the wave atom matrix of the propagator E(t)
and is detailed in Section 4.2.1. The refinement based on separation of spatial indices comes

as a modification of the basic repeated squaring algorithm, and is explained in Section 4.2.2.
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A ©2

W,
= -

Figure 4.2: The wave atom tiling of the frequency plane. Only the first quadrant is shown.
The dot below the w axis indicates the same change of scale as in Figure 4.1 and corresponds
to the basis function denoted 3 (x1)?(x2) in the text.

4.2.1 Basic Repeated Squaring

Let us denote u(t) for the couple (p(t), %), and write the wave equation as the first-order

system %—? = Au with initial condition u(0) = ug. The generator is

0 1
A= . (4.11)
A(z)A 0
We define the propagator E(t) from u(t) = E(t)ug = euy.
Since the solution u(t) has two components, we need to introduce e; = (1,0) and

ez = (0,1). The wave atom matrix elements are

E(t; pv; p'v') = (E(t)pew, puey).

We write F (t; pv; w'v') for its numerical approximation. As mentioned in the introduction

we aim at building this matrix at dyadic times ¢, = 2"At, using a repeated-squaring
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strategy, based on the group property

Bt pvi ') = > Et; ps p"v")E(t; 1"V V),

" 5,1
ey

which in turn comes from E(2t) = (E(t))? and the tight-frame property. The squaring is
efficient because the numerical approximation of the wave atom matrices is kept sparse at

all dyadic times, by putting to zero the small entries below a prescribed threshold.

Algorithm 4.1. (Wave-Atom Repeated Squaring) Choose a small time step At and a small
tolerance €. Denote by Trunc the operation of putting to zero all matriz elements below €

in absolute value.

e Initialization: Obtain A(/U/; w'v') an approxzimation to the wave atom matrix of the

generator A, then
E(At, pv; p'v') = Opvipr + At Trunc(A(uv; y'v')).
e Iteration: Forecast the biggest entries’ location, then compute them as

E@" T Aty pv; f'v') = Trunc Z EQ2"At; pv; f!"VYE QP A 1"V (V.

)

M”7VN
e Terminate at time 7 = 2™ At.

To compute the solution u(7) at time 7, start with the coefficients

Cul/(o) = <U0, Souel/>a

perform the matrix-vector multiplication,

G (1) = Y E(7; p; p'v ) ey (0),
/J/l//
and inverse transform, 4(7) = >_ , ¢ (7)€, For times larger than 7, one should perform
several applications of E(7) to the initial condition.
As alluded to in the introduction section, prediction of the location of the large matrix

elements is efficiently done using the Phase-Flow Method (PFM), see [90]. The truncation
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should be done to keep at most B elements per row (hence also per column), with B a
moderately large constant.

For the initialization, how to compute an approximation to the generator A4,,.,,, in an
efficient manner is best understood in the context of the separated wave atom representation,
so we postpone this discussion until the next section.

Let us finally remark that, in view of Theorem 1.1, the Trunc operation consists in
keeping track of two shifted diagonals, because there are two Hamiltonian flows. If instead

of the standard wave atoms goftl) or cpff) we use the orthobasis variation of Section 4.1.5,

omut = @Ll) + gpl(f), we could expect to have to trace four bumps. For small times, namely
t < ﬁ or a multiple thereof, we will see later in Section 4.2.3 that tracing is useful but not
necessary, so the gain due to lower redundancy may offset the frequency entangling. For

larger times, “clean” wave atoms with two bumps in frequency may be more appropriate.

4.2.2 The Separated Wave Atom Representation

In the wave atom representation of E(t), consider the submatrix left after fixing v, " and the
wave vectors (7, m) and (j',m’). The remaining indices are those of the position vectors
n = (ny,n2) and n’ = (n},n)). The separated wave atom representation is obtained by
seeking a low-rank approximation corresponding to separation of the spatial indices along
1 VS. T2,

!
ni,nj “na,n

.
E(t;j,mn,v;j m' n' )= Zakuk ok , +0(e), (4.12)
k=1

where ©* and v have been normalized to unit 5 norm. Of course u* and v* depend on
j,m,v;j,m’, /. The most efficient such decomposition, in the sense that the ¢? norm
of the residual is minimized for fixed r, is the singular value decomposition of the block
(j,m,v;j',m’ V') after reorganization of the matrix elements to make the row and column
indices (n1,n);ng,nb) instead of (n1,ne;nf,nb).

Conversion from the standard to the separated wave atom representation, as an SVD
factorization of the reorganized submatrix, is however never done in practice. Instead, we
modify the repeated squaring strategy so that all computations are done on separated com-
ponents without ever forming the standard submatrix. Let us explain how both initialization

and matrix multiplication can be realized in this context.
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4.2.2.1 Initialization

The wave atom representation of the generator reads (¢, Ap,s,/), where v = 1 refers to
the p(t) component, whereas v = 2 refers to the % component. The only non-trivial or

non-precomputable contribution is

(Pu2, Apwa) = /[0 " QDM({L‘)CQ($)AQD#I () dzx. (4.13)

Our initialization strategy is based on separation of the integrand in z; vs. z2. Since
c*(x) is a C™ periodic function, its e-separation rank is a small constant C, = O(e~ /M)

for all M > 0 (see Lemma 4.2) so we can write

Ce
=" @) (@)
k=1

The Laplacian operator is also nicely separated,

0? 82
A= RXI+T® — 4.14
Ox 2 ox3 ( )
As for wave atoms themselves, let us assume that we are using the separable “orthobasis”
variation, as in Section 4.1.5. For the full wave atoms there would be two separated terms
to write down instead.

We can then split the matrix element (4.13) into a finite number of separated compo-

nents,

Ce

— 2)
<QDN,C2($)ASOM/> - ;< m17n17’7k; a 2¢m17n1>< gng,'na?’yk ¢£n27n2>

8
+ < mi, n1’fyk win ny > < m2,n2”yl(c ox ZwmQ,n2>
where all the inner products in the right-hand side are one-dimensional. Observe that the
above formula is exactly in “separated wave atom” form, as in equation (4.12).
The initialization algorithm computes all the factors in the above decomposition as

follows. Assume the segment [0, 1] has been discretized into N equispaced points. For each
(4", mi, nt),

1. Form ¢z,; , v (x1) for z1 on the grid by applying the inverse 1D wavelet packet trans-
1°7°1
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form to the sequence of coefficients

. . , ,
- 1 itj=j"mi=ml,n =nj,
ijmlanl - .
0 otherwise.

2. Apply ’yk 8 to 1/1] ( ). For accuracy purposes, all derivatives are discretized in

the Fourier domaln.

3. Apply a direct wavelet packet transform to the result and obtain at once the inner

products with all the ¢, n, (z1).

Repeat over all indices (j', m],n}). Repeat the algorithm, mutatis mutandis, for the inner
products involving no derivatives and the inner products involving x, instead of 1. Do not
sum over k or multiply the factors as we are interested in the separated form only.

In practice, we may use a different time-integration scheme than Euler explicit for the

first time step. We have found the leap-frog scheme to be quite efficient.

4.2.2.2 Matrix Multiplication

We seek a fast algorithm for

E(2t; j? m? n? I/; j//7m”7n/,7 l/”) = (4'15)

2: L Y P Y A Y] "nonoon
E(t,],m,n,l/,]7m7n,l/)E(t,]7m’n7V7j 7m 7n 71/ )7

v/ / YU
7 ,m',n v

where each factor is given by (4.12). We fix the row index (j, m,v) as well as the column
index (5”7, m”, "), and for simplicity omit to write them in what follows.
We start by directly computing each sum over n} and n). There is one such sum for

each value of the intermediate index (j',m’,v’). Let us introduce
Kk
Upiy ! (', m’ ) Z (AAL "1’"1 (4.16)

and, similarly,

k
Voomtt (5, m’, V) Zun2’n,2un,2’n2 (4.17)

We grouped (k, k') into one single index k. If we also let o = ook, and form the resulting
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diagonal matrix X, then the matrix element (4.15) can be written as

Z U@, m', v/ )2V, m' V) Z Z nln (5, m’, V)Ukan (4',m’, V"), (4.18)

j/,mlﬂjl k ] ml /

Call K the maximum number of different values of the couple k; if k < 7, then K < r2.
Call M the maximum number of different values of the triple (j',m’, ). To obtain the
desired separated wave atom form we need not only compute those sums, but also factor
the result into its singular value decomposition,

Ty st — k

UXV:= Z ni, n//O—k,‘/;L2 TL”’ (419)
where U and V are isometric matrices.

So we are faced with the problem of computing the SVD of a sum of matrices which

are almost in SVD form—because the columns of U(j’,m’,v’) and V(j/,m’, /) are not in

general orthogonal. We will proceed in two steps:

e We start by turning each U and V into isometric matrices. For each (j',m’,v'),
perform a QR decomposition to obtain an isometric matrix Qu(j’,m’,7’) and an

upper triangular matrix Ry (j/, m’, ) such that
U(jl7 m/7 V/) = QU(jla m/7 V/)RU(j/7 m/a V/)'

Similarly, factor

V(j” ml? I//) = QV(j’? ml? V/)RV(]/7 ml? V/)'

Gather the small factors in the middle and perform an SVD:
Ry(j/,m’,v) ¥ RL (7, m/,v) = U*(§', m’, /) 22 (5, m’, /) [VI'(5, m, /).

Put to zero the small singular values in X*(j’, m’, /) below some threshold 7, so as

to keep at most O(r) of them. Then compute
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V(j’? ml? I//) = QV(]I7 ml? V/) Vﬁ (jl7 ml? Vl)?

and for simplicity call X(j/, m’,2/) := (', m’,/). We have just orthogonalized

(4.18) at the (benign) expense of making each ¥ matrix depend on (j/,m’, /).

e We can now simplify the sum over (j/,m’, 7). Let us group terms two by two and
notice that a sum of two SVDs can be rewritten in matrix form as
. . 10 v
UL S Vi + Up By Vi = (U1 Vi) . (4.20)
0 3 v
The same strategy as above, involving two QR and one SVD decomposition, can
be invoked to compute the SVD of the right-hand side in the above equation. The
procedure can be applied to each couple of terms and repeated at the next level. This
way, the whole sum (4.18) can be reduced in a binary fashion into its SVD form,

leaving us with (4.19).

Standard linear algebra routines have been used for QR and SVD. It does not appear
that iterative algorithms for sparse SVD offer any improvement, in the present context, over

the standard algorithms.

4.2.2.3 Upscaled Timestepping

Once the separated wave atom representation of the wave propagator at time 7 is available,

we can apply it to the initial condition as follows.
e Apply the wave atom transform to each component of the initial condition ug.

e For each j,m,v and j/,m’, v/, unfold the separated form to obtain the classical wave
atom representation. Not all matrix elements in the classical form need to be com-
puted, however. For a given (nj,ng), only a certain subset of positions subscripts
(n},nf) will be relevant — only those for which the wave has been given enough time

to travel from x, to x,.

— For times 7 < 277, a wave atom cannot travel essentially farther than its own
diameter, hence the restriction |n’—n| < C for some constant C' to be determined

empirically.
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— For times 7 > 277, this rule becomes |n’ —n| < C - 27.

Once the restricted submatrices have been formed, we can compute the large matrix-

vector product of the propagator with the coefficients of the initial condition.
e Apply an inverse wave atom transform to get u(t) from its coefficients.

The same procedure, without the initial and final transforms, can be iterated to perform
timestepping with the “upscaled” time step 7, generally much larger than the CFL timestep.

As we will see from the complexity analysis in the next section, a reasonable choice of time

1
Cmax IV

step is 7 >~ \/—lﬁ, whereas the CFL timestep is at most At < when ¢(z) < cpax. We
call “time upscaling” the possibility of using such a large time step, offered by an explicit

precomputation of the propagator.

4.2.3 Complexity Analysis

In this section we derive the total complexity for the repeated squaring scheme in separated
form (RS), as well as the subsequent upscaled timestepping (UTS). We will first formulate
the total computational cost as a function of N—the initial data is on an N-by-N grid—as
well as the various values of the e-ranks r of submatrices corresponding to different wave
vectors (7', m’;v'). In later sections we will carefully analyze how those ranks themselves
depend on N and on the geometry of the speed of sound, ¢(x).

We would like to make clear that the complexity estimates we are about to derive refer
to the total number of operations when we fix some small threshold ¢ below which the
singular values of submatrices are discarded. In practice, we observe that € is very well
correlated to the overall L? accuracy of the method (see Section 4.3), although we do not
prove the connection on a rigorous level in this thesis. This observation of course assumes
that the first time step in the initialization is itself made sufficiently accurate by taking At
sufficiently small. Deriving accuracy estimates would imply dealing with sampling issues,
namely that a function cannot be compactly supported both in space and in frequency. To
obtain an L? accuracy € at time T' = 1 we suspect that the threshold € needs to depend on N
and € like O(eN 1) as N — oo, in order to compensate for the cumulative error introduced
by repeated squaring. In this scenario, the power of NV in each complexity estimates would
need to be incremented by an arbitrarily small number § — at the expense of a constant

depending on the choice of 6.
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As always, we assume that ¢(z) is C*°. We measure complexity in terms of elementary
floating point operations (flops). Let us remark once and for all that the two token indices
v and v/ do not play a role in the complexity analysis since we are interested in asymptotic

results — up to constants.

