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REGULARITY IN, AND MULTI-SCALE DISCRETIZATION OF THE SOLUTION
CONSTRUCTION OF HYPERBOLIC EVOLUTION EQUATIONS OF LIMITED
SMOOTHNESS *

MAARTEN V. DE HOOP', SEAN F. HOLMAN?}, HART F. SMITH$, AND GUNTHER UHLMANNY

Abstract. We present a multi-scale solution scheme for hyperbolic evolution equations with curvelets. We
assume, essentially, that the second-order derivatives of the symbol of the evolution operator are uniformly Lipschitz.
The scheme is based on a solution construction introduced by Smith [19] and is composed of generating an approximate
solution following a paradifferential decomposition of the mentioned symbol, here, with a second-order correction
reminiscent of geometrical asymptotics involving a Hamilton-Jacobi system of equations and, subsequently, solving
a particular Volterra equation. We analyze the regularity of the associated Volterra kernel, and then determine the
optimal quadrature in the evolution parameter. Moreover, we provide an estimate for the spreading of (finite) sets
of curvelets, enabling the multi-scale numerical computation with controlled error.
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1. Introduction. We study the regularity in the construction of solutions of a general class
of evolution equations with limited smoothness. We have applications to wave propagation in non-
smooth media in mind. The construction makes use of a frame of curvelets [12, 10, 11], generates the
weak solution on the one hand but reveals the geometrical properties reminiscent of the propagation
of singularities in the case of smooth media on the other hand.

Let p(z,2,€) be a real-valued function defined on [0, Z] x R} x (Rf \ {0}) that is smooth and
positively homogeneous of degree 1 with respect to &. If zy € [0, Z], we then consider the initial
value problem

(1.1) (0, —ip(z,x,Dy))u(z, ) =0 and u(z,x) = uo(x).

Here p(z,z, D,) is a pseudodifferential operator (!DO) whose symbol, p, may be rough in the z
and x variables. We will require here that p € Cm'lScll with m = 1 or 2. This means that the mth
derivatives of p with respect to z and x exist everywhere, are uniformly Lipschitz, and for every
multi-index « there is a constant C, such that for all ¢ sufficiently large

10 P(,&)lloma < Ca(l+[lE]N*

The notation of the left-hand side above indicates the C"™! norm in (z, x).

The technique used here for construction of solutions to (1.1) was introduced by Smith [19].
More recently, properties of these solutions were studied from the point of view of concentration of
curvelets motivated by the propagation of singularities for the case of smooth symbols [3]. The solu-
tion construction is initiated by the construction of an approximate solution following the smooth-
ing, that is, paradifferential decomposition of the symbol p, and is completed by solving a Volterra
equation of the second kind which corrects for the symbol smoothing and essentially accounts for
scattering between curvelets. The approximate solution is constructed using geometrical asymp-
totics and involves solving the Hamilton and Hamilton-Jacobi systems generated by the smoothed
symbols. The Volterra equation can be solved by a Neumann series — as in the computation of
certain multiple scattering series — revealing a curvelet-curvelet interaction. The main goal of this
work is to develop regularity estimates in the evolution coordinate z for the Volterra kernel and
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solution. These estimates govern the choice of quadrature used when solving the Volterra equation,
and subsequently the initial value problem, numerically.

Our main result uses an adapted underlying approximate solution operator (para-metrix) for
(1.1) with second-order correction. With this parametrix we provide scale-independent regularity
estimates of the associated Volterra kernel in H®, and likewise estimates for the regularity of the
solution g(z,x) of the Volterra equation in the z variable as a map into H*®, when m = 2 (or larger)
and —1 < s < 2. Specifically, we obtain a Holder estimate of order 1/2. Thus a natural choice of
quadrature when considering the numerical solution of the Volterra equation becomes the trapezoidal
rule [6]. The approximate solution construction to second order is obtained from results pertaining
to expansions of Fourier integral operators generated by canonical transformations [13, 9]. This
second order parametrix improves on first order parametrices in at least two ways. First, the Holder
regularity mentioned above is required to prove that a discretization of the Volterra equation in the
evolution parameter z converges as the discretization step size goes to zero. Second, the Volterra
kernel associated with the second order parametrix is actually compact acting on H?® (in fact it
maps into H5+1/2) and so exhibits better behavior when iterated.

T(22,20)

Fi1G. 1. Diagram describing a numeric solution including a single Volterra iteration. The parametrix is based
on the second-order (geometric) approximation and depicted in blue. Some “scattered” curvelets produced by the
Volterra iteration are depicted in red. The decay of curvelet frame coefficients for one of the wave packets propagated
by the parametriz is illustrated by grayscale.

The results obtained here can be extended directly to apply to solving the second-order wave
equation and associated Cauchy initial value problem.

A key aspect of developing an efficient computational algorithm will rely on available sparse
decompositions of ug (that is, the initial data at zg), and of the Volterra operator applied to the
current solution by the Neumann series expansion (that is, the residual force at values of z dictated
by the chosen quadrature). We have developed first steps towards an approach based on nonlinear
approximation [1, 2], motivated by the work of Beylkin and Monzén [4, 5]. Here, we provide an
estimate of the spreading of the set of curvelet coefficients under propagation as a function of scale.
Following the decomposition of uy into wave packets, a natural solution strategy — tracing the
convergence of the Neumann series expansion — starts at the finest available scale and progresses to
the coarser scales. The Volterra equation can be solved with a step-by-step method reminiscent of
the semi-group property. The numerical analysis of curvelet-like transforms can be found in [8, 15];
this analysis plays a role in developing a fast algorithm for the above mentioned approximate
solution. We note that the regularity and spreading estimates obtained here imply error estimates
of corresponding numerical schemes, which will be published elsewhere.

The results obtained in this paper have direct applications, for example, in seismic imaging.
Indeed most imaging procedures can be expressed in terms of evolution equations [16]. We mention
“reverse-time migration” based imaging [14] and “downward continuation (reverse depth)” based
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imaging [20, 21]. Furthermore, curvelet based data regularization dove tails perfectly with these
imaging techniques.

2. Solution of the evolution equation. We find solutions for (1.1) in two steps. We first
construct an approximate solution operator, which we will refer to as a parametrix, and then we
use this parametrix to transform (1.1) into an equivalent Volterra equation of the second kind for a
function with values in a Sobolev space. To be more precise, we first construct a family of operators
T(z,2') : H*(R") — H*(R™) for some s € R parametrized by (z,2’) € [0, Z] x [0, Z] which satisfy
the following two properties

(2.1) T(z,2)=1d for all 2’ € [0, Z], and

(2.2) (0, —ip(z,2,D;)) T(z,2") : H® — H® uniformly for (z,2’) € [0, Z] x [0, Z].

Because (0, —ip(z,z,D,)) is a (possibly rough) DO of order 1, the mapping property (2.2) is
better than would be expected and so it is this property that makes T(z, z’) an approximate solution
operator. Here “uniformly” means that there is a single modulus of continuity that holds for all
(z,2"). We think of T(z, zp)uo as giving the approximate solution of (1.1). Any family of operators
satisfying these properties will be called a parametriz.

Once we have a parametrix we look for an exact solution for (1.1) in the form

(2.3) u(z,x) = [T(2, z0)uo)(z) + /Z[T(Z,Z’)Q(ZC () dz".

20

Intuitively, we are setting u(z,x) to be the approximate solution plus an error term that we expect
can be found or at least estimated. Now the function to be determined is g(z, z) which we refer to
as the residual. A calculation making use of (2.1) shows that u(z,z) is a solution of (1.1) if and
only if

g(zvx) - 7[(82 - ip(zaanz))T(szO)uO](x) - /z[(az - ip(zaanz))T('Z,Z/)g(Z,v )}(x)dzl

Motivated by this fact we introduce the Volterra kernel
(2.4) K(Z,Z/) =—(0. 7ip(zvan1))T(Z’zl)

so that the equation for g(z,x) becomes

(2.5) 9(z, ) = [K(z, 20)uo](z) + /Z[K(z,Z’)g(ZC () dz".

20

This is a linear Volterra equation of the second kind where the function to be determined (g(z, -))

takes values in the Sobolev space H®. For a review of the classical theory of this type of equation see

[6]. Although the theory there only explicitly deals with real and complex valued functions many of

the results still hold in the case of functions valued in general Banach spaces with the same proofs.
The solution of (2.5) may be obtained via a Neumann series. Indeed, let us define

K'(z2) =K(z,%), andforn>1 K"(z)= / K(z, )K" 1(2)ds.
20

Note that by (2.2) K(z,2') : H® — H? uniformly, and thus the composition used in the iterative
definition of K"(2) is still an operator on H®. Furthermore, if |[K(z,2")||(gs gy < C(Z) for all 2
and 2/, then for all n and z it follows from the definition that

n—1

(n—1)!

(2.6) 1K™ (2l e,y < c2)".
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The solution of (2.5) is then

o0

g(z2) =) [K"(2)uo](z) = [R(2)uo)(x).

n=1
By (2.6) this sum converges absolutely in H*® for every z € [0, Z], and in fact
(2.7) IR() | pre, ey < C(2)e7CP.

