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Abstract

In [GO15], the authors discussed the existence of numerically feasible solvers for advection equations
that run in optimal computational complexity. In this paper, we complete the last remaining requirement
to achieve this goal — by showing that ridgelets, on which the solver is based, approximate functions
with line singularities (which may appear as solutions to the advection equation) with the best possible
approximation rate.

Structurally, the proof resembles [Can01]|, where a similar result was proved for a different ridgelet
construction, which is however not well-suited for use in a PDE solver (and in particular, not suitable
for the CDD-schemes [CDDO01]| we are interested in). Due to the differences between the two ridgelet
constructions, we have to deal with quite a different set of issues, but are also able to relax the (support)
conditions on the function being approximated. Finally, the proof employs a new convolution-type
estimate that could be of independent interest due to its sharpness.
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1 Introduction

Over the past two decades, the field of Applied Harmonic Analysis has produced a wide range of multiscale
systems which are exceptionally well-adapted to different signal classes. Wavelets [Dau92| are the classical
construction in this context of course, which are able to achieve (N-term) approximation rates of functions
with point singularities as if the singularities were not there (in stark contrast to Fourier series, for example).

1.1 Higher-Dimensional Singularities

The number of possible construction increases dramatically when going from point-like singularities to func-
tions that are singular on a higher-dimensional manifold, and has spawned an entire “zoo” of constructions,
among which are ridgelets [Can98], curvelets [CD05a; CD05b; CDDY06], shearlets [KLLWO05; KL.12] and con-
tourlets [DV05] — the mentioned constructions are well-adapted to line singularities (ridgelets, see [Can01]),
resp. curved singularities (the rest, see e.g. [CD04; GK14]). Since many of the proofs (for example of ap-
proximation rates) often resemble each other between constructions, some effort has been made recently to
unify them by discovering and clarifying the underlying concepts — curvelets, shearlets and contourlets fall
into the framework of so-called “parabolic molecules” [GK14], while all of the mentioned systems (including
wavelets and ridgelets) are encompassed by the even broader framework of a-molecules [GKKS14].

The well-adaptedness of such a dictionary (say, ®) to its target classes is reflected in the fact that,
for a function f from the respective class, the coefficient vector (@, f) := ((¢x, f))rea contains few large
coefficients and the rest is small or negligible — allowing tremendously improved performance for data
compression, data denoising, data reconstruction etc. compared to other representation systems.

1.2 Motivation: CDD-Schemes

But aside from image applications (where the dominating features — mostly edges — can often be modelled
by such singularities), many of these function classes appear in the context of various PDEs as well. The
seminal work [CDDO01] showed that, in the context of elliptic PDEs exhibiting point singularities, wavelets
not only sparsify the solution, but also the Galerkin matrix of the discretised operator. This allows, roughly
speaking, to construct a numerically feasible algorithm that recovers N of the largest coefficients of the
solution in O(N) floating point operations (flops) — which is the best that is even theoretically possible.

This line of thought led to many further papers (e.g. [CDDO02; Ste04; GS06; DFR07; DRW-+07]) and
these methods are now referred to as CDD-schemes. Considering the very strong results obtained for wavelets
with this approach, the question arose whether such a scheme could also be developed for a class of PDEs
exhibiting higher-dimensional singularities — with the well-adapted representation systems mentioned above
being the obvious candidates for discretising the PDE.

To formulate some sufficient conditions for transferring the results to other PDEs, consider a differential
operator A : H — H’', mapping from a Hilbert space H to its dual and inducing a variational formulation

a(v,u) =£L(v), YveH. (1.1)

Based on [CDDO01; Ste04; DFRO7], the following list of ingredients makes it possible to transfer the results
achieved by [CDDO01] for wavelets to a discretisation for A (see e.g. [GO15, Sec. 1.2], [Obel5, Sec. 4.3.1]):

(I) The bilinear form a is bounded and coercive with respect to the norm of the Hilbert space H, i.e.
2
a(v,v) ~ vl and a(v,u) S [[vllyllull,

(IT) The system is discretised with a frame' ® for H, in other words, there is a diagonal weight W =
diag((wA)AeA) such that

el ~ H<‘I)’“>HHZ§N = [ (walex, way) xeulle
L Actually, more specifically, a Gel’fand frame for the Gel’fand triple (H, L2, H'), see [DFRO7].




Figure 1.1: Solution to the advection equation (1.2) for a singular right-hand side

(III) The Galerkin matrix A — i.e. the discretisation of (1.1) by ® (and preconditioned by W) — needs to
be “almost diagonal”?.

(IV) The frame @ is optimal for a class € of model solutions to (1.1), in the sense that it allows N-term
approximation rates of functions in this class with the benchmark rate o*(€); see Section 3.

These ingredients suffice to formulate the desired algorithm — under the assumption of unit quadrature
cost” for evaluating the inner products (®, u),, and within A — see Theorem 1.2 below.

1.3 Linear Advection Equations

Regarding differential equations exhibiting solutions with more complicated singularities than points, such
features already appear in the context of linear advection equations. More precisely, we will deal with the
unidirectional advection-reaction equation,

Au =5 Vu(Z) + k(Z)u(Z) = f(Z), (1.2)

which describes the stationary distribution of the unknown quantity u under absorption x, emission f and
transport in direction §. The corresponding Hilbert space to (1.2) is the anisotropic Sobolev space

HYRY) == {f € L*(RY): (3-V)f € L*(RY)]},

which is equipped with the norm

1 Lgre ety 2= A1 1By + 1E - V)£ I ey

2This name tries to encapsulate the underlying principle without going into details; the needed concept is called compress-
ibility, see [CDDO1, Def. 3.6].
3Removing this assumption is the subject of future work based on ideas in [GS06].




Roughly speaking, the operator A smoothes only in the direction of &, and singularities orthogonal to
this direction may remain, compare for example Figure 1.1. Typical methods for the numerical solution of
(1.2) include ([EG04, Chap. 5]):

e Galerkin Least Squares: (Av, Au) = (Av, ) Vv € Viest
e Discontinuous Galerkin Methods
e Streamline Upwinding Petrov Galerkin (SUPG) [BHS2]

All of these suffer from the fact that the transport term s - Vu means that (1.2) is not H!-elliptic, which
leads to ill-conditioned systems of equations (with no rigorous results about the choice or efficiency of
preconditioners).

Even wavelets do not perform optimally for (1.2) — heuristically, the break-down can also be explained
with the fact that it takes many wavelets (which are adapted to point singularities) to resolve a singularity
along a line — picture a “cliff” or compare again with Figure 1.1. To model this behaviour of the solutions,
we will also introduce a class based on “mutilated” Sobolev functions (cf. [Can01]) in Subsection 2.2.

Ridgelets turned out to be particularly well-suited for discretising (1.2) — [Groll] essentially proved
(IT) of the ingredients mentioned above, while [GO15] showed (I) & (III). In this sense, the present work
complements and completes these previous works by aiming to show the last remaining ingredient (IV),
which will then allow to achieve the desired highly efficient algorithms, see Theorem 1.2.

1.4 Main Result

The core of this paper is to show that ridgelets (in the version of [Groll]) achieve the best possible N-term
approximation rate for functions in H*(R?) that are allowed to be singular across hyperplanes, stated in
rough strokes in the following “theorem”.

Theorem 1.1 (Sketch of Theorem 4.1). Let f be a function in f € H'(RY) apart from hyperplanes*, such
that the decay condition
Cm

(@)™

[F(@)] < (1.3)

holds for all m € N, where () = \/1+ |Z|?. Then, for arbitrary 6 > 0 and N € N, the function fy —
reconstructed from only the N largest ridgelet coefficients of f — satisfies

If = fullp> < CsN—ate, (1.4)

which (up to §) is the best theoretically possible rate.
Additionally, if u is the solution to (1.2) with the f from above, then, for k smooth enough, the recon-
struction uy from the N largest ridgelet coefficients of u similarly satisfies (note the different norm)

lu— un |l s < CFNTTH. (1.5)

As hinted at in the beginning, the original ridgelet definition by [Can98] already showed (1.4) in [Can01].
However, by its construction, it is not possible to incorporate it into the kind of CDD-schemes we want to
achieve. In particular, the frame elements of [Can01] have unbounded support (which is made mathematically
feasible by restricting the domain to Q = [0,1]%), and therefore, the necessary sparsity of the matrix that
(ITT) alludes to is impossible to achieve.

In contrast, [Groll] constructs a frame for the full L2(R?) (resp. H¥(R?)), but this necessitates frame
elements @y which are intrinsically in L? (Rd) themselves, and thus, have much more localised support. The
price for this is that we need the full grid Z¢ (under a certain transformation) of translations to cover all of

4We will make this statement precise in Definition 2.6.



R? with our frame elements, while [Can98] is able to make do with a one-dimensional grid. Since the proof
involves counting large coefficients (in some sense), these additional d — 1 dimensions make the proof of our
result substantially more involved and require some fairly delicate estimates to work out. In this respect, we
believe that the auxiliary estimates (Theorem 2.1 and Corollary 2.2) we have proved for this purpose are of
independent interest due to their increased strength compared to previous results (see Remark 6.2).

Finally, for the CDD-machinery to work, we need approximation estimates in the norm of the Hilbert
space H = H? in which the solution lives, compare (1.5). This norm corresponds to multiplying the coefficient
sequence (element-wise) with a growing weight (namely the W from (II)), which further complicates matters.

However, once we achieve the proof of Theorem 1.1, we will have showed the following, compare [GO15,
Cor. 6.1, Thm. 6.2]°. For a more detailed account of combining ingredients (I)~(IV) into the result below,
we refer to [Obel5, Thm. 7.1.1].

Theorem 1.2. For arbitrary § € S, consider (1.2) with right-hand side f € H? that is allowed to be
singular across hyperplanes and satisfies the decay condition

- Cm
@<

for all m € N (which is possible for compact support or exponential decay, for example).
Assuming that the absorption coefficient satisfies k > v > 0 and x € H* 4D - an approzimand u. to
the solution of Au = f satisfying

lu— el e < e

can be found with the help of a numerically feasible ridgelet-based algorithm, such that, for arbitrary o < 5
(and ignoring quadrature cost),

#{arithmetic operations necessary to compute us} < e 7
Remark 1.3. As a matter of fact, in [Obelb, Sec. 7.2, we show that Theorem 1.2 can be extended to
k€ H*Hd+1D) that is also allowed to be singular across hyperplanes®, which is somewhat surprising, since
(IIT) depends crucially on the smoothness of . In a nutshell, one shifts the singularity from & to the right-

hand side f, where it is harmless (see above), which is possible mainly due to having an explicit formula for
the solution of (1.2). A

1.5 Impact

Although (1.2) is quite simple, having a highly efficient solver for such an equation opens the door to
efficiently solve more complicated equations like the radiative transport equation (RTE),

Bu =3 Vu(Z, %) + B(D)u(Z,5) = f(Z) + o(F) K(3,8)u(Z,3)ds. (1.6)
Sd—1
which couples the different directions 5, 5; see e.g. [Mod13, Sec. 9.5] for an introduction, resp. [KMRWO09;
Fra07; DHSW12; DHK+14], for examples of applications of (1.6) and existing methods to solve it.

There are several ways to utilise a solver for (1.2) to solve (1.6). If we neglect the scattering term for
the moment, the ridgelet-based solver we develop could be used to solve (1.6) by either tensor product or
collocation methods in § (similar to techniques used in [GS11], where one can additionally make use of
the multiscale structure of ® to alleviate the curse of dimensionality by balancing resolution in angle with
resolution in space).

5Note that the requirements of [GO15, Thm. 6.2] are stated erroneously, in the sense that the decay of the f; needs to be
global (compare (1.3)) and not just across the interfaces of the hyperplanes.
6 As long as any potential singularities of f lie in hyperplanes that are parallel to the singularity in .



One possibility to reintroduce the scattering term is via an iterative scheme — for example by evaluating
the integral for the previous iterand and adding the result to the right-hand side. We refer to [EGO15],
where an FFT-based ridgelet discretisation based on this “source iteration” has been implemented.

One crucial aspect in these procedures is that solutions for different § can be added together easily,
which is satisfied by our construction (since the ridgelets achieve optimal approximation for all directions §
simultaneously!). While we have already mentioned that uniformly refined FE methods (even if adaptive) do
not work well in this context, one might have the idea to adapt the FEM mesh anisotropically. The problem
with this is that the meshes for different directions § # 5’ would have to be combined somehow, making
cumbersome interpolation between such meshes necessary.

Considering the work already carried out in [Groll; GO15], this paper completes the picture regarding
the necessary ingredients for developing a CDD-scheme for (1.2). The result of this — Theorem 1.2 — is
very strong: complexity here is measured in terms of arithmetic operations to be carried out by a processor
and the solution is even allowed to possess singularities along lines (resp. hyperplanes in higher dimensions)
— for the right-hand side f, as well as the absorption coefficient k (see Remark 1.3).

To illustrate the strength of these results, consider a function f € H! apart from a finite number of
line singularities (in arbitrary directions) in two dimensions. Then, the approximation error of using just
N ridgelets is O(N~2) and the number of flops to find these coefficients is of order O(N). For functions
with medium to high Sobolev regularity (apart from the line singularities), this approximation rate repre-
sents an improvement of many orders of magnitude over wavelet or FE Methods, with respective N-term
approximation rates of O(N *%) and O(N *i), irrespective of the magnitude of ¢. In terms of complexity,
the advantage is greater still because the linear systems for other methods cannot usually be solved in linear
time.

On the other hand, the convergence results are confined to linear advection equations (1.2) and our
analysis assumes that Z belongs to the full space R?. The latter fact poses no problem if for instance the
source term f is compactly supported but in many applications one needs to restrict Z to a finite domain
D C R? and impose inflow boundary conditions. The efficient incorporation of boundary conditions will
require the construction of ridgelet frames on finite domains, which is the subject of future work”. With such
a construction at hand the theoretical analysis carried out in this paper would essentially go through also for
finite domains. In this regard we mention that, very recently, shearlet frames were successfully constructed on
domains ([GKMP15]), raising the hope that this approach can be transferred to the closely-related ridgelets.

1.6 Outline

The outline of the paper is as follows. Below, we wrap up the section by briefly introducing the most
important notational conventions we will use throughout this paper. In Section 2, we cover some crucial
estimates, the most important properties of the advection equation (1.2), as well as the model class of
“mutilated” Sobolev functions. Furthermore, we recall the ridgelet construction of [Grol1] and a few classical
results we will need later on.

Section 3 deals with a minimalistic introduction to N-term approximation and how one can determine
the best theoretically possible approximation rate of any discretisation for a given class of functions €.

The core of the thesis is contained in Section 4; aside from the differences in the ridgelet constructions
(see discussion after Theorem 1.1) and the different techniques necessary to treat them, we are able to follow
the structure of [Can01] relatively closely — establishing the localisation of the ridgelet coefficients for a
function cut off at a hyper plane first in angle in Subsection 4.2, and then in space in Subsection 4.3, before
we proceed to the proof of the main result, Theorem 4.1, in Subsection 4.4.

The main part of the paper wraps up with the conclusion in Section 5, while the postponed proof of the
crucial estimates in Subsection 2.1 follows in Section 6.

"To be more precise, incorporation of inflow boundary conditions is possible with the code developed in [EGO15] but a
rigorous analysis is still lacking.



1.7 Notation

This subsections lists the most important conventions we will use throughout this paper. As usual, we
conclude proofs by O; additionally, we mark the end of definitions and remarks by A.

The letter N denotes the natural numbers without zero, while Ny includes it. Similarly, R := (0, 00),
while R{ := [0, o0).

We let Bx(z,7) := {2’ € X : distx(x,2’) < r} be the open ball in the metric space X. Occasionally we
omit the space if it is clear from the context. To distinguish the Euclidian norm from the other norms, we
denote it by |Z|. The inner product on R? is simply denoted by # - &', all other inner products are denoted
by (-,-), where the first argument is antilinear and the second is linear (which is closer to the interpretation
as a functional (see e.g. Bra-ket notation) and has several advantages, in our opinion).

The Fourier transform we use is

f@ = [F) @ = [ f@e " az

where we will mostly omit the square brackets for improved legibility if the second term has to be used. In
order to limit the amount of constants we have to carry, we define the following relation,

A(y) £ B(y) === Jc>0: A(y) < cB(y),

where the constant has to be independent of y. Similarly, A ~ B denotes the case that both A < B and
B < A hold.

For vector variables (and occasionally multi-indices), ¢ primes (i = 1,...,3) will always indicate the last
d — i components of that vector, i.e. k" = (k3, ka,...,kq) € RI72.
Square brackets around a vector — i.e. [€1] — denote the linear span, while [¢;]1 denotes its orthogonal

complement. The orthogonal projection along 7 is denoted by Pp.
Finally, we let H(y) := 1g+(y) denote the Heaviside step function, and define the regularised absolute
value (Z) := /1 + |Z|? (to avoid problems with division by zero).

2 Preparations

In this section, we set up the foundations on which the rest of the paper will be built. In Subsection 2.1, we
introduce a crucial estimate that will be necessary later on (but whose proof we postpone to Section 6), while
in Subsection 2.2, we deal with the properties of the advection equation and the model class of solutions
we will consider. In Subsection 2.3, we briefly recall the ridgelet construction of [Groll] in the necessary
detail to prove our results, and we wrap up this section with some classical results about interpolation in
Subsection 2.4.

2.1 An Integral Estimate

As one of the key tools for the main proof, we introduce the following integral inequality, the proof of which
we postpone to Section 6.

Theorem 2.1 (Theorem 6.1). For m,n € N, a € R}, b € R, ¢,d € RT, we have

Im n ‘= d
) /_OO (aQ(x— b)2 _|_Cg)m (xQ +d2)n x
m 1 1 ) ;
= 0 e (ad) (ab)?*
252 oym+n—1 2m—1 J2n—1 Z Gy € (ad)’(a
(a2b? + (ad + ¢)?) c d B A
i>2m—1V j>2n—1

< a?nt 1 N 1 1
~ (0,2b2 _|_ a2d2 + CQ)” C2m71 (a2b2 + a2d2 + CQ)m d2n71 :




m,n
2%

For an explicit representation of the constants c ;"J”,
;

see Section 6.

as well as the generating functions of I, , and c

As a simple corollary for higher dimensions, we also record the following corollary of Theorem 2.1, which
is proved in Section 6 as well.