4.2.3.1 Initialization

We start by observing that the initialization step of the repeated squaring can be done in
O(N?log N) steps. Indeed, applying an inverse wavelet packet transform to find 1#%1,711 (1)
takes O(Nlog N) operations. Performing multiplication by a function or differentiation
takes at most the time of a FFT, O(Nlog N). Finally, applying a direct transform costs
O(Nlog N) again. Since there are O(N) values of the indices (j,m1,n1), and a constant
e-separation rank C,, the overall complexity is O(C.N?1log N).

As we will see, initialization happens to make for a negligible fraction of the total

computing time.

4.2.3.2 Matrix Multiplication

Let us now consider the iteration step in the repeated squaring procedure, as described in
Section 4.2.2.2. Fix a fine time step At and an upscaled time step 7 = 2" At. We need to
consider each scale j separately and recall that, by sparsity, we can always assume that j’
is comparable to j. Ranks of submatrices are simply denoted by r, but let us keep in mind
that they depend on the time step 7 and the frequency indices j, m, 7', m’, as well as on the

desired accuracy level e.

1. For fixed wave vectors, each subscript ni or ne, or their counterpart with primes,
takes on O(27) values. Since both k and k' take on r values, a matrix such as U¥ or
V¥ is of size O(2%r2). Each element of U¥ or V¥ takes O(27) operations to compute,

so the total complexity for forming two such matrices is O(2%72).

2. One QR decomposition of UX or VX takes on O(2%r%) operations. Each middle factor
RyX R, is of size at most O(r?)-by-O(r?), so the SVD of their product costs O(r°).

3. After performing the center SVD, only O(r) singular values are kept (above the thresh-
old €), so we can trim both Ry and Ry to O(r) columns. Computing each U = Qu Ry
and V = Qv Ry takes O(2%/73) operations.
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4. In the binary reduction using QR and SVDs, each matrix U has size O(2%)-by-r, and
let us grossly over-estimate r by its maximum maxr over (j',m’). Set M the total

number of relevant indices (j/,m’). The total complexity for the binary reduction is

O(M (2% (maxr)? + (maxr)3)).

Steps 1, 2 and 3 above are to be repeated for each value of (5, m’). In addition, there is
an outer loop on the output wave vector (j, m). The total complexity for one time doubling

in the separated wave-atom repeated squaring algorithm is therefore

Compl(RS, one step) < C - Z Z (23772 4 22774 4 6 1 9% (maxr)? + (maxr)?).

y ;. !
J,m j’ ' m

For each j there are O(2%) different values of m. We can use the inequality

Z rP < (maxr)P~! (Z r),

! / 5! /
J,m 7', m

as well as the obvious maxr < Zj/ o 7> simplify and obtain

Compl(RS, one step) < C' - Z (2% max r + 2% (max )3 + 2% (max r)®) (Z r)| . (4.21)
J ' m’

The number of time doublings is small and depends remarkably little on the choices we
make for At and 7. As long as both quantities are taken to depend inverse polynomially
on N, the number of grid steps per dimension, the number of time doublings is O(log N).
The total complexity for the repeated squaring is therefore log N times the right-hand side
in equation (4.21).

We give very precise estimates for maxj p, 7 in Section 4.4 and ) o T 1D Section 4.5,
as a function of 7,¢ and j (uniformly over m). In Section 4.6, we improve the bounds of
Sections 4.4 and 4.5 to take into account important special cases. In all cases, ranks and
sums of ranks depend weakly on e, namely they are all of order O(e~'/M) for all M > 0 (with
a constant depending on M.) This slow growth rate is the signature of spectral accuracy.

The simple choice 7 = ﬁ, for example, is advantageous. We show in Theorem 4.1 that

the worst-case estimate is >_ 7 ~ maxr < C.-27. In that case, the total complexity becomes

Compl(RS, worst) < C.N*log N.
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For wave guides (when ¢(x) depend only on x1 or x2, but not both,) the estimates become

dor~maxr < Ce- 29/2 and
Compl(RS, wave guide) < C.N3log N.

Other choices for 7 give rise to a variety of different complexity estimates. The situation is

summarized in Figure 4.11.

4.2.3.3 Upscaled Timestepping

As we saw earlier, the complexity of the wave atom transform is O(N?log V).

The separated wave atom matrix should be unfolded into its classical form at every
upscaled time step. For fixed wave vectors, the submatrix E:fg,% is of size O(2%)-by-O(2%7)
and comes in separated form with rank r. Because of the restriction on nearby positions,
all but B; = max(2/,72%) rows and columns are kept, around n} = n; and nh = nag.
These rows and columns are easy to identify in the separated components as well, see
equation (4.12), resulting in matrices ¥ and v* of size Bj-by-r. Explicitly forming EZIQZ/%
from its separated components is a matrix-matrix product which takes O(Bf-r) operations.
The re-indexing of the relevant O(B?) elements into the classical form Eﬁéﬁé takes O(BJQ-)
operations. Note that the latter matrix is band-diagonal with band O (2% BJQ)

One matrix-vector product involving EZ%Z;Q then takes BJZ operations. Assuming that
the solution wu(t) has a full set of wave atom coefficients (no particular sparsity pattern),

then unfolding must be done for each wave vectors (j,m’) (indexing columns) and (j, m)

(indexing rows), resulting in a total complexity

Compl(UT'S, one step) < C' - Zsz( Z r),

J,m J'm’
which can be rewritten more explicitly as
Compl(UT'S, one step) < C' - Z (24 4 72267) (Z )| . (4.22)

Since T'/7 upscaled time steps are necessary to reach time 7" (a multiple of 7), then the

total complexity is the right-hand side of (4.22) multiplied by 7.
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For example, when 7 is chosen as \/LN’ then inspection of Theorems 4.1 and 4.4 reveals

that the complexity estimate becomes
Compl(UT'S, worst case) < C'- N3

in the worst case, and

Compl(UT'S, wave guide) < C'- N*7

in the case of wave guides. Estimates for different 7 are summarized in Figure 4.11. By
comparison, recall that a pseudospectral method would be O(N3log N).

Complexity and computational times can yet be improved when the wave atom expan-
sion of the solution is uniformly sparse in time. Assume that u(t), 0 < ¢t < T, can be
approximated to accuracy e in f2 using a fraction p < 1 of all wave numbers &, — not
necessarily the same ones for different times. Then only the submatrices corresponding to
those wave numbers must be computed at all, resulting in a direct net improvement of p of
the complexity estimate for timestepping. For example, when u(t) is a single bandlimited
wavefront, then we can expect p ~ N~1/2

O(N??) in general and O(N?%) for wave guides.

. The corresponding total complexity becomes

Complexity gains due to sparsity of the solution are harder to obtain for the repeated
squaring, because it would demand identifying in advance which wave vectors are going to
contribute in the yet unknown solution at dyadic times. These wave vectors are part of
a “fat” manifold in phase-space. Such information could be obtained from a geometrical
optics solver such as the phase-flow method [90], but we do not consider such a refinement
in the present study.

Even though our complexity estimates may appear somewhat pessimistic, in particular
for the core repeated squaring, it is worth keeping in mind that the result of the computation
is not just one solution to the wave equation—it is the whole Green’s function in compressed
form. In particular, physical information of propagation of high frequencies can be read

directly from the wave atom matrix representation.
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4.3 Numerical Implementation and Examples
In this section, we apply the algorithm of Section 4.2.2 to several sample media. Theoretical

studies of some of these representative media will be presented in Section 4.6. We used the

orthonormal basis variation of Section 2.5 in all numerical experiments in this section.
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Figure 4.3: Four representative acoustic media. (a) wave guide, (b) bumps, (c¢) Gaussian
converging lens, and (d) linear mirror.

We study four typical velocity fields defined over the unit square [0, 1):
e Wave guide (Figure 4.3(a)). The index of refraction is defined by

1
n(x1,xe) =1+ exp(—64 x (x1 — 5)2)

e Bumps (Figure 4.3(b)). The wave speed is a simple trigonometric polynomial,

(34 sin(4mxy)) - (3 + sin(4rxg))
16 '

c(x1,22) =
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e Converging lens (Figure 4.3(c)). The index of refraction is given by

1 1
n(z1,22) = 1 + exp(—64 x ((z1 — 5)2 + (29 — 5)2),
e Linear mirror (Figure 4.3(d)),
1
c(x1,x2) = (0.75 4 p(z1,22)) - (1 — 5)

where p is a radial window function which smoothly extracts the center part of the

unit square [0,1)2.

In each of these four cases, we apply the algorithm presented in Section 4.2.2 to generate
the propagator E(7) at time 7 = 1/16. The initial time step At used is set to 2710,
The thresholding constant € is chosen to be 10™* and the grid size N is 128. As we
pointed out already, the matrix E(7) is organized as a collection of submatrices, which
are indexed by row index (j,m,v) and column index (j',m’,2’). For each of the four
media, the corresponding plot in Figure 4.4 describes the time dependence of the e-rank.
The solid curve is the maximum e-rank over all submatrices, while the broken curve is the
maximum of the sums of the e-ranks over all column indices (j', m’, /) (for a fixed row index
(j,m,v)). We compute these values at the dyadic time steps appeared in the construction
E(7), namely t, = 2" - At, and linearly interpolate the value at other times.

We use two typical initial condtions to study our upscaled timestepping algorithm. The
“line” initial condition (Figure 4.5(a)) is a smoothed indicator of {(z1,z2) : z2 = 1} while
the “pulse” (Figure 4.5(b)) is a smoothed delta function at the center of the domain. Both
initial conditions, which have significant energy in the high frequency modes, are adequate
for testing the numerical dispersion.

For each acoustic medium, we apply the upscaled time-stepping algorithm on these two
initial conditions. We are particularly interested in conservation of the energy and accuracy

of the wave profile. Since we start from the equation

P — ¢ (x)Ap = 0,
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Figure 4.4: e-rank of the submatrices. (a) wave guide, (b) bumps, (c) Gaussian converging
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Figure 4.5: Initial condition used in the upscaled time-stepping algorithm.
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the correct conserved energy is
[pe [
c?(z)

+ |Vp|?dz.

Figure 4.6 summarizes the time dependency of the relative errors of the energy integral (the

solid curve) and the wave profile (the broken curve).

waveguide
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Figure 4.6: Relative error of the energy integral and the wave field. Left: “line” initial
condition. Right: “pulse” initial condition.

It is well known that standard finite difference methods for hyperbolic equations often
suffer from the problem of excessive numerical dispersion. This is particularly obvious when
one uses a typical central-difference leapfrog scheme. In the following two experiments, we
compare the numerical dispersion phenomenon in our upscaled time-stepping algorithm and
the standard leapfrog algorithm. The time step and the grid size are chosen to be the same
for both algorithms.

The first experiment involves the waveguide acoustic media and the “pulse” initial con-
dition. The three images in Figure 4.8 show the solution at t = 1/2 and ¢ = 1 computed

using our method and the solution at ¢ = 1 computed using the Leapfrog algorithm respec-
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converging lens

2

condition. Right: “pulse” initial condition.

tively. Notice that the ripples, which are the direct consequence of the numerical dispersion,
are clearly observable in the leapfrog solution. The second experiment (Figure 4.9), which

uses the bump acoustic media and the “line” initial condition, demonstrates the same phe-

nomenon.

Figure 4.8: Numerical dispersion. Waveguide media and “pulse” initial condition. Left:
t = 1/2, wave atom method. Middle: ¢ = 1, wave atom method. Right: ¢ = 1, finite
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X,
2

Figure 4.9: Numerical dispersion. Bump media and “line” initial condition. Left: ¢t = 1/2,
wave atom method. Middle: ¢ = 1, wave atom method. Right: ¢t = 1, finite difference
method.

In the last experiment, we study the complexity of the upscaled time-stepping algorithm.
As stated in Section 4.2.3, for certain types of acoustic media (e.g., wave guides), the
upscaled timestepping algorithm has lower complexity compared to the standard spectral
or pseudospectral methods, especially when the spatial discretization is refined. In fact, we
are able to observe this fact even when N is relatively small. Figure 4.10 presents the time
spent on applying a single upscaled time-step for various discretization size. For both the
waveguide and bump media, the curve of the upscaled time-stepping algorithm grows much
more slowly, and it becomes more efficient than the standard spectral method when N is
larger than 128. This observation are in complete conformity with the complexity estimates

in Section 4.2.3.

10 : :
—e—waveguide example
—+—bump example
—=— spectral element method
10°
Q
£
107
-2
10 . . . .
50 100 150 200 250 300

Figure 4.10: Computational time of a single upscaled time step. In all cases, the small time
step is At = 1/1024.
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4.4 Rank Estimates

The e-rank r of a (possibly infinite) matrix A;; is the smallest number 7 such that A;; can

be approximated up to accuracy € by a matrix of rank r in ¢2,
”AZJ ZUZ’U ||2 <e

The e-separation rank, or just e-rank r of a function f(z1,x2) is the smallest number of
separated components u*(x1)v¥(x2) necessary to approximate f(z1,x2) up to accuracy € in
L?, ie.,

1f (21, 22) Zu z1)v*(z2)ll2 < €.

The main theoretical result of this chapter is a sharp bound on the e-rank of reordered
submatrices of the propagator in the wave atom frame. As detailed earlier each submatrix of
interest has row index (n1,n2) vs. column index (n}, n}), but the separation isolates (n1,n})
vs. (ng,n,). Hence the necessity of reordering the entries, to prepare the submatrix for
standard low-rank approximation. Notice that the size of the remainder, no more than e,
is however measured in ¢2 in the original form (n1,ng) vs. (nf,n}), in complete conformity

with the goal of bounding the overall £2 norm of the error on the propagator.