We refer to R(z) as the resolvent corresponding to the parametrix T.

This method of solution was first introduced for the half wave equation in [19], and has been
used previously to analyze the equation (1.1) in [3]. In both of these works the parametrix T is
constructed by decomposing wug in the curvelet frame, and then applying a rigid motion to each
individual curvelet. We refer to this “rigid motion” parametrix as T;. In the current work we
will introduce a new parametrix, Ty, which still uses a curvelet decomposition of ugy, but also
incorporates spreading into the evolution of each individual curvelet. As we will see, when Ts is
used as the parametrix the corresponding Volterra kernel Ks(z, 2’) will have additional regularity
properties in the z variables.

3. Construction of the parametrices. In this section we describe two possible ways to
construct a parametrix satisfying the requirements (2.1) and (2.2). Both methods are based upon
a curvelet decomposition. The first uses only a rigid motion of the curvelets, while the second also
incorporates spreading. The treatment of caustics in the second method needs special attention,
which we do not elaborate on here. The first method does not provide strong enough estimates to
guarantee that numerical solutions of the Volterra equation will converge. The proofs in this section
and section 4 make use of the results in both of the appendices, and in particular the rules for
manipulating families of curvelet like functions (FCLFs) developed in appendix A. When dealing
with a FCLF F we sometimes use the notation f., € ms(F) for a function in the family corresponding
to the curvelet index ~.

The first step for both parametrices is to smooth the rough symbol p of (1.1) in the x variable
according to scale. In this way we obtain a sequence of smooth (in x) symbols py, which approximate
p. Indeed, let ¢ € C°(R™) be an even function such that ¢(§) = 1 for |{| < 1 and ¥(§) = 0 for
|€] > 2. We also assume 0 < ) < 1 everywhere. Then define

(3.1) pr(z,2,€) = [b(27*2D,)p(z, -4, €)) ()

for all k € N. Thus for each k we low pass filter p in the z variable around the frequency 25/2
to obtain p, € C'*°. This sequence of approximations to p satisfies the following estimates. For
J+18] <m+1 (when j+ |8 = m+1 estimate (3.2) holds everywhere the left hand side is defined)

(3.2) 100502 (p — pi) (2,2, €)| < 27 FIm=IBI=IFD/2 ) 9ep (- €) || gma
and
(3.3) 0108 0g pie(z,2,€)| S 108p(-, )l

Also, if j <m and |3] > m+ 1 —j then
(3.4) 10202 0¢ i (2, 2, €)| < 2FIPHT=m=1/2) |52 p (. &)]|cma.

Here and in the remainder of this work the notation Ay < Bj means that there exists a constant
C > 0 independent of the scale k, or more generally the index v = (z,v, k), such that Ay < CBj.
In the following parametrix constructions py(z,z, D,) will be used to approximate the action of
p(z,x, D;) on the curvelets at scale k.
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3.1. Rigid motion parametix. We first review the construction from [3] of a parametrix,
referred to here as T4 (z, 2’), based only on the rigid motion of curvelets. The purpose of this review
is twofold. First, some of the techniques involved will be used again in the construction of the new
parametrix in section 3.2, and second we eventually wish to compare some results for this parametrix
and associated Volterra kernel to those for the new parametrix. In this interest we will also prove
regularity estimates for T1(z, 2’) in the z and 2’ variables. We will always assume that m = 1 when
we are considering T .

We begin by considering the system

d dy,
(35) D=2 = —0epr(e k) s g (5 2) = Oupr, s ) - <uk,awpk<z,yk,uk>>uk,
and
ey,
(36) W(Za z ) = ek Vg ® aa:pk(z7yka Vk) - aka(Z7yk; Vk) Q V|-

which gives the projected Hamiltonian flow associated to pi. We write
(2,2, 2,v), wve(z,2,2,v), and Ok(z,2,z,v)
for the solution of (3.5) and (3.6) with initial data
ye(Z 2 ov)y=x, w(Z, 2z, v)=v, and Ok, 2, z,v)=1d,

and refer to the map (z,v) — (yx(2, 2/, 2,v), (2,2, 2,v)) as U¥ ,. We also consider the system

(3.5) and (3.6) with py replaced by p, and introduce a corresponding map VU, ,» defined in the
analogous manner (note that since p € C! the problem is well-posed). In [19] it is shown that

(3.7) AV, . (z,v), U5 (2,v) S27F,

where d is the pseudodistance defined in appendix A.
If v = (z,v,k) is a curvelet index, then the flow out of the individual curvelet ¢., is given by

901,’}/(25 Zlvy) = @V(Gk(za Z/,SC, V)(y - yk(zv Z/,I, V)) + ZL')

If u € L?(R™), then the parametrix T1(z,2’) is defined by

(3.8) [T1(z, 2" )ul(y) = wo po(y) + > uy 014(2,7,7)

where the u, are the coeflicients of u given by the curvelet co-frame. Since it will be useful below,
we also define operators T’f/(z, z") which only give the contributions of curvelets at scale k’:

(3.9) [T} (2, ' )ul(y) = > Uy 1,(2,2',Y)-
{v=(z,v,k):k=k"}

It is proven in [3] that Ti(z,z’) is a parametrix as defined in section 2 for —1 < s < 2. To finish
this section we prove the following regularity result for T (z, 2’).

LEMMA 3.1. The operator T1(z,2") is uniformly Lipschitz in both of its arguments as a map
from H® to H*™! for any s and on any fized domain [0, 2] x [0, Z]. That is

(3.10) 1Ty (2,2") = T4(Z, )| e -1y < C1(2)]2 — 2]
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for all z, zZ, and 2’ € [0, Z], and the same estimate holds when z' is varied rather than z. Further-
more,

(3.11) ITY (2,2') = TF (2, 2) | 2,02 < C1(2) 2% |2 — 2]
and the same holds when 2’ is varied instead of z.
Proof. For vy = (z0,v°, k) the index of a curvelet, we define the change of variables
Yy @ (2,2,y) = Oz, 2, 20, V°) (y — yr(2, 2, 20, °)) + 0.

This family of maps satisfies the hypotheses of lemma A.7 relative to the FCLF given by the curvelet
frame. Therefore

(270,012, ), 01, ()}
is a FCLF, and by lemma A.2 we have for every § > 0 a constant Cj such that
(312) ‘<<P% azwl,w(za ZI7 y)>‘ S 052klu/5(:\717 qf{w(V))u

where p is the weight function introduced in appendix A. Now let us consider the infinite matrix

(3.13) cim (22, 2) = / o2 0) (910 (2 2 1) — p1(2: 2 1)) dy

which provides a representation of T(z,2") — T1(Z, 2') with respect to the curvelet frame. Also, we
have represent?tions of TV (2,2') — T¥ (2, 2') for any k' given by c]fy%(z, z,2") = c154(%, %, 2') when
k' =k, and ¥ 5,(2,2,2") = 0 otherwise. By results in [19], to prove (3.10) it is sufficient to show
that

(3'14) |Clﬁ’y(z7 z, Z/)| <Cs |Z - Z' 2k Uéﬁa \I’z,z’ (’7))
for every § > 0. Here U, ., ((z,v,k)) = (¥, . (x,v), k). First, the estimate
(315) ‘azclﬁ’}’(z’ z, Zl)' < Cﬁ2kﬂ5 (577 \I/];,z’ (’7))

is equivalent to (3.12). Second, using (3.7) we may replace ¥* , by ¥, ., in (3.15). Finally, because
¢15+(%,%,2") = 0 the mean value theorem implies (3.14), which completes the proof that T (z,z")
is Lipschitz in the z variable. Further, it follows from (3.14) that

’

|Clﬁ'y(2727 Z/)| < 05 ‘Z - 2| 2k M&(%‘I’z,z’(ﬁ’))

which implies the estimate for T’f'.
The result for the 2’ variable follows by the same proof if we begin by obtaining (3.12) where
the differentiation is with respect to 2z’ instead of z. O

REMARK 3.2. We observe that both T%(z,2') and T%(z,2') — Tk (%, 2') are families of operators
satisfying the hypotheses required for Fy in lemma B.1 with, respectively, r = 0 and r = 1 and in
the latter case with C = C1(Z) |z — Z|.

At this point we note that lemma 3.1 together with the fact that T; is a parametrix allow us to
prove a (already known, see e.g. [22]) regularity result for the solution of (1.1). Indeed, from (2.3)
we see that if m = 1, then for —1 < s < 2 and initial data uy € H?® the solution u(z,z) of (1.1) is
in C%1([0, Z]; H1).



REGULARITY IN THE CONSTRUCTION OF PROPAGATORS WITH CURVELETS 137

3.2. Parametrix with second order correction. In this section we will construct a parametrix,

Ts(z,2'), that takes into account the spreading of curvelets. The action of this parametrix will be
specified in the same way as in section 3.1 by defining an action on each curvelet individually. The
underlying motivation for the parametrix comes from an approximation to a Fourier integral op-
erator, via a phase expansion as discussed in [13], with phase function defining the propagation of
singularities for (1.1). We should note that this parametrix construction only works in the absence
of caustics (this restriction will be made more precise below). However, if there is a global minimum
time before any caustics develop, then it is possible to repeatedly apply the construction stepping
forward in sufficiently small time steps. Thus, though we do not formulate the precise statements
here, these results can also apply past caustics. When we consider Ts(z, 2’) we will always assume
that m = 2.

