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Abstract

In this paper, we study the mathematical imaging problem of optical diffraction
tomography (ODT) for the scenario of a microscopic rigid particle rotating in
a trap created, for instance, by acoustic or optical forces. Under the influence
of the inhomogeneous forces the particle carries out a time-dependent smooth,
but irregular motion described by a set of affine transformations. The rotation
of the particle enables one to record optical images from a wide range of angles,
which largely eliminates the ‘missing cone problem’ in optics. This advan-
tage, however, comes at the price that the rotation axis in this scenario is not
fixed, but continuously undergoes some variations, and that the rotation angles
are not equally spaced, which is in contrast to standard tomographic recon-
struction assumptions. In the present work, we assume that the time-dependent
motion parameters are known, and that the particle’s scattering potential is com-
patible with making the first order Born or Rytov approximation. We prove
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a Fourier diffraction theorem and derive novel backpropagation formulae for
the reconstruction of the scattering potential, which depends on the refrac-
tive index distribution inside the object, taking its complicated motion into
account. This provides the basis for solving the ODT problem with an efficient
non-uniform discrete Fourier transform.

Keywords: optical diffraction tomography, Fourier diffraction theorem, back-
propagation, nonequispaced discrete Fourier transform, optical imaging

(Some figures may appear in colour only in the online journal)
1. Introduction

In optical diffraction tomography (ODT), see, for instance [6, 22, 23, 30, 36, 43], the three-
dimensional (3D) refractive index distribution of an object is constructed from optical mea-
surements, i.e. from intensity images or from interferometric data, taken from different angles.
The illumination directions are varied, for instance by active scanning or by means of a lenslet
array as in Fourier ptychography [38]. Alternatively, the object is embedded in a gel and
rotated while the illumination direction is kept fixed. In either case, the light propagation direc-
tions utilized to solve the inverse problem from a set of images recorded from these directions
are known. Moreover, typically the viewing directions are regularly distributed around a preva-
lent direction, which means that the viewing angles are restricted to a certain hardware-related
interval. Depending on the width of this interval, the sampling in Fourier space remains incom-
plete, which leads to artifacts in the reconstruction, such as the well-known ‘missing cone
artifact’ in optics [25, 27, 37], which can be seen, for instance, in figure 3.

The present paper is motivated by the context of carrying out ODT on a trapped particle
which is held in place by optical or acoustic forces [9]. We assume that these forces can be
employed to induce rotations of the trapped particle in a controlled way, e.g. by using holo-
graphic optical tweezers with several spots or by standing ultrasound waves. This generally
allows to view the particle from a wider range of directions than possible with illumination
scans on a fixed object, and thus leads to more complete sampling in Fourier space and con-
sequently to fewer artifacts. However, this comes at the price that the viewing directions are
then not as regularly spaced as normally the case. Even more importantly, in optical or acous-
tic trapping the particle itself is not completely immobilized and the locally acting forces are
typically inhomogeneous, so that the particle undergoes a time-dependent smooth, but com-
plicated motion described by a set of affine transformations. In a real experimental situation, a
video would be recorded and the parameters of the affine transformations, i.e. translation vec-
tor and rotation axis and angle at a given time, would have to be extracted at every sampling
time by some suitable method. In this work we assume these parameters to be known. Apart
from this, we assume that the particle can be described as a rigid body and that its center of
mass is fixed, which means we do not have any translations but only rotation around the center
of mass.

The concrete model, which we study in this paper, is based on a series of assumptions:

(a) In alens-less imaging configuration, the object is probed with coherent light, assumed as
plane waves. The optical field (not just the intensity) is measured, either in reflection or
in transmission. This means that the full optical amplitude and phase information has to
be captured, for example interferometrically. Alternatively, we can consider data recorded
by intensity measurements, where the phase has been determined by a phase-retrieval
algorithm under suitable constraints [13].
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(b) The scattering properties of the probe only slightly deviate from the background, meaning
that linearized models assuming Born’s or Rytov’s approximation are valid. If these sim-
plifications cannot be made, methods from full waveform inversion have to be considered,
see, for instance [40]. This is not pursued here.

(c) Certain assumptions for the propagation of the light through the object have to be made,
i.e. on the forward model: if the properties of object and optical set-up allow the imag-
ing to be approximately given by geometric optics, then, mathematically, the problem
becomes analogous to inverting the 3D x-ray transform, see [3]. In this case, the optical
image resembles a projection image, and optical projection tomography can be used [33].
This is, for instance, fulfilled in low numerical aperture imaging of biological samples with
sufficient amplitude contrast, with large structures on the scale of the optical wavelength
and with limited refractive index contrast. For imaging with a higher numerical aperture
objective, and/or for samples with small structures diffracting the light beams, deviations
from geometrical optics are to be expected. In this situation diffraction models, see, for
instance the work of Devaney [6—8] and [29], more accurately describing the propagation
of the light through the sample, need to be considered. These models will be investigated
in this paper. Please note that all of these approaches still assume that first order Born or
Rytov approximations are valid, which means that the object cannot be strongly refracting
or scattering.

(d) We assume that the motion of the particle has been estimated beforehand. We mention
our work [11] for retrieving the motion parameters, which is applicable if the imaging of
the sample is well approximated by projections, as described above. For motion estima-
tion also the algorithms from single particle cryogenic electron microscopy (cryo-EM)
[4, 34, 41] can be used, see also [14, 39].

In this paper, we present algorithms for 3D visualization of a single rigid object rotating
around its center of mass. The mathematical model describing the optical experiment is a
diffraction tomography model based on the Born or Rytov approximation. The contributions
of this work are as follows:

(a) We present a rigorous derivation and precise formulation of the Fourier diffraction
theorem. This provides a firm theoretical basis for the reconstruction algorithms consid-
ered thereafter.

(b) Taking into account rotations around a moving axis we establish a new backpropagation
formula. While it avoids irregular sampling in Fourier space, it does require knowledge
of the Banach indicatrix, i.e. the number of times each point in Fourier space is covered,
which can be difficult to determine.

(c) As an alternative we propose using the inverse nonequispaced discrete Fourier transform
(NDFT) to deal with the irregular sampling, which has the advantage of being independent
of the Banach indicatrix.

(d) A numerical comparison of the two reconstruction approaches shows that the NDFT leads
to better reconstruction quality while requiring higher computation times.

The outline of this paper is as follows: in section 2, we introduce the mathematical setting
of diffraction tomography, and formulate the basic model based on Born’s or Rytov’s approx-
imation for wave propagation. In section 3, we state a rigorous proof of the Fourier diffraction
theorem, which builds the foundation of our reconstruction formulae. Then, in section 4,
we derive a backpropagation reconstruction formula, which can take into account arbitrary
(uncontrolled) rotations of the sample. Section 5 discusses the discretization of the backprop-
agation formula from the preceding section as well as an alternative reconstruction method

3
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Figure 1. Conceptual setup. The support of f lies entirely in B,. Left: transmission
imaging. Right: reflection imaging.

based on the inverse NDFT. Section 6 shows numerical reconstructions, comparing the back-
propagation formula with the inverse NDFT. Conclusions are presented in section 7. The
appendix A provides background information on distributions and Fourier analysis and some
of the rather technical proofs.

2. Conceptual experiment

In this section, we describe the experimental situation we have in mind when develop-
ing our tomographic reconstruction method for arbitrary object rotations and formulate the
mathematical wave propagation models. A schematic overview of the set-up is given in
figure 1.

The object we want to image tomographically is illuminated by a plane wave u™ which
propagates in direction e; = (0, 0, 1)" with wave number ko, that is

uinC(r) _ eikorg. 2.1

Note that the wavelength A\ of u'™ is related to the wave number via ko = 20 where no 18

the constant refractive index of the background. The object is assumed to be énclosed by the
open ball B, C R? centered at 0 with radius 7. In order to generate multiple illuminations
of the object, it is rotated around its center of mass which is fixed at 0. The incident wave 1"
induces a scattered wave u#*** which is recorded in a plane at a distance from the object at
ry =ry > ry for transmission imaging and at r3 = —ry < —r, for reflection imaging,
respectively.

By n(r) we denote the refractive index of the object. The scattering properties of the object
are characterized by the function

n(r)

k(r) = ko——, forallr € R>. (2.2)
no

Note that k differs from k¢ only in 3,,. The function
fr) =kr) — kg (2.3)

is referred to as the scattering potential [43] and will be the quantity which we set out to
reconstruct from the measurements of the scattered waves. By construction we have

supp(f) C By, C (—rs,75)’. (2.4)
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The total field u't = ™™ + 15 satisfies the reduced wave equation

(A + K)u' =0, (2.5)

while 4™ in turn fulfills the Helmholtz equation

(A + Ku™ = 0. (2.6)
Inserting equation (2.6) in equation (2.5) together with some rearranging gives
—(A + k%)usca — f(usca + uinC). (27)

Neglecting #** in the right-hand side of equation (2.7) (assuming that #** is small in
comparison with '), we obtain the Born approximation:

—(A + iy = fu™. (2.8)

Another simplification of equation (2.5) is the Rytov approximation. While their underly-
ing assumptions and physical validity are different, Born and Rytov approximations may
be analyzed within the same mathematical framework. In fact, every inversion method for
the Born approximation x5°™ can be applied for the Rytov approximation u®¥'°" by the relation

uBom uRytov
exp| —— )| = ——+1.
ull‘lc ull’lc

More on the background and comparisons of the approximations can be found in [23, chapter
6]. For simplicity of notation, we set #2°™ = y from now on.