Corollary 2.2 (Corollary 6.4). For m,n > %W ¢, d > 0, we have the following inequality,

/ 1 1 L < 1 L 1 1
re (|7 =12 4+2)" (|82 +d2)" 7 (|2 42 +d2)" Rl (72 4 2 4 d2)™ dPnhel

2.2 The Advection Equation & Mutilated Functions

To rotate the transport direction §in (1.2) — resp. the normals of the hyperplanes appearing in Definition 2.6
— into a canonical unit vector, we need the following rotation matrices.

Definition 2.3. For any vector § € S%~!, let Ry be a matrix that maps 5 to & = (1,0,...)", and let
R;l = R; be its inverse. This rotation is not unique in dimensions d > 3, however, the ambiguity will be
irrelevant. We also define the respective pullbacks for f € L?(R) by

psf(@) = f(RS'T),  p5' (@) = f(Rs?),
thus (for continuous f), pzf(¢1) = £(3), pz ' f(5) = f(&1). A
Remark 2.4. Using these pullbacks, it’s easy to see that
S-Vu+ru=f <= €1 -Vpzu+ pskpzu = pzf. (2.2)
This makes an explicit calculation possible (see [GO15, Sec. 1]), namely that with
@ ¢
y(xy, @) = e K@ T) /_Oo paf(t, @)K At where  K(t,7) :/0 pzk(r,7') dr, (2.3)

setting u := pg_ly yields an explicit solution to (1.2) for arbitrary f € L?(R%), as long as 0 < xo < k(Z) < 00
almost everywhere. With the y from (2.3), we define the solution operator for A as follows,

S[f] = pz 'y, S: L? — H°. A
The following theorem shows that S is bounded from H! to itself.

Proposition 2.5 ([GO15, Thm. 2.2], [Obel5, Thm. 3.3.3]). For x € HI*1T2(RY) with t > 0, such that
k> >0, the operator S and is bounded (at least) from H®* — H'. Furthermore

ISl s ~ 1 Aull 2 = 11l 2- (2.4)

However, what we are mainly interested in in this paper are functions of the following form.

Definition 2.6. We say that a function f isin H¢ except for N hyperplanes if there are N hyperplanes h; with

corresponding (normalised) orthogonal vectors 77; and offsets v;, as well as functions fo, f1,..., fx € HY(R)
such that
N
F@) = fo(@) + ) [i@H(E - iy —vi), (2.5)
i=1

where, as mentioned, H is the Heaviside step function. To abbreviate the concept notationally, we will
sometimes write f € HY(R?\ {(h))X,}), or f € HY(R?\ {h;}) for short. This is justified in the sense that
— by factoring with the right choice of equivalence relation — these are in fact Hilbert spaces again (see
[Obel5, Rem. 3.2.2]). A



The analysis of the ridgelet coefficients of such a function will require calculating the Fourier transform of
such mutilated Sobolev functions, which — for each term — splits into a regular and a singular contribution
(from the function and the cut-off, respectively). This follows immediately from [Can01, Eq. (3.3)], but we
formulate it in the version we will use later on.

Lemma 2.7. The Fourier transform of a function f(Z) = H(Z - il — v)g(¥), where g € H' and t > %, in
terms of a singularity aligned with €7 is

i i _ - 151/\

91, (P, €), (2.6)

where g, € Ht_’(Rd 1) is the restriction to the hyperplane h = {x ERY: F-7i = v} Furthermore, Py is
the orthogonal projection along ii and we identify PiE with £h € R4, while g|h is shorthand for Fra-1[g|,].

Since we are dealing with half-spaces due to the cut-off with the Heaviside function, the following extension
result (see e.g. [Tri92, Sec. 4.5]) will be useful.

Theorem 2.8. For a function f € H?, the restriction to the half-space {56' eRY: z; > O} can be extended
to the full space in a bounded fashion, i.c. there is g € H' such that

9l 77 ey S Nl mregzera: 2y >0p) as well as f(@)=g@ Vie{Te R?: 2y > 0}.

Obviously, by rotating and translating f (which leaves the norms invariant), this result also holds for half-
spaces separated by arbitrary hyperplanes.

Remark 2.9. Using Theorem 2.8, we see that, for arbitrary s, we can restrict the representation of (2.5)
to hyperplanes satisfying - 7; < 0, since, if §-7; > 0, we can extend the mutilated f; to the full space —
absorbing it into fy — and subtracting its extension on the other side (hence, the vector n; in the Heaviside
function flips signs). A

The following result extends the boundedness of S from Proposition 2.5 to the spaces H'(R?\ {h;}),
which can be seen as confirmation that this class of functions is well-chosen for the behaviour of (1.2).

Proposition 2.10. For f € H'(R4\ {h;}), the solution u = S[f] € H'(R?\ {h;}) is of the same form (2.5),
and furthermore, |[wil| e < || fill e fori = 1,..., N, as well as |[uo|l e S S0 ol fill ge- I other words, the
solution operator S is bounded on this space,

IS zre g (i) 11t R\ (R }) < OO

Proof. We begin by noting that, since the differential equation (1.2) is linear, it suffices to deal with one
term f(Z)H(Z -7 — v), and the rest follows via superposition. Furthermore, using (2.2) and Remark 2.9, we
can assume without loss of generality that § = €1, and that (7); < 0.

Assuming (7)1 < 0 (i.e. a strict inequality) for the moment, we use (2.3) with this right-hand side, and
observe that, if z1 is before the cut-off, the Heaviside function does not matter, and for everything beyond
that, the integral goes just until the interface of the hyperplane,

u(Z) = e w>/ FZVH((4,7)7 -7 —v)eKET) 4t

= () o
=H(Z 71— —K(x)/ f(t, K(tx)dt—i—H( f-ﬁ)e_K(x)/ 1 f(t,f/)eK(t’x)dt

= H(@ -l - )S[f)(#) + H(v - & - 7)S]/] ( o )GK( T ) ok @),
T




Due to Proposition 2.5, S[f] € H*(R?), with norm bounded by ||f| ;.. In order for the second term to

v—2' -7

appear, v — T - i has to be greater than zero, and therefore (since (7); < 0) we have x; > G- As the

absorption satisfies k > v > 0, K(-,2’) is (strictly) monotonically increasing, and this implies that the term

=l =t
K((2=22030 20T) _pea) . . — -
e ( o) )e K(#) is bounded. Since the coordinate transformation in the first component is linear, we

conclude that

v—a" .7 o1

U—f:: n = = T —
S[f]( (i )eK(( ) )’K(‘”)th({feRd:f~ﬁ7v<0}),

X

by since multiplication with smooth enough « is bounded from H! to itself (which can be showing that the
derivatives remain in L? and interpolation), and noting that the exponential function does not decrease the
smoothness. Again by Theorem 2.8, we can extend this term to y € H*(R?%), and thus

u(@) = H(@ -7t —v)(S[f](@) — y(@)) + y(T)-

Due to the boundedness of S on H* and ||yl| . < || £ ¢, this implies 1wl e arny S N e gavmy-

In the last remaining case — that (7); = 0 (i.e. 7.L§) — the path of the integral never crosses the
hyperplane, and thus v = H(Z - i — v)S[f](Z). O

Lastly, we discuss how decay properties transfer to the solution.

Lemma 2.11. If f € L? satisfies
@S @™

then the solution u = S[f] to (1.2) also satisfies
u(@)| < ()"

Proof. Using the solution formula from (2.3) (for § = €;), we calculate

1 1
‘U(f” S / <(t, f/)T>_2"eK(t,z )—K(x1,3") dt < / <(t7f/)T>_271677($17t) dt,

— 00 — 00

since the strict monotonicity of K (due to v > 0) implies K (¢,7) — K(x1,7") < v(t —x1) for t < z7. At this
point, we use the fact that for arbitrary m,

WS, for Y0,

Inserting this into the above and resolving the square root from (y) = /1 + |y|?, we continue

I _ oo 1 1
w(@)| < £, 72TV —t*2mdt</ _ dt
w@ls [ () o= [ e
1 1 1 9
< = + = < = =@,
SWAREr @A RE D (P @
where the last line uses (2.1), and m > n (which we we are free to choose this large). O

2.3 The Ridgelet Construction [Groll]

We recall the definition of a ridgelet frame from [Groll; GO15], where details on the construction can be
found. The starting point is a (sufficiently) smooth partition of unity in frequency (constructed from a given
window function),

~ Lj
wﬂ)jem,ze{o,.uij} such that Zz%z,e =1,

=0 ¢=0



supported on (approximate) polar rectangles

—

supp 1[@-7@ CPjy:= {56 R%: 27-1 < \a < 27+ g € B§d71(§j7[,27j+1)}, (2.7)

€l

where the vectors 5, are an approximately uniform sampling of points on the sphere for each scale j, with
average distance ~ 277 and cardinality #{5;,}¢ < 274~V see [BN07] for the construction or [Groll; GO15]
for more details on their relation to ridgelets.

Definition 2.12. Using the functions 1[)]'7(, a Parseval frame for L?(R?) is defined by
0ioE= 22Ty ;¥ JENo, Le{0,... L}, keZd,

with T the translation operator, T;f(-) := f(- — %), and U;, = R;elDQ—_77 where R;, := Rz, is the
transformation introduced at the beginning of the section, and D, dilates the first component, DGE =
(aki,ka,...,kq)". The rotation R;, is arbitrary (to the extent that it is ambiguous) but fixed. Whenever
possible, we will subsume the indices of ¢ by A = (4, ¢, E) AN

Assumption 2.13. The window functions
b0 (1) = 050U, i)

have bounded derivatives independently of j and £. Thus, for all n up to an upper bound N dependent on
the differentiability of the window functions (or possibly for all n € N if the window functions are C* ), we
have the estimate

1960l < Bn-

In [GO15, Lem. B.1], it is shown that this assumption can be satisfied with a reasonable (and still quite
flexible) choice of window functions.

Definition 2.14. We consider the diagonal matrix

0, A # N,

W =(W ’ ’ with W 5= .
(Waa)axen AA {1 +27[5 - S0l A=N,

which is the right choice of weight to make ® a frame for H® (see [Groll, Thm. 10], [GO15, Thm. 4.3]), i.e.

[f 1= ~ TWA, f)l2 (2.8)
A

2.4 Interpolation between Spaces

We recall the scale of sequence spaces necessary for our analysis, as well as some classical interpolation results
in the context we will work in (the mentioned sequence spaces, Sobolev spaces, and operators between them).

Definition 2.15. The Lorentz spaces of sequences are defined as follows ([DeV98, p. 89]),

0= {(Cn)neNi |enl g = <Z(C;)q”g_1>; < OO},

neN

where ¢} is the decreasing rearrangement of (|¢,|)nen, 0 < p < 00 and 0 < ¢ < co. For ¢ = 0o, we have

1
= {(cn)neN: len|ge = supcpny < oo} =,
neN

11



which is also called the weak ¢P-space. It should be noted that, technically, the norms involved are generally
only quasinorms, i.e.

lan + bulgr < Kpq(lanl gz + bl ) -
Additionally, it can be shown that ¢§ = (7, as well as £ C (8 for q1 < go. A

Theorem 2.16. For Sobolev spaces with t > 0, the real interpolation with L? depending on 0 < 6 < 1 yields
([BL76, Thm. 6.4.5])

(L2, H')go = H'.
On the sequence space side, we have that ([BL76, Thm. 5.3.1])
(200 )p 0 =05, where p= (% + g)_l.
Finally, for compatible couples® (Xo, X1) and (Yy, Y1) and an admissible linear operator T, i.e.
T:Xo+ X1 —>Yy+Yq, suchthat T|Xi : X; =Y, and ||T||Xi—>Y7~, <o for i=0,1,
it holds that ([BL76, Thm. 8.1.2], [BS88, Thm. 5.1.12]), for all 6 € (0,1),

||T||(XO,Xl)e,qﬁ(Yo,Yl)e,q < 00

3 N-Term Approximation & Benchmark Rates

We briefly recall some core concepts of (non-linear) approximation theory, see [DeV98§]| for a survey.

Definition 3.1. Consider a (relatively) compact class € C H, where H is a separable Hilbert space, as well
as a dictionary ® = (¢x)xea € H. To measure the mentioned quality of approximation in dependence of N,
we introduce the set

En(®) = {f = Z axpa: #AN < N}a
AEAN

which is non-linear (as f,g € ¥ (®P) generally don’t imply f + g € X n(®)) — consequently, analysis of the
quantity

N (f, @) = gegjlvf@)l\f —9lly

is referred to as the study of non-linear approximation. A

Comparing, ¢y (f, ®) with N~%, we have the following definition of approximation spaces (which can be
done in much greater generality, see [DeV98, Sec. 4.1]).

Definition 3.2. Let
A3(@) = { ] € i | fllag 1= 1]y + £l < o0},

where

1
‘f|.,4a = {(ZTLEN(nagn(f7®))q,}l)q7 O<q<oo7 N
’ supnen n%6n(f, @), q = oo.

8].e. both spaces are linear subspaces of a larger Hausdorff topological vector space and the embeddings are continuous, c.f.
[BS88, Def. 3.1.1]
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These spaces are fairly well-understood — especially if ® forms a basis for H — and we will see that the
similarity to the definition of Lorentz spaces is more than incidental.

Theorem 3.3. For a > 0 and 0 < p < q < oo, we have AY(®) C AY(P). More importantly, the
approzimation spaces are interpolation spaces; for 0 < a < r and 0 < p,q < oo, we have ([DeV98, Thm. 2])

A (@) = (H, A (D)) 2 4.

Finally, if ® is a basis for H, we have the following complete characterisation of the approximation spaces
AZ (@), namely that ([DeV9S, Thm. 4])

1

FeA3@) = (@)= ((pr yen € 4@ where pla) = (at3) (3.1)

For arbitrary dictionaries, (3.1) does not hold in general, but at least we can salvage one implication for
frames (follows from [KLL12, Lem. 3.1], which is carried out in [Obel5, Prop. 2.3.5]; see also [DeV98, Sec.

8)).

Proposition 3.4. For a frame ® with canonical dual frame ;I;, we have the implication that
(@.7) € 1) with pla) = (a+ %)71 — fe A
Consequently, we can ask how well a given dictionary approximates €. This is easily done by defining
o (€, D) = Sup{o >0:¢C A”@)}.

The more interesting question is, how well any dictionary could possibly approximate € (in terms of N-term
approximation). This can be done very abstractly with encoding/decoding schemes, see [Don01; DDGL15].
Definition 3.5. For a class of signals € C H with #H a separable Hilbert space, we define:
e An encoding/decoding pair (E, D) € ED(R) consists of two mappings
E:¢—{0,1}% D:{0,1}% > H,
where we call R the runlength of (E, D) and ED := |Jpcy ED(R) is the set of all such pairs.
e The distortion of (E, D) is defined as

8(E, D) := ?}ellgllf — D(E(f) 3

e The optimal encoding rate is defined as

0*(€) :==sup{c > 0:3C > 0VN € NI(En,Dy) € ED(N) : 6(En,Dy) < CN ™7} A

Remark 3.6. The quantity ¢*(€) limits the best approximation rate of € for any decoding scheme, in
particular, for the discretisation with any dictionary (as long as the natural restriction of polynomial depth
search” is imposed), i.e.

o (€, ) < " ().

It is also intimately related to the Kolmogorov (or metric) e-entropy (see e.g. [Ott02]) — which we will
denote by H.(€) — in the sense that ([DDGL15, Rem. 5.10])

o () zsup{a>0: supeéHE(G) < oo}. A
e>0
9This is to exclude pathological behaviour — namely, choosing arbitrary functions from a countable set ® which is dense
in ‘H This would give a perfect 1-term approximation, but no way to efficiently compute the approximation or even store the
dictionary. Polynomial depth search means that the set Ay we select for our N-term approximation may only search through
the first 7(N) dictionary elements, where 7 is an arbitrary polynomial.
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The interesting thing — despite its very general definition — is that ¢*(€) can be estimated with the
help of the following definition and Theorem 3.9.

Definition 3.7. Let € C H be a signal class in a separable Hilbert space H.

e We say € contains an embedded orthogonal hypercube of dimension m and sidelength ¢ if there exist
Jo € € and orthogonal functions (¢;)i~; € H with ||¢;]|,, = J, such that the collection of vertices

r)(fo, (%)111) = {h = fo+ Z&‘l/h‘i ei € {0, 1}}

can be embedded into €.

e For p > 0, € is said to contain a copy of ¥ if there exists a sequence of orthogonal hypercubes (hy)ren
with dimensions my and sidelength d; embedded in €, such that §, — 0 and for some constant C' > 0

1
5y >Cm, ", VkeN. (3.2)

A

Remark 3.8. The motivation behind Definition 3.7 is, on the one hand, that we know precisely how many
bits we need to encode the vertices of a hypercube, and if € contains such hypercubes, then it must be at
least as complex.
1

On the other hand, ¢P trivially contains orthogonal hypercubes of dimension m and sidelength m™r; in
fact every ¢8 with ¢ > 0 contains a copy of 8, which partly motivates the choice of notation (since o ce,
for g1 < go).

Even more, since ¢P* C (P2 for p; < po, it is perhaps not surprising (and easy to check from (3.2)) that

8 with g > 0 contains a copy of £j for all 7 <p. A

As hinted in Remark 3.8, being able to precisely understand the complexity of hypercubes allowed
[Don01, Thm. 2] to prove the following landmark result. Since the proof is highly non-trivial, we also refer
to [DDGL15, Thm. 5.12], where an elementary proof of this result was given.

Theorem 3.9. If the signal class € C H contains a copy of €5 for p € (0,2], the optimal encoding rate
satisfies

Finally, since we are interested in functions in the Sobolev space H!, computing the optimal encoding
rate of this class with the tools we have just introduced is a simple adaptation of [DDGL15, Thm. 5.17].

Lemma 3.10 ([Obel5, Lem. 2.3.11]). The Sobolev space H'(R?) C L*(RY) contains a copy of ég*, where
pr=(t+ %)71, In particular, o* (H'(R?)) < L.

Remark 3.11. The model class of functions H!(R\ {h;}) — see Definition 2.6 — we will deal with regarding
(1.2) conmsists of functions in H® that are allowed to have cut-offs across hyperplanes. This is trivially a
superset of H!, and so it is clear that

o (H R\ {h;})) < o (H'(RY)) <

ISHISS

In other words, these “mutilated” H!-functions have — potentially — even worse approximation rates than
functions in H*.