We begin the construction by introducing the Hamiltonian system that gives the propagation
of singularities for (1.1). In contrast to (3.5) and (3.6) the integral curves here are not projected
onto the unit co-sphere. For every (z,7) € R} x (R} \ {0}) we consider the flow given by

dyx dv

(316) dizl(zvz/’ (17,7])) = _afpk(z7ykayk> , and Tj(zvzlv (%77)) = 8xpk(zvykayk)

with initial data yx (2, 2/, (z,n)) = x, and v (2', 2, (z,1)) =n. The curves

(yk(z, Z/7 (37777))7 Vk(z’ z/a (1‘777)))

are the integral curves of the z-dependent Hamiltonian vector field given by px with initial data
(z,m). We consider the following system of equations

(317) (ya V) = (y/c(za Zlv (95777))7 Vk‘(za Zlv (%77))) :

For every k these define a mapping from (z, 2/, (z,1)) to (y,v) which is the canonical relation of the
solution operator for (1.1) if p is replaced by p. Using them to define implicit relations amongst
the various variables amounts to parametrizing this canonical relation by different subsets of the
variables.

Now we supplement the flow (3.16) with another system that gives the dependence of (y,v) on
perturbations of (x,n). This system, the Hamilton-Jacobi system associated to p, is

dWy =02, (%, Yk Vi) —O0zePk (25 Yk Vi)
1 / — §x I bl §§ ) I /
3.19 e (o) = (g Cotie ) SRS ) e )

where Wy (z,2, (x,n)) is a 2n x 2n matrix with initial data Wy (2/, 2, (z,n)) = Ida,. We split
Wi(z, 2, (z,m)) up into four n X n matrices

/ _ Wl(z7zlv(xan)) WQ(Z’Z/v(Ivn))
Wile, 7, (o) = (ivvs(z,zx ) Wi, (m») |

and then we have

%(za 7, (-757 77)) =Wi(z, Z, (z, 77))

x

We will assume that  W;(z, 2/, (x,n)) is always invertible, and so by the implicit function theorem
the equations (3.17) can be solved for z and v as a function of (z,2’,y,n) at least locally. Since
these functions depend on k we will label them as z} and 7,. We can then introduce a defining
function Sk(z, 2’,y,n) for the canonical relation defined by (3.17) given by

Sk(z7zl7yan) = <%k(27zlvyan)7n>'

We will always assume that this map 7} exists globally for z and 2z’ € [0,Z]. This is the as-
sumption that there are no caustics. We can also find formulas for the derivatives of Zx(z, 2’,y,n)
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and 7x(z,2',y,n). In the following the matrices ,W; are understood to be evaluated at the point
(Zu Z/> Ek(Z, Z/7 Y, 77)7 7])

oz,

(319) Ty(zwz/ay?n) = k?W1717
or _

(320) 07:(2;2/7%77) = —le ! kW27

oy, _
(3.21) 87;(2’ Zy,m) = e Ws Wi,
and

oy, _

(3.22) 87:(2’ 2ym) = kW —  Wa Wit W

Using the homogeneity of p; we can also prove the two following properties

(3.23) n = Wi Uz, 2, y,m),
and
(3.24) KWo kWi T =0.

Here ;CWI_T refers to the inverse of the transpose of ;W;. Finally, since S;(z,2’,y,n) is a smooth
function, using the above properties and the equality of the mixed partials of S; we have

_ 6Ik T 825k T 825k 8uk _
.2 T = _— = = = — = — 1 .
(3.25) Wy (83/) <8y877> ooy~ o Wy — 1 Wa W Wo

Thus (3.22) becomes

o _
(3.22) a—:(z7z’,y7n) =T

Finally, we can check using some of the above identities that ;W3 kal and Wy L W, are always
symmetric matrices.
Next we will introduce the phase function used to construct the action of our parametrix on

curvelets at scale k. Let v = (x0,2°, k) be the index of a curvelet. Then, for z, 2’ € [0, 7], y € R,
and 1 € R, define (motivated in part by an expansion of Sk(z,z’,y,1))

~ B . )
Sy (2,2 ym) = (T(z, 2y, 0°) ) — W@Wl L Wan,m)
1 (7 B
-3 /Z/ tr (ng W1 13§2§pk(2,yk71/;€)) dz

where the W;, yx, and vy, are the functions defined above all evaluated at the point (z, 2/, zg,%).
This will be the convention for the remainder of this work when W;, yi, or v are written without
any argument. Note that the last term in the definition only depends on z, 2’ and the curvelet index
~. Because of this we introduce the notation

1 z
Uy(z,2') = 5/ tr(kWS kW1_15§gpk(2,yk,Vk)>dZ~
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Now we define the action of an operator on the curvelet ¢, as

1

@Z,V(szlvy) = (27‘[’)” /']R eiSW(z,z ’y’n)g/dy(ﬁ) d’l]

Note that ¢y, could be written using the same formula if §7 were replaced by a simpler phase

function. Now Ty(z,2') and T (z, 2) are defined respectively by (3.8) and (3.9) with 1,y replaced
by ¢2,. In theorem 4.2 we will prove that T is a parametrix for (1.1), but for now we prove only
the following analog of lemma 3.1.

LEMMA 3.3. The results of lemma 3.1 hold with T replaced by Ty assuming that no caustics
develop in the interval [0, Z].

Proof. As one might suspect, the proof is similar to that of lemma 3.1. We first note that
i

(2m)"

(3.26) ag(pQﬁ(@ Z, y) _ /ei§~,(z,,z',3/771)8Z§7(2,v7 2, Y, 77) @7 (77) dn.

Now if we define new functions by

o~ —1i —1
(3.27) Fo (2,2 ) = e200m (s ’“W2”7">@(n),

then using (3.24) we see that {f,(z,2',-),v},er,, where I'g is the grid of indices corresponding to
the curvelet frame, is a FCLF. Further, if we write @5 ,(z, 2’,y) = Tx(2,2,y,v°), then from (3.26)
we have

(328) azSDZ,V(Zv Z/a y) = ie_i UW(Z’Z/)(I);,V(ZV Zlv ) [azgv(zv ZI? q)g,’1y<zv Zlv ')v D)fv(zv ZI7 )} (y)

where @i}y(z, 2',-) is the inverse of y — @5 (2, 2’,y). From the definition of §ﬂ, as well as identities
(3.19) and (3.25), we may calculate

3257(2, 2, @;}Y(z,z',x),n) =

(329) <a§pk(za yk(Z; Zlv Z, Vo)a Vk(za Zla z, VO))? le_T(Zv Z/a Z, VO) 77>
1 _ _ 1 _
+m<3§§pk(2,yk,%) KW T W ) — 2tr(kW3 kW1 13§gpk(z,yk,1/k)>

From this formula and using (3.4) we see that 0, gv(z, Z, @i}/(z, 2’ x),n) satisfies the hypotheses of
lemma A.6 where z and 2’ are considered as extraneous parameters. By that lemma and lemma A.7,

(3.30) {2"“82@2,%&2’71/),q)éﬁ(z,Z’w)(v)}

v€lo

is a FCLF.
Now let us introduce the matrix coefficients ¢ 54(2, %, 2") defined by (3.13) with ¢, replaced
by ¢2.~. Just as in the proof of Lemma 3.1 from (3.30) it follows that

|C2ﬁ"/(za§a ZI)‘ < C5 |Z - Z| 2]6#5(%3 (I);,'y(z’ 2/7 )(7))

for any 6 > 0. Now we can calculate using (3.19) and (3.23)

vi(z,2', (zg, 0
B )0) = (o o ) I o (3, (20, D) )

The only difference between this and @3 _ (z, 2’,-)(7) is the potential shift in the scale k by logy (|vk (2, 2/, (0, v?))|).
However the size of this shift can be bounded uniformly by a constant times Z sup,,cgn—1 [|p(-, w)||gm.1,
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and so as before we may replace ®3 _ (z,2’,-)() by ¥, ./(7). The results now follow as in the proof
of lemma 3.1. O

REMARK 3.4. From the proof of lemma 3.8, using lemma A.5, we may conclude that T(z,2")
and T%(z,2') — T(z,2') satisfy the hypotheses for Fy in lemma B.1 with respectively r = 0 and
r =1, and in the latter case C = C3(Z)|z — Z|. The constant A is related to the change in scale
log, (|vk(z, 2/, (20, 1°))|), giving the frequency localization.

4. Properties of the Volterra kernels and solutions. In this section we will prove a
number of properties of the Volterra kernels K; and K, associated, by (2.4), respectively to the
parametrices T; and T introduced in the previous section.

4.1. Regularity estimates for the Volterra kernels. We will prove two theorems which
give respectively Lipschitz and Holder regularity estimates for K; and Ks. The key distinction is
that Ko has Holder regularity as a map from H® to H*® for certain values of s, while K; only has
this type of regularity as a map from H*® to H°~¢ for some positive epsilon. Actually we will just
prove a Lipschitz estimate for K; as a map from H*® to H*~!, but using interpolation such Hélder
estimates could be found.