3. Fourier diffraction theorem

The Fourier diffraction theorem is the basis for reconstruction formulae in diffraction tomog-
raphy, as it relates the 2D Fourier transform of the measurements to the 3D Fourier trans-
form of the scattering potential. While this result is well-known, see for instance [23, section
6.3], [30, theorem 3.1] or [43], we are not aware of a rigorous derivation. It is the purpose
of this section to provide such a derivation, in the form of theorem 3.1, leading to a mathemati-
cally precise formulation of the Fourier diffraction theorem, see corollary 3.3. We only assume
the scattering potential f to be compactly supported and in LP(R?), p > 1, which covers the
practically relevant situation of f being discontinuous. In this sense, theorem 3.1 and corollary
3.3 lay the theoretical groundwork for the reconstruction methods considered in this paper.

Under Born’s approximation, the relation between the scattered wave u and the scattering
potential f is governed by equation (2.8). We assume further that u satisfies the Sommerfeld
radiation condition

0
lim max ||r|| |- — u(r) — ikou(r)| =0,
$2¢ rf}=s r]

where aﬂn denotes the radial derivative. Physically speaking, u is an outgoing wave. The

corresponding outgoing Green function is given by

eikolle]
G(r)=——,
4 |||
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see [5, chapter 2]. In proving theorem 3.1, which is the basis of corollary 3.3, we have to
characterize the partial Fourier transform J; »G, where the subscripts indicate that the trans-
form is taken with respect to r; and r,. However, the function (ry, ;) — G(ry, 12, r3) is not in
L'(R?) for any r3 € R. Therefore, the transform J ,G cannot be defined as a classical Fourier
integral. Instead we have to resort to the distributional setting.

We denote by D'(R?) the space of distributions and by S'(R?) the space of tempered dis-
tributions. Background material on Fourier transforms, convolutions and distributions can be
found in section A.1 and section A.2 in the appendix A. Finally, in order to formulate theorem
3.1, the proof of which is given in section A.3, we need the following notation. We set

Ve =K =k, Ktk <k,

k = k(ky, ky) = 3.1
W+ -k, K+ >k.

Furthermore, H,, : R? — R denotes the Heaviside function in the third coordinate centered at
r3, that is,

0 if 53 < r3,

1 otherwise.

Hr3(Sl, 52, S3) = {

Theorem 3.1. Let kg > 0 and g € LP(R?), p > 1, with supp(g) C B, for some r > 0.
Suppose that the function u is the solution of

Au+ku=—g (3.2)

which satisfies the Sommerfeld radiation condition. Then, we can identify F| ,u € D'(R3) with
the following locally integrable function

i,
Froutky, ky,r3) = \/gg (e F ((1 — H,,)g) (ki1 ka, )

+e7 F (H,,8) (ki ko, —r)) . (3.3)
Remark 3.2.

(a) While Fj ouis even a tempered distribution, identifying ; ;u € S'(R?) with the right-hand
side of equation (3.3) (as in example 8.7) is not possible in general, since the right-hand
side is not guaranteed to be polynomially bounded as ||(k;, k2, 3)|| — 0.

(b) Recall further that r is imaginary for k7 + k3 > k3. In this case, in equation (3.3), we have
to consider the analytic continuations of F ((1 — H,,)g) and F (H,,g) to C*.

The theorem implies the following Fourier diffraction result for our setting, see figure 1.
Corollary 3.3. Assume that

(a) The scattering potential of the probe is given by f € LP, p > 1, where supp(f) C B,
0<rs<ry,

(b) The incident field is a plane wave u™(r) = e,

(¢) The Born approximation is valid for the scattered field u and u satisfies the Sommerfeld
radiation condition,

(d) The scattered field u is measured at the plane ry = ry (transmission imaging) or
ry = —ry (reflection imaging).



Inverse Problems 37 (2021) 115002 C Kirisits et al

Y1 1

Y3

Y2 Y2

Figure 2. Accessible points in k-space for transmission imaging (left) and reflection
imaging (right).

Then

T ieimM
Fipulky, ko, £ry) = \/; . Fflki, ka, £5 — ko) (3.4)

forall ki, ky € R satisfying k} + k3 # k3.

Proof. Assuming validity of the Born approximation, the scattered wave u satisfies equation
(2.8). According to theorem 3.1 with g = fu'"™, we obtain

1\/7_T' ikr inc
Frouky, ka, r3) = P (e F ((1 = Hpy) fu™) (ky, k2, )

+ efi/ir3 F (H,3fui“°) (kl, st —H))
iy
K2
+ e—ilﬁrj, F (Hr3f) (kla kz, —RK — k())) s

(emr3 F ((1 _ Hr3)f) (k1, ko, & — ko)

where we have exploited the specific form of the incident wave ™. Finally, for transmission
imaging, we have r3 = ry, so that H,,, f =0 and (1 — H,,,)f = f. Similarly, for reflection
imaging, where r3 = —ry, we obtain(1 — H_,,))f =0and H_,,, f = f.

Remark 3.4. Even though, mathematically, equation (3.4) holds as long as k? + k3 # k3,
physically speaking the spatial frequencies with k7 + k3 > k3 do not contribute to the mea-
surements. Therefore, without rotation of the object, the measurements in both transmission
and reflection imaging provide access to the scattering potential f on a hemisphere

{1, ko, 25 — ko) ki ko € R, kT + k5 < kg }
in k-space’. The two hemispheres are depicted in figure 2.

3 From now on Fourier space will be referred to as k-space to emphasize that the Fourier transform is taken with respect
to the spatial coordinates.
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N
|

Figure 3. Frequency coverage 7. () for a full rotation about the r;-axis with ‘missing
cones’ extending along the y,-axis. Left: 3D visualization of 7 (i) (transmission
imaging). Middle: cross section of T (U). Right: cross section of T_({f) (reflection
imaging).

4. Backpropagation formulae

According to the Fourier diffraction theorem, illumination of the object from a single direc-
tion provides access to the scattering potential on a surface in k-space. If the probe is rotated
continuously, however, we can obtain knowledge of F f in a volume ), see figure 3 for an
illustration of such a volume. Consequently, an approximation of the scattering potential that
incorporates all the available information can be found by means of Fourier inversion

£~ 2m) 3 /y & FF(y)dy.

The reconstruction formula for our setting is made precise in theorem 4.1 and lemma 4.2
below.

We assume that the scattering object undergoes a rotation with varying rotation axis.
Therefore, if the function n = n(¢) : [0, L] — S* describes the orientation of this axis and
a = (1) : [0, L] — R is the corresponding angle, then the rotation can be represented by the
matrix

n%(l —¢)+c mny(1 —c¢) —nzs mn3(1 — ¢) + nos
RI” = | mny(1 —¢) + n3s n%(l —c)+c nonz(1 —c¢) —nmys |,
mnz(1 —c¢) —nys nyn3(1 —c¢) +nys n%(l —c)+c

where n = (ny,n,n3)", c:=cosa and s:= sina. Note that we follow the convention of
describing the rotation of the object by the transpose RI .- Therefore, the scattering potential
of the rotated object is given by f o Rp 4.

Next, denote by u,, 0 < ¢ < L, the wave scattered by the rotated potential f o Ry q(;)- Under
Born’s approximation, it satisfies

Auy + kgu, = —u™ f © Raa)-

The full set of measurements in the transmission and reflection setup, respectively, is then given
by

u(ry,r,xry), r,neR, 0<r<L, 4.1)

8
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and, according to corollary 3.3, it is related to the scattering potential f via

7 ielrm
Frou(ky, ko, ryr) = \/; - Ff (Rawaty ki, ko, 6 — ko) ") . (4.2)

Next, let
U= {(ki, ko, ) ER* 1k + K5 < kg, 0<t<L}

be the set where equation (4.2) is valid and can be used for reconstruction purposes, recall
remark 3.4. Moreover, the map that traces out the accessible domain in k-space is denoted by

To:U— R, Ti(ki, ko, t):=Raw.om (ki ko, 5 — ko) ' (4.3)

In the reconstruction formula below we have to take into account the number of times a point
y in k-space is covered by T.. This number, sometimes referred to as Banach indicatrix of
T.,% will be denoted by Card(T; ! (y)), where Card(A) is the cardinality of a set A. Finally, the
approximation to f we wish to reconstruct is

fim=emn /T LETERay 4)

The set T () will be referred to as the frequency coverage or k-space coverage of the
experimental setup.

Theorem 4.1. Let the assumptions of corollary 3.3 be satisfied. In addition, assume that
ae(C! [0, L] and n € C'([0, L], S?). Then, forallr € R3,

i A
Fip@®) = 2 /elTi(k"kz’l) " Fiaudky, ko, £rur)
u

ke m |VTi(k1, ko, l)|

Card(T; (T (k1, k2, 1)) dtki, Kz, 1) “.5)

where |VTy| is the magnitude of the Jacobian determinant of Tx.