Nevertheless, although the possibilities of achieving this benchmark seem slim (considering the very
abstract and extremely general definition of o*(€)), there is some hope: there are constructions for several
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classes € that do achieve o*(€), cf. [DDGL15, Chap. 5|, and even in the more complicated case of allowing
cut-offs, wavelets (for example) can be shown to achieve the best possible approximation rate for piece-wise
C*-functions over an interval, cf. [DDGL15, Cor. 5.36], and point-like singularities in R¢ in general.

To summarise, we have now found the definitive benchmark to aim for, since, in view of Proposition 3.4,
we know that (®, f) € (2 with p* = (% + %)71 is the absolute best that is (even theoretically) possible for
generic functions in H* (or the superset H!(R\ {h;})) — any p < p* would imply an N-term approximation
rate that we have proved (see Lemma 3.10) to be impossible. A

4 Approximation Properties

Compared to the discussion in Section 1, the only addition we are now able to make is to formulate the goals
in terms of conditions on the ridgelet coefficient sequence, as well as a finer statement about the relation
between the decay of f (4.1) and the deviation § in Theorem 1.1. [Can01, Thm. 4.1] shows that for a function
f € H' (R*\ {h;}), supported (compactly) on [0,1]¢, the ridgelet coefficient sequence ({(¢; ¢k, f>)j,e,k belongs

to the /2 space with the best possible p = p* := (g + %) _1, which implies the optimal N-term approximation

rate & in the L*-norm.
In contrast, we will show that the coefficient sequence (@, f) := ((@A,ﬁ)/\ with f € HY(R?\ {h;})
satisfying the following polynomial decay condition,

F@ S (@7,

is in Efl,“r%. In particular, if the above decay holds for all m € N (which is satisfied for example if f has
exponential decay or compact support), then (®, f) € £2+%" for arbitrary 6* > 0.

Finally, in the context of CDD-schemes (see Subsection 1.2) — we need to consider N-term approximation
with regard to the H*-norms instead of the L? norm. Due to (2.8), this corresponds to bounding the ¢Z -
norm of the weighted coefficient sequence W{®, f), compare also with Corollary 4.2 in this regard. Since
the weights wy ~ <2j §- §j,g> grow with scale j, this causes extra work as well.

4.1 Main Theorem

We begin straight away by formulating the goal of this section, Theorem 4.1. Once we will have proved this
result, we will have satisfied ingredient (IV) from Subsection 1.2.

Theorem 4.1. Let f be a function in L2(R?) such that f € HY(R?) apart from N hyperplanes — i.e. of the
form (2.5) — such that the following decay condition (recalling (y) = /1 + |y|?)

F@)] S @ (4.1)

holds for a certain m € N. Then, if k € HI+2 (for the terms involving S[f]),

x4 d
<q)7f>L2 = (<()0)\af>L2)>\€A€ZfU ",
xyd
W<(I)a8[f]>[,2 = (w)\<<p)\7$[f]>L2))\eA Ggi ",
i.e. the (weighted) ridgelet coefficient sequences belong to the (£ -space with p = p* + %, where p* = (5 + %)_1
would be the best possible p for f € H*(R?), even without singularities(!), and the deviation from the optimal
value'? decays linearly with m.

If the decay condition (4.1) holds for arbitrarily large m € N — which is satisfied for exponential decay or
compact support, for example — then, for arbitrary 6* >0, (®, f) . € 270" and W(®,S[f]),= € o,

O0For (®, f), the absence of W is not completely without effect, in that the deviation from the optimal p can be bounded by
% + ¢ with arbitrarily small € > 0.
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We split some essential parts of the proof into separate results, namely the localisation in angle of the
ridgelet coefficients in Proposition 4.3 and — after proving decay rates for (modified) ridgelets in space in
Lemma 4.4 — the localisation in space for the response to the singularity in Proposition 4.5, as well as the
general decay of the coefficients for functions satisfying (4.1) in Lemma 4.6.

Before we continue, let us briefly state the following corollary of Theorem 4.1, recalling the non-linear
set Xy of functions being linear combinations of less than N terms from ® (from Definition 3.1).

Corollary 4.2. For f € HY(R4\ {h;}) such that (4.1) is satisfied for all n € N, we have, for arbitrary § > 0,

inf £~ gll. S NTE

gESN (D) ~
£ SIf] = gllys SN+
it ISf] = glls <

Proof. This statement is a direct consequence of Proposition 3.4 and (2.8), respectively, that ® is also a
frame (without the weight W) for L2 O

4.2 Localisation in Angle

In Lemma 2.7, we considered how the Fourier transform of a function f(#) = H(Z -7 — v)g(Z) splits into
two parts, compare (2.6). Based on this decomposition, we will likewise split the coefficient sequence in two,
where our main interest is with the singular contribution arising from the cut-off.

The crucial property of ridgelets we want to explore in this section concerns the fact that large coeflicients
will only appear for ridgelets that are aligned with the singularity, and we are able to describe the decay of
the coefficient in terms of the smoothness of g and the angle between 5, and 7.

Proposition 4.3. Let f(Z) = H(Z - it — v)g(Z) with g € H', t € N. Furthermore, let x € H'"% and
K >y > 0. Then, the sequences
a) = <<P/\7f> = <¢7)\7f> = arA+a§\7

can be split into a regular contribution o resp. 8 (coming from the function) and a singular contribution o®
resp. 3% (coming from the cut-off ). The reqular part of both sequences shows decay with scale j proportional
tot,

2 —2; 2
Slat il S 227 gl
0,k
2 —2j 2
Dl 15l S 527 e w2
¢k

where 3, €2 < 1. Defining the angle 0;,(71) := arccos(8j,¢ - ) that the vectors 3;¢ enclose with 7i and setting

Aj(_') {f 2r<‘51n9]g )|<27’+1} 1<r<y,
T {e: [sin g ()] < 2791} r=7j

the singular part of both sequences is localised in angle for a given scale j as follows,

ST N leseal* 227G |g) 7,

LeN(R) k

D2 D lwgeneil 52270 gl

LeNL(7) k

(4.3)
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Proof. From [Groll], we know that

£z ~ (@, F)llez = [leallpe (4.4)
IS = ~ [IWAD, S[fDl g2 = [IW Bl g2, (4.5)
where u := S[f] € H® for f € L? (cf. (2.4)). We define
Pi):= ] P
Lerd (@)

and let x be the indicator function of this set. Obviously, x has an inverse Fourier transform, which we
name . Since {j} x AZ x Z9 is a subset of all ridgelets intersecting PJ, we can apply (4.4) to f * x (which,
by looking at the Fourier side, is obviously in L?) we arrive at

> Sl s f17ef = [

el k "

|f|? d€. (4.6)
()

To get the same (localised!) estimate in Fourier space for second sequence, we need to do a bit more. First,
we split the absorption into its parts

Au=58-Vu+ (y+ro)u=f <<= Awu:=38 -Vu+yu=f—rou=: f,

and observe that u is also the solution of the differential equation A.u = f.. From Proposition 2.10 we
know that w(Z) = uo(Z) + H(Z - i — v)u1 (&) is of the same form as f, with [|u;|| 4. < |9l ¢, and again, the
multiplication with x also does not pose a problem (see [Obel5, Prop. 3.3.5]).

Thus, fo(Z) = go(Z) + H(Z -7 — v)g1(Z) with [|gi||e S |lgll - The gain of this change of differential
equation is that A. trivially satisfies the requirements for (2.4), and therefore ||u|| ;s ~ ||Acul| ;- holds for A.
as well. Now, crucially, due to the constant absorption term in A., the operator commutes with convolution,
ie. Ac(uxx) = (Acu) * x = fo* x with y as above. Thus, using the same argument as for (4.6) and applying
(4.5) for u =,

D2 2 olwaBal” S flusxllgs ~ lAeCwx 0llze = 1o * X

eN] K
P} P}

¢4

ol [FUHE T = o) @) o€

The term involving jo will contribute to the regular part W 5", and the required inequality (4.2) is easily
proved since, for t € R, ||h| ;. ~ ||<§>%(§)||L2, thus

o2t
/, 2d5=/, (&) do
P () Pi

@ (€)*
using the fact that |¢| > 27 for £ € PJ (7).

Aside from the contribution above, both sequences have now been dominated by the same kind of integral,
and so we can deal with both cases together from now on. We will work with ¢ (and thus the estimate for
a), but by replacing any occurrence of it with g; (and recalling [|g1|| . < |9l 5¢) will automatically yield
the estimate for Wg.

Setting

go

2 —_ _ . _ .
A& <27 goll e S 272 Mgl e

i sy [ @

Pi ()

f(&) = f(RzZ) where f(Z):=H(x1 —v)j(#) and §(Z):=g(R;"E)
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like in the proof of Lemma 2.7, we continue from (4.6) as follows. Transforming with ¢ = Rx€, we use (2.6)
and the fact that (a + b)? < 2(a? + b?),

/. @) dé = / RO
Pl (1) Rz P (R)

<[ G -0 va@)

QF + 1817 gly (P, O d.

Each P; , making up P/ (i) is a polar rectangle (compare (2.7)), and with the help of the transform R(r, ) :=
r§, we can easily describe effect of Rj,

Rﬁle = RﬁR([Qj_l, 2j+1] X Bga—1 (gjyg, 2_j+1)) = R([Qj_l, 2j+1] X BSd—l(Rﬁ§j7g, 2_j+1)).
Thus,
sinfr.s, ,(€1) = arccos(Rz8j¢ - €1) = sin0; ¢(7) and therefore Ry PJ(ii) = PJ(&y).

We begin the induction with ¢ = 0, where the claim follows trivially with a5 = 0 resp. 53 = 0. Suppose
now that the claim holds for t — 1 € N, i.e. ¢ € H!*™! and thus also § € H'~!. Then, by the above, the
induction hypothesis implies

Lo fPaes [ e —ova@@r e+ [P aE
PP (7 P/ (&1) P/ (1)

T

o (01 1) 3o (it R Y — - 12 -
SR gy Gy [T 2§ aE (@7)

because, again, |§| > 27 on PI(&). The factors ¢; and &7 satisfy

J oo

Z(éZ)Q =1 and ZE? =1

r=1 j=1

The last integral can be treated (for 1 < r < j) as follows

/_ |g/|;(77515)|2dg:/‘ |91, (P2, T(r cos 6, 7 sin 6, ¢))| *r~ (sin 6)?2 dr dgs 6,
Pi(&) Pi(&)

(€1

where, after having transformed into spherical coordinates, we split off the first component r cosf (6 being
the angle to the £;-axis) and treat the rest as d — 1-dimensional spherical coordinates with radius rsin 6,
ie. T(x,s,¢) = (r,5c08 ¢y, 58N ¢y cos Py, ...) . Consequently, we transform with r’ = 7 sin 6,

279+1 |51119\ 9 J
/ NnNd—2 /
L)) 2 dr’ dgp o,
< o e i al L g O OTED

where one power of r < 27 has been estimated, |sin | is bounded from below due to r < j and Py denotes
the projection onto the relevant interval [0, 27) for  (which results in two intervals symmetric around 7 due
to the way AJ is defined; we can treat both cases as one since only the absolute value of sin is involved).
The integrals over ' and ¢ can again be interpreted as a d — 1-dimensional integral, allowing us to
continue the estimation due to g, € H'~z (R4=1), for the same reason as above (i.e. the identification of the
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H'-norm with a weighted L?-norm in Fourier space),

2]+1|Sln9\ 9 s <’I"/>2t_1
g 7)51 dg / / / g /7(25 r/ - — dr/ d¢d9
/Pj(el)| | ‘ PoPi(21) |Sln9‘ si—2 Jai-1|sino| |h( )| ( ) <7“'>2t 1

27 1 ~ 2,5 21 =
:51/; B hoysemwre /gd_1!g|h<s’)|2<f’>2t Hag'ag

o Pi(er) S0 0] (27 sin 6)

9 1 ,
S 1 a6
~ /psp;(al) [sin 0] (27 sin )% L 19111y~ a1y

<203 [ fsing ™ d8 ] ey (4.8)
Po P (€1)

For 1 < r < j, we continue by transforming with y = sin @ (the functional determinant (cos@)~! is bounded
from above by a constant due to the restriction that r < j)

/ ‘|sin9|72t 0 < [_y—2t+1]z::+_1;3’j — (=241 (=r=1) _ o(=26+1)(=r+2) < or(2t-1)
Po P

because r > 1. For r = 1, we have [sin €| 2 1 and thus, the integral in (4.8) can be estimated by a constant,
and is trivially less than (a constant independent of j times) or(2t=1)

Finally, for r = j, the support P/ is contained in a cylinder aligned with the &-axis (cf. [GO15, Prop.
A.6]), and therefore

/,|9/|;(77€1§)‘2d{?§/ o |@(Pelg)}2d552j||!m||;(ﬂw1> < 2 gl e
Pl [—24+1,20+1]x Byq—1(0,8)

Returning to (4.7) and collecting all the factors, we see that the latter two terms (combined into o resp. 53)
satisfy (4.3), as claimed. O

4.3 Localisation in Space

Similarly to the localisation in angle (i.c. £), we require a localisation in space (i.e. k) for a function cut off
across a hyperplane, which we will establish in this section. Before we are able to tackle the proof, we need
to investigate the spatial decay of the ridgelets (and a modified variant) in physical space.

Finally, after having dealt with the singular functions in Proposition 4.5, we investigate how spatial decay
of a general L?-function transfers to the ridgelet coefficients in Lemma 4.6.

Lemma 4.4. For arbitrary n € N and an arbitrary rotation R € SO(d), we have that,

2%
0| S ————=m> 4.9
[eA(@)] S <thllfivk>2m (4.9)
’}_ [ €12 @A(Rg)] @)= Lma (4.10)
€] (U RT — k)

where the implicit constants depends only on n (and the choice of window function used to construct 7,/;)

Proof. We start by proving (4.10), inserting the definition and transforming by £ = R~1U gTeTﬁv which yields

19



(because, for rotations, R~' = RT)

F {’ ’290/\ R§)]( 7) =2~ H ‘ ‘21/33, Rg)exp(2ﬂ'1(g~ E E)) E
— 9% é‘lQQﬂﬂ(Rf)exp(Qme sz( le_k)) dg
; [BUL ), N
= 22/W¢U7@(n) exp(271'177- (Uj’gle—k)) dij. (4.11)

due to the representation from Assumption 2.13. The idea now is to use integration by parts and
Ayexp(2niff - (U A RZ — K)) = —(2m)?|U; }RZ — k| exp(2niif - (U; ) RZ — k). (4.12)

to generate sufficiently high powers of |U ]Tél R —k | in the denominator.

The support UJTKPJ-,@ - [%,2] X Bga-1(0,4) is bounded from above and below (compare again [GO15,
Prop. A.6]) and so we just have to bound the derivatives independently of j. Due to Assumption 2.13, this
is not a problem for the t; » (7). If we can show the same for the fraction in front, we will have the desired
estimate due to the product rule.

dje (1)) == (R_lUiT_') = (R_lR;l}DZjﬁ)l = 2%171 + Cam2 + ...+Cd77d.
) U Iy, 77| |D2jﬁ|2 22ini+n3+ ... +n3

Due to the fact that the factor 2/ only appears in connection with 7;, we only need to consider what happens
when deriving by 71, as all other derivatives just produce higher powers of the denominator without adding
powers of 27 in the numerator. By splitting the term into 7; and the rest, respectively, and adding

0=—ici\/m3 +...+n3+iet\/m3+...+n]

in the numerator of the first term, we see that (since the quantity we’re interested is clearly real),

o d Re( oF C1 ) 4 oF Como + ...+ cqna
Sr e = TR - — = .
ant onf 2imy + i m+...+n3 onk 22t +n3 + ... +n3

The first term resolves to

k‘k'2jk‘
Re( 4 ) k+1>’
<2Jn1+i\/n§+...+n§)

where, clearly, the power of 27 is always at least one higher in the denominator than in the numerator.
For the second term, we anticipate Faa di Bruno’s formula (6.32) — the generalisation of the chain rule to
arbitrary order of differentiation — and the generating function machinery of Subsection 6.2 to deal with
the Bell polynomials that are involved, i.e. (6.33). Then, with “inner” function g(x) := 2% 22

. . 1, qr
2j+1,. o2j+1 25k T
B (2241, 2241 0, ) = 2 k'(dtn (22 + t) )

, for [ﬁ-‘ <k <n,
t=0 2

and thus

O ot Aeam Xn: 227 py () (camz + - - + cana)
O PO g S (P )t
—1z
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where pi(m) = (—1)kn'(§; tF(2m + t)k) ‘t:O is a polynomial in 7; independent of 27. In particular, in terms
of powers of 27, the power in the denominator is always at least two larger than in the numerator.

Taken together, we can see that because |7j| ~ 1 for 7j € UJTEPM’ for any multi-index a with |a| > 0,

ala\dﬂ )
——== (1) <277 4.13
5t () S (4.13)

This allows us to apply (4.12) to (4.11) — boundary terms vanish because of compact support. Conse-
quently, using [GO15, Cor. C.3|, we achieve

‘]:_[ QSOAR§:|()

€l
i (—An?)m / R -~
=12 ——————=wm A" (d; j 2 U;, ) RT — k)) dij
U ire i D, (s (7)) exp (2 - (U7} RE — F) i

2% . 2%
< T T Son d R 7] n B 7 n dﬂ S T 1 =2n
~ |U;;Rf _ k‘|2n \/UJTZPJJ | J 4(77) |(22 1/1(,7 £) (77) |C2 n ’UJT;R@S _ ]{;|2

Finally, this implies

<

~

IR ISP 2-%
FH=50A(R =

because the compact support of (% implies that the function on the left-hand side belongs to C>°(R%) —
i.e. has no singularities — with respect to # (and is bounded independently of E) and therefore, we may
replace the absolute value with its regularised version (up to a constant).

The proof of (4.9) proceeds along the same lines, with the simplification that we do not have to consider
dj.¢ or its derivatives — which also removes the factor 277 that we had gained from (4.13). This finishes the
proof. O

With these tools in hand, we proceed to the promised localisation in space for a function cut off across
a hyper plane.