Theorem 4.1. Assume the velocity profile c(x) is C*°. Consider the submatriz Ejmy.jrm 1 (t)
obtained by fizing j,m,v and j',m’, v in the wave atom representation of the propagator
E(t). It is of size O(2%)-by-O(2%), where |£,| = O(2%) and at finest scale 2% ~ N. After

reordering (ni,ng;n,nb) — (n1,n45n2,15), Ejmy.jrm (t) has e-rank r bounded as follows.
o fort < 277, r <C,- (1 +t22j)7
o for271 <t<279/2 r< (.2,
o for 2792 <t < T, r<C.-t22%

with C. < Cpre ™ | for all M > 0, and C. also depends on T.

The various values taken on by the bound on r are summarized in Figure 4.11. No-
tice that for large times the rank r is always obviously bounded by C22%/, the size of the

submatrix.
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Figure 4.11: Left: schematic illustration of the bounds on the eranks of submatrices.
Solid line: bound on individual ranks, as in Theorem 4.1. Dashed line: bound on sums of
ranks over wave vectors, as in Corollary 4.1. Right: schematic illustration of the overall
complexity. Solid line: upscaled time-stepping. Dash-dotted line: repeated squaring. All
values of time, ranks and complexity should be understood modulo multiplicative constants
and even log N factors. The portion of the t-axis 277 < 7 < 279/2 corresponds to the region
of interest for numerical computations.
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Before proving this result, we need to recall that the propagator E(t) can be approxi-

mated by an oscillatory integral, called the Lax parametrix, of the form
E(tyu(x) = / D ay(x, €, 6)a() dE + Ra(Hu(x).
{=+

This formula is only valid for small times 0 < ¢t < T before caustics. For smooth C'*
media, each phase function is C*°, positive-homogeneous of degree 1 in &, and solves a
Hamilton-Jacobi equation,

aq)i(l', 57 t)

5 = dc(2)|VPi(x, &, 1), &y (2,£,0)=a-¢. (4.23)

Each matrix-valued amplitude a is a symbol of order 0 and type (1,0), i.e., componentwise,
08O ag(x,€,1)] < Cape(1+[EN7, for all o

This condition is denoted a;, € S°. The remainder R1(t) is smoothing in the sense that it
turns tempered distribution into C'*° functions. This is the same setting as in [15], to which
we refer for details and justifications.

In what follows, we consider z € R?, but u(t,z) with support in a subset € inside
the open unit square |0, 1[2. Without loss of generality, we can make a,(z,&,t) compactly
supported through multiplication by an adequate cutoff equal to one on 2 and tapering
smoothly to zero outside [0, 1]2.

We will need the following two simple lemmas in the sequel.

Lemma 4.2. Let f € C*(]0,1[?). Then the e-separation rank of f obeys r.(f) < Cpre /M
for all M > 0, and some constant Cp; > 0. Furthermore, for each positive integer s > 0
there exists a constant Cy such that the same rank-r.(f) decomposition has error Cse when

measured in the Sobolev space WP, for all 1 < p < oo.

Proof. 1t suffices to notice that the Fourier series coefficients of f decay like
|f1E]] < Carlk|~M.

Each Fourier mode is separable. Truncating the Fourier series to |k| < K, by means of
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O(K?) terms, results in a squared L? error

STfKP <K

|k|>K

(0)

for all M > 0, and some other constant C, 1/M

> 0. Hence K can be chosen less than Cpre™
for some adequate choice of constant Cjy.

The expression of the square of the error in W*?2 is (up to constants)

S©EPEIfIRI? < Of) KM,
|k|>K

for all M > 0 but where the constant C](\j) is likely larger than C'J(\g). Since K < Cpre” VM,
we certainly have a W*?2 error bounded by Cje for some constant C depending on s.

When p # 2, we conclude using the continuous Sobolev inclusion W22 c W*P, valid
for all 1 < p < 0o in two dimensions.

O

Lemma 4.3. Let ®(x,,t) solve either Hamilton-Jacobi equation (4.23). Then, for 0 <

t < T while the equation is well posed, the Hessian obeys

VaVa®(z,§,t) = t(z, &, 1),

where each component of ¢ is C*° away from & = 0, and positive-homogeneous of degree 1
mn €.

Proof. Write V,V,®(z,&,t) as the integral ifg ViVaee(z)| Ve ® (2, €, s)| ds, where the in-

tegrand has the same smoothness and homogeneity properties as @ itself. Il

Proof of theorem 4.1. Let € > 0. We seek a bound on the number r of separated terms in
<90Mel’7 golllel’ Z Up, n1 7’L2 nk ( ) + By n’( )

where Ry, n(t), as a matrix with row subscript n and column subscript n’, has ¢? norm less

than e. Note that all the quantities r, u, v and R depend on the parameters j, m, v and
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4, m’, 1/, but we drop this dependence for simplicity of notations.

By construction, wave atoms have rank 2 in the frequency domain, namely

() = [, (€0, 1 (€2) + Wy _(€1) 0, (€2) | €727 mbrem 2,

Without loss of generality, at the expense of at most quadrupling the constants in front
of each estimate, we will drop the second term in the above parenthesis. This results in
considering each wave atom as having only one separated bump in the frequency plane, i.e,
having rank 1. We keep the notation ¢,,(§) for these “amputated” atoms.

Call S, the support of ¢, (€); it can be inscribed in a ball centered at £, and of radius
equal to 27t1\/27. We will denote by Xu(§) a smooth and separable indicator function,
equal to one on S, and zero on the complement of the larger set S, + {£ : |¢] < 27}.

Denote by E(&,n,t) the frequency kernel of E(t), namely

ule) = / E(€.n, t)a(n) di

By Parseval, the matrix elements are

(o B / / D (EDh, (E2)e™ 2 I mb1em 22 e g )

~ 7

XU (), | (n)e’ " M eT 2N dgy dgydi i, (4.24)

where the kernel is

E(§7nat) = K(évnat) +R1(§7777t)7 (425)

where

Kt =3 / Bulen)=+€)g, (5, 1) d. (4.26)

In what follows we will drop the sum and the subscript ¢ (at the expense of doubling the
separation rank,) because ¢ = — is totally analogous to £ = +. We now seek results of

separation of K(&,n,t) in both £ and 7, on the frequency support of each wave atom, i.e.,

XX (MK (€,1.1) ZK (€, DE D (E2.m2t) + Ro(€m,0). (427
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The following lemma shows that the size of the remainder Ro directly translates into a

remainder of comparable size for the submatrix of interest.

Lemma 4.4. Let T(&,n) be any kernel defining by extension a bounded operator T on
L*(R?*). As usual, we denote p = (j,m,n) and @u = ¢ue,. For any (j,m,v) and

(j/7 m’? ]j/))
I o T e~ < 1Tz gz, (4.28)
Proof. By the tight frame property,
IThiz iz, = o Towsn) e, a5,

Choose any set of indices (7, m,v) and (j',m’,2’). The conclusion follows by restricting the

wave atoms matrix of T’ to rows indexed by (j, m, v) and columuns indexed by (j/,m’, /). O

Notice that the remainder R; does not pose any difficulty. Since it corresponds to a

smoothing operator on a bounded domain, we have the bound
|Ru(&,n, )] < Car(L+[€] +[n))~™, for all M >0,

so, in the spirit of Lemmas 4.2 and 4.4, a constant number C, ~ e /M of (separable)
Fourier modes suffices to approximate the submatrix coming from R; to accuracy €/2 in
02, — (2.

It is also important to notice that for each fixed wave vector £, only a few wave vectors
§uw give rise to nonnegligible matrix elements. This is due to sparsity, and quantified in
Section 4.5. For the time being we only need to observe that, for those nonnegligible
entries, the wave vectors are comparable; very conservatively, |7 — 7| < const. Also, the
particular value of m will be seen not to play any significant role. As a consequence, ¢-
separation ranks essentially only depend on one of the two numbers j and j’, say j. In the
sequel, we will look for a bound on r which depends solely on j, understanding that it holds
uniformly over all 7/, m’ and m.

We are now ready to split the proof into three parts, corresponding respectively to (1)
coarse scales, (2) fine scales in the regions of nonstationary phase, and (3) fine scales near

the locus of stationary phase.
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4.4.1 Coarse Scales

The case of coarse scales, i.e., say j = j' = 0, needs to be considered separately because
the phase ®(z,&,t) has in general a kink at the origin in &, that is, a discontinuity in the
gradient.

Let g(x,7,t) = e"®@Ma(z, n,)x,(n), so that

K(€n,t) = / e g t) da = (€, 0),

where the Fourier transform is taken over the first variable only.
Take {¢)} a 2D separable wavelet orthonormal basis, with super-algebraic decay in both

space and frequency, and expand g(z, -, t):
g(wanat) = ( Z + Z ) CA(9C7’5)¢>\(77)-
AEA AEAL

Determine the subset of subscripts Ao such that

E2

1672°

sup sup  »  |ea(z, b)) <
T 0<t<T i
Since Vyg(z, -, t) is discontinuous at the origin, but otherwise C'*° and compactly supported

in a O(1) region, it is a classical result from wavelet analysis that
A < Cppe™ ™M, for all M > 0.

This constant number of important subscripts in A; correspond to large scales as well as
locations near the singularity.

Therefore,

K& n,txu(n) = Y ex(&t)ea(n) + Ra(&,n, 1)

AEA;
Each coefficient ¢y (x,t) inherits the C° smoothness of g, and is essentially supported near

the unit cube. By lemma 4.2, the e-separation rank of éy(¢,t) is therefore O(e~ /M) for

all M > 0. In addition, each 1 (n) is separable, and the sum runs over at most O(e~/M)

—1/M)

terms. So the overall separation rank for the sum is O(e as well.

Let us now check that Ro(&,n,t) generates an error which is the correct fraction of € in
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L?. The squared Hilbert-Schmidt norm of Ry, which bounds the squared L? norm, is

/ / IRy (&, m,t)|? dédn = / > lea(& t)|*d¢ by Plancherel-wavelets,

AEAS

= Z /|C)\(£U,t)|2 dx by Plancherel-Fourier,

AEAL
S (B < -
< sup cxlz,t)|” < .
z€[0,1]2 AEAs , 167>

We can now apply Lemma 4.4 to obtain a remainder of size €/2 for each wave atom submatrix
of Ry, with indices n,n’. Together with R;’s submatrices, also of size €/2, the overall
remainder is of size at most e. This finishes the proof for the coarse scales, with the result

that r = O(e /M),

4.4.2 Fine Scales, Stationary Phase

Consider p and p' such that x, (&) = x,#(§) = 0 in a neighborhood of the origin £ = 0. We
expect the integrand in equation (4.26) to be large near the points of stationary phase, i.e.
& =V, ®(x,n,t). For each 6 > 0, consider the sets

X2(0) = {z € [0,1]% 6 = Vo®(z,n, )| < 276},

and their union

Xl’jl(é) = {z € [0,1)%; there exist ¢ € suppx,, and 7 € suppxy/, |€ — Va®(z,n,t)| < 276},
(4.29)
Our aim is to find a smooth indicator p(x) equal to one for z € X ﬁl(é), and for which the

restricted kernel

Knonstat (§:7,1) = /(1 — p(x))e®@nD=EL g (2 1) da

is negligible in the L? sense, || Kponstatll2 < €/4. We will see in the next section that such
an estimate holds provided ¢ is chosen large enough; let us accept for the moment that it
can be taken of the form 6§ = O(e~1/M).

In this section we show how to build p(z) as a sum of functions gx(z), which define
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kernels
Ki(&m,t) = /Qk(ﬂ?)eim’"’t)_wﬁa(fv,777t) dz, (4.30)
such that each Ky (&,n,t)x.(&)x,s (1) has e-separation rank of order O(e='/M) in ¢ and 7,
for all M > 0. An estimate on the overall rank is then expected, for then
Np
K = Kponstat + Z K, (4.31)
k=1

will be well separated by O(Nge~ /M) terms for all M > 0. In the rest of this section we
intend to estimate Np as a function of ¢ as well as justify smallness of the non-separated

remainder.

The first observation is that the union in the definition of X ﬁ/(é) is not essential. More

precisely, let o be the Lyapunov exponent of the bicharacteristic Hamiltonian system,

1
o=sup—log| sup sup |V,Ve®(z,t)] ] .
>0 z€[0,1]2 £€R?

For any o, § € suppxy and 19,1 € suppx,s, we have the estimates
60— ¢ <C2  and  |go—n| < C'Y <O
A Taylor expansion of ¢ around 79 then reveals
X1 (8) € X(Ce's). (4.32)

This observation is important because it shows that the condition |¢ — V,®(x,n,t)| < 276
is the strongest definition of the neighborhood of the locus of stationary phase which still
makes it independent of £ and 7.