Proof. First, we show that Card(T;') is finite at almost every point in the range
of T. By lemma 4.2, we have |VT.| € L'(U). Applying a change of variables that
takes into account the potential noninjectivity of 7., see [2, theorem 5.8.30], gives
Jrow Card(T:")dy = [,,|[VTy| dy. It follows that Card(T<'(y)) < oo for almost every y €
T.(U).

Next, we can write

. Card(TZ' (v))
+ o iy-r -
fi®) = @m? /T o Ty

since Card(7:') vanishes nowhere and is finite almost everywhere. Applying [2, theorem
5.8.30] once again, where the function to be integrated is y — e¥™* F f(y)/ Card(T L(y)), gives

6Tn computerized tomography (CT) the Banach indicatrix is called Crofton symbol (see for instance [28]).

9
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fam = @m / e CROT F (T, (ki ka, 1))
u

|VT:I:(k1a k2a t)‘

X Card(T- (el koo ) (4.6)

The assertion now follows after using equation (4.2) to express JFf in terms of the
measurements.

In order to actually use the reconstruction formula (4.5), it remains to calculate the Jacobian
determinant |VT.| as well as the Banach indicatrix Card(7T;"). While the former is carried
out in lemma 4.2, the latter is quite a challenging task in general. However, in the remainder
of this section we identify special cases for which we can determine Card(7;").

Lemma 4.2. For a € C'[0,L] and n € C'([0,L],S?), the Jacobian determinant of Ty is
given by

|VTi(ky, ky, £)| = % ((1 —cos ) (n3n’ - h —nin-h) —n3n- (0’ x h)sin a)

%)

>

— o (nky — moky) + (n-h) (nm’z — nznll) sin «

where W= (ky, ka, &k — ko). In particular |VTy| € L'U).

The proof of this lemma is postponed until section A.4.
For rotation axes independent of ¢ the Jacobian determinant of 7. simplifies considerably.
Moreover, the Banach indicatrix is constant almost everywhere.

Corollary 4.3. Let the assumptions of theorem 4.1 be satisfied. If n'(t) = 0, then

ko |/ (¢ ki — nik
VT (ky o )] = o la/ (@) In; | — 2|. 4.8)

If in addition n # ;3 and « is strictly increasing with «(0) = 0 and (L) = 27, then
Card(TL (Tx(ky, ko, 1)) = 2
for almost every (ky, ky, 1) € U.

Proof. Equation (4.8) is a direct consequence of equation (4.7). It remains to show the second
statement. Let (ki,k»,7) € U be given. We want to find the number of points (ki, k», ) € U
which satisfy

Ti(ki ko, 1) = Talkr, ko, 1), 4.9)
First, we point out that there can be no ¢ # 7 such that
Tkt ko, 1) = Tk ko, 1),

unless 74 (l}l , i(z, ?) lies on the rotation axis or 7 € {0, L}. These cases, however, correspond to
a subset V C U of measure zero.

Thus we look for (ki,ky) # (ky, ky). Denote a general point on the hemisphere by
h* = h*(ky, ky) == (ky, ka, £ — ko) T and set h™ := h*(k;, k»). Since Ty is the composition of
h* with a rotation and rotations preserve the lengths of vectors, we deduce from equation (4.9)
that

[ (4.10)

10
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Calculating these norms shows that x(k;, ky) = n(lAq s /AQ) and that
k=243 (4.11)

Furthermore, the rotation R, , does not affect the vector component in the direction of the
rotation axis n, that is,

h* -n=Ry,ph® n=R,,;h" -n=h"-n (4.12)
and consequently
0=n-(* —h*) = ik — ki) + naky — ko).

Since by assumption, n? + n3 7& 0, there exists A € R such that k; —k, = —An, and

ko — ko = An;. Hence, (k1, k) = (kl Ao, IA<2 + Anp). Now we conclude from equation (4.11)
that

0 = N2(n% 4 nd) + 2A(kany — kymy),

which has the two solutions A\ = 0 and A\, = 2(/22111 — IAqnz)/ (n% + n%). The former corre-
sponds to (ki, k) = (]}1’]}2) and the latter to a reflection of (];1’]}2) across the line passing
through the origin with direction (n1, ny). We can ignore the possibility that the two solutions
coincide, as this corresponds to a set of measure zero.

It remains to count the ¢ € [0, L] which satisfy

Ty(ky — Mona. ko + dony, 1) = Taly, ko, ). (4.13)

Equations (4.10) and equation (4.12) imply that during rotation h* and h*(k; — Mono ko +
Aznp) move along the same circle around the rotation axis. Since, by assumption, the range of
a is [0, 2], both points on the hemisphere make a full turn. So there must be at least one ¢
satisfying equation (4.13). But since « is also bijective, there is exactly one such 7. Thus we
have shown that for almost every (kl s kz, Heu there is exactly one other point (ki, k>, t) such
that equation (4.9) holds. Therefore Card(Ti (Ti(kl , kz, 7))) = 2 almost everywhere in U/.

Let us consider a simple example which is also treated in the numerical part.

Example 4.4 (Full uniform rotation around the r,-axis). We consider rotation around
the r;-axis with rotation matrix

1 0 0

T _ .
Ry =0 cosa —sina
0 sina cos«

and a(t) = t, t € [0, 27]. Instead of t we write a below. From corollary 4.3 it follows that

lk i T—KT,
fbp( r) = 70 el(Rel'“hi 0 Fy ot (ki kay £1p) [o| d(ky, o, ), (4.14)

where h™ := (k;, ka, £r — ko) ".

We want to illustrate the corresponding sets 7.(U). Consider y € T+ (U), i.e.
Y= 01,293 = Re alki, ko, i —ko)" where k7 +k3 <k} and 0 < a <27 Then, it
holds that y; = k; and
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Vi +y3 =k + (5 — ko) = k3 + kg — ki — k3 — 2rko + kg
= 2k} — 2kor/ kG — kG — K3 — k7.
Since k3 € [0, k3 — k), this implies

Y3+ 5 < 2kg — ¥is

2
VY3 = 2K — 2ko\[ kG — 3 — i = (ko—\/kg—yo .

The first equation can be rewritten as ||y||* < 2k2, while the second equation gives

G2yl = ko — kG — ¥i
ko = [|v2, y3)Il < /&5 — ¥i-

Noting that ko — [|(y2,y3)|| > —+/k% — y? and taking the square, we get (||(y2,y3)| — ko)* +
y? < k§. In summary, we see that

ToU) = {y € R : |ly|]* < 2k, (|2, y9)] — ko)* + ¥} < K3}, (4.15)

which is displayed in figure 3. Similar considerations for 7_ (/) show that this set together with
T (U) generates a solid horn torus of radius kg, see figure 3 right. Finally we point out that a
rotation around any other axis in the r;—r,-plane leads to a k-space coverage 7+ (U/) which is a
rotated version of the one displayed in figure 3.

Remark 4.5 (Maximal and minimal k-space coverage). Subsequent rotations about
two orthogonal axes in the 7} —r,-plane generate a radially symmetric k-space coverage accord-
ing to figure 4. This is the maximal coverage that can be obtained within the experimental setup.
In contrast, the rotation around the r3-axis does not provide additional information in k-space,
recall figure 2.

In the previous examples, the rotation axis n was kept constant. In the following, we consider
a moving rotation axis n(z), ¢t € [0, 27], in the setup of transmission imaging.

Proposition 4.6. Let n € C'(([0,27],S?) and o € C'[0,L). We denote the trajectory of
e; =(0,0,1)" under T+ by

e(?) = Rypames, t€[0,L]
Lety € R3with ||y|| < v/2ko. Then, there exists (ky, ky, t) € U with Ty (ky, ky, t) = y ifand only
if

2
_ iyl

. 4.1
2%, (4.16)

y-e() =

Moreover, Card(Tjrl(y)) equals the number of solutions t € [0, L] of equation (4.16).

Proof. Assume that there exists (ki, k2, ) € U such that y = T (ky, k2, 1) = Rug).ah with
h = (ky, k», kK — kg). Since the norm is invariant under rotations, it holds that

Iy]* = [Ih]|* = 2ko(ko — ), 4.17)

12
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Y1

Figure 4. Frequency coverage for subsequent rotations around two orthogonal axes in
the rj—r; plane. Left: cross section of transmission imaging. Right: cross section of
reflection imaging.

which implies that k = \/kj — ki — k3 depends only on ||y|| and, by the invariance of the scalar
product under the rotation Rp(—a(, it follows from equation (4.17) that

2
y-e()=h-es=h3=r—ko= —%,
which shows equation (4.16).

Conversely, let y € R® with ||y|| < v2ko, and let ¢ satisfy equation (4.16). Set
k = (ki, ks, k3)T == Ru,—1y. We show that (ki,ky,t) €U and T (ki,ky,t) =Yy, ie., that
ks = \/kj — k3 — k3 — ko. We have by equation (4.16) and the invariance of the scalar product
and vector lengths with respect to rotations

kzs=Kk-e :y.e(z‘): ﬂ _ _||kH2 S _k
o %o T 2k 0

so that k3 4 kg > 0. Moreover, the above equation implies that
(ks + ko)? = —ki — k3 + kg, (4.18)

Thus, k% + k% < k%, so that (ky, ka, 1) € U. Taking ~the~squalre root in~ equation (4.18), we obtain
the desired form of k3. Since, for fixed #, the map (ky, kp) — T (ky, k, f) is one-to-one, we have
shown the assertion.