The first result concerns Kj.

THEOREM 4.1. For -1 <s <1
(4.1) 1K1(2,2") = Ki(Z,2') | (gesr, 10y < CH(Z)|z - %,
uniformly in 2’ € [0, Z]. An equivalent estimate holds when 2’ is varied instead of z.

Proof. To begin we make a decomposition of ((‘L—ip(z7 Y, Dy))Tl (z,2")— ((%—ip(i, Y, Dy))Tl (z,2")
into the following three pieces

(4.2) > (0. —ipk(z,y,Dy)) T (2,2') — (9= — ipe(2,y. D)) T (2, 2),
k
(4.3) iz (p(z,y, Dy) — p(2,y, Dy)) (T’f(,z7 2 — Tk (z, 2)),
k
and
(44) iz ((pk(27 Y, Dy) - pk(z Y, Du)) - (p(zv Y, Dy) - p(?, Y, Dy)))Tllc(’g’ Z/)'
k

The proof that the kernel is Lipschitz in the z variable will be complete if we can estimate the
norm of each of the previous three operators by |z — z|. To estimate (4.3) we note, referring to
remark 3.2, that T¥(z,2’) — T¥(Z, 2') satisfies the requirements of F} in lemma B.1 with » = 1 and
C =C1(2)|z—z|. Also p(z,y,&) takes the place of a(y,§) with m = 1 for fixed z, and so lemma B.1
implies the required estimate for (4.3). Similarly, lemma B.1 implies the result for (4.4) taking this
time Fj, = T¥(z,2'), r =0, m =0, and a(y, &) = p(z,y,€) — p(Z,y,&). We now continue to analyze
(4.2).
We will use the same notation as in the proof of lemma 3.1. First define

(45) @1,’)/(23 Zla y) = (82 - ipk(za Y, Dy))<)01,’y(z7 Zla y)
and consider

(46) 62:3/51,’)/(27 Z/a y) = (az - ipk?<z7 Y, Dy))azsol,’y(za 2/7 y) - 1azpk(27 Y, Dy)gol,’y(z7 Zla y)



REGULARITY IN THE CONSTRUCTION OF PROPAGATORS WITH CURVELETS 141

Applying several of the lemmas from appendix A to this formula we see that
—k ~ ! * /
{Tro.60 )0, 2 000}

is a FCLF. Here we have omitted some calculations that show the cancellation of certain terms,
but these calculations are essentially the same as some which can be found in [3], and a more
sophisticated version is given in the proof of theorem 4.2. The result for (4.2) now follows as in the
proof of lemma 3.1.

To prove the final statement about regularity in 2’ we write

Kl(z7z/) - Kl(Z,f) :Z(az - ipk(z7y’Dy))(T]f(Z’Z/) - TIIC(Z’E))
k

— 1) (pr(2,9, Dy) = p(z,y, Dy) (T (2, 2') — Th(2,%)).
k

The required estimate for the first term in the sum above follows just as the estimate for (4.2), while
the second term is estimated in the same way as (4.3). O

The following theorem regarding regularity of Ko is the main technical result of this paper.
THEOREM 4.2. For —3/2 < s < 3, Ky(z,2') : H*=Y/%2 — H* continuously. If —1 < s < 2 then
(4.7) 1Ka(2,2') — Ka(2,2') || (e 1oy < C3(Z) |2 — 2|2,
uniformly in 2’ € [0, Z]. An equivalent estimate holds if we vary z' instead of z.

REMARK 4.3. Note that the first statement of the theorem shows that Ko is a parametriz for
-3/2<s<3.

Proof. First assume that —3/2 < s < 3. We begin as before by splitting Ko into smooth and
rough parts:

Z(az - ipk(zaya Dy))Tg +1 Z(pk(zaya Dy) 7p(zaya Dy))Tg
k k

For the rough part (the second summand above) we use the fact that T% satisfies the requirements
of lemma B.1 with » = 0, and so the required estimates follow by applying the lemma with m = 2.
Now we continue to analyze the smooth part given by the first summand.

We use the same notation as in the proof of lemma 3.3, and begin with formulas (3.28) and
(3.29). Indeed, by (3.29) we have

azgfy(zv Zlvq)g,}/(z»zlal')v D)f'y

= —i<85pk(z,yk(z,z’7x, I/O)a Vk(zv Z/,.’E, VO))v kaT(Zv Z/a Z, VO) a:cf’y>

1 B _ 1
~3 (tr(kVVl 13§§pk(zvykaVk)kW1 g {@0 D) 3§mfv} )

)

+tr (kWB kWi Oepi (2, Yk, Vk)f’v)) :

Combined with (3.28) this gives a formula for 0,¢2 (2, 7', y).
Next let us analyze ipi(z,y, Dy) ¢2.~(2,2',y). Since

@2,7(272”/72/) = e_iU’Y(z’Z )[(I)g,'y(za Zl7 ')f’\/(27 Z/7 )](9)7
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we may begin by applying the calculus of ¥DOs (see in particular [17, Theorem 18.1.17]) as well a
generalization of [13, Lemma 3.1] to obtain the formula

pk(z’ Y, Dy) @2,7(27 Z/’ y) =e UW(Z,ZI)CI);,V(% Z/a ')[97(27 Z/’ )](y)
where

97(27 Zlax) = (pk(za (1)27,’1)/(27 Z/>x)7dq)g,'y(27 Z/> @27’,1)/(2’, Z/, l‘)) D)

1 _
5t (kWS kWi 02epi (2, Uk, Vk)fw) + ar(z, Z'>I7D))fw

and the ay(z, 2’, z,n) result from the remainder terms of the DO calculus and the application of
the lemma. The symbols ay are such that both

{2k/2ak(zaz/ava)f’Y(zvz/v')7’)/}’761_‘0 and {27’6/282046(2;Z/,va)f’Y(szlv')a’y}’yEFo

are families of curvelet like functions. This follows from analysis of these remainders and size
estimates of W7 and its derivatives. By lemmas A.8 and A.4 if

Gy = 19k/20=1U5(2,2") (8z§’y(z’zl7 @Z}Y(z’ 2, 2),D)f, — g’y)

(4.8) . ’
=i2F/2e7 1 (=20 (2, 2, D)f,
then
(4.9) {‘I’En(z, 2 )Gy (2,20), @5 (2,2, ')(7)}761,0

is a FCLF. Combining all the previous calculations we see that 2¥/2(9, —ipk (2, y, D))~ (2, 2, y) =
(@3, (2,2',:)94(2,2,)](y), and we finally conclude that

(4.10) {220 = ipe(e,9. D))o (22 ), @5 (22 ) () |

is a FCLF. The first statement of the theorem now follows as in previous proofs.
To prove (4.7) we combine the result already obtained for the continuity of Ka(z, z’) with the
following estimate which we will show holds for —3/2 < s < 2.

ci(2))?
2

v€To

(4.11) Kol ) — Kol oo <

|2 — 2]

for a constant C41(Z) > 0. Indeed, if we establish (4.11) then (4.7) follows by interpolation and

the triangle inequality. The proof of (4.11) is the same as the proof of theorem 4.1. First we

split Ka(z,2') — Ka(Z, 2') into (4.2), (4.3), (4.4) with T¥ replaced by T% wherever it appears. The

estimates for the two rough parts, (4.3) and (4.4), follow just as before except that now m = 2 and

1 in the respective applications of lemma B.1. Finally, we analyze the part corresponding to (4.2).
The object is to show that

(4.12) {2_k/28z(8z —ipr(z,4,D))p2(2, 2, y), q)zﬁ(z, 2, )("/)}

is a FCLF from which (4.11) follows as in the previous proofs. To do this, we calculate using the
results from above

27k/2az (az - ipk(za Y, D))@Q,’y(za Zlv y) = 27]6 (85 i);,'y(zv Zla ))E»\/(Z, 2/7 )

v€To

+<I>;,7<z,z',-)<az§7<z,zx->>} ).

The first term on the right hand side gives a FCLF by lemma A.7, and we can see that the second
term also gives a FCLF by analyzing the derivative of the second line of (4.8). This completes the
proof of (4.12) and also the proof of the Holder regularity in z. To prove regularity in z’ we begin
with the same expression as (4.12) with the first 9, replaced by 9,/ and apply a similar analysis. O
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4.2. Estimates of the iterated Volterra kernel and solution. Now that we have estab-
lished our central technical results in the previous two sections, we apply them to the solution of
the Volterra equation, and by extension the full solution of (1.1). Assume that we have a Volterra
kernel K(z, ') with the following properties. There exist 7, s, o, C(Z), C*(Z) € R with r > 0,
1>a>0,and C(Z), CH(Z) > 0 such that

(4.13) K(z,2'): H® — H® uniformly for z, 2’ € [0, Z] with constant C(Z),

(4.14) 1K (2, 2") = K (2,2l (ars, 1oy < CH(Z)(|2 = 2| + |2 = Z'|%)

for all z, 2/, z, and Z’ € [0, Z]. Note that the Volterra kernel associated to any parametrix satisfies
(4.13), K; from section 3.1 satisfies (4.14) with certain values of s, r =1, and @ = 1, and K» from
section 3.2 satisfies (4.14) with certain values of s, » = 0, and @ = 1/2. Thus all the estimates of
this section applied to either K; or Ko may be considered as corollaries of theorems 4.1 and 4.2.
We first consider the iterated Volterra kernel K™ given by (3.1). The following estimate is
proven by applying (4.14) to the definition of the iterated kernel and using an inductive argument.