Proposition 4.5. Let f(Z) = H(Z -7 — v)g(@) with g € H2(RY), cut off across the hyperplane h =
{#: @ -7 = v}, such that the restriction g|, € L*(R?™1) satisfies

|9(2)0z.5=0y | = |9l (@) S <fz>72m = (PaZ) """ almost everywhere, (4.14)

where ¥}, € R~ is identified with PaZ = & — (T - i@)ii. For the solution u = S[f], the mutilated part (cf.
Proposition 2.10) is of the same form, i.e. u(Z) = ug(Z) + H(Z - 7 — v)uy (L), and we require

|u1 (B)0(zi1=0y| = url, ()] S h>_2m = (PsZ)"*™  almost everywhere. (4.15)

Condition (4.14) does not necessam’ly imply (4.15), but the latter follows for example from the stronger
assumption that |g(%)| < (Z)"*™, compare Lemma 2.11.

If the ridgelets are constructed with a window function such that (4.10) holds for m sufficiently large, we
have the following localisation in space in terms of a modified translation parameter f(E),

3

1 2-% 2%

N:; 4.16
a (") + p2 + p3 + 1) o] 2 <|t~\+p+p2+1> (4.16)

o3| S -
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where, with 05 := arccos(il - €1) and ¢ := 6, — 0,

-, = - 1 i
tk) =k — UUJTglﬁa pl(f) = E(cos pt1 — 2 sinpta),
S .9 1
a := 4/22J sin” ¢ + cos? ¢, pa(t) == —(2] singty + cospi).

The essence (4.16) is, in slightly obscured form, that the magnitude of the coefficients of the modified transla-
tion parameter t appear unchanged — for d — 1 dimensions — in the decay of the ridgelet coefficients, while
in one dimension (basically, along ti), the magnitude is attenuated by a factor ~ 277, as soon as sin¢ is
not negligible. This behaviour corresponds directly to the way the grid of translations in Definition 2.12 is
refined in one direction (resp. the shape of the ridgelets themselves).

Proof. Since g and u; satisfy exactly the same condition (i.e. (4.14) and (4.15)), we can deal with both
cases at the same time (here exemplarily for o). Transforming with ¢ = Rz¢, using (2.6) and applying the
Plancherel identity, this results in (because (; is real)

=2 (0@ |§|? (P = o [ R0

—i §1 . 1]V v .
= % . ‘/—'.71 [TQ@)\(RFL 15):| <f/> g<Rﬁ1 <f/>) dx,
e e
where [€1] denotes the span of €, and [¢;]* its orthogonal complement Furthermore, it is easy to check
that R-'(3%) = R;'(J) + vil € h, as well as PR (%) = R;"' (). Therefore, using (4.10) and (4.14),
1
1 9)>2m

=/
)

dz

7

R
@ (U R (3) — k)™ (R
1

——

AR

J

where we have split off the component involving v in the first denominator, i.e.
U} F=u M (°)=F wsing Fi=F—oU S RTE = F—oU
i 50’ = M )~ using ti=k—oU; Ry e =k — U,

Since UJT;R;LI[%]L is still a hyperplane, the first denominator attains its minimum when the left term

corresponds to the orthogonal projection of ¢ onto that plane. The normal vector transforms with the
transpose of the inverse of the transformation, i.e.

U;;R;Ll[é'l] L(U;, JRZN e = UjTeﬁ, and we set §* := oA
Thus, the minimiser of the first denominator is 7(f) := RzU; ¢(f — (53" - 1)) € [€1]*. By the transformation
(%) = () + 7(), we have

Yy

J 1 1
S e " 47
e+ (U} Ry (3) — 7 -1)° ((3) - 7(B)”
1 1 —r

/ 1 2 n 0 om dy, (417)
et (U R ()] + G D2+ 1) ((3) — ()

Vs,

=927
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where the two summands in the first denominator are now orthogonal to each other, and the last equality
follow by Pythagoras’ theorem.

We will now try to construct a rotation, which will transform the terms in the integral in a way that it
can be dealt with. For reasons of clarity, this will be a two-stop process, first constructing the main rotation
@, and then a small correction T'. The condition on the rotation (that R; ¢5; ¢ = €1 ) fixes the first component
of R; € to be cost;,. Otherwise, we have the freedom to choose R;, such that

cos ;¢ cos 0
—sinfj —sin 05
R; e = 0 , and in the same way, Rzé1 = 0

We may choose further images for our rotations, as long as we maintain the property that RS- Rs' = §- &
for any pair of images RS, R5' we choose for vectors 5,5 € S?!, because rotations maintain the intrinsic
(geodesic) distance between points on the sphere. Defining §;‘,e = Pg 8, (with norm ’sin 0j.0]), we may
therefore choose

sin 97‘7:
g"j . cos Oz
,
. = 0 ’
sin6;

2!
Sit

—r
. . — - S, — - -
since, by our choice for Rz€; above, Rz€1 - Ri sinJéég =0=¢e€" IR In case that 5;, = €; (and thus
Js J.€
sind; o = 0), we take Rjzes = (sinfy,cos 65,0, .. )T, which is a permissible choice for the same reason.

Once more in the same fashion, we are able to determine a rotation @ in the following way

—
8.
Q7'¢,=Rzer  and Q'@ =Ry
sin6; ¢
whereby we achieve
cosblz sinfj 0
Q'= —sinf; cos0Oz 0 ,
0 0 @)
costje sinf;, 0
RjR'Q™' = | —sinf;, cosb;, 0 : (4.18)
- 0 0 (V)

The form of the second matrix can be seen since, due to the choice of '€y, the first column is just R, (€1,
while the second column is calculated as follows. The first entry evaluates to

- — d - 2 - 2
5 ROR=10-12, — p—1e . p=lp._0t  _ g PaSie 2ol _ 1 G0t
€1 Ly ﬁQ €2 = 1i; p€1 - g Lz — =S50 — = - = -
: sin 6 ¢ sin6; ¢ sin6; sin 6 ¢
1—cos?6;, .
= ——— =sinfj,,

sin 9j7g

since (8j¢)1 = §j¢ - €1 = cosBj¢. As the norm of the first row is thus one already, the other entries must be
zero. Similarly,

(5,01

9 o

- 1—1= - - 0 1 €2 - -

€ RjyR."Q € =6 Rj,|50— _ = — (&1 — cosb; ¢R; ¢€1) = cosb; g
sinf;, sinfj,
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implies the zeros in the second row and column. The matrices Q" resp. V" (restricted to have determinant
one) represent the degrees of freedom we still have in choosing the rotation Q.
Finally, we define the two matrices

_ (cosf —sinf _(Se, O
So = (sinﬂ cos@)’ = ( 0 ]Id_g)’

where Sy is the standard rotation matrix in two dimensions satisfying SpSy = Sp44. Inverting (4.18), we
see that

Sp. 0 _ Sp. 0 _ I 0
Q= ( o Q,,) QRﬁRj,;( 5 V) T7'Q = (02 Q,,),

and consequently, setting ¢ := 6;, — 05,
_ _ S 0 _ IR S_ 0
T 1QRﬁRj,[1 = <0¢ V”>’ R R;' =R\ R'Q7'Q = ( 0¢ (V”)—lQ”)' (4.19)

Coming back to (4.17), for reasons that will become apparent shortly, we transform with (g,) = T’lQ(yg,)
(since T~1Q leaves the first component invariant!) to arrive at

a3 S 278 / L(|D2JRJ~75R51Q71TZ’|2+ (7 - 7)? +1)_"
. A{Q7'T((0,2) - T*lQT(E))Y?m dz’
:27%/ﬁ (=27 sin 20, cos 22, (V)72 [P 57 B2 1) (4.20)
" o (0,2)T = TTQr(D) P Az,

where we used the (inverse of the) first equality from (4.19) to evaluate the first denominator. The next step
is to calculate T~'Q7 (%), which we tackle as follows, this time with the second equality in (4.19),

U]Tzﬁ = D27,-Rj,gR;Llé’1 = (Z*j cos ¢, —sin ¢, 0, .. .)T,

’UJTeﬁ‘ =277 \/22j sin® ¢ + cosp =: 2 7q.

From there on, we compute

1 , o1 )
§* = —(cos ¢, —2'sin 9,0, .. .)T, FtT=—(cosgt; — 2 singty) = pi(t),
a a
and therefore, again with (4.19),
T7'Q7(f) = T7'QRz R} Do-s (f— (3° - 1)5")

—J —J
279t pl(a 277 cos o

= T_lQRﬁR;gl 2 - —27 sin ¢

’ & “ 0

2_7: cos gty —singty @ 277 cos? ¢ + 27 sin? ¢
=|277singt; +cospty | — AN N sin ¢ cos ¢ — 27 sin ¢ cos ¢
\Vee a 0
0 0

= | = (¥ sin ¢ty + cos pta) | = [ p2(t) |,

V//t// V//t//



where the first two components simplify substantially, after inserting p; (57 and expanding the first term

with % . We also note that pi+a’pl =13 + 3.
Contlnumg from (4.20), we can now bring this in the following form (for convenience, we will not further
denote the dependence of p;, py on )

loas| <27 / /[ (121> + a®25 + pT + )_n( 2 V" 4 (22— p2)? 1) dZ des.
€1,82]+ —
:pz

:;q2

Using Corollary 2.2 for 2 (basically applying Theorem 2.1 in direction V”#”, transforming to polar coordi-
nates and then once more Theorem 2.1 with respect to the radius), this yields

. o
sl S2F [ pn (P )

— 00

SQ*%/ (a 22+p1+1) m((ZQ—p2)2+|f”\+p%+1)7mdzz

— 00

and again with the help of (2.1),

2-3% 1
~ ( —|—a2(‘t”| +p1 +1 +p1 + 1 m( 2771.2 1 (lt//‘ +p +1)27n. 1)
2-3% 1, 1) 1 2-3%
< atam) S,
(|t”|+01+92+1) a=m a(‘t"|+f’1+02+1)

since 1 < a < 27, which is what we wanted to show for of.

Repeating the whole procedure for u; to estimate w3 increases the right-hand side by 27 at worst, due
to the weight (it is not apparent if or how the additional smoothness in the direction of § can be utilised,
since we are only integrating over a hyperplane), and the proof is complete. [

As the last result in this section, we consider how general decay of the function being tested against the
ridgelet frame transfers to the coefficients.

Lemma 4.6. For a function f € L? satisfying the decay condition

@] <@

for some n € N, the ridgelet coefficients satisfy

2-1%
[(ox, )| S o

((277)2 + |E,|2 + 1>nl~

Proof. Using (4.9) and the required decay of f, we estimate and then transform by § = R, (%, yielding

on. ] = | [ @IS @) 0z </<U e e
X 27

J 1 1
22 n Ay’ dys.
/ /Rd 1 | + (27y1 — k1)? + 1) (@v‘Q + (1) + 1)m

By Corollary 2.2, this can be estimated in the following way,

ol

(o, £ oo (JF* 4+ (2051 — k)2 + 92 +1)" (2751 — k1)% +1) 1

IA
i

/°° 1 1 dy
m > m 1
—oo (227 (1 — B2+ 1) (83 + R+ 1)

J
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which, by (2.1), is less than a multiple of

< 2 <2j<2m1> n ! ) < 2>

T (B (R )+ )" (B2 7 () + P+ )™
O

ol

4.4 Proof of Theorem 4.1

With the results of Sections 4.2 and 4.3, we are now in a position to prove Theorem 4.1.

Proof of Theorem 4.1. Recall that ay = <g0A,f> and ) = w>\<<p,\,S[f]> from Proposition 4.3. Thus, the
claim of the theorem will follow if we are able to prove

N N

laall g S Ml and  IWBAI-rg S STl

w =0 v i=0

K2

where the deviation % from the best possible value p* = (é + %)_1 (for f; € HY), decays with n.

Step 1 — Preparations
First off, we note that due to the linearity of the ridgelet coefficients, resp. the differential equation (1.2),
it suffices to treat a function f(Z) = H(Z -7 — v)g(Z) and the rest follows through superposition. Also, we
will be able to prove the results for ay and 85 almost completely simultaneously, and will mostly deal with
Ba (noting, where appropriate, the mitigating factors in the easier ap-case). The only additional thing we
have to check for u = S[f] is that the decay conditions for Lemma 4.6 holds, but this follows directly from
Lemma 2.11.

Furthermore, we recall from Proposition 2.10 that u(Z) = uo(Z)+ H(Z -7 —v)ui (Z) with ||u || e S |9l ge-
Due to (4.1), we also have the necessary conditions to apply Proposition 4.5,

|91, (Pad)| < (Pad) ", |ual, (Pai)| S (Pa) 2",

We begin by choosing § > 0, and will show membership of W3, in Eful, where p’ = p* + §* and
0* = 5(t + %)71. The modified §* will have to satisfy a lower bound to ensure that all the arguments hold,
and we will then that % is enough to achieve this bound. Following the decomposition 5y = 8} + 55, we

will show this for both subsequences separately.

Step 2 — Singular part, large coefficients
We begin with W33, splitting the sequence into two parts, namely the tail
- o . s d
Ty = {k € Z%: |V t(k)| > (271 sin6,]) 7 + g}
and its complement 7%, := Z3\ T; 4. Here, f(E) is defined as in Proposition 4.5, and similarly, a and ¢ are
reused to define Vj ¢ as the following block-diagonal matrix (with determinant 1),

cos ¢ 27 sin ¢ 0
V- = 27 sain¢ cotézz) 0
I a2 a2
0 0 | Tis

As the first step, we will show membership of the sequence W3 | (NRET 0} in Eﬁ; . Taking the number of
. Js
elements whose absolute value exceeds ¢, i.e.

N(e) := #{)\: k& TN wrpy| > 5}7
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an equivalent definition of the £2/-norm is
1
||Wﬂzs\|{A;EgTM}||g{7u’ ~ SI;IO)EN”, () S llgllgres
€

which is what we will show in the following.
To do so, we define a further subset of N(e),

Nio(e) = #{(L,k): L€ LAk E T A |waf3| > e}

Clearly, (4.3) implies that |w>\6§\|2 < C2_j||g||§1,,57 and therefore Nj ,(e) = 0 if 27 > C€_2Hg\|§{t.
Next, we need to determine the cardinality of 7%, for £ € AJ. First we estimate the sum by an integral
(where the maximum of each cell of size [0,1]% can be at most f away from the value of the function

at k € Z9), and then transform with # = ijgf(k) = ‘/]g( vUj , M) — introducing a factor a from the
determinant — to estimate

c < T
#15e < /1{|vﬂt<k>|<<2a+1|sm9]e|>d+f} /“1{\f|§<2a‘+1\sin0,-,z\>%+¢3} dz

= apo(Bra (0, (277 [sin0;])* + V) ) S 20770+, (4.21)
Here, p is the d-dimensional Lebesgue measure. The restriction defining 7}, may now seem somewhat
arbitrary, but the result is that the number of translations in the singular set is essentially one-dimensional

(even though the set of translations is d-dimensional!), which gives rise to the following bound for the
cardinality N;, (regardless of the condition that the absolute value be larger than ),

Nj.(e) < 9(—=r)(d=1)  9(i—7)(1+3) _ 9(j—r)(d+3) (4.22)

#A1S #T5, <

As we shall see, the factor d + ¢ will directly influence the best p possible for the 2 -norm of the subsequence
involving k € Tj ¢, in the sense that we will achieve

2(d+0) <2(d+6):(t 1)*1 26

T2+ (d+0) = 2+d \d 2 2% +d

—pf L 5 = 4.23
2+5 P+ P, (4.23)

where we recall 6* = 6(t + %)71

Of course, restricting the translations to achieve this bound is only half the battle — everything we
exclude now needs to be bounded afterwards — but this shall work out in our favour (and make sense of the

definition of T} ¢), because the tail is precisely defined to contain only the small coefficients.
Let 1 :=¢€/||g|| y:- Then, by (4.3) and (4.22),

Nj.(e) < min(g(iﬂ)(d%)’77*22*j2*(jfr)(2t*1)).
Calculating the maximal r such that the second term is the minimum, we find
p~22-i9=(=N(2t=1) < 9(i=1)(d+9) — r<j—logy(n s27%),
where o :=d + § + 2t — 1. Therefore,

j 1 .
N(e) = ZNj,T(s) < min(?j(d+6), 777227j(777%27%)2t71) = min(QJ(dJr‘s),n*

r=1

2(d+8) __ j(d+6)
% 277 < )

Again, we determine the critical j where the minimum switches from one term to the other, and see that

d+s j(d+5 : j
77_@2_% < 9i(d+) — nf%ﬂ <97

27



which implies

9i(d+8) 2 < e,
Ni(e) S qu~ o2 ", 7l <2 < o2,
0, 27 > Cn_2.

Finally, we have

o
“Y NE S Y P 3T ey e

§=0 j:2i<n—2/(c+1) §:p—2/(0+1D) <2

2(d+5) 2(d+38) | d+5 2 2(d+6)
- -S4
5 n 1+ n - T+ < 7] 2t+d+s < 77

by (4.23) since n < 1, which finishes the argument for the first subsequence.

Step 3 — Singular part, tail

Next we will show membership of the sequence WS4 | (NRET; .} in ' C ¢P . We begin by taking ¢ < 1, and
. Js

— after applying (4.16) — again estimate the sum by an integral (recalling that the maximum per cell can

be at most @ away from the value at I;/:, which cancels with the shift in the right-hand side of the defining
inequality of T ¢),

2% q=a
Z [wAB3T S Z 7112 2 2 ™q
er wer, (/P 4ol 405 +1)
27@7‘1 -
< 7 dk.
/ {|V o> d/\/2J+1|§1n9Je|} ( tl/|2 +p1 _|_p2 + 1)

Calculating ‘/j’g(thtgﬂfg, .. .)T = (pl,pg,tg,, .. .)T, we transform the first term by 7 = Vj}l(lz:' — U;glﬁ) to
yield

9%
Q< l—qd—*
EW*' /{| > @i sing, )4} (EE + )t
.l

iq

o0 27
,S/ —_pdlglmagy
(2+1sin g, (77 +1)™4

< 9B 9(i—r)(=224=15+1-q) < 9H 9(i—r) (=252 +1+6) (4.24)

Summing over £ € AJ, which has cardinality #AJ < 20-7)(@=1) "this implies

S Y il £ 22U,

EEA,,. kGTJ,(

At first glance this estimate might seem of questionable benefit, since the first term has a positive power
of j. However, (4.3) and the following interpolation inequality'! for a sequence (c;);c; will save the day,

0 1—6 1 0 1-0
lleller < llelleallellez where =24 5

1 1,0g-convexity of LP-norms; follows from applying Hélder’s inequality to |f| = \f|9\f|179.
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In particular, we have that

1
P Jj : m 0 Jj . 1 1-0
(§ > mwm’”) 5(252—0—”(%“—%”)) (2,.52,(3,T)(t,§)>

LEAL KETy
— 9-i(3=0)9=(—m) (03— G+ (1-0)(t=3)) (4.25)

which implies that for § < % (i.e. g sufficiently small) and n sufficiently large, we have achieved a finite
¢P-norm for the tail of the singular part, as we can now simply sum over 7:

Y uagyr g 270,

4 EETj,g

The condition 0 < % prescribes an upper bound for ¢ depending on the desired p, namely that 6 < % =
i>2-3
In the same way as above, we get that

S Y Jay ) S 2 For o -d-e)

ZGAZV EgS_M

which lets us set ¢ = p’ directly without having to interpolate (which leads to a slightly improved estimate
for §* than the one below, compare also Step 7).