Example 4.7 (Half rotation around the r,-axis). We consider the same fixed rotation
axis as in example 4.4, but we restrict the angle a(¢) = ¢, t € [0, 7]. In what follows, we show
that the Banach indicatrix Card(T;l (+)) takes different values on sets of positive measure, see
figure 5.

Let y € T+ (U)\{0}. Since T4 (U) is a subset of the k-space coverage for the full rota-
tion, equation (4.15) shows that ||y||* < 242 and (||(y2, y3)|| — ko)> + > < k2, which yields
I¥]I> < 2ko\/¥3 + ¥3. By proposition 4.6, the Banach indicatrix Card(T'(y)) is equal to the

13
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number of solutions ¢ € [0, 7] of

2
[yl

sin t + y3 cos t = — .
»2 Y3 2k

(4.19)

Let us denote the left side by
P(t):=y, sint+y3cost, ¢tel[0,mr].

If y,,y; # 0, the derivative ¢)'(f) = y, cost — y, sin 7 has only one zero #y = arctan ’2 in [0, 7],

where we use the branch of the arctangent with range [0, 7). If y; = 0 and vy # 0, then 1’ has
the unique zero fo = 5, which comes along with setting arctan g = 5. If y, = 0 and y; # 0,
then 1) is monotone on [0, 7] and thus equation (4.19) has one solutlon. If y, =y; =0, also
y; = 0 and thus there are infinitely many solutions.

In the case y, < 0, we see that the unique zero fy € [0, 7] of ¢ fulfills sin 7 = y21/y3 + 3
and cos 7) = y31/y3 + y3. Then we obtain 1(1p) = — \/y2 +y3 < 0. The second derivative is
" (t) = —1)(f) and hence 1" (t9) > 0. Together with the continuity of 1/, this implies that 1)
decreases on [0, fy] and increases on [ty, 7]. We have the two local maxima (0) = y; and

P(m) = —y3 and the minimum ¢ (ty) = —+/ y% + y3 Hence, equation (4.19) has two solutions

if — HYH — |y3| and otherwise one solution if 0 > — HYH — |y3]. Note that we have already

seen that ||y|| < 2kon/y3 + 3

An analogous consideration for y, > 0 shows that ¢ has its maximum \/y3 + y3 at 7y and

goes monotonically to the minima at the boundary ¢/(0) = y; and ¢(7) = —y;. Then equation
(4.19) has one solution if — Hy” — |v3] and no solution otherwise. In conclusion, we have for
0< [lyl* <2k,

2, y2<0 and 2kolys| < |ly|* < 2koy/33 +)>2.

1, y2<0 and 2kolys| > |ly|*
-1
Card(T ' () =191, y,>0 and 2ko|ys| > |ly|.

I, y»=0,

0, otherwise.

Example 4.8 (Moving rotation axis). Forc¢ > 0 arbitrary fixed, we consider the moving
rotation axes

n.(¢) = (cos(c sin 1), sin(c sin 7),0)",

and the rotation angle a(¢) = ¢ € [0, 27]. The axes n.(¢) oscillate slightly around e; in the r|—r,
plane. Then

e(r) = (— sin(c sin 7) sin ¢, cos(c sin 7)sin #,cos 7).

We consider y = (y;,0,0)" € T, (U). Then proposition 4.6 implies that Card(T;l(y)) is the
number of solutions ¢ of
¥
y - e(f) = —y; sin(c sin £)sin 1 = — . (4.20)
2k
14
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Y2

Figure 5. Areas of constant Banach indicatrix Card(7~'(y)) for the half rotation,
sectional plot at y; = 0.

We show that equation (4.20) has 4 solutions if 0 < y; < 2k sin c. Since the function (0, 5) 2
t — sin(c sin #)sin ¢ is the composition and product of the positive, strictly increasing sine
function, it is strictly increasing with supremum sinc. So there is one solution 7 € (0, %) of
equation (4.20). The other three solutions 7 — 7, 7 + 7, and 27 — 7 follow by the symmetry of
the sine. Hence, we see that Card(Tjrl(y)) =4.Since T (U) 2 y — y - e(t) is continuous, this
result holds also in a small neighborhood of y. However, for the point y = (0,0, y;), we see
that equation (4.16) becomes
2

—y3cost= — 23 4.21)

2ko
If 0 < y3 < 2k, equation (4.21) has 2 solutions ¢ € (0,27) and Card(Tjrl(y)) = 2. By conti-
nuity, Card(Tjrl(-)) = 2 then holds in a small neighborhood of y.

As T, maps sets of measure 0 to sets of measure 0, the considerations above show that
there exist two subsets of U/, both of positive measure, on which Card(T;l(T+(~))) attains
different values. Note that this conclusion holds for any ¢ > 0 and therefore for very small
movements of the rotation axis n(¢). Taking into account the non-triviality of determining the
regions of ¢/ with different Banach indicatrix, this example hints to the complexity of applying
the backpropagation formula equation (4.5) for general rotations.

5. Discrete backpropagation and inverse NDFT

Next, we are interested in the numerical reconstruction of the 3D function f from given two-
dimensional functions u,. By equation (4.2), we can build on the relation

2 .
—\/;G_WM KiF1pui(ky, ko, ry) = F f(Tw(ky, ko, 1), (ki koo t) € U.

In this paper, we work with simulated data. We assume in the numerical part that the func-
tion Ff is known on Yy = T (U). More precisely, Ff is either given analytically or we
approximate it by the computation described at the end of this section.

15
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For N € 2N, let Zy :={—% + j: j=0,...,N — 1}. We aim to reconstruct the function f
with supp f C B,, C R? at the equispaced N x N x N grid

_ 2r

Ry = N I]%] C [—rs, rs]3-

To this end, we assume that F f is given on the following sampling set in the k-space: let

-
uN,Szz{(kl,kz,t):(kl,kz)ezkozz,k%+k§<k2, t:%], j:O,...,S—l}.

5.1

In particular, for § := [ 2N, the number of data points M := Uy 257 |is approximately equal
to N>. In this case, we use the abbreviation Uy = UN’( EE Then the sampling points in the
k-space are given by the M points in

Vi =TeUy). (5.2)

In the following, we propose two reconstruction techniques, namely the discrete backprop-
agation and the inverse NDFT. Our numerical tests will indicate that the latter appears to be
preferable.

5.1. Discrete backpropagation

The discrete backpropagation is directly based on a discretization of the integral in equation
(4.6) using the values of Ff on Vi. For r € Ry, we approximate Jop(r) by

3Lk} i T (ky kost)
fop(r) == 2m) 250 Y FA(Talh k) e T (-3)
(k1.kp,n)EUN
y |VT.(ky, ka, )|
Card(T: (Ty(ki, ko, 1))

We will see that evaluating f,, on Ry is, up to the multiplicative constant in front of the sum,
an adjoint NDFT applied to

|VT:I:(k1a k23 t)|

Ff(T(k1, ko, 1)) Card(TE (T s (ky, ko, 1))’

(kla k2a t) € Z/{N'

Remark 5.1. For the discrete backpropagation equation (5.3), it is crucial to know the
Banach indicatrix Card(7:'(7T(-))), which we computed in some special cases, see exam-
ples 4.4 and 4.7. However, even for a small movement of the rotation axis as in example 4.8, it
seems to be quite difficult to determine the Banach indicatrix in general. Such considerations
are not necessary when applying the inverse NDFT considered next.

5.2. Inverse NDFT

To explain the inverse NDFT, we recall the NDFT first. The NDFT is the linear operator Fy :

RV — R defined for our vectors fy = (f ey = (F (32) )j ez elementwise by

16
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8r TN 2rg )\ s n
Fufy(y) =3 ) fme™ =23 f (— ) T yely, G4

J
N
reRy jeT},

see [31, section 7.1]. In other words, we can consider the NDFT via the tensor

(28 . . o .
Fy = (elﬁs” , .- Furthermore, it provides an approximation of the Fourier transform
JELR.YEYy

Ff(y) = Fuyfy(y), ye Vi

Then, as already mentioned above, the discrete backpropagation formula equation (5.3) is just
the application of the adjoint NDFT to weighted values (F f (y))yeyi. In contrast, the inverse
NDFT reconstructs the values (f(r)),cx, by solving the least squares problem

arg ming_ps [Fnf — (Ff(¥)yeys 3. (5.5)

More precisely, we call a solution of this problem inverse NDFT of (F f (y))yeyi, see [31,
section 7.6.2].

Remark 5.2 (Fast computation by NFFT). Computationally we will solve the least
squares problem equation (5.5) by a conjugate gradient method on the normal equations
(CGNE) as proposed in [26]. Each iteration step of the CGNE algorithm requires the com-
putation of an NDFT and an adjoint NDFT. Both the computation of the NDFT and its adjoint
can be realized in an efficient way by the so-called nonequispaced fast Fourier transform
(NFFT). The NFFT requires only O(N? log N) arithmetic operations instead of O(N®) oper-
ations for the NDFT and is highly recommendable in 3D. Depending on the choice of the
inner parameters, the NFFT provides an arbitrarily tight approximation of the NDFT, see, e.g.,
[1, 10, 35].