(4.15) 1K™ (2) — K™(2)|| sre.7—r) < [C(@2)y ()| - 2.

We next consider the resolvent R(z) defined in section 2 corresponding to K(z,2’). By summing
up (4.15) we obtain the following.

(4.16) IR(2) — R(Z)|| (s prs-r) < 29D CH (2) |2 - 2],

Now, for ug € H", let g(z,2) = [R(2)uo](xz) be the solution of the Volterra equation (2.5). A
straightforward application of (4.16) then immediately implies that

(4.17) lg(z,) = 9(2, Mo < *CDCH(Z) |2 = 2| |luo]| -

This, together with the comments above, shows that if 0 < s < 2 and g1 (z, x) is the solution of (2.5)
using K; with initial data ug € H?, then g; € C%1([0, Z]; H*71). If —1 < s < 2 and ga(z, x) is the
solution of (2.5) using Ky with initial data ug € H®, then g, € C%/2([0, Z]; H®).

5. Approximation by semi-discretization. In this section we discretize the Volterra equa-
tion (2.5) with respect to the z variable. To accomplish this we use the repeated trapezoid rule to
approximate the integral, and it is here that the regularity estimates from the previous section will
play a key role. Using these estimates we have certain error bounds for the quadrature scheme which
allow us to prove in turn convergence of a resulting approximation of the solution to the Volterra
equation.

5.1. Quadrature scheme. To produce a numeric algorithm to solve the Volterra equation
(2.5) we first introduce a quadrature scheme for the integration involved there. Given that the
Volterra kernel and solution have Holder regularity and in general no better, a natural choice of
scheme is the trapezoid rule defined as follows.

For every N € N we introduce a partition PV = {z{¥, 28V, ..., 2¥} of the interval [0, Z]. That
is, we chose the z¥ so that 0 = z¥ < 2V < ... <z = Z. We then define h; = z¥ — 2V |, and the
weights

N N
Mt jfo<j<i<N,
if j=4>0,
if j=0and >0,

(5.1) w =

SENT:S
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and otherwise wf}-’ = 0. Also let hy = sup;e;, . nyhi'. If B is any Banach space and f : [0,Z] — B
is continuous, then the repeated trapezoid rule is given by

(5.2) /0 fl2)dz =Y wl f(z)) + BN (f).
j=0

We are thinking of the sum in the previous expression as an approximation to the integral and
EN(f) as an error term which should approach zero as N — oo. Indeed, we have in general the
following estimates

(5.3) IEN (Nlls < =Y (hn)™ L5,.,(f)
where
o _ If(z) — f(Z)lls
”E/ﬂ[on]<f) a z,ZE[OS,E{I\])]:z#Z ‘Z - §|a .

The cases that are relevant here are when f(z') = K, (2;,2")g(2’, ) : [0, 2;] = H® where m =1 or 2
and s is in the allowed range depending on m.

5.2. Semi-discrete Volterra equation. We now introduce the semi-discrete Volterra equa-
tion. If K is the Volterra kernel associated to a parametrix, as defined in section 2, then we will
write KJY := K(2}, 2)V). Also we define

N NieN
Aij = w;; K,

where w;; are the weights given in (5.1). Thus AY is a (N + 1) x (N + 1) matrix with entries in the

space of continuous linear operators from H?® to H®. The semi-discrete Volterra equation is then

(5.4) g =KJug+ > AN gY forallic{0,.., N}
j=0

We assume that ug € H®. If hy < 2 then, since A;; = h;Id/2 for ¢ > 0, and Agg = 0, we see that this
equation has a unique solution in (H*)V*+!. This method of approximating g, using (5.4), is known
as direct quadrature. The next proposition establishes how well the solution of (5.4) approximates
the solution of the Volterra equation.

PROPOSITION 5.1. Suppose that the Volterra kernel K(z,2') satisfies (4.13) and (4.14) for
some values of the parameters, and for given ug € H® let g(z,x) € L*°([0, Z], H®) be the solution of
(2.5) and g™ € (H*)N*L be the solution of (5.4). Assume also that K(z,2') extends to a uniformly
continuous map from H®~" to H®~" with the same constant C(Z) and that hy < 1. Then

(Z-l—M

- ciz «
(5.5) subic o, ... wll9Cz ) — g Olze—r < 2eFHTFR)COCH 2y 1 g | 1

Proof. We first note that by (2.7), (4.14), and (4.17)

(5.6) K (=, 2")g(=' ) = K(2Y,2)g(Z, e < 267D CH(Z)]2" — 2| Juo| 11+

7
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for all 4, 2/, and z’. We will write d¥ (z) = g(2",x) — g" (z). Then (2.5) and (5.4) imply

N i

a¥w) = | [ KGN gl ds — S ATg )
0 =
(5.7) +) (AN (92N ) = g ()]()
j=0
= EN([K(z;,2) Z [ANdY ()]

Using now (5.3) with B = H*~" and (5.6) we have

1d || o < 267D CH(Z) Y |luol - + C(Z Zw 15 | s

eZCDCH (7Y he: lug ||

<2 ( ) NH OH Z”dNHH“ .
1= hy/2 h /2

A discrete Gronwall-type inequality (see [6, section 1.5.3]) now implies that

NhyC(Z)
1N || ro=r < 4ZCOCH (Z2) W |Juo| e w72 .

This completes the proof.
d

If hy =~ 1/N, as would be the case if the partition P is evenly spaced, then proposition 5.1 implies
that |lg(zi,-) — gN ()|lgr—s =~ (1/N)* as N — oo. The proposition also reveals the key difference
between the parametrices T; and Ts and corresponding Volterra kernels K; and K,. For Ky we
only have the Holder estimates (4.14) in the case where r > 0, and so we can only estimate the
error incurred as a result of the discretization in a norm which is rougher than that of the space
where the initial data ug lies. However, for Ko we can take r = 0 and obtain an error estimate with
respect to the original norm.

6. Concentration of sets of wave packets. In this section we assume that the initial data,
ug, has a representation in the curvelet frame that is concentrated near a finite set of curvelet indices
Ty, and then study how much the curvelet coefficients for the solution of (1.1) spread away from
U, 0(To) as z increases. The motivation for this study is to apply the results to prove convergence
of a numeric scheme to solve (1.1) using only a finite set of curvelets.

Following [3], we first introduce the following weighted spaces.

DEFINITION 6.1. Let Ty be a finite set of curvelet indices. We define the space Hlf(’)o‘ by the
norm

17z, = 1ol + D2 2 mmin {2705 (3:90)) " } £
v

Yo€lo
where v = (z,v,k), and f, are the coefficients of f with respect to the curvelet frame.

In this definition, o corresponds to the Sobolev space regularity of f while o gives the degree to
which the curvelet coefficients of f are concentrated near I'yg. A useful estimate is the following

(6.1) g = ol + i 37 25 (2m 5 G 00))" £ |
v
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The constants relating the two sides can be found based on the “radius” of the set I'g (under a
proper interpretation of the radius).

Estimates in terms of the H{ZD“ norm allow us to easily estimate how well a given function is
approximated by a finite set of curvelets. Indeed, given a finite set of curvelet indices I'y C I' let I
be the set of all indices y that are indices of curvelets in the curvelet frame, and such that

min 27 3 50) < 7
Yo€l'0

Then define AT, to be the operator given

AL f = fopo+ Y frpn-

RIS

If fe Hgoa it is then straight forward to check that f € H? and
(6.2) 1f = Arg fllae < min(r=, | f[ g

This inequality will be useful below when we estimate the error incurred by solving the Volterra
equation with only a finite number of curvelets. However, to accomplish this goal we will first
require the following lemma.