Step 4 — Singular part, estimating §*

To determine a lower bound for 6* in dependence of n, we observe that @ > d%‘; has to hold for the second
exponent in (4.25) to be negative (actually this is a source for potential improvement for ¢, since, due to
0 < %7 we could afford to let the first term become slightly negative; we will not deal with this, though).

Together with the condition for 6 and for the p we want to achieve, this implies

2md 12 1 _2+4d 1
d(d+6) " q  p*+06*

2 d+46 2

where we recalled p* = (4 + 2)~! and 6* = 6(t + ¢)~'. From this, we can use this to deduce a worst-case

lower bound for the deviation from the optimal p* to make our argument work, namely

d

2m 1 d t+5 1
5(— —)>2t = = 5 >2—14
@27 T
——
which is satisfied in particular if <1
o* > Ad .
T 4dn+d
Said otherwise, everything we showed is true if we choose §* = %, which, conversely, means that the

. . . +4 . . 15 . .
coefficient sequence is at least in the space £, '™, and possibly in an even smaller space (P70 e, with
s< 4.

—_ m

Step 5 — Regular part, large coefficients
Like for the singular part, we split the sequence into two parts, again defining a tail

T:= {Ee Ze: |Dy-sk| > 277 + g}
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only this time, both subsequences will be summable in v C Eﬁ;. Like before, we estimate the cardinality of
the complement T¢ := Z4\ T,

2 d (1+9)
c Y -1 < 971+
#T S/H{Dz,jﬁ<2j%+\/ﬁ}dk 2 /0 r¢ o dr S 2 .

The following estimate will be the key to finish this step. For sequences f, g with g > 0 almost everywhere
and some ¢ > 1, we apply Hdélder’s inequality,

1 i1 1 _1 1 1, a=l
A P P P | PP |2 e P

where ¢’ = #, which is sometimes called the reverse Hélder inequality, because then, by taking ¢*" powers
and bringing the last factor to the left-hand side, “|| fg[/,» > ||f||€

in the /P-quasi-norms.
In our case, we chose ¢ = ;, f= |Wﬁf\\2 and g = ]l{j FeTeys allowing us to apply the above inequality,

L ”_if we allowed negative exponents

qg—1
Vi

2 < s P’ % T
w T Z Z lwAB3 = ||W5A|j,Tc

=1 gere

||Wﬂf\|],TC ||W5A g3,1¢

i = z2||]l {j,keTe}

Since g is constant, the last norm simply evaluates to L; - #7°¢ < 27 (d+9) and therefore, using (4.2), we have

2 26—2jtoi(d+6)(Z—1)
HWBMJ.,TC L S e327 %t » b,

Computing

(v 5 )‘1 (v + A
_ ST
t+4d t+4d 142

makes it clear that the second exponent simplifies to

s (1) el - £) -9

and thus

)
9—J3
o’ 5€j2 27

W B4, e

which is summable in j.
Step 6 — Regular part, tail
For the tail of WS}, we need to use the decay of f resp. S[f] to apply Lemma 4.6,

JP o, 1 ~
' < -
3 [wafil Z ) —|—|k'| T <27 /]1{“32 o (BT 1) dF.

keT kET 2

Transforming with ¢ = Dy—; E, we are able to continue,

L R e e )
Ei>20d (177 + 1) 2
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Since this estimate is independent of ¢, we can sum over the L; ~ 27(d=1) directions on scale j to arrive at

Lj ’ ’
SOS fungylt g2 (B ), (4.26)

=1ker

For m sufficiently large, resp. d not too small (see below), the exponent is negative, and we can thus sum in
j and have shown that the tail of the regular part is in % C /% .

Step 7 — Regular part, estimating §*
Similarly to Step 4, we check which condition ¢ (resp. 6*) needs to satisfy so that the results from above

hold (i.e. that the exponent (4.26) is negative). Apart from the negligible term % in the exponent, this is

the same condition we had for the tail of the singular part, only that now, we don’t need to interpolate,

2mé 1 1 t+ ¢
>—=——= :

d(d+0)

Therefore, the condition for §* becomes

5>%(t+g) = 6*>%,

which is weaker than the condition from Step 4, and satisfied in particular for %.
This allows us to round up the results thus far, and we observe that, taken together, Steps 1-7 prove the
claim of the theorem for ¢t € N.

Step 8 — Interpolating in ¢
What remains to show is to extend this to the half-line ¢ > 0 via interpolation theory. Taking the operators
defined by

Tof = (8,f),  Taf = W(®,S]f),

we know that, by the frame property, resp. by (4.5),
I Till 2 spe <00, i=1,2.

On the other hand, as we have just proved above for any ¢t € N, the T; also satisfy
||TZ-||Ht_>%*+a* <oo, i=1,2,

where 0* < % and p% = é + % Using the results from Theorem 2.16, we see that
||Ti||Ht94,e§ < 00,

where % = 1%9 + I#. Letting Rt 3 ¢ = t0 (regardless of the choice of £ € N and 0 < § < 1), we compute

1 1-6 0t+4 t 6/ d 1
- = ( 2): +*( —1)“!‘*’
P 2 d+9 d+46 2\d+94 2
and thus, since 6 < %, we can deduce
d+46 d+4 <f 1\ -1
p= = < = = 7+7> +6".
P t+44+8(1-0) " t+4 d 2

Finally, we remark that E’; C ¢P . and thus the proof is finished, since for arbitrary ¢t € R*, we have shown
that for f € H*(R?) with solution S[f], it holds that

e d ey d 1\ -1
(@,f}€€i+i as well as W(@,S[f]>€fﬁ+g‘ where p*:(2+§> .
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4.5 Implications

To conclude this section, we briefly discuss differences to the proof and results in [Can01].

Remark 4.7. An obvious question that presents itself with regard to [Can01] is why Candés was able to
achieve p = p*, while we only achieve this value up to an arbitrarily small §*. Aside from the fact that the
functions we treat do not have to have compact support, one major source for this loss is the fact that we
have so many more translations to deal with (d dimensions vs. one in [Can01]).

To achieve p = p*, we would have to:

(A) Bound (4.21) in a way that depends purely linearly from 2/~ — since we can see that the deviation
0 directly impacts (4.23) through (4.22).

(B) On the other hand, the ¢7 norm of the tail in (4.24) still has to have an exponent of 2/=" that is
negative for sufficiently large m.

The transformation Vj ¢ in T} ¢ is already chosen in a way to be able to optimally estimate (4.24) by achieving
radial symmetry, and due to its functional determinant a ~ 29", (A) becomes almost impossible. One may
squeeze a slight improvement out of (4.16) by pulling a factor aw in the denominator, which would reduce
the determinant of transforming with V; , to al=2m . Still, this improvement is not enough, as it would force
0 < % in (A), making (B) impossible, since m would disappear from the exponent. Also, the ¢P-interpolation
does not save us, due to the fact that the condition on 8 would necessitate g < 0.

One solution would be if the fraction % in (4.16) had any power that grew with m, even if it were as slow
as log(m) — as this would save (B) in the above scenario. But in general, due to the sharpness of (2.1), this
seems unlikely to be possible. Nevertheless, we do not rule out that 6* could be eliminated through other

proof techniques for functions with compact support. A
Remark 4.8. Finally, while we were able to follow the general approach of [Can01] — i.e. localisation in
angle, localisation in space, split off tails etc. — we had very different issue to deal with. On the one hand,

we were able to avoid the sampling estimates in Fourier space (which is essentially due to the fact that
Candeés construction is supported on [5; ¢] in frequency, while our construction diffuses this to the sets P;,
where we are able to integrate), but on the other hand, issues like the localisation in space became much
more intricate and required “heavy machinery” (in the form of Theorem 2.1) to deal with. The removal of
the condition of compact support — resp. being also able to quantify the coefficient decay for functions with
only polynomial decay — is a welcome bonus, as is the fact that we were able to avoid the numerous case
distinctions that are often necessary in other proofs of optimality (compare e.g. [CD04]). A

5 Conclusion

Wrapping up, the fact that ridgelets approximate mutilated Sobolev functions with the benchmark rate —
up to arbitrarily small § > 0 — for this class (as set out in Section 3) allows us to combine Theorem 4.1 with
[GO15] to achieve Theorem 1.2. To the best of our knowledge, this is the first construction of an optimally
adapted PDE solver with non-standard frames and for non-elliptic problems.

As indicated in Subsection 1.5, this can be utilised for solving more involved transport equations (1.6),
based on the fact that the ridgelet frame ® covers all direction § simultaneously, while the multiscale structure
makes it possible to alleviate the curse of dimensionality, for example by the “sparse discrete ordinates
method” (see e.g. [GS11]).

Finally, as a numerical check of the claimed results, we return to Figure 1.1, which is the solution of
(1.2) with a source function that is a box function times a Gaussian, rotated so that the edges of the box
are aligned with the transport direction § (which is chosen to not coincide with any of the §; ¢ in the frame).
Since — apart from the singularities — the function is C*°, we even observe super-polynomial decay, in the
sense that in the doubly logarithmic plot Figure 5.1b, the curve has non-zero curvature (as far as we were
able to calculate) and overtakes any straight line (which would correspond to a fixed power N~7).
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Figure 5.1: Solution to the advection equation for a singular right-hand side, as well the N-term approxi-
mation rate of the ridgelet frame

Furthermore, the localisation in angle discussed in Proposition 4.3, is also confirmed theoretically. Indeed,
the results are again very convincing, in that, for at least the first 100’000 largest coefficients (on scales 1-10),
the corresponding rotational parameters ¢ are all either the 5;, closest to the direction 5 or its immediate
left /right neighbours — across all scales! To put this into perspective, there are 271 different 5j¢ on each
scale, and we can discard all but three of them without discernible loss in accuracy. For further numerical
results in this context see [Obel5, Sec. 8.2].

6 An Integral (In)Equality

The following result turned out to be necessary for the proof of Theorem 4.1, but has proven useful in
other contexts as well (e.g. Lemma 2.11). It is very well-suited for quantifying interactions between (offset)
decaying functions — particularly for convolutions (see Corollary 6.4) — and substantially stronger than
other results of this type we are aware of (see Remark 6.2).

6.1 Main Theorem & Consequences

The following theorem is formulated not in its most general form, but in a form that any one-dimensional
problem of this type can be transformed into.
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Theorem 6.1. Form,n €N, a € Rg, beR, c,dcRY, we have

I / h . :
e |l (a2(x = b)2 4 )™ (22 + d2)"
T 1 1 m,n _j j 2k
= m+n—1 m— n— ci, ic (CLd)‘] (ab)
((c+ad)? + a?b?) " cam=1 gzt i+j+2k§m+n)3 ’
i>2m—1Vj>2n—1

dx

a®nt 1 1 1
S 3 22y am1 T 2 1 ,2p2)7 J2n—1 (6.1)
((c+ ad)? + a?b?)" 2m ((c+ ad)? + a?b?)™ d?
< a®nt 1 N 1 1 (6.2)
= (@202 + a2d + )" 2m 1 T (6262 + a2d2 + ¢2)™" @21 :
Furthermore, the generating function for I, ., is
Z L yman = TYZ V2 —y+av/d? -z (6.3)
= o V& —yJi2 — 2 (VE —y +aVd® — 2)2 4+ a2b?’ '
and with h(v,w) := (v + w)? + 1, we also have a generating function for the coefficients,
Z Cmfnviwjymzn
i,j
i,j>0
m,n>1
h(v,w)yz vy/1—h(v,w)y +wy/1 — h(v,w)z (6.4)

- V1= h(v,w)y/1— h(v,w)z (/1 = h(v,w)y +w\/1 — h(v,w)z)2 +1
The coefficients are zero unless the following conditions are satisfied,
i+j=1mod?2, i+j<2(m+n)—3, (i>2m—1Vj>2n—1).
If these are satisfied, the coefficients can be calulated as follows,

i J
o E E manirts=1t (T +S
Ci,Jj = 5{r+szl mod 2}(—1) tnt—5 < ) .

S
r=0 s=0

o F = m+n—1 i+j—r—s=s
m—1)\n—1)\m+n—1-H== i—r '

Another representation of the coefficients can be found in Proposition 6.11.

Remark 6.2. In [Gral4, App. B.1], it is shown that for dimension k& > 1, powers m,n > k, factors p,q > 0
and vectors 7,5 € R*, the following inequality holds

/ P ¢* dF < min(p, ¢)*
re (L+pl@ = 7)™ (L+qlZ —3)" 7~ (1 4+ min(p, ¢)|7 — §)mm(m’")

Applied to our context (using the fact that 1+ 22 > $(1+ |z])? > (1 + z?), resp. k = 1), implies

1 1 1 1 1 1
(b2 + d2)min(m,n) c2m—1 J2n—2min(m,n) + (a2b2 + CZ)min(m,n) c2m—2min(m,n) J2n—1"

Im,n

<1
~a

Even though we know that in our case, we can take m to be arbitrarily large (but fixed), this only yields

1 1 1 1 1
(b2 + dZ)n c2m—1 + (a2b2 + 62)" C2(m—n) d2n—1 :

1
In < = 6.5
S (6.5)
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In one of the key estimates that we need for Theorem 4.1 (see the proof of Proposition 4.5), ¢ and d will
contain variables in other dimensions to be integrated over, and the fact that one term now has three factors
renders an second application of (6.5) impossible in this case. We would need to accept considerable slack in
the estimates (by dropping one factor in the second term of the right-hand side of (6.5)), which would make
achieving sufficiently strong estimates much more difficult (if not impossible).

Compare also with Corollary 6.4, where we are able to leverage (6.2) into higher dimensions as well — in
our case obtaining a denominator that contains both p and ¢ (in the notation of this remark), see (6.6). A

Remark 6.3. The estimate has one deficiency in terms of the behaviour of @ — namely, that I, ,, always
decreases with increasing a (albeit much slower than might be expected; the decay with b, ¢, d is much more
pronounced), whereas the first term in the estimates increases with a until around

2 /(D2 + d2) 2
an~ “an—i—Ldg for (6.2) resp. a~ ned + yn(b? + &)e for (6.1)

b2 + d?

and only then starts to decrease with a.

This is not avoidable, as the first term of (6.1) actually appears as such (modulo a constant) in the
explicit representation of I, ,, but there, its growth is eliminated by the decay with a of terms like the
second one in (6.1), which have a higher weight in practice.

Consequently, barring a more precise analysis of the constant’s dependence on m and n, the estimate can
be made more efficient in some cases by directly estimating away a > 1 within I, ,, and then applying (6.1)
— namely when

(6% + (c+d)*)"

1 <
< as (b2_|_d2)n

if only the first term should be minimised, which is the case if a ~ ¢ > b, d, for example. Considering both
terms simultaneously, estimating a > 1 is still beneficial in the following regime,

A

l1<as (0 + (et )" (b + (c+d)?)md* !
~ (62 + dQ)n (b2 + (c + d)Q)mdQn—l + (b2 + (C T d)Q)”CQW—l .

Proof of Theorem 6.1. The proof is split into several parts. First, we need to determine the partial fraction
decomposition (PFD) of the integrand, which we do in Proposition 6.5. Since m and n are arbitrary, we will
only be able to formulate a recursion at first. However, we can leverage this recursion into explicit generating
functions for the terms appearing in the PFD, which we do in Proposition 6.8. This machinery is necessary,
unfortunately, since mere induction is hopelessly inadequate for the task at hand.

With the help of these two tools, we are able to calculate the generating function (6.3) which we prove
in Proposition 6.9.

In the form (6.3), we have already achieved (essentially) the crucial cancellation (compared to the PFD)
that eliminates the “bad” factors from the denominator. However, what remains to be shown compared to
Theorem 6.1 is that ¢%" = 0if i <2(m —1) Aj < 2(n —1). To gain explicit control over these coefficients,
we first “disassemble” the function (6.3) into its parts (by differentiation) in Proposition 6.11, which yields
another formula for c:"]" (which is more complex, but without binomial coefficients of non-integers).

Then, inserting the “indicators” we need, we put it back together to arrive at the formula (6.4) in
Proposition 6.12. Finally, we take apart (6.4) one last time in a different way that allows us to conclude
that the required coeflicients are actually zero in Proposition 6.14. This will finish the proof. Finally, in
Remark 6.15, we mention the conjecture that, always, c:nj" > 0, which, however, we have not (seriously)
attempted to prove. O

Before we continue, we record an corollary of Theorem 6.1 for higher dimensions.
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Corollary 6.4. For m,n € N and ¢,d > 0, as well as vectors 7,5 € R* and invertible matrices A, B such
that AB~' is diagonalisable'?, we assume that two functions satisfy

@) S (A@E+7))2+A) ™™ and |g@)| S (|B@E+5)" +d*) "

Then, if m,n > %L we have the following estimate for the convolution of f and g,

1 IBA-Y* 1
t < DRI
LA g](d)| ™ |det B <(|B(F+ S+D)2+d? + |[BA-L|2c2)" 2m kT +
[BA—*™ 1 )
U (IB(F+F D)2+ d2 + | BATY|2c2) " d2nohl

and — in a dual way — the same estimate holds after concurrently switching ¥ <+ 8, A+ B, ¢ <> d and
m <> n, i.e. we can choose the minimum of the two.
Specialising to A= B =1 and " = § = 0, we see that

1 1 1 1
) < -— D = ™ 1
“f *g](#>| ~ (|t|2 + CQ —l—d2) CQm—k—l + (|t|2 + C2 —I—d2) d2n—k—1

(6.6)
Proof. We begin by inserting the definition, using the assumed estimates and transforming by § = B(Z + 3).