The next step is to linearize the phase ®(x,7n,t) in 7 near some point 79 € suppx,.
The whole point of partitioning the frequency plane into indicators of radius O(27), when
In| ~ 2%, is precisely to make the remainder non-oscillatory. More precisely, for € suppy s

homogeneity of degree one in 7 implies the estimate

0% [®(x,m,t) — 1+ Vy®(z, 1m0, 1)) = O(|n|~1*I/2).
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For a proof, see [15], appendix B (p.55); or [79], chapter IX, pp. 406-407. This nonlinear

remainder can be absorbed in the amplitude, which we still denote a(z,n,t) for simplicity,

(‘?(x,ﬁvt)—ﬂ‘vn@(%no 7t)) a(

a(z,n,t)x,w(n) = €' z,0,t)xw (n),

without essentially changing its properties: the new amplitude ax,, is still of order zero

and type (1/2,0), i.e.,
10507 a(,m, )X ()] < Ca,p(1+ )12, (4.33)

The central argument now consists in performing Taylor expansions of the (linearized)

phase in « within adequately small balls By, (pi). Call f(z) =n-V,®(z,10,t). Then

F) = @) + (o~ 2V on) + 50— 0) VIS - o), (434)

where z,y € By, (pr), and VV f denotes the Hessian. The first genuinely non-separable
contribution comes from the off-diagonal quadratic term xizs. We can still have control

over this term if we make it nonoscillatory, i.e., if we take p; small enough that
PilVV f(z)| <C  for x € By, (pr). (4.35)

The point is that the constant C is independent of j. The quadratic term can then be
absorbed in the amplitude without essentially changing the latter, as was done previously
for the linearization in 7.

We are then led to the geometric problem of covering the set X ,5'“,(5) with the smallest
possible number of balls B, (p) in which the quadratic term is non-oscillatory. Let us first
lighten notations by writing g(z) for either %Vné(x,ng,t) or aimvnq)(x,no,t). Uniform

boundedness of the quadratic term, as above, can be expressed as
IVg(z)| < C-27%p 2. (4.36)

As we saw in equation (4.32), the condition z € Xﬁl(5) can be reduced to = € XgO(C -9),

which in turn reads

lg(z)| < C-277. (4.37)
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Notice that g(x), like the sound speed c(x), is C* for times ¢t < T before breakdown of
the Hamilton-Jacobi equation on plane wave initial conditions. We then claim that, for any
smooth g(z) (C? will suffice), the set where (4.37) holds can be covered by N = O(2/)
balls in which (4.36) holds. The construction of such a covering necessarily depends on g(x)
itself, so we apologize to the reader for the following argument being a bit technical.

We switch to a continuous description of the problem by introducing a local ball radius
density p(zx,7) which will help determine pr = p(xg,j) at a collection of points zy still to

be determined. We set

L 1
plx,j) = NOES STk (4.38)

Two basic properties motivate this formula, namely that
o |Vyg(zy)| < 27%p(xk,7) 2, as required, and
o C-277 < p(x,5) <2792 for all z € [0,1]%.

It is important for what follows to check that formula (4.38) is consistent as a definition of

local radius, in the sense that

sup p(fE,j) < Ceo. - p(ﬂl‘k,]) (439)
xesz(pk)

This result is an easy consequence of Landau’s inequality and is justified in the appendix.
We call it the constant overlap property.

The collection of ball centers zj, is now determined as follows. Start from a Cartesian
lattice yj, = (k1, k2)b277 with k1, ko integers and some small b > 0 to be determined. Assign
a ball of center py = pi/5 = p(xk,j)/5 to yr. The constant b is taken so that the union of
all the balls By, (px) covers [0, 1]%. In general the balls significantly overlap and the covering

needs pruning, for instance by means of the following elementary covering lemma.

Lemma 4.5. Let G = {B,, (pr)} be a family of closed balls with uniformly bounded radius.

Then there is a subfamily F C G of pairwise disjoint balls such that

U Buwc U  ByGon).

Byk (ﬁk)eg Byk (f’k)ef

Proof. See [92], p. T. O
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The collection xj then emerges as the centers of the remaining balls and the radii are
chosen as pr = 5py.

Notice that, by construction, each point in the unit square is covered by at most a
constant number of balls By, (pr) (independent of j or pi). This is because the constant

overlap property (4.39) can be iterated to yield

sup  p(z,j) < p(xg, j)-
x€Bz, (2pk)

(The notation A < B means A < C' - B and B < C - A for some positive C' which may

depend on some parameters, depending on context.) The balls overlapping with B, (pr)

therefore have radius comparable to pg, so there can only be a constant number of them.
We are now ready to estimate the number Np of balls which cover X = Xﬁl(é). To

every lattice point y;, assign a weight

Wy = 272 Z

€ X yp€By, (o)

(4.40)

(El\')l =

Since there are O(2% p?) grid points yj inside the ball By, (pr), it is straightforward to check
that

NB§C-Zwk.
k

On the other hand, the constant overlap property (equation (4.39)) entitles us to see ), wy,

as a Riemann sum and bound

ZwkSC-/

———dx
L X p2($,])
Using the definition (4.38), we get
Np < C- (20 +2% / \Vg(x)|dzx).
X

We claim that [, |Vg(z)|dz < C-27J. This fact follows from the following lemma, which
is a simple reformulation of the co-area formula for BV functions. For our application, we

let € =277,



146

Lemma 4.6. Let g € C?([0,1]?). For all € > 0, let Xz = {z € [0,1]%,|g(z)| < €}. Then

/ |IVg(z)|de < C -¢,

Xe

where C = 2sup,cg H(0X;) and H' is the Hausdorff measure, or length.
Proof. See the Appendix. O

We have shown that Ng < C'-27. Let us now translate this result into a separation rank
for the kernel K (&,n,t), by means of the smooth partition of unity gi(z) already alluded to
earlier in this section. Specifically, take a C'*° function x(x) such that x(z) > 0 for |z| < 1
and x(z) = 0 for |x| > 1. Consider the collection zj of all ball centers, including those

outside the set X ,’j/(é). Then for each xj, define

(@) = X (;k‘””’“) |

By Lemma 4.2, each §;(z) has e-separation rank of order O(e~'/M) for all M > 0. The

partition of unity is then, in the usual manner, defined as

_ k(@)
LU SRAE

The constant overlap property, valid in a neighborhood of X [f/(é)7 ensures that the smooth-
ness constants of ¢x(x) are comparable to those of Gi(z), as long as xy is in or near X,’f/(é).
As a matter of illustration, Lemma 4.2 would apply to those qi(z) near X ﬁ/(é) and yields
an e-separation rank of order O(e~V/M) for all M > 0. (In truth, we will apply Lemma 4.2
later to a more complicated amplitude involving gx(x).)

At this point, recall that we are trying to separate the restricted kernel (4.30) on supp
Xu X supp X, that we have linearized the phase in 7 and that we are linearizing it in z as
in equation (4.34). The point of gx(x) is that the quadratic contribution can be absorbed in
the amplitude without changing the symbol properties of the latter (equation (4.33)). The

new amplitude ay is defined from

G (@) ar (@, 0, )X, () = qr(@)er @) Ve Ver Vn®@@mo 0 @=ak) g (5 n 1)y, (),
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The constant and linear contributions to the phase are
n- vn@(l‘kvn())t) + (I‘ - l'k) : vx(ﬁ . an)(xk,ﬁ()at)) —Z- g

The first term, 7 - V,®(xk, 1o, t), and the third term —xy, - V(1 - V,,®(zk,m0,t)) are both
independent of x and separable in 1, so we can ignore them. What remains is a modified

kernel of the form

K(,m,t) = / a(@) e A0 Oqy (2. 1) da, (4.41)

where A(t) = V,V,®(xk,n0,t). For sufficiently small times, that is t = O(277/?), it turns
out that K} “looks enough like a pseudodifferential operator” and has constant e-separation
rank. When ¢ gets larger than 277/2, this property quickly degrades, however. In order to
justify these claims, consider the changes of variables

P §— g,u VR 7%

J— /:‘ =
:r—pk,tf?],n

(4.42)

Translations and dilations do not affect separation ranks. Their effect is to normalize the
kernel so that the integral in 2’ is in a region of size at most O(1) in z, and the range for

¢ and 1’ is a ball centered at the origin, with O(1) radius. The new amplitude

be(', 1 1) = qr(x(a"))ar(x(@"), n(n"), ) xw (n(n'))

is a C* function whose smoothness constants do not depend on j or j' anymore, because

in the new variables, the symbol conditions (4.33) read
0205 bu (a1, )] < Carg29(1 -+ [ + 27/ 19/2 < €

(We have used |n,/| < 2%.) As for the phase, we have A(t) = I +tP(t) by Lemma 4.3, with

P(t) = O(1) componentwise. Therefore,
z- (At)n — &) = pr2’a’ - (f = &) + tp2a’ - (P(t)n' — €') + OK. (4.43)

The term “OK” refers to quantities that depend either on z’, or on (1, &) — but not on all

three at the same time, hence absorbable in the amplitude.
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Let us now distinguish three subcases, depending on how ¢ asymptotically compares to

279/2 Recall that C277 < p, < C279/2,

4.4.2.1 Typical Times, 273 <t < 273/2

If t <279/, then tpy2’ < C and hence the second term in (4.43) is non-oscillatory and can

be absorbed in the amplitude b in a now standard manner. What remains is
/€ipk2jw‘(77,_5/)bk(m/,n/,t)dx/ _ (27T)2I;k(pk2j(77, o 5/)717/)

and can be seen to have e-separation rank O(e_l/ M ), by applying Lemma 4.2 to the properly
supported C*° function bi (the diagonal scaling by pp2’ is harmless.) The overall separation
rank is proportional to the number of balls used to cover the set X ﬁl(é), hence of order
O(27), as claimed in Theorem 4.1.

Note that Lemma 4.2 should actually be invoked with an adequate fraction of €, to make
sure that

| Ralp2—p2 < - (4.44)

= o

In the appendix we settle an inconspicuous complication arising in the justification of (4.44),
having to do with the fact that the separation remainder is actually a sum over O(27)
contributions, as in equation (4.31).

An application of Lemma 4.4 now shows that each wave atom submatrix formed from

Ry, with indices n, n’, has 631, — /2 norm at most €/4.

4.4.2.2 Large Times, t > 273/2

If asymptotically ¢t > 279/2 then tp;2/ grows in j and a different definition of q(z) is
necessary. More precisely, we repeat the covering argument of X ,’f,((S) with a smaller local

ball radius density, given by

. 1
Z, = = = .
eI = i s g

All ball radii now obey pp < Elj, hence the phase becomes p;272"- (' —¢') + non-oscillatory,
as required. By repeating the previous counting argument, their total number is O(t22%).

The rest of the argument is otherwise identical.
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The conclusion is the same as before: the overall separation rank is proportional to the
number of balls used in the main partitioning argument, here O(¢?2%). The justification

that Ry gives rise to submatrices of norm €/4 is the same as before.

4.4.2.3 Small Times, t < 27J

For small times, the same argument would apply, but a major simplification of the problem’s

geometry allows us to prove a stronger result. By Lemma 4.3,
Va®(z,n,t) =+ O(tln]) = n + O(t2%).

For t < C - 277 there exists a value of § for which the set X;/(§) defined by the condition
|V ®(x,m,t) — 1| < 278 covers [0,1]2. So will X[f/(é), which is bigger than X;/(5). The
neighborhood of the locus of stationary phase is, therefore, the whole unit square.

We follow the same reasoning as before, and try to find a covering of [0, 1]? with balls of
radius pg in which the second-order term in the z-expansion of the phase is non-oscillatory.

For t = O(277) it suffices to take pi = po, identically equal to

1

Indeed, by Lemma 4.3,
PoIVaVa(t,n, 1) < C ptn| < C.

The collections of ball centers zj; can be taken as the Cartesian grid
L 125
1’k=(k‘1,k‘2)§t 277, ki, ko € Z.

This corresponds to O(1 + t2%) balls By, (pg). The exact same reasoning as in the more

general case applies, and yields an overall ¢/4-separation rank of order O(1 4 t2%).
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4.4.3 Fine Scales, Nonstationary Phase

Let us now show that the nonstationary phase part yields a negligible contribution. Recall

that we have defined, for each ¢ > 0,

Xﬁl(5) = {z € [0, 1]?; there exist ¢ € suppyyand n € suppx,, |£ — Va®(x,n,t)| < 276}
(4.45)

The partition of unity {gx(z)} introduced in the previous section can be used as smooth

indicators for the complement of X% (5). Let Sgyu be the set {2y : By, (px) N XL (8) # 0},

and

plz)= Y al(x).

rE€Sot

Of course, p(x) depends on j, j/ and § but keeping track of this fact would make the
notations unnecessarily heavy. It follows from the definition of gi(z) that we have the

“maximal” smoothness condition

sup |09p(x)| < Cy - 27101,
z€[0,1]2

We can now readily estimate

R3(&m,t) = /ei(q>(x’"’t)_x’5)(1 — p(x))a(x,n,t) dx.

Indeed, we claim that an adequate choice of § implies || R3|l2 < €/4 in L?. To this end, let
us first check L? boundedness. The smoothness property of p(z), along with the estimate

227 ~ |€], imply that the amplitude
oz, n,t) = (1 —p(x))a(z,n,t)
is a symbol of order zero and type (1,1/2), in the sense that
08070 (2,€,1)] < Cayp(1 + [€]) 1A/,

As mentioned earlier, it is a beautiful application of the wave atom sparsity Theorem that

Fourier integral operators of type (1/2,1/2), and in particular the kernel ¢*®o with o as
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above, are bounded on L?.
Let us now show that the L? bound can be made arbitrarily small, by an adequate

choice of 4. Consider the differential operator

1

L =
”S - V:c‘I’(iU,"%t)’Q

which is chosen so that Lel(®@mt)—€) — oil®(@nt)=2-€) The operator L can be applied any
number of times to the exponential factor, and then moved to o = (1 — p)a by integration

by parts. The effect on the amplitude o is the following:

e Every m, on the support of (1—p(x))x,(n), brings in a factor ﬁ, thanks
to the definition of the set Xﬁ,(é).

e Every L(1 — p(z)) yields a factor 227, because of the smoothness property of p(z).
e Every A,® yields a factor 2%, by homogeneity.

e After integration by parts, the new amplitude obeys the same smoothness assumptions

as o, hence is still a symbol of type (1,1/2).