LEMMA 6.2. Let 0 < a < 2 || < 271 withm =1 (p € CY*SY) or2 (p € C*1SY). It
holds true that
(6.3) 1K (2, 2z mze

2,00)’ ‘I’z,o(l‘o))

< Ck(2)
uniformly in z, 7' € [0, Z].
Proof. Let ¢p vy (2,2") and €, 44/ (2, 2") be respectively matrices of the operators

Z(az —ipk(Z’Z/:Dy))Tfn(szl) and Tm(zvzl)
k

with respect to the curvelet frame. Then by results in sections 3 and 4 as well as [19, Lemma 2.2]
we have the estimates

Cm,yy’ (Za Zl) S Qk(l_m)/QulS (% Y (7/))7 and Em,'w’ (Z, Z/) N (77 U, o (7/))

for any ¢ > 0. Also, by [3, Theorem 5.5] (or, more accurately, using a portion of the proof of that
theorem) and (6.1) we have the estimates

—_ o,x < o,

|(01(2:9: Dy) = 2l D) erlige S lllge,

(r (To)

< 2ka' min { 2max(k,kg)a : O’}
~ Y0€Y2,0(To) ( ¢ ’YO))

for @ and o within the ranges specified in the hypotheses and where ¢, is a curvelet at scale k.
Making the same decomposition as in the proof of theorem 4.2 we have

1Kz ) g %

2,0(T0)

< Z Z 2ko’ min { (Qmax(kvko)g(fy; 'yo))a} Cm,’y'y’ (Z7 Z/) ‘fy’ |
v

Y0€Y o(To)

2
+Z Z 2k min {(2lrlax(k’k°)d(%70))a}Em,w’(zaz/)|fv’|> .
k

Vvl Y0€Y:,0(To)
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Now we apply the estimate

(2T 0 30)” S (27 ()
. (2max(k’7ko)8(\llz,0 (,70); \11272/ (7/)))

which together with the bounds from above on the matrix coefficients ¢y, v and ¢, 4, gives for

any § > 0
)2

[0

z,O(FO)

Y0 €Y 0(T0)

e & (ZM(WO?WZ’Z'W)) ‘2k,a(2max(k,’k0)a(%; V. (V)))" fy
vy %

Finally, [19, Lemmas 2.1, 2.2, 2.4] imply with the last inequality and (6.1) that

! 2 < 2
1K (2, 2 )f”Hgv:O(FO) N ||f||H$':70(FO).

This completes the proof. O

The lemma also yields estimates for the resolvents:

(6.4) 1Ron(2) sz, 25

z,o(f‘o))

S CR,m(Z)
uniformly for z € [0, Z].

With the previous result we may now prove an error estimate that relates the solution of the
fully discrete Volterra equation (ie. the semi-discrete equation from the previous section truncated
to a finite set of curvelets) to the true Volterra solution. We begin by modifying the semi-discrete
Volterra equation to become fully discrete. Using the same notation as in section 5.2, for any given
r > 0 and finite set of indices 'y let

Aij = Wi A\I/ZN O(FO)KU

The fully discrete Volterra equation is then (compare with (5.4))

(6.5) @N = AT\IIZN,O(FO)KiO up + Z Aij EJN

=0

Note that for every i and N the solution g¥ of (6.5) is a linear combination of the curvelets
corresponding to the indices WZN’O(FO)T. Now we present the result, which is a sort of extension of
proposition 5.1.

COROLLARY 6.3. Let ug be a linear combination of curvelets with indices in the finite set I'y.
Suppose that g(z,x) is the solution of (2.5) corresponding to Ka, and that g~ is the corresponding
solution of (6.5). Then for any |s| <1/2 and 0 < o < 3/2 we have the estimate

sup  Nlg(=N, ) — gVl < C(Z) (hy? + min(r=*, 1)) o] -
i€{0,...,N}

Proof. The proof is largely the same as the proof of proposition 5.1. The primary difference is
that in (5.7) d}¥(z) = g(z, ) — g} (x) replaces d} (x), A} replaces A in the sum on the second
line, and there appear the extra terms

S IAN - ANg(=N )| < min(r~*,1) Z C2(Z) Cra(Z) ||uol|a-

j=0 Hs
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and

[Kaowo = &%, ) Kio ol < min(r=2,1) Ca(2)fuol -

These estimates use the result of lemma 6.2, (6.2), and (6.4) as well as the continuity of Ks. Inserting
these into the proof of proposition 5.1 yields the proof of the corollary. O

This last corollary establishes the possibility of approximating the solution of the Volterra
equation using only curvelets that lie within a certain distance of the Hamiltonian flow corresponding
to the finite number of initial curvelets. We note additionally that the estimates lend themselves well
to a “step-by-step” approach to solving the fully discrete Volterra equation (6.5). Given a choice of
step size in the quadrature, and a choice for r, at each time step we compute only those curvelet
coefficients corresponding to indices in ¥ N o(To)". This means, loosely speaking, that we only
consider those curvelets lying within r of the original curvelets ﬂowed forward to time z;. Further,
we point out that the approximate solution of (1.1) provided by the fully discrete Volterra equation
will consist of a sum of terms each being a composition of some number of operators of the form
Ks (2, 2) or To(2),2Y). The computation of these compositions, reserved for future work, will
be accomplished via a separated representation similar to that used in the proofs of theorems 4.1
and 4.2.

Appendix A. Curvelet like functions.

In this appendix we develop some technical machinery which we use to analyze the various
operators defined in terms of the curvelet frame. In the main text, we use a curvelet frame based
on parabolic scaling as defined, for example, in either [3] or [19]. Our notation for curvelets and the
curvelet frame matches that of [3]. In particular, we use the notation I' = R” x S"~! x R and refer
to I' as the set of “curvelet indices.” Also d is the pseudodistance on R™ x S"~! introduced in [19,
Definition 2.1]

(A1) d(z,v;2' V) = |(v,x — )|+ |(V, 2 — 2')| + min{|z — 2’|, |z — 2"]*} + |v — V|*.
If v = (z,v,k) and v/ = (2/,V/, k') €T, let
(A.2) d(y; ') =27 ™) L gz, vial V).
The weight function us(y,7’) is given by
13(7,7') = (L [k — k|?) 27 eI = klg (b min() g 1) =(049),

This weight function is different from, but equivalent to that introduced in [18]. We also use both
notations j? and ZF{f} for the Fourier transform of f depending on the aesthetic demands of the
individual situation.

We now begin to introduce more general classes of functions that behave in many ways like
those which make up the curvelet frame. For k € R we will denote by C} the cylinder
(A.3) Cy, = [2871, 2" x Bl C R™
where IB%;L,:/; is the n — 1 dimensional ball of radius 2¥/2 centered at the origin. The term “dyadic
parabolic scaling” refers to the relative proportions of these cylinders which scale like 2* in the
direction of e, and 2¥/2 in the perpendicular directions. Given v € S"~! let ©,, € O(n) represent
any rotation that maps e; into v, and define

Cuir=0,Cy.

Naturally C, 1 is independent of the specific rotation that is chosen. Also, we write py = |Ci| ~
2k(n+1)/2  The families of functions are now defined as follows.
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DEFINITION A.1. A subset F C S(R™) x I' is a family of curvelet like functions (FCLF)
if the following conditions are met.
1. For every j € N, a € N*, and N € N, there exists a constant Cj o n > 0 such that the
following estimates hold for all (f,(z,v,k)) € F

P (0, 0e) 102 (=9 F(6))| < O w2 * 05 (14 27421 - 0, ) .

2. There exists a constant C' € R (possibly less than zero) such that for all (f,(z,v,k)) € F,
kE>C.

When we have a family of curvelet like functions, F, we use the notation nr : F — I' for the map
projecting F onto the set of curvelet indices, and 7, m,, 7 for the respective projections onto
components of the curvelet indices. Also, 75 : F — S(R™) is the projection onto S(R™). When
there is only one family of curvelet like functions we will usually write v = (z, v, k) for the curvelet
index of arbitrary functions in the family.

Though we will not formulate the result precisely, we also remark that families of curvelet like
functions may be added together (ie. adding functions corresponding to the same index) to produce
a new family of curvelet like functions. This fact, which follows immediately from the definition,
will be used extensively.

Curvelet frames with parabolic scaling give families of curvelet like functions if we remove the
element of the frame whose Fourier transform covers the origin (ie. the zero frequency curvelet).
The motivation for considering these families is that they are more or less preserved under most
of the operations that we would like to perform on curvelets. In the following series of lemmas we
will show precisely what this means, and in essence establish a calculus for families of curvelet like
functions.

LEMMA A.2. Suppose that F and G are two families of curvelet like functions. Then for every
& > 0 there exists a constant Cs such that for every f € F and g € G

’<7T3(f),71'3(g)>‘ < Cs ps(mr(f), mr(g))-

Proof. We first prove the result for the case when one of the families is given by a curvelet
frame. Then we represent the functions in each of two families with respect to this curvelet frame
and apply a slight generalization of [18, lemma 2.5] to the case when the v and vy need not be in
the grid corresponding to the curvelet frame. O

We next study what happens when we take derivatives of curvelet like functions.
LEMMA A.3. Suppose that F is a family of curvelet like functions. Then

{17} {@wy-2 1)}

are also families of curvelet like functions. Furthermore, if we are given a map v, : F — S"~1 such
that {vy (f,7),v) =0 for every (f,~) € F, then

(fer (fmer

{@ 20,7, 19)}

(freF

and

{(2’“/2<1u(f, ),y — ) f, v)}(

FYEF
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are both families of curvelet like functions.
Proof. For (f,~) € F we have

-~

“FF{1.0,) F}(&) =278 n.) (&),
Combined with the inequality

275 |(1, )] < 2(1+27F/2||¢ — o))

this gives the first assertion of the lemma.
Next we have

-~

#{wy-a)f} = w.Df),

which easily implies the second assertion.
The third and fourth assertions follow in the same way if we use also the inequality

2752 (v (f,7), ) < (L+ 272 = Cupll)

which holds for any v, satisfying the hypotheses. O

We next study how curvelet like functions change under pull-back by a change of coordinates.
Suppose that ¢ : R®" — R" is a diffeomorphism. First recall that the pull-back of a function
f € S(R™) is given by the composition ®*(f)(z) = f(®(x)). We define the pull-back of a curvelet
index v = (z,v, k) by

(1) = (27 (@), (A2 (@)v)/|dD” (2)v, k + logy(|aDT (w)v])).
Note that since @ is a diffeomorphism, the map ®* : I' — I' is invertible.