[f +gl(®)] = ‘/f(f—f)g(f)df

5/(yA(E—mmf+c2)"”(|B(f+§)\2+d2)‘”d5c' (6.7)
]. - - —1 = —» —m — -_n —
= 9ot D] /(|A(r +{—B 1y+s)|2 +cA) (19 +d?) " dg.

Decomposing AB~! = VDV ~! with D being a diagonal matrix with eigenvalues sorted by descending
absolute value and V' being the (unitary) matrix of corresponding eigenvectors, we set @ := V1 A(7 + 5+ f)
and continue by transforming with 7 = V 1y,

1 - —
Hf*g](m S et B| /(’—VDV_15'+A(F+ §+f>’2+c2) m(|:lj|2+d2) ndﬂ
1 —m —
= Jdet B] /(’Dz—ﬁfﬂz) "2 +d?) " az.

The problem we face now is that the above integral behaves “elliptically” in some sense — and in a way we
can’t remove by suitable stretching — because each component appears both as z; and as A;z;. With (6.2) in
mind, there are two ways out of this. On the one hand, we could shave off dimension after dimension (since
the z; are decoupled, we can apply (6.2) in each dimension sequentially), but this blows up the number of
terms to (potentially) 2%, and we would “lose” at least half a power of either denominator in each step (or
every second step, if one is careful).

The second way — which we will choose — is to (effectively) make the matrix D a multiple of the identity
(thus removing the “elliptic” influences), by estimating it with its smallest eigenvalue (by magnitude) as
follows below. In view of Remark 6.3, it is not unlikely that this might even be the more efficient estimate in
many cases. A combination of the two methods is of course also possible, in fact, if AB~! is not diagonalisable,
it is necessary to “cut apart” the Jordan blocks in the way described above.

Each entry of DZ — @ contributes a term (\iz; —u;)? = |\i|* (2 — ‘/\‘—1)2 to the absolute value, and we can
estimate this from below (thus estimating the integral from above) by |\g|?(2; — %)2 For notational ease,
we set a := |\g| as well as ¥ := D~1%, and continue from above,

/(|D(2— D)+ )T (1ZP + d?) Mz < /(a2|z— 72+ )" (|27 +d?) " dz

12The restriction that AB~! has to be diagonalisable is obviously artificial and can be removed in principle (although the
formula would become much more complicated).
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L and transform with

Now we set R := Rg/j5 (compare Definition 2.3) — satisfying Rv = (|17\,O, .. )
W := RZ using the invariance of the Euclidian norm under rotations,

1
dw,

/(a2\z— 7+ ) (7P d?) " az
_/ 1 -
e (@(wr — |92 4 2@ 2+ )" (w2 + |7 )2+ d2)"

where 0 = ('l%}), i.e. @ represents the k — 1 lower components of .
We split off the integration in w; and apply (6.2),

Ry a— e
w w
i1 ) oo (a2(wy — [0])2 + 2@ 2 + )" (w? + @ +d2)"
2n—1
a 1
5/ — — = 5T T ---
re-t (@2[0]7 + 2070 + ¢ + a2d?)" (212 4 2) T
1 1 .
2n—1 dw/
2

+ n
(a2|7)? + 2a2|@'|2 + ¢ + a2d?) (|@')2 + d2)

k—1

e} a2n7k r
< / - D ——dr+...
o (r2+4a?d]? + ¢+ a?d?) (r2+c2) 2
o 1 rk—1
+ - = s— dr
o (a®r?+ a0 + 2 + a?d?) (r2+d2) 7
1 /°° a’n—k 1 1 dr+
= = ~dr + ...
T2 ) o (2 + a?|T]? + 2 + a2d?) (r2 + 02)m—f§1 (62)%1—%
1 1
dr,

1 [ 1
-t m ; )
2 /oo (a2r? + @22 + 2 + a2d?)" (2 4 g2y~ T3] (a2)[ 513

where we split the integrals and transformed the first term by &’ = %ﬂ'/ before changing to polar coordinates.

We then extended the integral over r to —oo in order to be able to apply (6.2) once more,

a2n—k 1 a2n—k‘ 1
S —[%]+n—% [&]-& 2GR b a2 g2 k-1 T
(@272 + ¢ + a2a2) ™ 1817 () #1- (a2]9]2 + 2 + a2d?)" ¢
+ a2n72|7§—|71 1 N 1 1
N (a2]7]2 + 2 + azdz)"—fﬂﬂn—% (dz)[§1—g (a2[7]2 + 2 + azdz)m J2n—k—1
a2n—k: 1 1 1
N m + - ,
(a2[3]2 + 2 + a2d2)" ™ F1 7 (a2[5]? + 2 4 a2d?)" PR

because, obviously, a?|7]? + ¢ + a?d? > ¢?,a%d?>. Now, a = |\g|, the smallest eigenvalue of AB~!, corre-
sponds to the inverse of the largest eigenvalue of BA~!, which itself is equal to the matrix norm HBA_1 H

Furthermore, |D~'4| = |V D' = |B(7¥ 4+ § 4+ t)|. Putting everything together, we arrive at

( |BA* 1
+..

(IB(F+5+ )2 + d2 + HBA—1H2C2>n 2m—k—1
; IBAZ ™ )
T (IBEHF+ D)+ d2 + |BAT2R) " @1

1
7901 S g
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Depending on the quantities in question (but certainly in the case that HAB_1 H < HBA_1 ), we transform

differently from (6.7),
1+l < /(|A(Zff+?)|2+c2)*m(|B(f+§)|2+d2)*”df
= @ /(|zj|2 +A) (| BE+5- A5+ F|2 +d*) " dy
= @ /(|g|2 +c) (| BAT Y - AF+ 5+ £)|2 +d?) " dy.

Proceeding like before, this means that the convolution also satisfies

1 |AB~L|*" 1
xgl(t)]| < = + ...
Hf g](‘)| ™~ |det A] ((A(F—I— S+ f)|2 +c2 + ||AB—1||2d2) c2m—k-1
. |AB|* L)
T (JAFEHE D)2 + 2+ ||ABTY2a2) ™ d2nmkt )
and we can choose the one that is smaller. O

6.2 Some Basic Generating Function Theory

The main idea of the approach of generating functions — see e.g. [Wil94] — can be described as follows:
take a sequence g, (recursively defined, for example) and calculate

Ga) = ops({gn}ia") = 3 gaa™,

n>0

where “ops” stands for ordinary power series (as opposed to exponential power series, which we will not
need). If G can be identified with a known function, g, can be recovered as

1d"G(z)
n!  dam

n

=: [z"] G(2),

=0
which is often possible, even if the recursion for g, cannot be resolved by induction. The notation [z"] will
henceforth denote the nt" coefficient of G with respect to 2. Two properties follow immediately from the

definition,

[2"](a*G(x)) = [2"7*] G(a), (6.8)
[z"] G(Bx) = B"[z"] G(), (6.9)

where 8 € R, as a simple consequence of the chain rule.

The main tool to calculate G are basic identities from the theory of power series, with the advantage
that we can do all calculations purely formally at first, while ultimately, if the resulting G turns out to be
convergent in a ball of radius R > 0 then all our formal calculations are actually justified analytically as
well. This kind of freedom is especially useful if g, is itself a partial sum of the sequence f, x, since we can

freely interchange the order of summation, i.e.
=Fi(z)

n P N,
G(x) =D > fart™ =D My fak™ =Y > foga” =Y 2" fuppa™

n>0 k=0 n>0k>0 E>0n>k k>0  n>0

If — as will often be the case — we can calculate Fj(x) and consequently G(x), we may then find g, =

2k=o ok as [z"] G.
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We consider — again only formally — a function F(z) = ops({fn}o ,2") generated by {f,}, as well as
another one generated by {g,,}, G(z) = ops({gn}, ,z"); then

F(z) — F(0)

Ops({fn+1}807xn) = #7 (610)

F(z)G( —opb<{2fngn k} x") (6.11)

Furthermore, the last essential ingredient is having the identification of as many power series as possible
with known functions. But before we define the binomial coefficient for o € C (we will only need o € R)
and n € Ny,

(a) Cala—=1)-...-(a=n+1) MNa+1)
n n! CT(n+Dl(a—n+1)’

where the last equality holds in the limit @’ — « if one of the I'-terms has a singularity at «. By reversing
the signs and order of the factors in the numerator, we see that the following identity holds

(Z) = (-1)" ("_Z_ 1). (6.12)

We only list the power series identities we will need ([Wil94, Sec 2.5]):

1 n
71_96:2:6 : (6.13)

n>0

n+k\
A=)kt~ ( n ) ; k € No, (6.14)
n>0
14z :Z<> a €R, (6.15)
n>0

2n
T e ) (6.16)

(1—\/@> :nz i (2"“‘“‘1)96“7 keN, (6.17)

2z 20n+k n

Note that, due to (6.12), (6.15) generalises both (6.13) and (6.14).

6.3 Partial Fraction Decomposition

Before we can think about the integration in I, ,,, we first need to figure out the partial fraction decompo-
sition (PFD) of the integrand.

Proposition 6.5. Using
A:=6.6_:= ((c+ad)* + a®*v*)((c — ad)? + a*b?)

it holds that

1 1
P n = ™ n o
o (a®(x =02+ )" (22 + d?)
B Z a®n Tp+ abesg D g2 tf;I + a2bxufn
- ntk—1 (2(r — b2 2\m—k-+1 m4L—1 (.2 2\n—0+1"
k=1A (a?(x —b)? + 2) A (22 + d?)

(6.18)

(=1
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where, for k,£ € N, the coefficients can be calculated recursively:

k

rt = Z r,i_k.urlrﬁ,_l + a*b* (Aug_p — (a*b* + 02)u,1§_k/+1)ui,_1 (6.19a)
k=1

k

th= thouary " +ab?dup g gt (6.19D)
k=1

uh = Z ui_k,ﬂrk, —t} k,+1uk, = —st (6.19¢)
k=1

The calculation first needs to resolve £ — £ —1 — ... — 1 back to initial values

rt=rith_ +a?b?(a®b? + Autup_ (6.20a)
ty = tity_, — a*b d*ujui_q, (6.20b)
up = uity_; +tiup_, = —s, (6.20¢)

which themselves can be resolved by recurring back (in k) to

ri = 3a*b* + a®d® — ¢, ro = —1, (6.21a)
th = a®® —d®d® + 2, resp. th =1, (6.21b)
up =2 = —sq, uy =0 = sp. (6.21c)

Furthermore, we have the following important relation between the coefficients
e+ th = 2a%b%ul,. (6.22)
Proof. First off, we calculate the PFD for the case m,n =1,

1 1 a? 3a?b? + a?d® — 2 — 2d%bz 1 a?b? — a?d®> + ? +2a?bzx

a2(z —b2+ a2 +d> A a?(x — b)? + ¢2 M x2 4 d?

from which we can read off the left half of (6.21). Next, assuming (6.18) for m and n = 1 we use induction
in m,

ri +a’bxs; 1 tr, +a*bzu,
) 6.23
P11 = Z AF (a2(z — b)2 + 2)m—k+2 T Am (a2 + @) (22 + d2) (6.23)

We continue by splitting the second term with the help of (6.21),

1 tL +a*bzul,
A™ (a?(x — b)?2 4 ¢2)(2? 4+ d?)
a® (ri +a®basy)(ty, +a*brul) 1 (H+a?bzud)tl, +a?baul)
T AmAFL a?(z — b)2 + 2 Am+1 22 1+ (2
~a? rith 4+ dPba(riul, + sit,) + a*b a?siul, n
= ATl T P

1 il +a?ba(tiul, +ultl) + a*b?2%uiul)
Am+l x? + d?

Considering (6.21c), we collect the z2-terms in the numerators,

2a4b2uin x? a?z? B 2a4b2u}n d? 14 a?b?® + ? — 2a%bx
Am—i—l 1’2 + d2 a2(x _ b)2 + 02 - Am+1

2442 a?(x — b)% 4 ¢2
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Coming back to (6.23), we set the abbreviation f(z) := a?(x — b)? + ¢? for the first denominator, and

compute that ¢ ul,

—
L a?rl+a?bash  tth, — a*bPdPuiug, + a?ba(tiul, + uity,)
m+1 1 — Z Ak +

fl ’m k+2 Am+1(x2+d2)
2
a 1,1 2320232 2\ 11 2 1,1, 1,1 2,21
+ W(rltm—i—a b2 (a®b”+ P )uju,, + a’ba(riu, + sit,, — 4a’b’u,,)),
T71n+1 =—ujtl, — t“m*S +1
because r{ — 4a?b? = —t! and st = —ul. This coincides with the recurrences in (6.20), as claimed.

As claimed in (6.22), the identity 71 + ¢} = 4a%b? can be extended (here first for £ = 1),
Aty = (r] Fthth_, + 2a%0%(a*0? — ?d® + Py,

272,1 272 2,21 (6.24)

= 4a®V’t} | + 2a*b*tul | = 2d%b%u},

which will help cut short some computations below.
Now we come to the induction in n. The case for arbitrary m and n = 1 has been proved above, which
covers the base case. Under the induction hypothesis that (6.18) holds for m,n € N, we have

P B a®(rt +a’bxsy) 1 2 1 az(z_l)(tfn +a’bzul)) 6.95
m,ntl = ; An+k—1 fl(m)mkarl 22+ d2 + yoet Am+£-1 (x2 +d2)n—é+2 ( : )
Clearly, we can now apply our previous knowledge (the case with n = 1), i.e
1 1
(a2(z — b)2 + 2)ym—k+1 g2 4 (2
7 nE a*(ri, +a’*bxsh)) 1 th g +aPbaul,
- — F(oﬂ(m — D)2 + 2)m—htl=k + Am—k+1 22 + d2
Inserting this into (6.25) yields
Z rp A+ a’bx sy 1
£ AnFTE=T (g2(z — b)2 4 2)m—k+1 g2 1 g2
o 20 TR+ a?ba(rl, st + shri) + atb?a?s), st
o Z Z An+k+k/ 1 (a2(x — b)2 + c2)m—k—k'+2 +
k=1 k'=1
122yl s

4 Z g1 Th a?bx(ty, oy SE Uy, TR) Fa
Am—i—n IQ +d2

We replace the undesired quadratic part a*b?z* depending on the denominator of the term we're dealing
with,

a?b? + 2 — 2a2bx>
a?(x —b)2+c2 /)’
432 2 43202 | 72 a?
222 = o d (1 _ 7)
a b x a (x + ) 2
and change the summation indices as follows (demonstrated for only one term):

a'v?’z® = a®b*(a®(z — b)?* + ¢?) (1 -

m m—k+1 m—1m—k m—1m—k—1 m—1
1,.n _ 1 . .n _
TeTe = TeThe1 = Tk' 1Tk = Tk+17"k'+1
k=1 k’'=1 k=0 k'=1 k=0 k'= k'"'=0 k+k'=k""
m—1 k" m k—1 m
_ 1 n _ 1 n _ 1 n
= Tk//7k1+1rk/+1 = kaklrk%l = kak/+17"k/
k'""=0k'=0 k=1k’=0 k=1k'=1
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This leads to

Z re + aszsk 1
s An+h=T (q2(z — b)2 + 2)m—k+1 22 4 2

™ ,2(nt1) k 1 n 212(,272 2 o1 n
Z (n+1) <Zk,_1 Thp 1T — a°b%(a?b? + c%)sp oy 80 N

Antk (CLQ(I _ b)2 + cZ)m—k+1

a’bx Zﬁ/:l Sh_ 1Tl + (Ph_py — 2620%up_ 1 )sh
(a2(z — )% + CQ)m—k:-‘rl

Zkl 1 a2b Sk‘ k’+1‘9k/ Z TYL k/+1rk/ + a4b2d2 k'+1sk,/ +
(a®(z —b)2 4 c2)m—F Amtn 22 + d?

+ ...

k'=1
2 n 1 n
a b:Z?( mikl+lsk/ + umik/+1rk/)
x? + d?

42,1 n
+a’b Umk'+15k'>-

The terms with 22 + d? in the denominator exactly match the claimed ¢- and u-terms from (6.19) for k = m
and ¢ = n + 1, and thus we only have to deal with the remaining terms having powers of a?(x — b)? + ¢? in
the denominator (as well as the very last term). To harmonise those powers, we perform an index shift for
the third term (except the last summand, which will cancel with the very last term above), to arrive at

=0

T2t S a?h?sl st g2t

212 1
AnJrk*l (a2( _ b) _|_C2)m7k:+1 Am+n Z a“b Sk’ m—k’+1 +um—k/+1)'
k'=1

k=2

Here, we can extend the summation to Y ;" ZZ/:l, because all additional terms are zero.
Furthermore, due to (6.24), we can simplify the second term (containing all terms with the factor a?bx)
to

k
i Z D @b a(ty Uy — Ui T)

£ £et Antk (a2(z — b)2 + 2)m—k+1
Therefore,
k
P T q2(nt1) (Zk,_lr;_k,ﬂrg, + a?b*up (Aug,_y — (a®0% + A)up ) N
mnt+l = =
Pt An—i—k (a2(x _b)2 +C2)m k+1
a2bw2’£/:1 th 1 Ul — Uy Th & a2 th, +afbaul,
(GQ(:E_ b)2 +c2)m—k+1 Am—i—[ 1 1'2 +d2)n +27
which now also matches the r- and s-terms in (6.19), and in particular also u?F! = —sn+1,
Finally, we want to extend (6.24) to (6.22), which can be done as follows,
k
£ 40 272 -1

T Tt = Z(Tk prn T o)+ @70 (A — tug g

k'=1 H’_/ 1,1

4 =ity gty
A =4a*b*d?
-1 ¢
= Z 2a2b2u;1€_k/ 17'k/ + a2b2(( (t%)Q)Ui_k/ — 2t%t]1€_k/)uk/ = 2a2b2uk. D
k/=1
=—2t!

k—k/+1

Remark 6.6. We note that the recursion (6.20) is formulated in terms of ¢- and u-terms because we chose
to induce in m first — inducting over n first would lead to a different update rule (6.20)! A
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6.4 Generating Functions for the PFD

The following result about coupled recursions answers an obvious question to ask in this context, and as
such, is certainly known already. However, since the solution is quite trivial, we have not searched for a
reference, but rather proved it ourselves.