Therefore, we conclude that

PMIM (2 m,t)

is of type (1,1/2), with smoothness constants depending on M, but independent of 9.
Invoking the general theory of FIOs, the L? bound on Rj is therefore of the form

|Rsll2 < Card—2M (4.46)
For fixed M, this bound can be made less than g- by choosing ¢ as
§> Chpe (4.47)

with M’ = 2M and for some constant C',, related to Cps. The combination of this result
and Lemma 4.4 translates into a boundedness result for the corresponding submatrix in n,
n’, namely that its 2 norm is bounded by €/4.

The proof is now complete, because the remainders R;, Ry and R3 are of size at most

€/2, /4 and €/4 respectively, hence add up to e. O
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4.5 Scattering Estimates

The objective of this section is to quantify the interactions, or energy transfer from an input
wave vector {,s to other output wave vectors §,. As a result, we will obtain estimates on

the sum of ranks of submatrices, either on j,m,v or j/,m’, v/ .

Theorem 4.2. Let Ejpmy.jim v (t) be the submatriz corresponding to j,m,v and j',m’ v/
in the separated wave atom representation of E(t). For any € > 0, given (j',m’), let
Qs e (t) e the smallest set of wave vectors (j,m) such that setting E(t)jmy;jrm’ = 0 for
(4,m) & Qs oy (t) and all v,V results in an error less than € in matriz €o norm. Then the

cardinality of Q1 ny (t) obeys the bound
Qs g (8)] < Ce - (1 + 1227,

where C. < CMe_I/M, for all M > 0.

Proof. Fix ¢ > 0 and M > 0. For this proof, we will exploit the compression properties
of the wave propagator as in Theorem 1.1. The wave atom representation EB7 N (t) of the
propagator E(t) is constructed as a matrix with two shifted band diagonals indexed by
v = &, each of them corresponding to a ball in phase space centered about hy,(1'), and
defined through the wave atom metric w. More precisely, the “shifted band diagonals” are

defined as the following set of wave atom subscripts:
SBD(u') = | {n: wp, heo (1)) < 1},
=+

with 7 chosen such that [{g : w(y, hep(p')) < r}| =< B. Take B large enough so that
the right-hand side of the error estimate (1.20) obeys C3;B~™ < e. Then of course r <
Cue VM Note that an error € in L? for operators translates into an error € in £2 for the
wave atom matrix, by the tight frame property. In turn, restriction to a certain subset of
rows and columns implies an error smaller than e in ¢2 for the submatrix corresponding to
j,m,v and 7/, m’, /.

To estimate the size of €/ () it suffices to count the number of wave vectors (7, m)

which are part of at least one element . = (4, m, n) of the union of the shifted band diagonals
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over all n’,

U SBD(i).

n':p'=(j';m’;n’)

To this effect, recall that the local wave vector £(t) = V,®(t, z) is obtained from the solution
of the Hamilton-Jacobi equation ®; = ¢(x)|V,®| with initial condition ®(0,z) = x - {,.
The range of all such wave vectors defines a region in the frequency plane, which can be
inscribed in a ball @ centered at £, and of radius majorized by C - t|§,/| < C - 221"
The set of wave vectors §, defined through SBD(y') is slightly larger however, because the
radius r is nonzero, but can certainly be inscribed in a larger ball ), of radius bounded by
C-12% + 027

It remains to count the number of tiling indicators x,(§) whose supports intersect the
ball @,. Near §,/, the support of each indicator has radius O(2j'), so it suffices to use a

number of indicators bounded by

o C 122 + .. 27
27’

2
) < CE : (1 + t222j/)'

This is the desired bound on the cardinality of €2/ ny(t). O

A simple counting argument now allows us to formulate the following result, companion

to Theorem 4.1. The collection of bounds is summarized in Figure 4.11.

Corollary 4.1. Consider the submatriz Ejmy.jrmn (t) obtained by fizing (j,m) and (j', m’)
in the wave atom representation of the propagator E(t) after reordering (ni,ng;n},nb) —
(n1,ny;n2,n5). Denote by rj-;?, the mazimum over v,v" of the e-rank of Ejmy.jrmn ().

Then we have the bounds
o fort <279, Y rim < O (14 12%),

o for277 <t <272 . I < 04293

Jm ' jm

o for2792<t<T, ij p <C,-2%,

Jm

with C¢ < CMe_l/M, for all M > 0, and C¢ also depends on T'. The same bounds are valid

-/ ’

for 3 i Tim. -

Proof. For t < 279/2 or a constant multiple thereof, we can combine Theorem 4.1 with the

scattering estimate (4.2) to obtain the first two bounds. For ¢ > 279/ it suffices to notice
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that the rank of each submatrix Ejm,.j/m/ /() must be smaller than the number of nonzero
elements. After thresholding at level € in ¢2, the number of nonzero elements in any of the
matrices Ejmy.jm (t), for fixed m’, is bounded by C. - 227 by sparsity (Theorem 1.1). The
third bound follows.

The same bounds on ) M’ Stem from the observation that the adjoint operator

j/
§'m’ ij
E*(t) is obtained from the backward-in-time wave equation, which admits the same sparsity
and separation properties. Note that formulating bounds in terms of j or j' does not make

any difference since j < j' by sparsity.

4.6 Special Cases

In this section we continue the study of three of the four representative sample media
introduced in Section 4.3, as well as another medium called “misaligned wave guide,” this
time in the light of the rank estimates just obtained. In two cases (Wave Guide and Bumps)
the rank and complexity estimates turn out to be quite pessimistic and we are able to prove
better bounds under certain conditions. In the two other less favorable cases (Misaligned
Wave Guide and Linear Mirror), we give heuristic arguments that the rank bounds of Section

4.4 and 4.5 are in fact attained.

4.6.1 Wave Guides

We refer to a wave guide as an acoustic medium whose speed of sound depends only on one
coordinate, either x1 or x5. As always, it is also assumed to be C°.

The rank bounds can be significantly improved for wave guides. In short, we show that
rank majorants for wave guides are in general the square root of the rank majorants in the

worst case.

Theorem 4.3. Assume the velocity profile depends only on xo and is C*°. Consider the
submatriz Ejpyy. iy (t) obtained by fizing (j,m) and (j',m’) in the wave atom represen-
tation of the propagator E(t), after reordering (ni,ng;n},nb) — (n1,n};ng,nh). Then the

e-rank of Ejmy:jrmv (1) obeys

o fort <279, r < Cc- (14 V129),
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o for271 St <2792 p <O 2972,
o for271/2 <t < T, r<Ce-t2,
with C. < Cpre ™ | for all M > 0, and C. also depends on T.

Proof. When the velocity profile ¢(z) does not depend on z7, it is easy to check that the
local wave numbers V,®(z,&,t) do not depend on x; either (although &4 itself does).
The steps of the proof are then the same as for Theorem 4.1, except that the definition
of indicators g (z) is a bit different. Instead of considering balls B, (pr), we will consider
horizontal strips Sy, (pr) centered at height 2 = x5, and of width 2p;. Equations (4.34)
through (4.37) then carry through unchanged, but a major simplification occurs in the
counting argument for Ng, the number of strips necessary to make the restrictions of the
phase non-oscillatory on each gx(x). The problem is now one-dimensional, g depends on x5

only, so the local “strip width density” can be defined as

1

—— , (4.48)
27 + 227 |g' (2)|

p(z2,7) =

and the lattice y; can be replaced by a simpler one-dimensional sequence y j, = kEb277. In

contrast with equation (4.40), the weights wy, assigned to y» ;, must now be defined as

Wy, = 277 Z l

Pe
x2,Z€X5y2,k€Sz27¢ (pe)

There are O(27py) points ya j inside the interval (2, — pg, x2¢ + pel, s0 we have
NS < C- Zwk.
k

The corresponding integral is

1
Ng < C-/ e
x p(T2,])

We should now use (4.48) in combination with the bound /27 + 22[¢g/(x2)] < 27/%(1 +

£27|¢'(22)]) and Lemma 4.6—also valid in dimension one—to obtain the improved bound

Ng < C-29/2,
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The rest of the proof then proceeds in an analogous way.

e For typical times 277 <t < 277/2 the bound on r is the same as that for Ng, namely

0(27/?).

e For small times ¢ < 277, the strip heights can be taken equispaced and equal to
Tok = kbt_1/22_j,

yielding Ng = O(1 + /t27) strips and a comparable rank r.
e For large times t > 277/2,

1
Ve g (@)

p(z2,7)

so r ~ Ng = O(t27) by the previous argument.
O

These rank bounds are summarized in Figure 4.11. Let us remark at this point that the
rank plateaus at a value O(27) for ¢ ~ 1, although the size of the matrix is ~ 2%/-by-2%,
This is obviously a consequence of the above theorem for times before caustics, but it turns
out the same result is also valid after caustics start forming. The justification of this more
general claim will follow from the analysis of the stronger bound on the sum of ranks over

4" and m’, which we now present.

Theorem 4.4. Assume the velocity profile depends only on xo and is C*°. Consider the
submatriz Ejpmy.jrmry (t) obtained by fizing (j,m) and (j',m’) in the wave atom represen-
tation of the propagator E(t), after reordering (n1,na;n’,nb) — (ni,ny;na,nb). Denote by

r;:;:l, the mazimum over v,V of the e-rank of Eimy;jimv (t). Then we have the bounds

o fort <279 %, i m < Ce - (1+V129),

Jjm ' jm

o for27 << 2792 N P <o 4035/2

Jjm '’ jm

° ]”07“1522’3'/2 <T,> p <C.- -2,

Jjm '’ jm
with C. < Crre M | for all M > 0, and C. also depends on T. The same bounds are valid

jlml
FOr S o T
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Proof. We need a stronger version of the scattering estimate in Theorem 4.2, in the special
case of wave guides. The question is to determine the number of balls of radius ~ 2/
(each containing a wave atom bump in frequency) necessary to cover the locus of local
wave vectors VP4 (z,&,t), when a union is taken over all possible values of x. We know
from the general case that this local wave vector cannot wander too far off £, namely
|6 = Vo®i(z,&,t)| < C-12% resulting in a covering by at most O(1 + ¢22%) balls.

In the case of wave guides, however, this locus is for each phase a one-dimensional smooth
curve I'¢, generated by the union of all wave vectors over the single coordinate x5 (because
the local wave vector is independent of x1). In addition, I'¢ inherits the homogeneity of
degree one of ®, which makes it homothetic in |£|. As a result, the length of I'¢ is in fact
comparable to the diameter of the locus in the general case, O(t2%), so it only takes O(¢27)
balls of radius ~ 27 to cover I'c. As a result, the cardinality of the set of participating wave

vectors, in analogy with Theorem 4.2, is
Qe (£)] < Ce - (1+ 129).

The argument bounding sums of ranks over j' and m’ then goes on to follow from the

proof of Corollary 4.1, and we obtain

o for t <279, 5. ™ < O (14 VE2),

Jjm ' jm

e for 277 <t < T, before caustics, Y P < O 123002,

jm "jm
Since we have so far relied on the existence of the phase functions ® 4 in our reasoning, we
took the precaution of mentioning that the result is valid before the formation of caustics
(on plane wave initial conditions). The same bounds also hold when the sum is taken over
(', m’) instead of (j,m), for the same reasons as previously.

We however claim that a stronger estimate holds: > i’ rj/nlfl / < C,-27, regardless of t,
even after caustics. This improves on the earlier bound when ¢ > 277/2. In order to justify
this claim, we need to understand the effect of the wave guide structure on the submatrices
of interest, Fjmy.jm (t) with row index n = (n1,n2) and column index n’ = (nf,n5). For
short, when the other parameters are encumbering, we also denote the submatrix by EZ%Z;Q

The subscript v takes on two values (£) so we omit it in what follows. Recall the

central sparsity result, Theorem 1.1, which states that for fixed p = (j, m,n) the number of
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matrix elements above a threshold e (in absolute value), spanned by the remaining indices

~1/M) for all M > 0. Let us now make the exercise of only

(j/,m’,n’), is a constant C. = O(e
fixing (4, m,n1): the number of elements above € spanned by the other indices (j', m’, n’, ns)
is proportional to the number of ny’s, that is C, - 2/. Fixing n; means considering only a
subset of the rows, i.e. “mutilating” each submatrix EZ}Z;Z Surely, for fixed n; the sum of
ranks of those mutilated matrices over j/, m’ cannot exceed the total number of elements,
C, - 2/. Re-ordering the submatrices as EZTZ,% does not change that fact.

As we now consider different values of n; (still for fixed j,m), we introduce no new
information. Because of the invariance of the problem under translations in x1, we obtain
the same wave atom matrix elements, albeit shifted circularly in n). More precisely, the
invariance property reads

U / / /
Eplnz = Enibme
ni,n2 — “ni+p,n2

where p is any integer and addition is understood modulo the bound on the number of ny.

Consequently, the rank of E,?;l;é does depend on whether it is mutilated to a certain subset

of ny’s or not. The same is true for the sum of ranks over (', m’), so the claim follows.
Again, the same bounds also hold when the sum is taken over (j, m) instead of (', m’).

The proof is complete.