LEMMA A.4. Suppose that F is a family of curvelet like functions, and that {®4}yecqp () is a
family of diffeomorphisms on R™ satisfying

||8§‘<I>7_1|| <Cy for0<|al <2, and ||8§‘<I>;1H < 2K1al=272¢ - for 2 < |al.
Then
o o
{@wem)

is a family of curvelet like functions. Note that ®3(f) is the pull-back of the function f, while ® ()
is the pull-back of the curvelet index ~y.
Proof. Let (f,~v) € F. By the Fourier inversion formula we have the following formula

. (o1 o J+|a|p = z
P00 (T OB @) = T J[ el mmnmimeto)

(07 (2) - y>f (@;1<x> )" (p/% Fin)) ddy.

where k' € R and v/ € S*~! are the respective components of the pull-back ®* (7). Note that this
should be interpreted as an iterated integral with the integration done first in 1 and then in y.
Making the change ¥ = ®,(y) — « in the second integral gives

o2 2e) 0 (% 1@)@@(5))

IJ—"_‘Otl,Ol/2 (z (T+z “Hzx - -1/~ j
= G [ [ ) 0 - 05+

( ; (z) — @] ($+x))a( Vel I )) |det(dizzi§+ )|
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By Taylor’s theorem we may write

O T +2)" — L (2)" = do (@) 7P + U, (T, @

74 7P
~ T

Jpa
using the summation convention. Here {Ivln, is a smooth array of functions that can all be simulta-
neously bounded in C! in terms of bounds on the derivatives of o L up to order [ 4+ 2. We will also

write ®(Z, z)r = det (z); + \I/V(f, z)p, ©?. With this notation

P> 00 (ei@f(m)@q?if(s))

1/2

- (Mﬁz [[elEn-@ema) 4 G, 2.y
(2 @02) (o ) s

(— i)-ﬂll/z i((Zn)— (D (F,2)T -
= e [[ élem-enza) (101w 0,)
k

+ (v 22, )j (%:.900)" (5“7 0) a7

After several more rounds of integration by parts, for any M and N this last expression equals

NG 1/2 _ . M
' PR / / BEDT9) (1452742 (07, - 0:((8,(7,2) 7,6)))
AN (1) 8,) + VU (F, )T, 02 A N o
<<u 77 () ) V~ z(:c xqu mﬂh) (1 2:%772) (@W(i,x)&])
(142752 |ln — 95((®,(F, 2) 7, £)) 7)™ \1+2*[]
) 1/2 i(z,n) 7 dndf
(pk e f(”)) |det(dD-, (T + ))]|’

which may now be interpreted as an integral over R?". Using definition A.1 and the hypotheses on
®,, the integrand in the previous formula can be bounded for any N by an expression of the form

C 2 RIS (14 2782y — O )N (1 4+ 2782l — 05((®4 (7, 2)F, €)|)
(12832

for some positive C. Therefore, if M > N + n then

TH@).6) g —h(+1g! - -
pil (0 o (o “v%yf(g))\sz KO sup ({14272 — Gl
n,z’ ER™

(1427572 = 0p((®, (3, 2)7. ) /20 )V }
S 2O L4+ 2742 ¢ — doT (@) Cunl) Y
< 2RI (1 4 2R — Gy )N
This is the required estimate and completes the proof. O

The next lemma says that we may decompose curvelet like functions into two pieces one of
which is compactly supported and the other which decays very quickly with the scale k.
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LEMMA A.5. If F is a family of curvelet like functions, then for every e > 0 it is possible to
find a family of curvelet like functions G and a map, Tg : F — G such that
1. T © Tg =T7r
2. For every (g,7) € G, if £ € supp(g), then

(12— < ¢l <24@+6) and 25(1/2-) < ()] < 22 +0).

3. For every m € R,

{@™(f = s 0 To(£.1).7) }

(fmer

is a family of curvelet like functions.
Proof. We begin by choosing a cut-off function x € C2° supported within € of the set 4; =
{27 < ¢ < 23N {27 < |{1,€)| < 2} and equal to 1 within €/2 of this set. We construct x so

that it is symmetric with respect to rotations that preserve v. Also, we set x%(&) = x(27%¢). The
first task is to show that

G ={xu(D)f7}

(fmer

is a family of curvelet like functions which will then satisfy requirement 2. For (f,v) € F we have

/2 (1, 0e)7 08 PO [\ (D) F1(€) = (v, 06)7 0 (o 2™ x4 (€) F(€))

and it follows from this expression and the Liebniz rule that G is a family of curvelet like functions.
It now remains to show that for any m,

H= {2 (1 - (D) f7 ]

(ferxr

is a family of curvelet like functions. Once again for (f,v) € F, we have using definition A.1 that
for any V

o~

(0,868 (2@ (1 — 1, (€)) F(£))

(g lal _ _ _ om
< 2R (1 4 27K — Oy ul) N2 S (1+27F2)|g = Oy )2
ety S0

o2 (1,061 0¢ 9 [(1 - (D)) /] <£>] -

S 2RO E (14 272 ¢ = Oy )N 2T

This completes the proof. O

Now we begin to examine the action of pseudodifferential operators on families of curvelet like
functions.

LEMMA A.6. Suppose that F is a family of curvelet like functions, and that {p,(y,&)}yenr(F)
is a collection of smooth functions on R™ x (R™\ {0}) such that for some m € R, any multi-indices
o and B, and any nonnegative integer j there is a constant Cy g.; so that

181

10508p+ (y,€)| < Cap 287 (1 + eyl

for all (y,&). Then

{(Tkmpv(y, D)/, 7)}

(fer
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s a family of curvelet like functions.

Proof. We begin by choosing a family G as in lemma A.5 with some small value of € > 0. The
following calculation then applies when (h,v) equals either Tg(f,~) or (f — 7s o Tg(f,7), 7).

Pk/2 (v, 65>j8°‘ei<f”’§>f{p7(y, D) h}(g)
(n—&y—x) 1/2 1 z,m) A
e [ e 0,7 35 ) (2 ) iy
e in—&y) J o 1/2 iz 7
(271—)n //e (v, 0n)? O py(y + ,m) (Pk e h(n)) dndy
- ! //eiw—f,w (1 —12"“/2<n—§,0y>)M<1—mr>N
() 22— ) \Tv 2P

(v, 0y) 05 oy + wm) (e R(n) ) dn dy.

In the case when (h,~v) = Tg(f,~), by taking M sufficiently large this integral may be bounded by
the required estimate since on the support of A

|858 1/ P > ( ta 77)| 5 2k(m—j-|a|+%)
and
(L4 27F2|lp — ¢ A+ 2772l — Cupl)™E < (1L +2772|¢ — Oy i)

For the case when (h,v) = (f —7s o Tg(f,7),7), we use the fact that 28" (f — 750 Tg(f,v)) gives a
family of curvelet like functions for any m. Therefore the integral in this case may be bounded by
a constant times

27K (14272 — Coull) N

for any m. This proves the result. O

The next lemma examines the case of lemma A.4 when the diffeomorphisms depend on a pa-
rameter.

LEMMA A.7. Suppose that F is a family of curvelet like functions, and that {®}ycqp(F) is a
smooth family of functions from [z0, Z] x R™ to R™ such that

{@4(2, ) e, (7)

satisfies the hypotheses of lemma A.4 for every fixed z with the constants in the estimates uniform
with respect to z, and

|

10, 0. @+ (2,y)| < C, 2=,
Then

{2 *o.001 ()0, 23() }

is a family of curvelet like functions.
Proof. Let (f,7) € F. Then, as in the proof of lemma A.4 we use the Fourier inversion formula
to establish that

(f)er

0:[0 (2, ) f] (@0 (9,.8. (2,y),) f€)de

[3 ®y (2,05 1(27-))75y>f](y)
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The collection of functions {<8Z<I>,y(z, <I>,;1(z,y)),£>},ye ) satisfy the hypotheses of lemma A.6
Ty

with m = 1, and so that lemma and lemma A.4 imply the result. O

The next lemma gives an explicit expression for the leading order terms of the action of a suitable
family of pseudodifferential operators with principal symbols that are homogeneous of degree 1 on a
family of curvelet like functions. For every v € 7, (F) we use the notation P, for the matrix which
gives orthogonal projection onto the space perpendicular to v.

LEMMA A.8. Suppose that F is a family of curvelet like functions, and that {p,}yex.(F) i5 @
collection of functions that satisfy the hypotheses of lemma A.6 with m = 1, and are such that every
-, is positive homogeneous in & of degree 1 on {2672 < |(€,v)|} where C is the constant from part
2 of definition A.1. Also, let ¢p(t) € C(R) be a function that is equal to zero when [t| < 2°~3 and
equal to 1 when [t| > 272, If for every (f,7) € F we define

g =22 (pw(y, D)f - ((f%py(y, v),Df) + %tr (351%(937 V)WDQJ“> )

then

{ (9:7) }<m>ef

s a family of curvelet like functions.