Proposition 6.7. For a recursion

9k - M 9k—1 :Mk;fi gi with M= mi1 M1z ,
hy hi_1 h; mo1 M22

with arbitrary M and initial value (z), where i > 0, the generating functions G(y) = ops({gk}go7yk) and
H(y) = ops({hk}go,yk) are given by

i (ma,19i —ma1hy)y + hy

; (ma2h; —ma2g:)y + gi
4 det(M)y? —tr(M)y +1°

Y det(M)y? — tr(M)y + 1’

Gy) = H(y) = (6.26)

Proof. Let us begin by assuming that M is diagonalisable. Then there exists an invertible matrix @ such
that

MO0 o
M:Q(o1 /\2>Q -

Setting (z:) =Q! (gi), we can calculate — because gy = 0 for k < i — that

h
(i) =S = ) () = () =va(37)

Since A\; Ay = det(M) and Ay + Ay = tr(M), this implies

G(y)\ _ Y gi(1 = Xay)
(H(y)>  det(M)y? — tr(M)y + 1Q(h2(1 - Aly))'

By explicitly calculating the eigenvalues and eigenvectors in terms of the m, ;, one can check that (note the
switched eigenvalues!)

A O -1 mog —M12
Q(O )\1>Q _(_m2,1 m171>’

and therefore

Q(Qé(l - >\2y)> — Q! (91) _ ( ma 2 —ml,z) (Qz> _ <gi +y(mi2h; — m2,29i)>
h;(l - /\1y) h; 4 —man min h; hi + y(mmgi - m171hi) ’
which finishes the proof for diagonalisable M.

If M is not diagonalisable, we can choose a sequence M, of diagonalisable matrices which converge to
M in an appropriate norm (e.g. the Frobenius-norm), since, in the space C?*? non-diagonalisable matrices
are a subset of the hypersurface where the discriminant of the characteristic polynomial is zero.

For G,(y) and H,(y) corresponding to M,,, we see that they depend continuously on the coefficients
(mi,j)n of M, — taking an appropriate norm with respect to y over a sufficiently small ball around the origin
(such that the denominator is always positive) — with no blow-up for M, converging to non-diagonalisable
M, and therefore G,,(y) and H,(y) converge to the G(y), H(y) formed with M. This finishes the proof. O
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Proposition 6.8. Letting ¢ := a?b? +a?d? — %, we can calculate the generating functions for the coefficients
of the PFD of Py, ,

Aly—2) +11
=2 R riyte = L 6.27a
; W) ; ,2 YAy - 22 2ty —2qz + 1 ( )

~Ay —2) +t
= T'y)z toykzt = ! , 6.27b
; W ; I; + Ay - 22 2ty —2qz + 1 ( )

2

Uy gy = yz : 6.27¢
ZT ;,; W' =y Ay —2)? = 2tjy — 2qz + 1 (6.27¢)

and Uy, z) = —S(y, z). Then,

k=W Ry,2), =[] Ty2),  we= (3" Uy, 2).
Proof. We begin by considering 7" and U! — if we write (6.20b) and (6.20c) in matrix form, we see that

tl tl tl 1 9,412 92
(’;):M( ’;1) M*- 1( ) with M = (tl 2a1bd).
U U ul 2 151

k k—1 1

1
Even though going back to initial values (:f{) = ((1]) would be possible, we omit it on purpose, because the
Lo

case for m = 0 is not of interest to us (compare the definition of I, ,,).
Fortunately, it turns out that we know the determinant of M already from somewhere,

det(M)=A,  tr(M)=2t],
and therefore, by (6.26), we see that
=A
—(4a*0?d® + (t})?)y + t}
Ay? -2ty +1

2y
Ay? =2ty +1

T'(y) =y . Ully) =

Since (6.22) implies that R(y) + T (y) = 2a*b2U* (y), we can easily calculate

Ay—i—rl

1 —
BW =y xm—om 1

Now we come to the full recursion, recalling that Rf(y) = D kst riy® (and correspondingly for U, T) —
which effectively means that we have set r§ to zero for the function RY, resp. R. Starting from (6.19a) and
applying (6.10) — which is now easier due to the choice regarding 7§ — it follows that

k+1
k 1 1 2,2 1 2;2 | 2y 1 -1
E rk+1y E Y E Th_praoTe a0 (Aup g — (a°0" + ) up_po0)uy,
k>0 k>0 k=1

We treat the terms separately, using (6.11), to compute

S Riy) R1(y)
Zy ZT’C peaTh Zy Zrk K+ 17“k’+1 (Zrk+1y >(ZT£+11 k) =Ty g

k>0  k'=1 k>0  k'= k>0 k>0

Applying same procedure to the other terms, we see that, due to the choice to omit r§ (and because u§ is

zero anyway),

Ay +rl _ A —cr
Ré(y) Y 1 Rf 1( ) 2b2 Yy — U£ 1(

Ay —2tly+1 A2—2t{y+1 v)-
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is a well-defined recursion for R with initial value £ = 1. For the U-recursion, we proceed in the same way
to arrive at

2 _ Ay —t} _
UZ( ) Rf l(y) 1 UZ 1(

V=A@ — 2ty + 1 Ay —2tly + 1 y)-

This allows us to again use Proposition 6.7 with ¢ = 1 and z instead of y, by writing

(R0 = (sgrtea (3737 270050 ))(B0)

=N
Again, some factors in the determinant cancel, —q
——
A Ay + a?b? 4+ a?d? — &2
det(N) = —5—F7—, tr(N) =2 ,
(W) Ay? —2tly +1 (N) Ay? —2tly +1
and we see that =0
Uly.2) = = Ay® — 2ty + 1 (V21 (Ay +71) = 2N1,1)y= + 2y
4 AZ2 —2(Ay+ q)z + Ay? — 2ty + 1 Ay — 2Ty +1
_ 2yz
Ay —2)2 -2ty —2¢z + 17
Ry, 2) = 22 = Naa(Ay + riyz + By +ri)y Aly—z)+r1
’ Az —2(Ay +q)z + Ay?2 — 2tiy + 1 Ay —2)2 —2t{y — 2qz + 1’

because 2N7 2 — Nao(Ay +r}) = —A.
To conclude, we can use the fact that (6.22) implies R(y, z) + T(y, z) = 2a?b*U (y, z), which implies

Ay —2) +t]
y—2)2 =2ty —2gz+ 1’

T(y7 Z) = yZA(

6.5 Generating Function for /,,,

We begin by noting that for values at half-integers, the Gamma function can be evaluated as follows (m € Np)

r(1 + m) @m) ~ r(1 - m) _ =yt 2 (6.28)

2 ~ 4l 2 (2m)!

which can be shown by induction using the functional equation I'(x + 1) = zI'(z) and the well-known fact
that T'(3) = /7.

This allows us to explicitly calculate the constants of the integral over one of the terms in the PFD,
transforming first with y = 2(x—b), using the fact that the resulting function is even, and finally transforming

: _ 1
with ¢t = ﬁ,

o0 1 2 [ 1 2 0 -1
/ 2 2 dexzﬁ/ 2 mEdy: 2m71/ " 3 dt
—oo (@2 (z = 1) + ¢?) cm Jo (y*+1)™ma ac 1 VTt

1 ! \ . 1 11
= [ ™1 -t 5—1dt=73( —7,7)
ac2m—1 |, ( ) aezm—1o\"M T 505
2(m—1
_ 1 Tm-yre) o« o) 6.20
- ac2m—1 I‘(m) - ac2m—1 gm—1 ’ ( . )

using the definition of the Beta function as well as (6.28).
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Proposition 6.9. The generating function for I, ,, is

ZZI m_n Yz \/CQ*y‘i’a\/dQ*Z
mnY 2 = .
m>1n>1 o V2 —yVd2 — 2 (V2 —y+aVd? — 2)? + a2b?

In particular, for m,n € N, we have

m—lzn—l] m VC2_y+a\/d2—Z
Ve —yJa2 =z (VA —y +aVd® — 2)? 4 a2b?

Proof. We begin by inserting (6.18),

Y4 a’bx s "L a2 a?ba
/ Pm"dx_/ ZAnJrk T (a2(z — b)2 + 2)m—k+1 +ZAm+€ L (22 ¢ @2)n—t+1 de.
k=1 =1

The u-terms vanish because the integral is an odd function, and for the s-terms — after shifting x accordingly
for the first sum — the same happens. However, we need to pay attention to the terms with & = m and
{ = n, because they are not integrable in x by themselves, but we will see that together, they are.

/oo — Y+ a?b?sh g ) tt
E + E o + ...
Th1 (q2g2 4 2)m—kt1 =1 (2 4 g2\n—t+1
°°k1An (a?x? + &)™ ézlAm (x2 + d?)»

2(n—1) n tn 2p b b
a < "m + m + azszl (a (1’ + ) — r >) dzx. (631)

+ An-‘r’m—l 0121‘2 +02 1‘2 +d2 CL2$2 +02 .'L'2 +d2

We begin by treating the last term, first calculating the definite integral for arbitrary 0 < X_, X, < oo,
splitting and transforming appropriately,

dz

/X+ a®b(z +b) bz
_x_ a2x2 + c2 22 + d2

b o[X+ 202z X+ a’b? bo[X+ 2x
=2 =T g LA PP g
2/X a2x? + c2 x—i—/X a?x? 4 c2 . Q/X 2 + d? v

aX aX b2 X+
(L - dut £ (-
u+02 c ax_ u2—|—1 u+d2

b a®’X? +c¢ ab? a b X2 +d?
510g<a2X27+02) + — c (arctan( X+) — arctan(—EX,)) — 510g<m>

= (on(" ) s )+ (ot (1) et ()
=3 0og Xf_-i—d? — log X2 1 2 + p aurcanC + arcanc —)-

We can see that the integral does not only exist as a principal value, but converges to a finite number in X _
and X separately, and therefore,

i i bz +b) bz T
X oo x4 Do _x_a*x?+c? 2?2 +d? 2

2 2

(lg(?) — on(a®) + “2 (T 4 T) = T2

Continuing from (6.31), we apply (6.29) and see that the terms we have just treated separately actually
conform to the pattern exhibited by the other terms — i.e. we can extend the summation to £k = m and

46



{ =n again.

1 a1 ™ (Q(m —k)

m
_ 212
Im,n - Z An—&-k—l CQ(m—k)+1 4m—k )(TZ +a b S;CL) +..
k=1

m—k
q20=1)

= 1 T (2(n—20),,
et ZZ: Am—i—[—l d2(n7£)+1 4n—€ ( n—2¢ )tm
=1

m Am—kc2(l~c—1)(ad)2n—1(2(m—k))
™ m—k n 212 .n
T Amin—lgzm-lgn-1 (Z Am—k (rk +a’b*sy) + ...
k=1
n An—ECQm—l(ad)2(£—1) 2(”—5) .
ey S (M )

=1
™
T AmAn—1:2m—142n-1 Qma"'

We deal with the two sum separately (reversing the order of k), calculating the generating function that will
have the term we're looking for as the m'" coefficient.

u 1 (2(m—
Z ZAm_kCQ(k_l)<ad)2n_l4m,k ( (m k)) (T;CL + aQbQSZ)ym

m>0 k=1 m—k
= mZz:o g 1 ipam-13 AR E D (ad)> ! 4% (2:) (o — a®0%ul,_)y™
= @Y ()" (2: ) ¢ Y (- Pl ) (@)
k>0 m>k+1
= (ad)™ "1 > (%)k (Qkk> YD (g — aPug ) ()™
k>0 m>0

g (AYE (2 e (RE(E) — UM ()
= (ad) ];)(4) (k>y+< 2y )

(ad)*"~ 1y (R(C2y, 2) — a?b?U(c?y, z))
Vv1-—Ay
where we used (6.10) — recalling that R™ and U™ have no constant term — and the generating functions of

Proposition 6.8, as well as (6.16) for the remaining sum in k.
Using the same procedure, we see that

iA"‘%Qm_l(ad)Q(l_U 1 2(n— 1) - [y 2" mlz T(y,GQdZZ)
p gn=t\ n—y¢ )™ VI—Az a2d?z '’

= [2"]

2y

since t9, = 0 for all m € N.
Then, for m,n > 1, using (6.9),

y R(c*y,a?d?z) — a®b*U(c?y, a’d?z) N z T(cy,a%d?z)

Qm,n — [ymzn] -

dv/1— Ay 2y /1—=Az  a?d?z
mon1 0dyz A(Py — a’d?z) + r} — 2a2b?
=[] VI—=Ay ARy — ad?z)? — 2t1 2y — 2qad?z + 1 e
cyz —A(Py — a?d?z) + t}

ot VI = Az A2y — a2d?2)? — 2tic2y — 2qa?d?z + 1
[y ] ady/1 — Az(A(Py — a?d?2) + q) — e/T — Ay(A(c?y — a®d?z) — t1)
VI=AyVT = Az(A(c?y — a2d?2)? — 2c2tly — 2a2d2qz +1)

47



where we have used (6.8) for the last equality.

The next crucial realisation is to (try to) factor everything in terms of v(y) := /1 — Ay and w(z) :=
V1 — Az, which works out almost miraculously well. First for the last factor of the denominator (multiplied
by A),

A(A(Py — a®d®z)? — 2%ty — 2a*dqz + 1)

= (1 —-2*) —ad?d*(1 - wz))2 — 2721 (1 — v?) — 2a2d%*q(1 — w?) + A
=t — 202 d**w? + atdwt + 220 (1 + a?d® — A) + ...

—— —

a2b2  a?b? adpt

oA 2822w (q — a?d? + ) + ¢ - 2d%Pd? + atdt — 267t — 2d%d%q + A

— (20? + 2d2w? + a2B?)? — daEdPou?
= (*v? + a®d*w? + a®b? + 2acdvw)(c*v? + a*d*w? + a*b? — 2acdvw)

= ((cv + adw)® + a*b?) ((cv — adw)® + a®b*)

and then, in similar fashion for the numerator
adw(A(Py — a?d®2) + q) — cv(A(Py — a’d*2) — t1) = (cv + adw) ((cv — adw)? + a?b?),

which finally achieves the cancellation that will turn out to be the key to get rid of the factor d_ in the
denominator of the PFD. Taken together, this yields

— [ymlnl A cv(y) + adw(z)
Qm,n - [y ] v(y)w(z) (cv(y) + adw(z))Q +a2b27

Finally, recalling I, », = Q. /(AT 1c2m=1g2n=1) " we apply (6.9) to arrive at

I, = [ymflznfl] 1 evV1—y+adyl—z ’
) c2m— 1d2n 1\/1—y\/1—z(c\/1—y+ad\/E) + a2b?

and once more using (6.9), to yield the representation (6.30). This proves the claimed generating function
for Ip, p. O]

6.6 Determining the Coefficients

Compared to Theorem 6.1, (6.30) already has the right structure, but what remains to be proved at this
stage is that the coefficients ;" are zero when i < 2(m — 1) Aj < 2(n — 1). Showing this will concern us
for the remainder of this section.

The generalised chain rule is expressed through Faa di Bruno’s formula

Z FP(9(2))Bur(g' (2),9" (), 9"V (@)), (6.32)

dm”

where

n! Y1 Y2 Yn—k+1 In—tkt1
Bk (U1 Gsr) — - () () ()
x (Y Yn—k+1) sz;_k L Ry AR AT 2! (n—k+1)!

are the so-called Bell polynomials, which satisfy the following identity for their generating function,

oo

ZBn,k(yhyQa”-ayn k1) ! k'(z ymm|> . (6.33)

n=k
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Lemma 6.10. For 1 <k <n and c > 0, we have

d dn—h+l (2n —k —1)!
—VER—y,...,———/[c*— = (=2)k 2 6.34
Ve Yo gt Ve y) ‘y:o A s T Py Y (6-34)
Proof. Using (6.15) we see that

Y™ Ve —y = [y ey/1 - % = <é>(_1)mcl—2m

C m

Bnyk(

Inserting this into (6.33), we obtain by virtue of (6.10) and (6.17) that
d n! k n! 1 —+/1—t/c2\F/—t\F
2 ny k: /1 _ 2 — [y LN i A v
Bn’k(dy ¢ 7'”)‘yzo [#7] Kl (Vi-t/c—1) 1#7] Kl ( t/(2¢?) ) (2(32>
ek 1! o/l =1 —t/c2\F
[t (=20~ (—Y )

t/(2¢?)
n! k(2n—Fk—-1
—— _2 —k‘i 4 2\k—n
k! (=2¢) n < n—k )( AR
which yields the desired result after rearranging. O

Proposition 6.11. By deriving (6.30) m — 1 times in y and n — 1 times in z, the coefficients in (6.1) can
be calculated as follows

o 5{z+31mod2}m1”” ko om—k—3\ 2 [(2n—(—3
== DIDID D)) DD Dl () = G I
k=1 ¢=1 p=0 q=0 r= Ost>0
l

L L [ (e

(mAn—=1\/m4n—-—1—itp+s (71)3<i+;>+1+p+5+r+t.
t—p—S j—q—nr—t

m,n

iJ

Proof. Letting v(y) := v/c? —y and w(z) := v/d? — z (which have the same behaviour but different constants
to their namesakes above), we begin by rewriting (6.30),

Furthermore, ¢, " is zero fori+j > 2(m+n) — 3.