4.6.2 Bumps

The example “Bumps” belongs to a larger class of nondegenerate oscillating profiles, which

can be formalized as follows.

Definition 4.3. (Transversality) A smooth velocity profile ¢(x) > 0 is said to be transversal

when the following two conditions are satisfied:

1. The locus where the Hessian VV ¢ is singular is the union of a finite number of smooth

CUTvVES.

2. For every point = for which there exists two unit vectors d, d' such that (d-V)?c(z) = 0

and (d' - V)3c(z) = 0, we have d - d’' # 0.

As can easily be checked, examples of transversal profiles include smooth and separable

functions c(x1, x2) = 71 (x1)72(x2) > 0 with 4;” nonzero when ~; vanishes, k = 1 or 2. In the
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“Bump” example, we have taken 1 (x) = yo(z) = %{(54”)' We also expect a sum of wide

bumps with random location and random positive amplitude to satisfy the transversality
condition with high probability.

A notable example of non-transversal profile, on the other hand, would be the innocent-
looking

c(x1,x2) = 2+ sin(2mxq ) sin(27wzs),

for which condition 2 in definition 4.3 is violated.
The rationale for introducing “transversal” profiles is the following (obvious) asymptotic

relation for the phase Hessian,
vam(p:l:(xaévt) = itvvc('r) ‘§| + O(t2‘§|)

For small times ¢ = o(1), the locus of singularity of V,V,®4 is a deformation of that of
VVe. Such information allows to characterize the locus X g’ (0) of stationary phase in a
much more precise way than was done in the proof of theorem 4.1. As a result, the rank

estimates can be strengthened as follows. The results are reported in Figure 4.11.

Theorem 4.5. Assume c(x) is smooth and transversal, in the sense of definition 4.3.
Consider the submatriz Ejmy.jrm (t) obtained by fizing (j,m) and (j',m’) in the wave atom
representation of the propagator E(t), after reordering (ni,na;n},nb) — (ni,n};na,nb).

Then the e-rank of Ejmy:jrmn (t) obeys
o fort <277, r < C.-(1+12%),

o for27 St 27908, ré&'%,

o for 2733 <t <T =o(1), r<C.-t27,
with C. < Cayre™YM | for all M > 0.

Proof. As alluded to earlier, the condition 7' = o(1) ensures that the phases @ satisfy the
same transversality conditions as c¢(x).

The proof of the rank bound for ¢+ < 277 is the same as previously, so let us consider
t 2 277, As alluded to earlier, the condition 7' = o(1) ensures that the phases ®. satify

the same transversality conditions as c¢(x). The purpose of the transversality condition is
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to allow a much more explicit description of the loci X ,’f/ (0) of stationary phase than in the
proof of Theorem 4.1.
Consider one phase function, say ® = ®,. Given a wave number 7 and a point z* €

[0,1]2, only three scenarios can occur.

1. Assume V,V,®(z*,n,t) = 0. By transversality, we necesarily have
|(d- V)’ ®(z*,&,m)| = Cranstll, (4.49)

uniformly over all unit vectors d. Let {y = V,®(z*,n,t). We would like to find good
bounds for the set

X77

2(8) = {z € [0,1]* : [Vo®(z,n,t) — &| < 627}

Once this is done, we can identify the wave atom subscripts p,p such that &, is
closest to &g, 7, is closest to 7y, and assert that X ,’f,(5) has about the same size, up

to a constant, as X go(é). See the reasoning leading to equation (4.32).

Using a Taylor expansion around z* and Lemma 4.3 we first obtain

1 * * 82 * *13
V. ®(z,1,1) :fOﬂLgkzk:(l"f ey (T — )kzmvxq’(ﬂﬂ 1, t) +O(|z — 2™ °t|n]).
1,~R2
(4.50)

We can take the dot product of this relation with d(x) = % to get
1 * * *
d(z) - (Vo®(z,m,t) = &) = gl — 2" [*(d(z) - Vo) @ (z",m,8) + O(|w = 2" [*t]n]).

The magnitude of a gradient is certainly greater than the absolute value of any direc-

tional derivative, so
1 %2 *|3
[Va®(z,n,t) — &ol > §Ctrans’x — 2" [%tn| — O(|lz — ™[ t|n]).

When |z — 2*| = o(1) as the scale j or equivalently || ~ 2% grows, then the
O(|z — z*|?t|n|) remainder is asymptotically negligible and the behavior of ® near

x* is governed by its third spatial derivatives. If we let z € X go(é) then the condition
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defining the latter set implies
C -tz — z** < 276,

which in turn shows that X go (6) is included in a ball centered at z*, with radius px
proportional to % As t asymptotically exceeds 277 we are indeed in the regime
where |x — z*| = o(1), validating smallness of the Taylor remainder.

With this information on the extent of the set of near-stationary phase points, we are
ready to repeat the ball counting argument of Section 4.4.2. The argument consists
in exhibiting balls By, (pi) over which the phase is non-oscillatory in the sense that

for x € By, (pr), it holds that
P2V Vo®(2,1m,1)] < C. (4.51)
In the neighborhood of z* the phase Hessian obeys, componentwise,
VaVa®(z,n,t)| < C - tn||lz — 27,
which means that for z € X/ (d) we have
VoV ®(z,m,t)| < C - 2%/,

To satisfy the non-oscillation condition (4.51), it suffices to take the ball radii ry
uniformly equal to

pi ~ 2739/ 414 (4.52)

This choice corresponds to a covering of X ﬁ/(é) by Np balls, where

2
Np<C- (p—X) =C- 2712, (4.53)
Pk

This bound on Npg will be interpreted later as a rank estimate, because the zero
Hessian scenario turns out to be the worst case (largest bound on Np.). To this end,

we now intend to review and compare the other two scenarios.
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2. Assume now that there exists a direction d along which
d-Ve®(z*,n,t)=0  but  dt. -V, ®(z* n,t)#0.

In the direction d, we can repeat the argument of scenario 1 to conclude that the
spatial extent of X,’f,(é) is of order px(d) = 279/2t=1/2. In the direction d*, the

situation is simpler because the Taylor expansion of V,® is the usual
+P(x,m,t fo—i—z x—a —V @2, n,t) + O(|x — z*t[n]).
Repeating the sequence of steps leading up to (4.52), we obtain instead
x(dt) ~ 27971

It is straightforward to check that the phase is always non-oscillatory in the sense of
(4.51) over balls of radius py = 277¢t~1. We conclude that Xﬁ,(é) can be covered by
Np balls By, (pr), with
d d+ ;
Ng SC-M —C . 29/2\/¢. (4.54)

oi

For times ¢t = O(1) this bound is always smaller than (4.53), obtained in scenario 1.
3. Finally, assume that the phase Hessian is nonsingular. By the same argument as

above, the set X ﬁl(d) can be inscribed in a ball of radius px ~ 277¢t~!, over which the

phase is non-oscillatory, resulting in
Np <C, (4.55)

independently of j. This latter bound is always smaller than (4.53) for times t > 277,

The conclusion of the above analysis is that the worst-case scenario arises when the
Hessian vanishes, for which Ng < C' - 29/2¢t=1/2_ Before translating this bound into a rank
estimate, we must make sure that the off-diagonal linear term in the phase (see equation

(4.43)) is itself non-oscillatory. Recall that the normalizing change of variables (4.42) for 2’
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was chosen so that ' = O(1) as long as x € By, (pr). In our case, we can choose it as

, T — Tg

R P YL

resulting in
z- (At — &) = (Y)Y (f = &)+ () (Pt - €),

where A(t) = I +tP(t) (compare with (4.43)). The term involving P(t) is of order O(1) as
long as t < 279/3 therefore allowing to view the bound on Np as a rank estimate. That is
the content of the second bullet in Theorem 4.5.

For times ¢t > 279/3 we resort to the same reasoning as previously, namely modifying

the change of variables as
= L — Tk
C(t20) Y

This choice imposes a covering of X ,’fl(é) by balls of radius pp = 277¢t~!, resulting in

9i/24-1/2\ 2 A

The corresponding rank estimate follows (bullet 3 in Theorem 4.5.) This concludes the

proof.

The corresponding result for sums of ranks is the following.

Theorem 4.6. Assume the velocity profile is tranversal and C*°. Consider the submatriz
Ejmu;jrmrv (t) obtained by fizing (j,m) and (j',m’) in the wave atom representation of the
propagator E(t), after reordering (ni,ng;n},nb) — (ni,n};ne,nb). Denote by 7“;;:1/ the

mazimum over v,V of the e-rank of Ejimy:jrmi (t). Then we have the bounds

o fort <2779, ) <o, (1 + 229,

Jjm ' jm

. _a- )l 2j/2
o for27 St <278 3 i < Ce- 2a

o for 2735 <t<T =0(1), . ™ <, 1222,

Jm’ jm

with Ce < Crre VM | for all M > 0. The same bounds are valid for > g’

j'm’ Tjm



164

Proof. The justification is a combination of the bounds of Theorem 4.5 with a scattering
estimate, counting the number of wave vectors ,/ involved in each scenario on the phase

Hessian (see the proof of Theorem 4.5.) Fix a wave vector £,. The count is as follows:

1. We claim that the locus where the Hessian VVe¢ is identically zero contains at most
a finite number of points, in the case of transversal velocity profiles. Assume by
contradiction that it is not the case. By compactness there exists a sequence of points
z; in [0, 1) converging to some limit * € [0,1)2, such that x; # z* and VVe(z;) = 0.

Since the unit circle

Necessarily, by continuity, VVe(z*) = 0. Denote d; = éi:ii‘.
is compact, there exists a subsequence d;; converging to some d € S 1. Tt is then a
simple matter to check to check that (d-V)VVe = 0, contradicting the transversality

condition in Definition 4.3.

The same property transfers to the phase Hessian for times t = o(1). Each point
x where V,V,®4 (x,&,,t) vanishes identically corresponds to one wave vector, {y =
V@i (z,€,,t). Asa consequence, there are at most a constant number of wave vectors
§w which belong in scenario 1, yielding a total combined rank

Z P <o max{27/2t71/2 271}, (4.56)

j,m
(Jm)el
2. For scenario 2, we directly obtain from the transversality condition that the locus £
where the phase Hessian is singular is a one-dimensional manifold. So is the locus I'¢,
of wave vectors £ = V@ (x,§,,t), where € L. As in the proof of Theorem 4.4, the
intersection of I'¢, with the “scattering” ball B, (Ct2%7) can be covered by at most
O(t27) indicators x,/(£). As a result, the sum of ranks over (j, m) for scenario 2 is

S <ol 2 = g (4.57)

J7m
(jm)ell
3. Scenario 3 corresponds to all the wave vectors §;, that are left out from scenarios 1 and
2. By Theorem 4.2, there are at most O(t22%7) of them. Each of those wave vectors
corresponds to a submatrix with rank bounded by a O(1) constant, so the total count
is

STl <o 2¥e (4.58)

J’m
(j,m)elTl
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It now remains to add equations (4.56), (4.57) and (4.58). The two last bullets in
Theorem 4.6 follow from the observation that (4.56) is asymptotically dominant when ¢ <

2739/5 but (4.58) dominates when t > 2739/5,

4.6.3 Misaligned Wave Guide

A “misaligned wave guide” is an essentially one-dimensional profile ¢(x) whose redundant

coordinate is not aligned with x1 or z2. One such example is
c(xy, ) = 2 — cos(2v2m(x1 — x2)),

which depends only on 1 — z2. We take the precaution to name those profiles essentially
one-dimensional, because they should also be smooth and periodic on the torus, a require-
ment incompatible with being a wave guide in other directions than vertical, horizontal, or
diagonal at 45 degrees as above.

The performance of our solver on “misaligned wave guide” is rather poor so we chose
not to report it in Section 4.3.

We intent to justify, albeit not in a rigorous manner, that misaligned wave guides prob-
ably saturate the rank bound r < 27 of Theorem 4.1, when ¢t ~ 277. We hope that this
example may help illustrate a central piece of the argument behind Theorem 4.1.

Locally near the diagonal z1 = x2, we have c(z1,22) ~ 1 + 47%(21 — 22)2. The phases

&, therefore obey the small-time (and small |z; — x2|) asymptotic relations
Oz, &,t) = x-E£t(1+4r% (21 — 22)2)|€).

Let us now explain why the most expensive contribution in the phase, in terms of the
resulting ranks, is the off-diagonal term proportional to tziz2|£|. We had already alluded
to this fact in Section 4.4.2. We remind the reader that |¢| >~ 2%/, so we will simply consider
the phase 27z x5.

In view of the proof of Theorem 4.1, we would like to bound the cardinality of a covering
of the locus Xg (6) of near-stationary phase by balls inside which the phase satisfies the
stronger requirement of being non-oscillatory, see (4.35). For any given £ = 7 and large

0 it is easy to see that the locus X 2 (6) actually covers the whole unit square. The phase
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Hessian is
[0 1
ViV ®(x1,29) = 2/ )
1 0
which implies a uniform ball radius p;, ~ 279/2. It takes O(27) balls of radius pj, to cover

the whole unit square, resulting in the announced bound r ~ 27 for the rank.

4.6.4 Linear Mirror

A “linear mirror” is a profile ¢(x) which is locally of the form C + x - X for some vector A.
Of course x - A is not compatible with smoothness and periodicity on the torus; see Section
4.3 for a good compromise.

Linear mirrors are representative of a class of profiles for which the rank bound of
Theorem 4.1 is expected to be sharp. Again, we will not provide a rigorous proof but only
give indications towards this claim.