Proof. First, applying both lemma A.5 and lemma A.6 we may assume without loss of generality
that every (f,~) € F satisfies part 2 of lemma A.5 for some small value of € > 0.

Next we make the following expansion of p., which holds for £ € supp(f) and follows using the
homogeneity assumption.

1 & agr
(A4) P (0,6) = Oep (0:).€) + 5 D 30 (a0 o

<€’ l/> + R’Y(ya 5)

q,r=1

where

R =5 Y ( / ag’wgspw(y,<§,u>u+tPV£>dt> (P& (RLEY (PLE)°
(e E)

n—1 1
1 ’ ’
SR D3t o t(y — T dt | (z—y)?
+2 ( 0 YT e p7<x+ (y J’,‘)’IJ) Vyp Vg ) (.T y) <€71/>

r,s=1

We write (R!)qrs(y,€) and (R2),s(y) respectively for the two arrays of functions given by the
integrals in the previous formula. From the hypotheses and the fact that every (f,v) € F satisfies
part 2 of lemma A.5 we see that each of these functions satisfies the hypotheses of lemma A.6 with

o~

respectively m = —2 and m = 0 for ¢ restricted to supp(f). Therefore by A.3

{22(R, (. D) 1.7}

(frmer

is a family of curvelet like functions. From (A.4) we observe that

9=2"2[R,(y. D)f],

and so the proof is complete. O
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Appendix B. Lemma for paradifferential estimates.

In this appendix we will state and prove the lemma used to deal with the “rough” parts of
the Volterra kernels. The lemma is an extension of lemma 13 in [7] to a broader class than just
multipliers. The idea of expanding homogeneous symbols using spherical harmonics is suggested in
exercise 13.9.6 of [23].

Let a(x,&) € C™1ST(R™) be homogeneous of order 1 in &, and let aj be obtained by (3.1)
applied to a instead of p. Also, let 8 € C§°(R™) be a function such that 0 < 8 < 1, supp(8) C {1/2 <

€| < 2} for some [y € Z*, and constructed so that 8y(¢) + . B(27kF1¢) = 1 for another function
k=1

Bo € C§°(R™) with support contained in the unit ball. For convenience we define 3;,(&) = B(27++1¢)
for k > 1 (ie. so that {8k} provides a Littlewood-Paley partition of unity). Assume that F} is a
family of operators on L?(R™) satisfying estimates of the form

(B.1) ||FkuHL2(Rn) < CriHBk(D)uHLz(Rn).

We will further assume that each Fj, is frequency localized at the scale A 2* for some constant A in
the sense that (1 — 8x(D/A))F) = Ry, where Ry, : H® — H? is continuous uniform in % for any s’
and s.

LEMMA B.1. If s and s’ € R are such that

27“—m+1< ,

s<m+1l,r—-m<s —s,r—m<s, and 5 <s —s,

then there is an N € N such that for any u € H¥ (R")

H (Z (a(y, D) — ax(y, D)) Fk) u
k

The constant C in this estimate is the same as the constant in (B.1), and C' is a modulus of
continuity for Ry : H® — H?® that is independent of k.

SE+C) > sw |9galw)llcm full e
e laj<2N @ES™T

Proof. For ease of notation we will write fi(y,&) = a(y,€&) — ax(y, &) and now record a few
properties of fg. First, from the homogeneity of a it is still true that fi is homogeneous of degree
1in £ Second, because aj is obtained by a low pass filter in y from a, fi(n,&) = f;(n,§) for
|n| > 2max(k.7)/2 Finally, the estimates

(B.2) 0508 fi(y, ©) S 27HmH1=1BD/2) 92 a (-, )| cma

for || < m + 1 follow from (3.2).

The first step of the proof will be to decompose fx(y, D) in terms of a sum of multiplication and
convolution operators by using spherical harmonics in the phase space. Indeed, let {w,} denote the
set of eigenfunctions of Agn—1, with the eigenvalue of w, denoted by A, which form an orthonormal
basis for L?(S™). By the homogeneity of f; in & we have

Fe@,©) = €D frn () wa(&/1€])

where

fk?ﬁ(y) = - fk(y7w)wr€(w) dw.
By Green’s formula we have for any N € N

o= [ Aooadow@ids = [ Q55 mw)ue)s,
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which using (B.2) gives

(B.3) 107 fron| S AFN2TROmEIEIBD2 N sup |0gal-,w))
la<2n @€

cm,1

for || < m+ 1 and any N. Also, we can see from the definition that the family {fx.} inherits the
property that fi.(n) = fjx(n) for |n| > 2max(k3)/2 from {f;}. With this decomposition we have

> Iy, D kame ) |D|w.(D/|D)) Fi
k

The operator |D|w,(D/|D|) Fy is still frequency localized at scale A2* in the sense given above,
and so this last formula in fact gives

520 D) i = 37 o 4)36(D/4) D1 (DD i+ ) i
k

where Ry, : H® — H* has the same continuity properties as Ry but uniform also in x. To finish
we apply one further decomposition to the above operator by separating frequency scales a second
time to obtain

BA) > fr.D)Fe =Y (8j(D/A) fir(y)Bx(D/A)) Dl we(D/ID]) Fi + > fun(y)Ri.
k

J.kk k,k

Note that by the uniform continuity of Ry, if we take N to be large enough then the second sum
on the right gives an operator with the required properties provided that s < m + 1 in which case
frx acts as a multiplier mapping H® to H*® with norm bounded by (B.3). Thus we have reduced
the proof to estimating the first sum in (B.4).

Now we will look in more detail at the operators in parentheses from the right hand side above,
which we will label as

Ujkn = B;(D/A) fir Br(D/A)|D].
With this notation, for u € L?(R") and j, k > 1 we have

e B2 7E/A)

D€ = == [ Frw(€ = )BT+ 1/ A) [n| i) dn

From this formula and the location of the support of 3(£) we have that m(g) only depends on
frw(€ —n) at points where

e supp(5(2*jJrl . /A)) ={{ eR"| A2 < €] < A27}
and
nesupp(B27MH- JA)) = {n e R"[ A28 < |n| < A2%}.

We will use the notation [(A) = min(0, floor(log,(A))). Assuming that j — 2 > k, by the triangle
inequality

[EeR"[AP 2 < ¢ < AV} — {neR"|A2"2 < o < A2h)
C{CERM[¢] = A2/ — 2%) = AZI72(1 — 2=7+2) > I =3HI(A),
and similarly assuming that k —2 > j
{€ e R A272HI < g < A2} — {n e R"[A2"7% <[y < A2%)
C {CeR"|[¢] > 22Dy,
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Since frr(C) = f2j—6+21(4))x(C) for [ > guax(k,2(7=3+1(4))/2 i the case that j > k +3 — I(A) we
have

Line = Bi(D/A) f2j—6+21(a))xBr(D/A)| D],

and in the case that k > j+ 3 —[(A4)

Ljke = Bj(D/A) fak—6+21(4))xPe(D/A)| D]

To simplify the following formulas we now introduce the notation

lally = Y sup [|6ga(-,w)]cm.

laj<2n wES™
Based on (B.3) and the fact that ||8x(D)||r2®n)—r2@n) < 1 for any r we can see that

A2RN-No=itm+ ) |lg||n for j >k +3 —I(A),
ITjknllnesre S{ ARNN27RMHD/2)1g)  for k+3 —1(A) > j >k — 3 +1(A),
A2RN-No=k(mtD)|g|y  for k —3+1(A) > j.

With these estimates available we now return to (B.4). It remains to estimate the operator norm
of the first sum on the right hand side, which we will refer to as S. As before, we may choose N
sufficiently large depending on the dimension so that the sums with respect to x in (B.4) converge
absolutely and uniformly with respect to the other parameters. Having chosen such an N we now
apply these estimates to obtain the result. For v € C5°(R™)

2 ; 2 2
[Sullf: < c? Z 22(stkn)) ITjkell 2y 2 18k(D)ull 72
Jikyk

. / ! 2
SO 37 2O T2 ) (2 18Dl e
7,k.K

. ’ !’ 2
< <Ac>2||a||?v< ST 2 m ke (98 5 (D) e
J>k+3—1(A)

. ’ ’ 2
+ Z 22]8+k(2rf2s —m+1) <2krs ||Bk (D)UHL2 (Rn))
k—341(A)<j<k+3—I(A)

. ’ / 2
+ Z 92(js+hk(r—s'—m)) (2'CS Hﬂk(D)UHL?(R")) )

k>j+3—1(A)

If s—m—1<0and r—m <s'—s, then the first sum in parentheses is bounded by ||uH12LIS,(Rn) CIf
(2r —m+1)/2 < s’ — s, then the second sum is also bounded by ||u||? o (Rn)" Finally, if r —m < ¢’
and r —m < s’ — s, then the third sum is bounded by the same quantity. This completes the proof
of the lemma.

a

Note that s — s’ measures the extent to which the operator

Z(a(y7D) - ak(y7D))Fk

k

is smoothing. The previous lemma thus states that if m is large enough, then this operator is
smoothing.
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