Computation of k-space data. If the function F f or its values at )i are not given, we have to
synthesize them for our numerical tests. Since the function f is known in our synthetic exam-
ples and can therefore be sampled on an arbitrary fine grid, we choose n > N and approximate
the values F f(y) by applying the NDFT on the fine grid, i.e., we take

8r3 . 8r3 2re \ i2n:
Fmm 2> e =23 (n.]) eIy ey (5.6)

reRy jez3

as given values for both the discrete backpropagation and the inverse NDFT. We note that
equation (5.6) resembles F, evaluated on a different grid than in equation (5.4).

6. Numerical tests

In this section, we demonstrate the performance of the discrete backpropagation in equation
(5.3) and the inverse NDFT defined in equation (5.5) by numerical examples. For computing
the NDFT and its adjoint, we apply the NFFT software library [24]. If not stated otherwise,
we use the NFFT for all reconstructions. We fixed the number of CGNE iteration steps in the
inverse NDFT to 20. In this section, we concentrate on the transmission imaging associated

17
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6.1 Sampling

The wavelength ) is related with the wave number via ky = 27” Since the discretized Fourier
transform Fy f(y) is Z¥-periodic in y and the data points y € Yy satisfy ||y[| < v/2ko, it is

reasonable that the model parameters satisfy \/Eko < % or, equivalently,

N> 2/ 2kor _ 4\/§rs.
™ A
In particular, we choose N = zﬁﬂﬁ, where we note that ry can always be made larger in

order to make sure that N is an integer. The distance between adjacent grid points r € Ry is
then 2NA = #, which only depends on the wavelength A. In our numerical tests, we fix the
wavelength A = 1 such that all measurements in r are in multiples of the wavelength. Hence,
the wave number is kg = 27. The data points T (kj, k2, ) in the k-space are on the grid y;v*
described in the equation (5.2). Therefore all data points in y;; are contained in a ball of radius
V/2ko ~ 8.89.

In our first numerical tests, we choose the grid size N = 80 which corresponds to the radius
rs = % ~ 14.1) of the maximal support of f. Then we have N°> = 512000 grid points in
Ry and 496944 data points in Yy . If not available analytically, we simulated the values
Ff(y),y € Yy, by an NDFT of length n = 5N as in equation (5.6).

We compare the reconstruction quality based on the structural similarity index measure [42]
and the peak signal-to-noise ratio (PSNR) determined by

maXrery \f(r)|2

PSNR(f, g) .= 101log ,
NN g, @) — g

where f is the ground truth and g is the reconstructed value. Note that higher values indicate a
better reconstruction quality for both. If F £(y), y € Vi is computed from the function values
at a fine grid, then it appears reasonable to take as ground truth for the PSNR the voxel values
which are the averages of their five-point neighborhood on the fine grid

1 2rs .
fj‘vv(r)::S—3 Z f<r+ ﬁj), r € Ry.
3

je{-2.-1...2}

6.2. Function with exactly known Fourier transform

In order to illustrate the effectiveness of the proposed reconstruction algorithms, we make the
first test with the characteristic function f,(r) = 13, (r) of the ball with radius @ > 0. Its Fourier
transform is known analytically,

2 1 .
FfoW =1/~ -5 (sinllay| — [lay|| cos|lay]). y € R, (6.1)
iyl

see [31, p 183]. The object is fully rotated around the axis n(r) = e; and angle a(t) =t, ¢t €
[0,27], as in example 4.4. We consider the two cases that the input for our reconstruction
arises from (i) the exact data F f,(y) by equation (6.1), and (ii) the approximate data Fsy f,
by equation (5.6). The error between the approximation Fy f,(y) and the true values F f ,(y),
y € Vi, is shown for different N in table 1.

18
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Table 1. The root mean square error (RMSE) of Fy f, with respect to F f, in dependence
on the grid size N for the NDFT.

N 80 160 240 320 400 800

RMSE 3.72x 1072 937 x 107 438 x 1073 258 x 1073  1.67 x 107 4.46 x 107*

(A) Test function discretized by fgy on (B) Inverse NDFT from approximate (C) Backpropagation from approximate

an 80 x 80 x 80 grid data data
PSNR 32.61, SSIM 0.885 PSNR 27.02, SSIM 0.370
{1 11
08 o8
y 08 08
04 04
02 02
| o 0
(D) Inverse NDFT from exact data (E) Backpropagation from exact data
PSNR 32.60, SSIM 0.885 PSNR 27.00, SSIM 0.370

Figure 6. Test with the characteristic function f, of a ball of radius a = 9, with resolu-
tion N = 80. All plots show the slice of the 3D function at r; = —0.3. The reconstruc-
tions use either the exact data F f,, or the approximated data from equation (5.6). In
both cases, we use the same set of points Yy .

The reconstruction is depicted in figure 6. For both cases, we compare the inverse NDFT
with the discrete backpropagation equation (5.3). The latter shows stronger artifacts due to the
sharp cutoff in the k-space. There is almost no difference between the exact data in (i) and
approximate ones in (ii); since the approximate data is computed on a very fine grid.

6.3. Simple test function

As a second test function f, we take the characteristic function of a ball and cut out a small
segment around the plane {r, = 0}. The rotation is around the r, axis as in the previous test.
The reconstruction results are shown in figure 7, where the inverse NDFT yields an image with
fewer artifacts than the discrete backpropagation.

The reconstruction becomes more difficult when the object has discontinuities perpendicu-
lar to the rotation axis. To this end, we take the previous test function, but the rotation is now
around the r; axis. The reconstruction in figure 8, resolves the gap considerably worse than in
the previous example. This is because we do not have any data of the Fourier transform F f
near the k, axis away from the origin. However, the information about the Fourier transform in
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‘

as
a8
ar
os
0s
a4
03
02
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(A) Test function (ground truth image) (B) Inverse NDF'T reconstruction (¢) Backpropagation
on an 80 x 80 x 80 grid PSNR 29.52, SSIM 0.863 PSNR 25.25, SSIM 0.366

—— ground truth f
—— inverse NDFT
------ backpropagation

-10 =5

o
ot

10
1

(D) Comparison of both reconstructions and the ground truth at the line (r1,0,0)T

Figure 7. Top: slice plot of the test function with discontinuity around the plane r, = 0,
and its reconstructions. Bottom: sectional plot of test function and its reconstructions.

1 1
0.9 09
0.8 08
| 07 07
06 06
| 05 05
| 04 04
| | 0.3 03
- 0.2 02
01 01

0 0

(A) Inverse NDF'T reconstruction (B) Backpropagation
PSNR 22.94, SSIM 0.658 PSNR 21.04, SSIM 0.341

Figure 8. The same setting and test function as in figure 7, but this time the object is
rotated around e, instead of e;.

this region is important due to the singularities of f along planes perpendicular to the r, axis.
Again, the discrete backpropagation produces more artifacts than the inverse NDFT.
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6.4. Perturbed rotation

In practical applications, the rotation of the object is often a little perturbed. For the follow-
ing test, we consider the rotation angle a(f) = ¢ and the slightly moving rotation axis n.(f)
with ¢ = /8, see example 4.8. This axis n.(¢) is in the ryr, plane and it moves around e;.
The reconstruction results are depicted in figure 9, where we chose the resolution N = 160
and thus rg =~ 28.3. In these tests, the perturbation slightly improves the quality of the recon-
structions, because the set of missing k-space data is different. We note that we applied the
discrete backpropagation equation (5.3) with Banach indicatrix Card(Tjr') = 2, even though
it is 4 in a small region. This still results in a good approximation.

In case of a stronger movement of the rotation axis n, with ¢ = 7 /2, see again example 4.8,
the limitation of having no exact knowledge of the Banach indicatrix Card(Tjrl(y)) becomes
more severe. In figure 10, we see that the reconstruction quality of the inverse NDFT is
comparable to the previous example. However, the backpropagation behaves considerably
worse than in the case of a smaller movement, which could be explained by the fact that the
exact Banach indicatrix deviates farther from the approximation by a constant we use.

Remark 6.1 (Computation time). The discrete backpropagation in equation (5.3) con-
sists of one adjoint NDFT, whereas each iteration step of the CGNE method of the inverse
NDFT requires about twice the computational effort: to perform both an NDFT and an adjoint
NDFT. Hence, the backpropagation algorithm is considerably faster than the inverse NDFT. In
practice, this difference is a little smaller, since the NFFT software includes a node-dependent
precomputation, which has to be done only once. For the grid size of N = 160, which
corresponds to approximately 4 million grid points, the discrete backpropagation takes about
9.6 s, whereas 20 iteration steps of the CGNE algorithm take 46 s on an Intel Core i7-10700
CPU.

6.5. Noisy measurements

In practical applications, the measurements are corrupted by noise. For some noise level 6 > 0,
we consider the Gaussian white noise model

gW=Ffy)+IN©O.1), yeVy.