In the region where ¢(z) = C + x - A\, the phases can be solved for explicitly,

A
Oy(z,mt)=z-nECtlé| £a- W|77|(6t\>\| —1).

In analogy with equation (4.43), this expression can be linearized in n and rewritten as

x - A(t)n+ OK. In our case, the matrix elements of A(t) are, for small time ¢, given as

Ai 1
Aii(t) = 855 + =22 4+ O(%).

In the notations of Section 4.4.2, we identify P;; = ﬁ% This is a prototypical non-diagonal

matrix. This example leads us to believe that the linear part of the phase genuinely affects

the rank estimates, and that we are not in presence of a proof artifact.

4.7 Discussion

So far we have assumed periodic boundary conditions for the wave equation inside the
unit square [0,1]2, but simple modifications will allow the wave atom algorithm to work in
slightly more general settings.

First, we can consider standard boundary conditions like Dirichlet (v = 0 on the bound-

ary) or Neumann (% = 0) in the same domain [0,1]2. The two cases can be handled in a



167

straightforward manner by mirror extension of the computational domain to the periodized

square [0, 2]? with velocity

c(x1,x2) if 0< 1,290 < 1,

A ) c(2—x1,x9) 1<z <2 0<2y<1,
C\T1,X2) =
c(r1,2—x9) if0<z; <1, 1<29<2,

(2 —121,2 —x9) if 1< 2,29 < 2.

The wave equation can then be solved up to some time 7T for 4 in the periodized extended

square [0, 2]?, and @ mirror folded back onto [0, 1]? using the rule

u(zy, xe) = (w1, r2) — (2 — x1,22) — U(x1,2 — 22) + U(2 — 1,2 — x2)

if u is to satisfy Dirichlet boundary conditions, or

u(z1,x2) = w(x1,x2) + (2 — x1,22) + w(r1,2 — 22) + (2 — 21,2 — x2)

if u is to satisfy Neumann boundary conditions. Some other choice of signs are possible
and would lead, for example, to Dirichlet on two opposite sides and Neumann on the two
other sides. For the wave atom algorithm to perform accurately on the extended domain,
we need to ensure sure that ¢(z,z2) remains sufficiently smooth after mirror extension as
above.

The increase in complexity resulting from the doubling of NV, the number of grid points
per dimension, may however be unacceptable in some applications. Readers interested in a
more elegant treatment of boundary considerations, in the context of some other basis of
bandlimited functions (prolate spheroidal wavefunctions,) should refer to the recent work
of Beylkin and Sandberg, [9].

More generally, if the computational domain can be mapped onto the unit square by
means of a smooth diffeomorphism, then it is only a matter of changing variables and
re-using the same algorithm on the transformed equation. More complicated geometries
or topologies would pose a significant challenge to wave-packet-type methods and their
treatment would go far beyond the scope of this thesis.

Finally, wave atoms seem to be a promising tool for implementing absorbing bound-
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ary conditions in the regime of high-frequency solutions. Assume for a moment that the
wavefield wu(t,z) has frequency support obeying |£| > A, and that the profile ¢(x) is near
constant near the edges of the unit square. Then the computational domain can be extended
to include a surrounding buffer strip of width O(%) and constant sound speed, in which
outgoing wave atoms can be safely removed from the solution by putting the corresponding

matrix elements to zero. This should work provided the upscaled time step 7 is of order

T:O(\/—lﬁ).
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Chapter 5

Conclusion

5.1 Achievements

The main contribution of this thesis is perhaps the single message that thinking in terms
of geometric compression definitely creates opportunities for exciting new developments in
numerical analysis.

Our achievements are only a small part of that program. We showed that the Green’s
function of the wave equation in smooth media is represented as a sparse matrix in the
curvelet frame, as well as in the new wave atom frame. Those are essentially the only two
universal change of bases in which sparsity occurs.

Those new mathematical insights translate into efficient algorithms for the wave equa-
tion. We studied in detail an embodiment of the repeated squaring for the Green’s function
in which high-dimensional separation techniques in the wave atom domain play an essential
role, complementary to sparsity. The new algorithm has spectral accuracy and sometimes
competes favorably against a pseudo-spectral method when a given wave equation needs to
be solved several times with different initial conditions. In the process, we developed fast
discrete transforms of independent interest, for curvelet and wave atoms.

We call “time upscaling” the possibility of compressing the Green’s function for times

large than the CFL timestep, for the purpose of speeding up computations.

5.2 Outlook

The main Theorem 1.1 can be generalized in a variety of ways. The same sparsity question

can be posed in regimes of reflection and refraction through smooth interfaces — discontinu-
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ities of ¢(z)—and the answer is probably positive when the wavefield is ‘microlocally away’
from the interface, in a sense to be made precise.

We would regard as mathematically significant any result of conservation of curvelet
sparsity for nonlinear wave equations, e.g., with a nonlinearity of the type u>.

As for the curvelet transform, our architecture can be made more useful or attractive in

a number of ways and we discuss two opportunities.

e First, the redundancy of our transform is about 2.8 when wavelets are chosen at the
finest scale, and 7.2 otherwise. For certain image processing tasks, redundant trans-
formations may be of benefit, but for others, digital transforms with low redundancy
might be more desirable. It is not immediate how one could adapt our ideas to re-
duce the redundancy while keeping the isometry property and remaining faithful to
the continuous transform. In particular, it is not known whether one can construct
orthonormal bases of curvelets. We regard this problem as very significant and ex-

tremely challenging.

e Second, compactly supported (or at least exponentially decaying) curvelets would have
the potential to yield sparser expansions of images with geometrical regularity. We
consider the design of compactly supported curvelet tight frames as another interesting

open problem.

Additionally, although proposition 3.1 settles the accuracy question when data are ban-
dlimited, it remains to be studied how faithful the curvelet transform can be in the pres-
ence of aliased data. Aliasing occurs when, for example, a function with a discontinuity
is discretized by pointwise evaluation. In image processing this typically happens in the
neighborhood of an edge. Yet not all hope is lost, because of geometric regularity along the
edge. A complete theory of approximation for curvelets (or wavelets for that matter) needs
to solve this sampling issue.

Finally, the architecture of our wave atom solver can probably be improved in a variety
of ways. For example, predicting the values of the large curvelet/wave atom matrix elements
in some way involving geometrical optics is a natural idea. We have in mind a parametrixz
construction, as in [74], coupled with the Phase-Flow Method for solving the Hamiltonian

ODE system.
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5.3 Thinking Outside the Grid

Trying to fit the “correct” applied harmonic analysis tool to a numerical analysis problem
is sometimes a discouraging experience — wavelet enthusiasts should be warned — but it has
the merit of offering its own intellectual challenges. We believe a research project is all the

more interesting if it ends up somewhere else than it was intended to. In our case:

e The Phase-Flow Method, developed by Lexing Ying and Emmanuel Candes in [90], is a
very clean answer to the problem of computing the position of shifted diagonals in the
curvelet matrix of wave propagators in optimal complexity. Without the underlying

motivation their project may never have seen the light of day.

e Developing a fast curvelet transform was an imperative prerequisite at the time we
started doing numerical experiments on wave equations. The code has since then been
made available (http://www.curvelet.org) and is now used in a variety of unexpected
contexts, mostly for inverse problems in seismic imaging involving denoising and com-
pression of ‘curvelet-looking’ bandlimited wavefronts. For more info, see for example

Felix Herrmann’s webpage http://slim.eos.ubc.ca.

e Creating a wave atom transform as an alternative to curvelets had been our next
milestone. It turns out that their construction raises some fundamental questions in
wavelet theory and filterbank architecture, if for example one wishes to make wave

atoms compactly supported in space.

e Our efforts to input some ideas from high-dimensional numerical analysis into the
wave atom solver, and the resulting interesting mathematics, is another testimony to

the challenges raised by the implementation of a sparsity-only method.

As we speak, information theory is being redefined by unorthodox ideas as part of the
quest for ideal data representation [23]. It is our hope that questioning conventional wisdom

could shape new research directions in scientific computing as well.
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Appendix A

Additional Proofs for Chapter 2

A.1 Additional Proofs for Section 2.2

Proof of proposition 2.1. These four properties were already formulated in [74], although
with a slightly weaker definition of pseudo-distance. Properties 1 and 2 are not proved in
that reference, and property 3 is not extensively documented. We give the justification for
these three results for completeness.

Claim (1). We are to show that d(u, p') < d(p', p). With e, = &, /|€,|, this is
[{ew, Az)| + |Az]® + [A0]? < (e, Az)| + |Az|* + | A
It is sufficient to notice that
(e, Az)| + |Az|® + |AO? < | (e, Az)| + (e, Az)| + |Az|? + |AG.
In order to justify the nontrivial inequality, use the law of cosines illustrated in Figure A.1:

[{ep, Az)|? + (e, Az)|* = sin® |Af)] (di + di/)
= sin® |AQ] |Az|? £ 2|(e,, Az)| [{e,r, Az)| cos | A

< sin? | A0] |Az]? + 2/{ey, A2 [{e, Az)].
It follows that ||{e,, Az)| — [{e, Az)|| < C - |Af]|Az| < C - (|A|* 4+ |Az|?) and, therefore,

(e, Az)| + {ew, Az)| < C- (2/(en, Az)| + |A0]* + |Axl?).
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AO —\

Figure A.1: Relative position and orientation of two curvelet molecules in z-space. The
ellipses indicate their essential support.

Claim (2). Recall that w(p, /) = 20711 4+ 200G (u, 1')). Let us show that
d(p, ') < C - (d(p, ")+ d(u”, 1)). To simplify notations, set in the coordinates defined by

{eu,ef;},

[L‘u = (0,0) I‘M/ = (331,932) .%‘M// = (yl,yz)
en = (1,0) e = (cos a,sina) ey = (cos 3,sin )
|00 — 0| = |5 0y — 61| = | — 3

It is enough to show that there exists e > 0 such that

elz1] < |y1] + | cosa(x1 — y1) + sin B(x2 — y2)|

+ (18] + [a = B (y1| + |z1 — y1] + |ya| + |2 — y2|),

because then (18] + | — B)(lyn + 21 — gl + ol + |22 — gal) < €+ (B2 + o — B2 +
ly1]? + |21 — y1)? + |y2|? + |22 — y2|?). By contradiction let us assume that the inequality
fails. Then we must have |y1| < €|z1|. It is always true that |z1 — y1| + |y1] > |z1]
so it is necessary that |3| + |a — 8] < e. But then |a| < 2 thus cosa > 1 — 4€2 and
|sina| < 2e. The term |cosa(zy — y1) + sin B(xg — y2)| is therefore always greater than

(1 —4€%)|xy —y1| — €|xa — yo|. But this quantity must also be less than e|x; — y1|, otherwise

1—e—4€2

its sum with [y;| would exceed €|x1]. So we must have |22 —y2| > =

|1 —y1|. But then
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|z

the sum |y1| + |21 — y1| + |22 — y2| must dominate Q—il, which implies |3] + |a — 3| < 2€°.
By induction, o = =0 and |y1| + |x1 — y1| > |x1| yields a contradiction.

Claim (3). We need to establish that } - w(xo, 1) N w(pr, p2) N < On-w(po, po) N,
We closely follow and expand the argument in [74]. We will need to use d(uo, p1) < d(u1, po),
as we have just showed. Define I,,, by

Ly o= wlpg, )™ - w(p, o)™
= (M1 22 1, ) )(1 -+ 27 d (g, ) ) E

To ease notations, put temporarily ag = 20in00J1) gy = 2min(2.d1) - gy, = d(po, p1), and
dy2 = d(ua, p1). We develop a lower bound on (1 + agdi2)(1 + apdp1) = 1 + asdia + apdor +

asdisapdp1. We make three simple observations: first,

asdia + apdpr > min(az, ag)(diz + do1) = Ao, and dia +do1 > C - d(po, p12);

second,
axdya + apdpr > max(agdia, agdpr) > max(ag, ag) min(dyz, do1) = Bo;
and third
agdizapdg; = max(ag, ag) min(ag, ag) max(dia, dp1) min(dyz, do1)
> max(asg, ag) min(az, ag) min(dlz,dm)@ = AyBy/2.
This gives

1 1
1 + agdy2 + apdo1 + azdi2apdor > 3 (14 Ao+ By + ApBy) > 5(1 + Ap)(1 + By).

We replace the values of Ay, By by their expression, use the relation Ay > d(uo, p2) and

obtain
I, < C -2 (=dltio=ihN | (1 + 2min<j2,j0,j1>d(%#0)>*N A(Ly)™N (A1)
with

L1 =1+ maX(Qmin(j2’j1), 2min(jo,j1)) min(d01, dlg).
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Note that

Ly = min (1 + maX(Qmin(jZ,jl)’ 2min(j0,j1))d12’ 1+ maX(Qmin(j%jl)’ 2min(j07j1))d01>

> min (1 + 2min(j2,j1)d12’ 1+ Qmin(jo,jl)dm)
and, therefore,

(L1)~N

IN

max ((1 4 omin(2:01) g, ) =N (1 4 Qmin(jo’jl)dm)_]v)

< (14 2min(200) g ) =N 4 (1 4 gminGodn) gy )N,
In the sequel we will repeatedly make use of the bound

D (1 +2%d(p, )N < € 22079, (A-2)
k.0
valid for N > 2, any real ¢ and where the subscript + denotes the positive part. This
is justified as follows. Without loss of generality, assume that p’ = (j/,0,0) so that the
curvelet 7, is nearly vertical and centered near the origin. We recall that Af = 7-£-2~ li/2]]

0=0,1,...,2L/2 — 1, and T, = RgMDj_lk, say. Then the left-hand side is

9li/2) _q _N
S (1 +20(|279/20)2 4 |27 2y 2 4 12—jk1|)) . (A.3)
(=0 kez?