I _ [ m—lzn—l] T v+ aw — iab n iab
min = 1Y vw \ (v+ aw +1iab) (v + aw —iab) (v + aw)? + a2b?
— m—1_n—1 ™ 1

since, clearly, I, , is always real (and the second summand always imaginary).
For now, we assume that both n,m > 2, and apply (6.32) to derive n — 1 times in z, arriving at

m—1 7T 1 = d
Im,'n = Re[y } MM;BnL£<dZW(2),)

Using the PFD in w, we see that

a‘ 1 1
z=0dw’ wv(y) + aw + iab lw=d

d‘ 1 1 d 1 1 a
dw’ wv(y) + aw + iablw=d " dwlv (y)—l—iab(a_ (y)—&—aw—kiab)‘
7 g[( )Z ( 1 B s ) ’
v(y) +iab \wtl  (v(y) + aw + iab)t+1/ lw=d

a1t 1 (ad)’ !
~ w(y) + iab dF1 ( (v(y) + ad + iab)t+1 )
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Together with (6.34), we can continue manipulating I, ,,

1 1
Iy, = Re[y™ 1] - .
=Rl S ) iab (o 1)
712*:1 )= 2n+2(2n 0= 3N 0(=1)¢ (1 B (ad)*+! )
— Z —Dl(n—2-1)! détl (v(y) + ad + iab)tt1
n—1
met11 T 1 2t+1 ¢ [(2n—(-3 ad)*+1
= Re[y™ '] - 2n—1 (1_ e i “1)'
v(y) v(y) + iab —~ (2d) n—1\n—-¢-1 (v(y) + ad + iad)
Using
. (ad)2+1
(v(y) + ad + iab)t+1
1 K+
— d)P 1ab) = — (qd)t!
(v(y) + ad + iab)F+1 <p;]< » )(a )P (v(y) + iab) (ad)
this collapses further to
n—1 /¢ .
met11 T 241 0 (2n—0—3\ ({+ 1) (ad)P(v(y) + iab)*~P
Ly = Re[y™ ] Z Z 2n—1 lod) (vly) ~ )e T
v(y) == (2d) n—1\n—-¢-1 p /) (v(y) + ad + iab)*+

L ! -3 ()it 1
dvd v(v + ad +iab)+1 L= \r 17 v (0 + ad + iab) T

Il
<
~
I
D
L
<.
M-

L+ 1
—\ v )T v+ ad + iab) T ’

where we reversed the order of summation for the last equation. Consequently, with j = k — ¢, once more
due to the product rule, I, , is equal to

—1 ¢ 25-&-1 ¢ om—0—3 f—f—l m—1 d
[ZZ(ZdQ” 1n1<n€1>( p )ZBml,k(dyv(y),...)
n(k,¢

p)! peax~ (LT (ad)P(k — g))(=1)F ¢
Z ( )M—q)(c+ iab) = Z ( )qur+1(c+ ad + iab)t+i+r

el 2k+1 k <2mk3> 2L o3
(

:Reﬂ-zz 202771 lm_l

=0

m—k—1)2d)?* 1n—-1\ n—0-1
k=1 ¢=1
Zz’“:’“zq (£+1> (g p> (@—I—T)( 1)7¢9+7 (ad)? (c + iab)t—P—4
L+r :
=0 4=0 r=0 (e +ad +iab)r+

To find the respective powers of ¢ and ad, we pull out the maximal power of the denominator — multiplied
by its conjugate to make it real; recalling 64 = (¢ + ad)? + a?b? = (c + ad + iab)(c + ad — iab) — to find

I 4 Re Z 28k (2m —k -3\ 2% [2n—(-3\/ ...
m,n = (46+)m+n 102rn 1d2n 1 m—1 m_k_l n—1 n_g_l D, q,T

k:qur

(=12t (ad)P (¢ 4 iab) TP (¢ + ad + iab)™ T2 (¢ + ad — iab)™ L, (6.36)

50



where we will denote

2%k 2m—k =3\ 2% (2n—0—3\ [(L+1\[L—p\(l+T
kl,m,n,pqgr) m—-1\m—-k—1)n—1\ n—¢—-1 P q r

for brevity, and will often collect consecutive letters with a hyphen, e.g. k—n for k, £, m,n. As the penultimate
step, we expand the last line of (6.36) to

Zzzz<m+n82£r><m+n25qrs)<m+;1).

$>0t>0 g>0 h>0

) <m +n—1- g) (— 1)g+h+m+n+q+1 h+q+r+t(dd)g+p+s (lab)2(m+n)—3—g—h—p—q—r—s—t.
h

Finally, we collect like powers of ¢ and ad as powers of i = h+ ¢+ 7+t and j = g + p + s, respectively,

2(m+n

m e m+n—1
Ln = E E e 6.37
m,mn 6T+n—102m—1d2’n 1 (k e m n I)7 q’ rr- S t) (j —_ p — S ) ( )

i,5=0 k,l,p,q,r,s,t

m4+n—1-— ] + D + s ( )1+j+p+7+5+t+7rL+7L+1
’ ( ) 4m+n72

¢*(ad)? (iab) 2+ -3=i=s

zfq—rft
2(m+n

T m+n-—1
- g X5 (oommannd) (G pme)

4,j=0 k,l,p,q,r,s,t
(m-l—”—l—j +p—|—s> Tt (—)prrtstt

Ci (ad)j (ab)2(m+n)—3—i—j

i1—q—1—t 4m+n—2
2(m+n)—3
A T )

T SmAn—1_2m—1 j2n—1
ol c d =0

Observe that due to the fact that we only consider the real parts of the sum, 7 + j has to be an odd number,
so that the power of i is even.

The claim that ¢ + j has to be less than 2(m + n) — 3 follows easily from the binomial coefficient in 4,
because it implies that (estimating ¢ by its maximal value, which can be read off from the corresponding
binomial coefficient)

t—qg—r—t<m+n—-1—j+p+s
= i+j<m+n—-1+p+qg+r+s+t<2(m+mn)—3. O

Now, after having disassembled I, ,, into its parts, we are able to insert the indicators we later want to
look for — meaning we multiply by viw’/y™2" — and try to reassemble the whole thing once more.

Proposition 6.12. Denoting g(v,w) := (cv + adw)? + a?b?, it can be seen that the generating function of
the numerator in I, , is

Nv,w,y,z) = Z " (ev) (adw)? (ab)2(mFm) =3 =imiym,n

i
1,720, m,n>1
) v (v, w)
V1= g(v,w)yy/1 = gv,w)z cv\/1 — g(v,w)y + adwy/1 — g(v, w)z + iab
B g(v,w)yz cvy/1 — g(v,w)y + adwy/1 — g(v, w)z
_\/1fg(v,w)y\/1fg( 2 (cvy/1 — g(v, w)y + adw+/1 — g(v,w)2)? + a2b?’

(6.38)
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and for the coefficients alone, with h(v,w) = (v +w)? + 1,

Clv,w,y,2) = Z Mo wly™ 2"
4,720, m,n>1
e v h(w.w)
V1= h(v,w)y\/1 = h(v,w)z vy/1 = h(v,w)y + wy/1 — h(v,w)z + i
h(v,w)yz vy/1 = h(v,w)y + w\/1 = h(v,w)z

V1= h(o,w)y/T = h(v, w)z (v\/T = h(v, w)y + wy/T — h(v, w)z)? + 1
Remark 6.13. Using (6.30) and (6.9), we can deduce that

s
- 5T+n—1c2m—1d2n—1

0t

Yz
R
e\/1—5+y\/1—5+zc\/1—5+y+adw/1—5+Z+iab

Comparing this with (6.38), we immediately see the correspondence (by setting v, w = 1, because g|v

[y "]

Im,n

=1, w=1 =
0+) — the knowledge we gain with N (v, w,y, z) is the ability to determine a single coefficient as opposed to
the whole numerator. A

Proof of Proposition 6.12. As outlined in Subsection 6.2, we take (6.37) and extend the summation to oo for
all parameters except £ (the binomial coefficients ensure that only finitely many terms are non-zero, except
for r, where we need change the order of summation and use k > ¢+ to enforce r < k —¢), and interchange
order so that we can sum, first in j and ¢,

- m 4+ n— 1\ (—1)mtntltitptrste
N(v,w,y,z) = Re Z <kﬂmn rst)('— _8>( ) P :
j,k,@,m,n,p,q,r,s,t ™ ) 7p7 q’ ) ) -7 p

» 3, - +n—1—j74+p+s\/—cv\’
o (adw)? b2(m+n)3]mn m ( )
(adw)’(iab) vz i:;m i—q—r—t iab

o m+n — 1\ (=1)mtntititptrstt
= R .
¢ Z (k—n,p—t)(j—p—s) 4mtn=—2

Jik.€m,n,p,q,r,8,t

. . — q+r+t cv \ mtn—1—j+p+s
.- (adw) (iab)2(m+m =3=iym "(£> (1 )

(adw)’ (iab) 77 Ve iab
(_1)m+n+1+q

o cee +r+t; 2(m4n)—3—q—r—t
= Re E (k Cnpe t> BT (cv)? (iab) 4 e
k,t,m,n,p,q,r,s,t
cv \mtn=1 radw\Pts o= (m +n — 1 —adw \J
(- B S () )
vz ( iab iab Z ( J ) iab — cv

7=0
B o (—1)m+ntite
= Re Z <k —n,p— t> 4m+n72 ’

k,t,m,n,p,q,r,s,t

)

cv + adw ) m+tn—1

. (Cv)q+r+t(adw)p+s(iab)2(m+n)—3—p—q—r—s—tymzn (1 —

where the last line uses (1 — £5)(1 — ia‘zd_“;)) =1- %. We continue by summing in ¢ and s, which are

52



just applications of the binomial theorem,

> | ) S (o)™ ) a2

= Re cv) " (adw)Pte (igh) =Mt T TPTATTTS
_ _ m—+n—2

hmps k—n,p—s 4

cv + adw)m+n—1 mAn=2oprqr—s <

m"(l m+n—2—-p—q—r—: (CU)t
Y iab — t iab

(—1)mtntita - o cv + adwym+n—1
_ b (m+n) Spqrmn(li )
Rek Z (k —n,p— r> 4m+n=—2 (iab) vE iab
—n,p—r
m—+n—2—~0—r

er)™ (adwy (14 )T <m+n2€r>< )

iab s cv + iab
s=0

R ( )(_1)m+n+1+q( )qur( d )p( b)2(m+n)73fpqur m . n

= e E — T 5 (\cv aaw 1a y z -
_ _ m+n—2

hmmr k—n,p—r 4

L (1 v+t adw)m+"—1 (1 n cv + adw)m+"—2—1’—‘1—r (1 n adw )P+q—f'

iab iab cv +iab
Next we sum in n, setting g(v, w) = (cv + adw)? + a*b? = —(iab)?(1 — <fadw)(1 4 ctadw)
_ e (=1)mtita gt Pl \2m—3—p—q—1. m cv + adw\m—1
=Re k_mzp_r (k g r) T (cv)T™" (adw)? (iab) Yy (1 — T) o
cv + adw\™m—2-p—q-7 adw \pri—t S 2Y0 (20 —0—3\ rgz\"
B i it ) (1 : ) (7)
( R +cv+1ab Z n—l(n—ﬁ—l) 4
n=~+1
(—1)m+1ta o 3o v 4+ adwy\m-1

{1 S e ey () S () ()

—1)ym+a
=Re Z (k o ) (41)71(cv)q“(adw)p(iab)zmﬂ*p*q*rymz -
—m,p—r) 4m-

k—m,p—r

.”_(1_cv—.l—adw)m(l_i_cv—.&—adw)mflfpqur(l_k adw )P+q*f(1_m)e,

iab iab cv + iab

where we used (6.17) for the last equation and distributed one surplus power back to its constituent factors.
In the case of £ = 0, (6.17) is not applicable, so we would have to subtract the entire term with ¢ set to
0. As is immediately obvious from the last display, this only affects the case that n = 1 (because the only
remaining power of z is z!), and we will not deal with the case m = 1V n = 1 here, as they can be done in
exactly the same way as for the general case (e.g. starting from (6.35), where either y or z can then be set
to zero and the derivatives only need to be considered for the other variable).
Similarly, we tackle the sum in m (again ignoring the error for & = 0), allowing us to also deal with the
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sum in k,

cv + adw) —l=p—g-r

iab
k4, p—r

N )”“‘f(lm)@k(iy)k“ik(2m+k1)(iy)m

cv + iab =m + k m
... + adw
— —1)et+1 q+r P(; 1—p—q—r 1— v + aaw .
Re g (p B r)( )T (ev)T" (adw)P (iab) yz( s )

k,l,p—r

..(1+M)‘p‘q"(1+ adw )”‘H(kﬂ)f(lf T—gp)"

iab cv + iab

= Re Z (p_r> (—1)7+ (cv) T (adw)P (iab) P~ Ty
. (1 + w)_l’—q—r(l n Cvaiui)ab>p+q—é (1 B M)Z i (1 e gy)k

( cv + adw)

iab
k=q+r
_ Yz e 11 . C Nl—pe _7.( cv + adw
=R —1)¢ q dw)? (iab)  ~P714 1——) ...
e (o7, ) (0 o) (o G *adv
cv + adw\ —P—4—" adw \pPta—* ¢ a+r
(1 7) (1 ) 1-1-g2)'(1-1— .
( + iab + cv + iab ( gz) ( gy)

Next, we sum in r, by (6.15),

Z() 1) (ev)(adw)? b)) =1 (1 — LAY (4 cobadeyTe

iab

\/1_7
..(1+ adu.) )p+q 5(1_\/@)@(1_ 1_gy)qi<€+r)<w(1_m>r’

cv + iab = T cv + adw + iab

( cvtadwtiab

41
cv\/l—gy+adw+iab)

then in ¢,

—yz +1 i cv + adw cv + adw\ P adw \P—¢
= d b) P 1 1 1 o
Re wlgy%( ) (adw)?(ia iab )( + iab ) ( + cv—l—iab)

¢ cv + adw + iab 1SN (0—p\ [ —cv(l—vT=gy)\?
(1= VI-g2) (cvM—i—adw—I—iab) Z( q )( cv + iab >’

q=0

as well as in p,

Yz cv + adw\ /cv + adw + iaby —* )
=R ab(1 - ) ) (- VT=g)
e\/l—gy ;1 iab cv + iab ( gz)
( cv + adw + iab )”1 cvy/1 — gy + iab ¢ i 41 adw P
" \ev/T =gy + adw + iab cv + iab o cvy/1 — gy +iadb

yz 2. (cv 4 adw — iab)(cv + adw + iab) ¢
=R 1—+/1-
¢ V1—gy ; cvy/1 — gy + adw + iab ( gz)

cv/1 — gy + iab ¢ (cvyT =gy + adw + iab)“l — (adw)*+1
cvy/1 — gy + adw +iab (cv/T — gy + iab)tH1 '
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Finally, we wrap things up by summing in /¢,

z CcvU aaw a2 2 >
y2 (evtadw)® +a’h (Z(l ).

\/17 gy cuvy/1— gy +iadb ~

& adw adw(l—yT—g2) \*
S (e )

V1 — gy + adw + iab V1 — gy + adw + iab

—Re 2% g 1 _ adw
VI—gycvy/T—gy+iab\ V1 —gz cv/1—gy+ adwy/1— gz +iab
Yz g
\/1 —gyV/T — gz coy/T— gy + adw\/T— gz + iab’

As it turns out, this formula also holds for the case m = 1V n = 1 that we have omitted thus far. The proof
is left as an exercise to the reader.

The form of the function C(v,w,y,z) is easily seen by using (6.9) — or more heuristically, setting
a=b=c=d=1in N(v,w,y,z). This finishes the proof. O

Proposition 6.14. If any of the following conditions is not met, the coefficient CZ’:}’" s zero,
i+ j =1mod 2, i+j7<2(m+mn)—3, (i>2m—-1vj>2n-—1).

If the first two conditions are met, the coefficients can be calculated as follows
i J
r+s—1 [T+ 8
DI I e ]

r=0 5=0
s =t m+n-—1 i+j—r—s
m—1)\n—1)\m+n—1-Hr=* i—r ’

Proof. Instead of explicit differentiation, we will reverse the process of calculating a generating function, and
“disassemble” C'(v,w,y,z) in a particular way. However, we will still use the information we have already,
i.e. that i + 7 must be odd and less than 2(m + n) — 3 (e.g. from the representation in Proposition 6.11).
First we calculate

Yz h
\/1—hy\/l—hzv\/l—hy—i-w\/l—hz—i—i
Z (—vv/1—hy)"
V1 \/1 — hz (w1 —hz 4+ 1)r+1

= Re[v'w/y™2" %Z(—U)T(\/l—hy)r Y THZ(Tl_S)(w\/l—hz)

r>0 s>0

= Re[v'wy™z"] —hyz Z ir+s+1(r+3) ZZ: ( ) kezzo (Szl)(—hz)g,

r,s>0

CTZ":R [ijy z]

= Re [ijy z]
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having used (6.13), (6.14) and (6.15). Extracting the appropriate powers of y, z, we continue

™ — Re [viwj] Z (_1)m+n+1iT+S+1 r+s %1 % v wShm 1
d = s m—1/\n-1

= Re[v'w’] Y <1>’"+"“i’““<ris> (m—11> (nsgll)'

r,s,t,u>0

-1\ /2 —1-t

. <m +:L ) ( (m +n )) vr+uws+2(m+n717t)7u1t
u

o + s r—1 s—1
:R i,,.J -1 m+n+1l:r+s+1 r 2 2 .
e[vw]i'jg:po( ) 1 5 m—1/\n—-1
B m+n—1 O e AN
. ) v W
m—&—n—l—lﬂ% i —r
i J r—1 s—1
+ s == ==
R _qymAntlr+s+1 (7 2 2 .
eZZ( ) ! s m—1/\n—-1

r=0 s=0
m+n—1 i1+j—1r—35
m+n—1— s i—r '

Firstly, the restriction of the range in 7, s comes from the last binomial coefficient, because clearly the lower
entry needs to be positive, and the upper one needs to be larger than the lower one. Also, like 7 + j, we see
that 7 + s has to be odd for the term to contribute to the (real part of the) sum. From this we can read off
the formula for the coefficients claimed in the proposition.

We use r + s = 1 mod 2 to split the sum into (r = 2p even, s = 2¢+ 1 odd) and (r =2p+1 odd, s = 2¢
even) for p,q € N,

L5] [ .
e — Z Z (_1)m+n+p+q 2p+2¢+1 pP—3 q .
“J 2¢+1 m—1/\n—-1

p=0 ¢=0
m+n—1 i+j—2p—2q—1 n
m+n+p+q— i—2p
522 14)
o+ Z(_l)m+n+p+q(2p+2q+l>( p )
o G 2q m—1
(q—%)( m+n—1 )(i+j—2p—2q—1)
et i+j+1 . .
n—1)\m+n+p+q- "= i—2p—1
Now, if i < 2(m —1), we see that p < m— 1 in the second sum, and similarly, if j <2(n—1) then ¢ <n—1in

the first sum, which means all terms in the sums are zero due to the binomial coefficients (m’i 1) and (nzl).
This finishes the proof.

Remark 6.15. After having investigated the quantity I,, ,, intensely while trying to prove Theorem 6.1, we
are convinced that

CZLj’n >0, VYm,n € N, Vi, j € Ny.

However, we have not seriously attempted to prove this. A
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