The CGNE method used for the inverse NDFT is a regularizer with the number of iterations as
the regularization parameter. Let us denote by f} the kth iterate of the CGNE method applied
to g°. The discrepancy principle [12, section 7.3] states to choose k such that the residual
HFNf/i —g H is approximately 6. A popular parameter choice rule requiring no knowledge of
the noise level § is the L-curve method [18], where one chooses k at the corner in the log—log
plot of the residual ||FNf,‘f —g || versus the norm of the approximate solution ||f,‘f || . As discrete
norm, we take the root mean square

1/2

S| — L Soon|?
Hg H : BA Z ’g (Y)’

yey,j,'

For an overview of parameter choice rules in the conjugate gradient method, we refer to [20].
In table 2, we show the reconstruction error with different parameter choice rules. We use
the same test function as in figure 9, the resolution N = 160, and the rotation around the r|
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) Phantom ffg)’o on a 160 x 160 x 160 grid
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0.9
0.8
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0.6
0.5
0.4
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) Inverse NDFT reconstruction with fixed rotation axis ) Backpropagation with fixed rotation axis
PSNR 32.56, SSIM 0.892 PSNR 27.81, SSIM 0.422
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|

(D) Inverse NDF'T reconstruction with slightly moving axis E) Backpropagation with slightly moving axis
PSNR 33.62, SSIM 0.934 PSNR 30.92, SSIM 0.549

o

Figure 9. A Shepp—Logan phantom as test function (A) with the bigger resolution
N = 160. Reconstruction for the constant rotation axis n(¢) = e; with the inverse NDFT
(B) and with the backpropagation (C). With the slightly moving rotation axis n(z), the
inverse NDFT (D) again produces a clearer image than the backpropagation (E).

axis. We compute the corner of the L-curve according to [19]. The L-curve method tends to
overestimate the stopping index k, whereas the discrepancy principle produces slightly better
reconstructions.
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0

(A) Inverse NDFT reconstruction B) Backpropagation
PSNR 32.87, SSIM 0.899 PSNR 25.18, SSIM 0.335

Figure 10. The same setting and test function as in figure 7, with a larger movement of
the rotation axis.

Table 2. PSNR for with different noise levels § with the L-curve method and discrepancy
principle for choosing the number k£ of CGNE iteration, which is displayed in parenthe-
ses. The best choice serves as a benchmark; it is attained at the iteration index k which
maximizes PSNR(f‘“’,fi) among k = 1, ..., 100, where we know the ground truth f*".
The backpropagation contains no regularization and thus works only well with very
small noise. The function f is the same as in figure 9 with constant rotation axis e
and resolution N = 160.

Noise level ﬁ\Fﬂ Best choice L-curve Discrepancy Backpropagation
0.0% 33.01 (100) — — 27.81
0.1% 30.98 (18) 27.80 (65) 30.16 (13) 23.25
0.2% 28.84 (13) 25.89 (29) 28.07 (10) 18.49
0.5% 25.20 (8) 18.81 (25) 24.07 (6) 11.04
1.0% 22.58 (6) 20.78 (3) 20.78 (3) 5.03

7. Conclusions

In this paper, we considered the reconstruction of the 3D refractive index distribution of
an object that is rotating irregularly around its center of mass, where we assume that the
motion parameters are known or estimated beforehand. We presented a rigorous proof of
the Fourier diffraction theorem for a compactly supported f € LP(R*), p > 1. We derived a
novel backpropagation formula, which generalizes the existing theory to an arbitrarily mov-
ing rotation axis. For the numerical reconstruction, we compared the discrete backpropagation
with the inverse NDFT, which is based on an iterative inversion of the nonuniform discrete
Fourier transform. It turns out that the inverse NDFT usually gives a better reconstruction and
does not require knowledge of the Banach indicatrix, which can be hard to determine. However,
the computation times for the inverse NDFT are higher, but still reasonable for usual image

sizes.
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Appendix A

A.1. Distributions and the Fourier transform

This section collects several results about distributions and the Fourier transform. We refer to
[16,21, 31, 32] for more details.

Definition 8.1 (Test function). The space D(R") of test functions is the set of all infinitely
differentiable functions ¢ : R” — C with compact support equipped with the inductive limit
topology.

Definition 8.2 (Distribution). The space D'(R") of distributions is the topological dual
of D(R"), i.e. the space of all functionals v : D(R") — C such that

vlag + byl = av[] + bu[y]
forall a,b € C and ¢, € D(R") and

v[@n] = vl¢]
whenever ¢, — ¢ in D(R™).

Example 8.3. Every locally absolutely integrable function v € L] .(R") can be identified
with a distribution via

¢ — v(r)o(r)dr.
Rn

It is common to use the same symbol for the function and the associated distribution.

By L?(Q2), p € [1, c0], we denote the Banach space of (equivalence classes of) complex-
valued functions with finite norm

1l = ( / If(r)”dr> " pelloo,

[1f ]l = esssupyeq | £ (0)].
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If @ C R” is bounded, then these spaces are continuously embedded, i.e., for 1 < p < ¢, we
have

LI(Q) — LP(Q). (8.1)
The functions of D(R") form a dense set in L”(R"), p € [1, 00).

Definition 8.4 (Fourier transform on L!(R")). The Fourier transform of a function g €
L'(R") is defined by

Fagk):=Q2m) 3 / g(r)e *Tdr (8.2)

n

forall k € R".

The Fourier transform F : L' (R") — Co(R") is a linear, continuous operator into the space
Co(R") of continuous functions vanishing at infinity with operator norm || F||,1_,c, = m)73.
In contrast, the Fourier transform on the two spaces introduced next, maps again onto the same
space.

Definition 8.5 (Schwartz space). The Schwartz space S(R") consists of all infinitely
differentiable functions ¢ : R” — C such that

Pas(#) = sup [r*0°¢(r)| < +oo

reR”
for all multi-indices o, 8 € Nj. The topology on S(IR") is induced by the seminorms p,, 5.

Definition 8.6 (Tempered distribution). The space S'(R") of tempered distributions is
the topological dual of S(R").

Example 8.7. Every function v € L}, (R") that is polynomially bounded for ||r|| — oo can
be identified with a tempered distribution via

¢ — v(r)o(r)dr.
]Rn

For the following result note that S(R") C L!'(R").

Proposition 8.8. The Fourier transform is a linear, bijective, continuous operator F :
S(R™) — S(R™). It has a continuous inverse defined by

Flom) =@n) 3 / H(K)e*T dk
]Rn

forall p € SR") and r € R".
Observe that

/R o) Fyrir = /R Fomumr, 83)

holds for all ¢, € S(R"). Combined with the fact that, for every v € §'(R"), the map ¢
v[F¢] is another tempered distribution we are led to the following extension of the Fourier
transform.

Definition 8.9 (Fourier transform on S’(R”)).  The Fourier transform of v € §'(R") is
defined by

Folp] =v[Fo]
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for all ¢ € S(R™).
With this definition, proposition 8.8 carries over to S'(R").

Proposition 8.10. The Fourier transform is a linear, bijective, continuous operator F :
S'(R™) — S'(R™). It has a continuous inverse defined by

Flulgl = o[ F 9]
forallv € S'(R") and ¢ € S(R™).

Remark 8.11. Many other operations can be extended from S(R") to S'(R") in a way similar
to definition 8.9. Suppose A : S(R") — S(R") is linear and bounded, and that there is another
linear, bounded operator B : S(R") — S(R") such that fR,, Ap)y = fRn @(B) for all Schwartz
functions ¢ and . Then A can be uniquely extended to S'(R") by setting Au[¢] = u[B¢p). See
[16, remark 5.15] for more details.

Two further operations which can be extended from S(R") to S'(R") in the way explained
above are multiplication and convolution with a Schwartz function. Both ¢ +— ¢ and
¢ — 1 * ¢ map S(R") continuously into itself. Moreover, regarding convolution note that we
have

@ m(r)p(r)dr = / n(r)(My* g)(r)dr (8.4)
Rﬂ Rﬂ
for all ¢,1,n € S(R"), where the operator M : S(R") — S(R") is given by Mo(x) = ¢(—x).
This gives rise to the following definition.

Definition 8.12 (Convolution of a Schwartz function with a tempered distribution).
The convolution of ¢ € S(R™) with v € §'(R") is defined by

W )] = v[MyY*$]
for all ¢ € S(R™).

The following result relates the operations of multiplication and convolution by means of
the Fourier transform.

Theorem 8.13 (Convolution theorem). Forall ¢ € S(R") and all v € S'(R"), we have

F(¢'v) = 2m)21FpFv and Fo*Fv = 2m)2 F(pv).

Note that theorem 8.13 remains true, if we replace F by F 1.

A.2. Partial Fourier transforms

In the following, we introduce partial Fourier transforms, and show that they are well-defined
on S'(R™). In other words, we prove that an m-dimensional Fourier transform (m < n) is
well-defined for n-dimensional tempered distributions and that it possesses an appropriate
convolution property.