For j > ¢ this can be seen as a Riemann sum and bounded—up to a numerical multiplicative

constant—by the corresponding integral

dz dy _
/[Rz 9—35/2 /IR 2—3/2 [1+29(y* + 23 + |21])] N

which in turn is less than C - 220=9 provided N > 2. For j < ¢, the sum (A.3) essentially
consists of a few terms, giving a O(1) contribution. This gives the bound C - 220-0)+,

By symmetry, we can now assume jg < j2. Let us consider three cases.

e 0 <j2 <ji. In that case we have the bound

(L)™N < C-[(1+22do1) ™ 4+ (14 272d15) V).
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Summing this quantity over ky and ¢; i.e., over all p; that correspond to a given ji,

and using (A.2), we obtain for j; > jo

ZI‘“ <C-(1+ 2jod02)—N Z 9—(21—Jo—g2)N | 92(j1—j2)
M1 Jj127J2

< C 27N 4 200Gy ) TN = C' - wpg, p2) V.

e 0 <j1 <jo- We now have
(Ll)_N <(C- [(1 + 2j1d01)_N + (1 + 2j1d12)_N].

According to (A.2), the sum over k1 and #; of (L;)™" is bounded by a constant

independent of j;. The remaining sum is

ZI/” <C- 9—(jo+s2) N Z 921N (1+ 2j1d02)—N'

H1 Jj1<jo

Observe that 271N (1 + 271dgy) =N < 200N (1 + 200dye) =N, therefore

Zlﬂl S C . 2_(.72_.70)]\[(1 + 2j0d02)_N e C . W(NOaMZ)_N
H1

® jo <Jj1 <j2. In that case we still have
(Ll)_N <C- [(1 + 2j1d01)_N + (1 + 2j1d12)_N].
summed over k; and ¢; into a O(1) contribution. What remains is

> I, <C 27N 4 9l0dg) TN N

1 Jo<j1<j2

< C - w(po, p)~ V.

We conclude by collecting the estimates corresponding to the three different cases. Remark
that the loss of one (fractional) power of w in the third case is unavoidable unless one modifies

its definition in the spirit of [74]. This would however make notations unnecessarily heavy.

Claim (4). See [74] p. 804. O
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Proof of the inequality (2.21). Assume without loss of generality that u = po. We may
express S,/ (§) as S%(RAgé), with Af = 6, — 6,,. We begin by expressing the integral in

polar coordinates,

& =rcosf (Rap€)1 = rcos(0 + A),
& = rsinf (Rap€)2 = rsin(0 + AB).

As we can see, the cosine factor is not crucial and we may just as well drop it. Consequently,

1
)" dE < -
/|S I dé < C/ 1—|—2 Ir|N 1+ 277N
X d9[1+a\sm9|]_N[1+a'|sin(0+A9)H_N
0
where a = 12;;/,2;; and a' = 12;;—,_/]2,: This decoupling makes the problem of bounding the

inner integral on the variable 6 tractable. For example when a > a’ > 1, following [65] p.56,

. 1
—N / N < -
/oo a1+ alfl] "1 + |0+ AG] TV < C- [1 T a|A0Y

We get other estimates for other values and orderings of a and a’. The integral on r is then
broken up into several pieces according to the values of a, a/, j and j’. It is straightforward

to show that each of these contributions satisfies the inequality (2.21). O

A.2 Additional Proofs for Section 2.5

Proof of lemma 2.7. By definition a(“)(x) = 2*3j/4m“ (DQ—]’R@ux — k) and, therefore,

M (z) = 1 (Rf)(a,0,b)a*2-%/4(D, Ro(Ry Dy (a4 k) — b)) du
au
- = [ (R@0.01A1 20 (A — (5 - 1) d (A4)

where A = D,RsDq; with § =6 — 6, and 3 = Dy ; Ry, b.
Let us first verify the assertion about the support of a(®). Recall that over a cell Qu,

B € [k1,k1 + 1) x [k2, ko + 1), and hence for all b € Q,, we have

Supp ¢ (A(z — (8 — k))) C Supp(Az) + [0, 1]°.
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Next Supp ¢(Ax) C A71[0,1]? with A™! = D, ;R_sD_!. Tt is not difficult to check that
A7Y0,1]? C [e1,¢2) X [d1,dz2) which then gives (2.65).

There are several ways to prove the property about nearly vanishing moments. A possi-
bility is to show that the Fourier transform of a(#) is appropriately small in a neighborhood

of the axis £ = 0. We choose a more direct strategy and show that

‘/w(A(a: — B)al dxy| < € - 277 FD), (A.5)

uniformly over the (a,0,b) € Q.. The property (2.66) follows from this fact. Indeed,

/a(“)(azl,xg) m’f dr1 = 1 Rf(a,0, b)d,u/ |A[1/21/1(A($ - B))x’f dxq,

aN Qu
and the Cauchy-Schwarz inequality gives
9 1/2
du)

1
a_H”RfHLz(Qu) (/QM /IA\I/zw(A(x—B))x’fdarl

- (L, )

The uniform bound (A.5) together with the fact that fQu dp is either 37 or 3m/2 gives
(2.66).
We then need to establish (A.5). Let 02 be 0/0za, recall that by assumptions (2.58)

IN

‘/ aW (z1, 29) ¥ d;

/ AV (A — B))ak day

and (2.59), we have that for all z2 € R,
/8’211/1($1,$2)x]f dx1 =0, k=0,1,...,R,
and more generally, for each « # 0 and
/8§¢(aa:1 + B, x2)atde; =0, k=0,1,...,R. (A.6)
We shall use (A.6) to prove (A.5). Letting

ail a2

a1 Q22
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and with the same notations as before, a simple calculation shows that ao; = _277sind g

72
a>2"0U*D and |§| < 7/2- 27U/ we have

|a21| <c-: 277, (A?)
We then write
Y(Az) = Ylanz + arexe, a1z + ar:)
N-1 (as17)"
211
= Z D"p(arizr + a12$2,a22$2)T + O((agiz1)™)
n=0 :

and, therefore,

N-1 o,
a
/w(Am)x'f dry = E % /an(anﬂﬁ + @122, anp2) 2} dzy + O(ad))
n=0

Fix k < D and pick N =D —k+ 1so that forn=0,1,..., N -1, n+ k < D. By virtue
of (A.6) all the integrals in the sum vanish and the only remaining term is O(a}) which

because of (A.7) is O(277V). As a consequence, setting m = D/2, we conclude that

<Cp,-279mAD)  k—=0.1,... m;

] [ taa)at doy

this is the content of (A.5).

The careful reader will notice that inequality (A.5) or equivalently (2.66) is a weaker
statement than inequality (2.13) for the definition of nearly vanishing moments. There is
no doubt that the stronger estimate (2.13) also holds for curvelet atoms. The proof of this
fact uses standard arguments and we choose not to reproduce it here.

Last, the regularity property is a simple consequence of the Cauchy Schwarz inequality;

1
ana)| < = [ 1R @ODIA ] de
o

) 1/2
= : Ald
¥ VB ( /L |u>

= 2V31 - ¥z

IN

14

These last inequalities used the facts that |A| < 4 for (a,0,b) € Q, and fQu dp < 3m. Esti-
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mates for higher derivatives are obtained in exactly the same fashion—after differentiation

of the integrand. This finishes the proof of the lemma. O

Proof of (2.68). Recall that

(]

The first thing to notice is that ¢(D)~y, is still a family of curvelet molecules, because ¢(§)

!

1/2
'R(q(D)vu)(a,b, 9)]2 du) .

is a multiplier of order zero. Since 1,4 also obeys the molecule properties, lemma 2.1
implies the corresponding almost-orthogonality condition. Integrating over @, does not

compromise this estimate, as can be seen by applying the Cauchy-Schwarz inequality. [J

Proof of inequality (2.52). Derivatives of 4, and o are treated using the following estimates.

|084,(6)] < Cp - 2730/ 4g7 i g7 023/2

020 (¢(2),8)| < Co- 271 on W, = supp(,).

We now develop size estimates for the phase perturbation §. Following closely the discussion

in [79], p.407, we claim that on W,
102028(, )] < Cup - 2721727020/2, (A.8)

The derivations in x add no complications. Hence, assume that G = 0. As the above result
(A.8) relies upon the homogeneity of the phase with respect to &, we recall a few useful

facts about homogeneous functions of degree one:
® = O - £ (Euler’s theorem),
Oge - £ =0 (differentiate the above relation),
I ® =O(|g|'~1) .

It follows from the definition that é(x,&;,0) = 0 and likewise %(m,fl,O) = 0. Thus for

every n, g%{f(:z:,&, 0) = 0 and %g%{f(x,&,O) = 0. Recall that the support conditions are
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€] < C-27 and |&] < C - 2112 Taylor series expansions about & = 0 together with

homogeneity assumptions give

DO ) gty
8528@15(96,5)—0(!52\!&\ ) = O(279/29-1d),
0% Hn

- — l—ar1—a2) _ —a1jo—agj/2 >
D€L DEM 6(z, &) = O([¢] )= 0272 ) when ag > 2,

as claimed. The point about these estimates is that they exhibit exactly the parabolic

scaling of curvelets. We conclude

and therefore (2.52). O
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Appendix B

Additional Proofs for Chapter 4

Proof of inequality (4.39). In what follows the notation sup refers to the supremum taken
over all z € By, (ry), and over all components of vector or matrix arguments. Put 7, =

r(zg,j). We need to show that

sup |Vg(z) — Vg(z)| < C - 1.

) or
sup |r(z, j) — ri| < sup 3Vl

On the one hand, ‘
or 1 22 1

o|Vgl — 2(2 + 29 Vg(x))¥2 2

227 y3, (B.1)

On the other hand,
[Vg(z) = Vg(ar)| < risup [Hg(z)], (B.2)

where Hg(x) is the Hessian of g. In order to estimate |Hg(x)|, recall Landau’s inequality

for the interval [0, 1] which reads

2 h
1 Moo < 5 1 Flloo + 1" oo,

for all 0 < h < 1 (see for example [3]). This inequality needs to be extended to two
dimensions and applied twice with 9%g in place of f, a = (1,0) and (0, 1) respectively (where
g is understood to be adequately extended to zero outside of By, (r)). Upon choosing
h=C- HaagHééQ <C- 2‘j7’,;1 < 1, with the constant C' determined by the condition h < 1,

it follows that (the sup is still over z € By, (1)),

sup |Hg(z)| < C -sup |Vg(z)|'/? < C- 279 1. (B.3)
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As always the constant C' changes from line to line. From equations (B.1), (B.2) and (B.3),
we check that

sup [r(x, j) — ri| < C - 27r}
This is dominated by C - rj, because 1, < 279/2, and we are done.

Proof of lemma 4.6. The coarea for BV functions in the unit square Q C R? is

/|Vg(:c)| dx = /OO H'Y(g7'(t) N Q) dt. (B.4)

Written as above, the formula is valid for Lipschitz functions, the quantity |Vg(z)| must be
interpreted in a suitable measure-theoretic sense and the proof is rather technical. For C?
functions, the proof is more accessible and can be found in [92], pp. 76 and following.

In our case g € C%(]0,1]?) so the level sets g~1(t) N Q of g have bounded Hausdorff-H!

measure for almost every ¢, and
g ) NQ=0N,, a.e. t,

where Ny = {x € Q,g(z) < t}. We can let X; = N;\N_; as in the wording, and apply the

coarea formula to the function defined as

g(@) if |g(z)] < ¢,
glx) =149 —t ifg(x) < —t,
t if g(z) >t.

Since sets of zero measure do not contribute in the integral in ¢, we obtain

t
/ |Vg(z)|dr = / HY(ON;) dt < 2t sup H (ON,,).
Xt —t u

We leave it as an exercise to the interested reader to prove that there is another, perhaps

more visual way to derive the above formula from the Reynolds transport theorem.

Proof of inequality (4.44).
Let € > 0 and 7 (2, ¢/, t) be the separation remainder of by, (2, ¢, t) for that € in L2. We
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invoke the strong version of Lemma 4.2 to obtain control on 7 in W*°
1080074 (2', €, 1)] < Cagé.
In the original variables = and &, let r(x,&,t) = 7r(2', £, t) so the condition becomes

08Dy (2, €, )] < Capé(1+ |¢])~I/>HA,

i.e., £ is a symbol of order zero and type (1/2,1/4). Owing to the decomposition Kgga( =
> i Kk using indicators g (x), the total separation remainder is actually the sum r = >, 7.
Although each sum contains O(27) terms, by the constant overlap property (4.39) for each
given x there is a constant number of terms (independent of j) contributing in ), Kj.
Likewise, the separated components of g (z) are all supported on balls centered at zj with
radius twice the diameter of supp(qx), so for each given x there is a constant number of

terms contributing in Ek ri. Hence the symbol property transfers to r,
0800 (2, €,1)| < Cogé(1 + |€]) 7ol

We conclude by standard pseudo-differential calculus that r is bounded in L? with a norm
not exceeding C€ for some constant C, which by choosing € small enough can be made less
than ¢/4 as in equation (4.44). The point of the analysis is that the L? bound on r is not

only small but independent of j.
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