Definition 8.14 (Partial Fourier transforms on S(R")). For j € {1,...,n}, we define
the partial Fourier transform F; of ¢ € S(R") by
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1
quﬁ(rl,...,rj_l,kj,rj+1,...rn) = (27‘(’)_7

X /qﬁ(n, e T 8 T rn)e’ikfs ds. (8.5)
R

More generally, for an index set I = {j,...,j,} C {l,...,n}, the partial Fourier transform
Fro of ¢ € S(R?) is defined by

Fip=F;, ... Fi,o. (8.6)

Note that, for fixed ry, ..., 7j_1,7jt+1, ..., the map r; — ¢(r), defines a Schwartz function
on R. This function is then also in L' (R) and therefore the integral in equation (8.5) is well-
defined. Moreover, by the Fubini—Tonelli theorem the order in which the F, appear in equation
(8.6) does not matter. Finally, we point out that F;,__, = F.

Proposition 8.15. Partial Fourier transforms are linear, bijective, continuous operators
Fr: S(R") — S(R™). They have continuous inverses defined by

Filo=F'...Fle
where
1
Filory, . orjctkjrjgts . .r) = (2m) 72

0
X /qﬁ(n, e P18, Ty Ty ) ds.
R

Proof. This result can be shown in essentially the same way as proposition 8.8. The main
steps are as follows.

First, from equations (8.5) and (8.6) we deduce that the function F;¢ is bounded. Second,
it is infinitely differentiable and the operator F; exchanges differentiation and multiplication
with polynomials in the expected way. More specifically, and assuming that I = {1,...,m} to
keep the notation simple, we have

&k, 10" Frp = (—) 1 AIF (901r2s71 0% ¢) 8.7)

for all k € R”, r € R"™ and all multi-indices o = (a1, ), 8 = (51, f2) € Nj x Nj~™.
These two facts imply that ;¢ € S(R").

Next, exploiting equation (8.7), we can show that for each pair of multi-indices «, /3 there
exists another pair o/, 3’ and a C > 0 such that Da,s(F19) < Cpy p(¢). This shows that F; is
continuous on S(R™).

Finally, note thatk — F;¢(K, r) is nothing but the regular Fourier transform of the Schwartz
functions — ¢(s, r). Therefore F; has an inverse. It is continuous on S(IR”) for the same reasons
Fpis.

Since equation (8.3) remains valid if we replace F by Fj, we can extend the partial Fourier
transforms to S'(R").

Definition 8.16 (Partial Fourier transforms on S’(R")).  For every v € S'(R"), we
define F;v by

Frol@] = v[Fr¢]

for all ¢ € S(R™).
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Proposition 8.17.  Partial Fourier transforms are linear, bijective, continuous operators JFy :
S'(R™) — S'(R"). They have continuous inverses defined by

T olg] = ol Fy ']
forallv € S(R") and all ¢ € S(R™).

Proof. The continuity of the extension of F; to S'(R") follows from remark 8.11. Analo-
gously, F; ! can be extended to a continuous operator on §'(R"). These two extensions are still
inverse to each other, because ]-"1]-",’111[@%)] = 11[]-",’1]-"1@%)] =vl[¢] = f,’l}"lv[qﬁ].

Remark 8.18. It follows from remark 8.11 that partial Fourier transforms can be composed
in the following way. Suppose I and J are disjoint subsets of {1, ...,n}. Then an application
of the Fubini—Tonelli theorem shows that F; F;¢ = Fj ;¢ for every ¢ € S(R"). This property
immediately carries over to the distributional setting

FirFvlgl = vl F; Fi9] = v[Fru¢l = Fruvlgl

for all v € §'(R") and all ¢ € S(R™). In the proof of theorem 3.1 where n = 3, we make use of
the special case F3F|, = F implying that

Fio=F"'F. (8.8)

Definition 8.19 (Partial convolution on S(R")). Letje€ {I,...,n} and ¢,9 € S(R").
We denote by ¢>{<1/1 the convolution of ¢ and 1 along the jth coordinate, i.e.,

(qﬁiz/))(r) = /R(;S(rl, B FASTON TR TR )

XYWy Tt T — Sy jg s - o5 T)dS.

As is the case for ordinary convolution, partial convolution with a Schwartz function is a
continuous operation on S(R").

Proposition 8.20. For every ¢» € S(R") and j € {1, ...,n} the operation ¢ — z/p{;qﬁ maps
S(R™) continuously into itself.

Proof. We sketch the main steps of this proof. First, since we can differentiate under the

integral sign, the function w>{<¢ is infinitely differentiable for all ¢, 1) € S(R"). Furthermore, by
means of a generalized product rule one can show that for every multi-index «, the derivative

6‘“(¢>{<¢) is a linear combination of partial convolutions of derivatives of ¢ and ¢). Combining
this with the fact that r’ (X’{<77) is a bounded function for all multi-indices 5 and Schwartz
functions x, n, we find that rﬂaa(wiqs) is bounded too. In fact, it has an upper bound of the
form Cp,y 4(¢), where C > 0 depends on ¢. This finishes the proof.

Partial convolution is not only continuous, but also satisfies an identity analogous to
equation (8.4), namely

[ o= [ omttomar
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forall ¢, %, n € S(R"), where M ;(r) = ¢(ry,...,7rj—1,—Fj,Tjt1,- .-, Fyp). Thus we can extend
it to a continuous operation on S'(R?) in the following way, recall remark 8.11.

Definition  8.21 (Partial convolution of a Schwartz function with a tempered
distribution). The partial convolution of 1) € S(R") with v € §'(R") is defined by

W06l = v[Mp 4 o]
for all ¢ € S(R™).

Finally, we have all prerequisites for formulating a one-dimensional convolution theorem
for tempered distributions on R”.

Theorem 8.22 (Partial convolution theorem on S'(R")).  For all ¢ € S(R") and v €
S'(R™), we have

Fiphtv) = Qi FoFw, and Fipd Fo = @mE Fiopv). (8.9)
The same identities hold for F j_l instead of F|.

Proof. First we observe that a corresponding one-dimensional convolution theorem for
Schwartz functions, that is,

Fipte) = Qu)FioFp and  Fipk Fpp = 2m)} Filo) (8.10)
for all ¢, € S(R") holds true. Indeed, letting the coordinates r; for i # j be fixed, equation
(8.10) is nothing but a standard convolution theorem for the one-dimensional Schwartz

functions r; — ¢(r) and r; = (1),
Next, it follows directly from definitions 8.14 and 8.21 that

Fiot o] = Aol Fpbl = vlMp Fypl.
The second identity in equation (8.10) implies that
Mok Frp = @3 Fy ((F ' Mugyg) = @md F (Fion) ,

where we have also exploited the fact that F; = F;- ‘M ;. Combining the previous two equalities
gives

Fio o)) = @m0l F; (Fow)] = CmI Ful(Fion]
= CmIFR)F Iyl
In the last equality we have used the fact that multiplication of a tempered distribution with a

Schwartz function is defined by ¢v[¢)] = v[¢t]. This finishes the first part of equation (8.9).
The second part follows analogously, as do the corresponding formulas for the inverse ]—"j’l.
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A.3. Proof of theorem 3.1
In order to prove theorem 3.1, we have to characterize the partial Fourier transform F;»G,
where the subscripts indicate that the transform is taken with respect to r; and r, and

6 eikolr| @.1D)
r)=—— .
4m ||r]
is the Green function of the Helmholtz operator —(A + k(%) which satisfies the Sommerfeld
radiation condition, see [5, chapter 2]. Since G(-,-,r3) is not in L'(R?) for any r; € R, we
cannot compute this transform J »G as an ordinary Fourier integral. Instead, in lemma 8.23 we
calculate ), G in the distributional sense. Mathematical details about distributions, (partial)
Fourier transforms and convolutions can be found in sections A.1 and A.2.
We define

G.(r)=e IGw), e>o0,

and note that G, — G in S'(R?) for € — 0. We will also use the abbreviation

fe= /(o + 102 — K — K3 (8.12)

to denote the principal square root of (ko + i€)> — k? — k3, that is, the root with positive
imaginary part.
Lemma 8.23. The partial Fourier transform Fi»G € S'(R?) is given by

i ei/"”/f |73]

Fi12G[¢] = lim Fi,G (o] = lim/ ki, ko, r3)d(ky, ko, 13)
e—0 e—0 R3

ATk,

for all Schwartz functions ¢ € S(R?).

Proof. Since F, is continuous on S'(R?), recall proposition 8.17, we also have F;,G, —
Fi2Gin S (R?). It remains to calculate F, 12G.. We do so in two steps, according to equation
(8.8).

First, exploiting the fact that G. is a radial function, see [31, equation (4.28)], we obtain for
the 3D Fourier transform

FGuk) = |k|~'@m) 3 / e sin(s ||| ds,
0

for all k € R*. The integral on the right-hand side can be calculated via integration by parts as

(2r)" 7 _(emi
IK|)* — (ko +1i€)? k3 — K2

FGe(k) =
Second, for a € C with Rea > 0, formula 17.23.14 in [15] states that

iksr- —alr3|

elr3”3 e 3
/md@:” P
R#3

With respect to the above integral, we use a :== — ix,, which fulfills Rea > 0 since Im s, > 0.
Then we obtain

(8.13)

. ) eiksrs 1 elrelrl
.F]que:f; ]:G6:(27r)_ /kZizdkS:
RK3 = K¢
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Proof (of theorem 31). Letg € LP(R?), p > 1, with supp(g) C B.. Then, by the embedding
in equation (8.1) and density of D(R?) in LP(R?), p € [1, 00), we can find a sequence of func-
tions g, € D(R?) with supp g, € B,, such that g, — g in LY(R?), for ¢ € [1, p] if p € (1,0)
and for g € [1, co) otherwise, as n — oo. For each g,,, consider

(A +K)u, = —g,

with the Sommerfeld radiation condition. The unique solution u, is given by the convolution
u, = g, * G, see [5, chapter 2]. From equation (8.8) and the convolution theorems 8.13 and
8.22, for the 3D Fourier transform F and the partial Fourier transform F3, it follows that

Fiatty = Fy ' F(gG) = @m)  Fy (Fg, FG) = 2 (Fy ' Faa) * (F; ' FG)
=2m(F128n) H (F1.206),
(8.14)

3 . . . . .
where * denotes the partial convolution with respect to the third coordinate. Now, for every
¢ € S(RY), it follows by continuity of partial convolutions on S'(R?) that

3 . 3
Fioun[¢] = 27 (fl,zgn *fl,zG) [¢] = 2 lim (fl,zgn *ﬂsz) [#]
= 2 i G Ms Fi a0+ 0,
e

and by Fubini’s theorem and equation (8.1) further

L. ike|r3—x
Fiott[¢] = 3 lim /IR 3% /IR e Fiagatki ko, x) dx d(ky, ko, 7).

Now, let ¢ € D(R?). In order to change integration and limit, we will apply Lebesgue’s dom-
inated convergence theorem twice. First, noting that F;,g,(k, k2, -) € LY(R) we conclude by
Lebesgue’s theorem that

lim [ "= F\ g, (ky, kp, x)dx = / eI Fy g, (ky, ko, x)dx,
e—0 R R

for all (ky, ko, r3) € R3. It is then immediate that

Ok ko, 13) [ P(ky, ko, 13)
lim =232 [ el F o (ky ko, x)dx = —— 27
&0 ok k) Jue taglhe: o Ay = = )
X / eI F ek, ky, x)dx (8.15)
R

for k? + k3 # k3. In the following, we suppress the arguments of ¢ and  for the sake of sim-
plicity. The function (ki, k») = || " = [k3 — k2 — k3| "/?is locally integrable, since we have
for ¢ > ko in cylindrical coordinates that

/ & — 18 — 2|2 ks, o) = 27r/cp|kg — 2 dp
Be 0

= 2n(ko + v/ — ko).
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From now on, we assume ¢ € D(R?). Using the integrability of x and |x| < ||, it follows
that

L / &l F gl Koy )
R

x dx < ﬂngnny e L'(RY). (8.16)
27 |k

<l / | Fragathr, Koy )
|"f\ R

Taking into account equations (8.15) and (8.16) and applying Lebesgue’s dominated conver-
gence theorem again, then gives

i N,
Fromlél = 5 / 3% eI Fy g, (ke ko, x)dx d(ky, ka, 73).
R- R

Next, we can express

/em‘r3_x“71,2gn(kl ’ kz, x) dx
R

. T . too
= elm/ e " Fiagnlki, ko, x)dx + eﬂm/ e F1agn(ky, ko, x)dx

(o] r3

= eim/ (1 = H,, (ki ko, X)) €7 Fiogu(ky, ko, x)dx
R
+ efim/H;g (k1 k2, X)€" F12gu(ky, ko, x)dx
R

= el / e " Fio((1 — Hy)gn) ki, ko, x)dx + €77 / " F1 2(Hyy8n) ki1, ko, x)dx
R R

= V2 (" F((1 — Hy)gn) ki, ko, ) + 3 F(H,,g)(k1 ko, —K))
(8.17)

where we recall that for ki, k, € R such that k7 + k3 > k3, the analytic continuations of
F((1 — Hy,)gy) and F(H,,g,) to C? have to be considered. Therefore, we have

_im [

Firouy[¢] = (3 F((1 — Hyy)gn)ki, ka, 1)

\/z iy (8.18)
+ e—inr; ]-"(Hr3gn)(k1,k2, —K,)) d(ky, ky, 1r3).

We consider n — oo in equation (8.18) and start with the right-hand side. Taking into account
g, — gin L'(R?) and F : L'(R*) — Cy(R?), we obtain the pointwise limit

Jim % (" F((1 —~ Hyy)gn)k ko, ) + 7 F(Hy )k ko, — 1)
(8.19)
= 2 (e P~ o), ko, ) + 77 F(H, 0k, ko, —)

for k7 + k3 # kj. Further, we have
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@ (e FUU~ Hglha, ko, ) + &0 F(Hy )k o, 1)

¢

< n
(27‘_)3/2 ‘KZ| ”g HL1

for k3 + k3 # k3, which follows from equations (8.16) and (8.17). As g, — g in L'(R?), we
can then find a constant C > 0 and N € N such that

% ("7 F((1 — Hyy)gn)k koo 1) + €7 F(Hy )k ko, — )
< clllgl e L'®) 820

for every n > N and almost every (ki, ky, r3) € R3. With equations (8.19) and (8.20) at our
disposal, Lebesgue’s dominated convergence theorem gives

lim ¢ (

n—0o0 ]R3 K

" F((1 — Hy)gn) ki, ko, £) + € F(Hy gk, ko, —k)) d(ki, ko, 13)

= / ¢ (e F((1 — Hyy)g) ki, ko, k) + € F(H,, g)(ki, ko, —k)d(ky, ko, 73).
R

3K

(8.21)

Next, we consider the convergence of the left-hand side in equation (8.18). From [17,
theorem 6, remark 1], it follows that the unique solution u of equation (3.2) for g € L7 (R?)
satisfying the Sommerfeld radiation condition, fulfills

l|u|lzer < Clho)l|gl[ o (8.22)

if g1 < %, q, >3 and % < i - é < % In particular, g, =3 +4¢ and ¢, € [9+3¢/(9+
2¢),6 + 2¢/(5 + )] fulfill the above requirements for € > 0 small enough. Thus, for every
p> 1, we can find 1 < ¢, < p by setting ¢ small enough. For g € LP(R?), p > 1 supported
in B,, we know by the embedding in equation (8.1) that g € L (R3), for 1 < ¢, < p. Thus,
equation (8.22) implies that u, — u in L%2(R?), since g, — g in LY (R?). In particular, u, — u
in §'(R?). Then the continuity of F;» on S'(R?) gives

Fioulg] = nlg(I)lo Fioun[@] (8.23)
for all ¢ € S(R?) and by equation (8.21) finally
Fioulé]

. . “
N lg/m% ("3 F((1 — Hy,)9)(ki ko £) + €3 F(H,0) (k1. ko, —r) d(ks, ko, 73),

cLl (R3)

loc

for all € D(R?). Then the assertion follows by applying the du Bois—Reymond lemma, see
[16, lemma 3.2].
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A.4. Proof of lemma 4.2
In this subsection we compute the determinant of the Jacobian |V Ty (ky, k2, 1)|.

Proof. By definition we have

VT (ki ko, 1) = . (8.24)

) 9 0
det <8k1Rn(t),oz(t)h, %Rn(t)’a(t)h’ atRn(t),a(t)h>

where the first and second columns are given by

1
%Rn,ah = Rn,a %h - Rn,a 0 s
! ! :Fkl/l*i
0
aikRn,(yh - Rn,a a%h - Rn,(y 1
2 2 :sz/li

Multiplying the argument of the determinant in equation (8.24) with the orthogonal matrix
Ruo(t),—at) = R,j(}mm does not change the determinant. Hence we get

0 0 0
|VTy(ki, ko, 1)| = |det ( h, akzhaRn(t),a(t)atRn(t),a(t)h) ‘

Ok,
1 0 1
— O 1 (%3
= |det 5k (8.25)
— - v
K K

where

0
v = (v1,12,93) " = Ru(t) oy aRn(t),(y(t)h-

In the rest of this proof we calculate v. To shorten our notation, we suppress the dependency
on ¢ and set ¢ := cos («(?)) and s := sin («(7)). We set

7= %Rn@,”@h =0 —=¢o)((m-h)n+®m -h)n') +a's((m-h)yn—h)
—dcmxh)—s(n xh),
where the second equality is a consequence of Rodrigues’ rotation formula
Ruoy = (I —cos(a))(m - y)n + cos(a)y — sin(a) (n X y) . (8.26)

Then we have

V=Rnp-anZz=1—-c)m-z)n+cz+sn x z).
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Since n - n = 1 and consequently n - n’ = 0, we obtain
V= Rup—az=(1—-0c)n((1 —c)(n'-h) —sn-(n' xh))
+s(1=o)((n-h)n+@-h)n') +a's(m-h)yn—h) —a’c(m x h)
—s(m xh))+s(1-c)@m-h) (nxn)—a's(mxh)—a'cmxmxh))
—s(nx (n xh))).
Expanding the vector triple products in the last line using the Grassmann identity, we see that
v=>0-on(d—-c)(n-h) —sn-(n' xh))+c(l—c)((n-h)n+@m-hn’)
+d/cs(m-hyn —h) — o/c*(n x h) — cs (n' x h)
+s(1—c)(m-h)(nxn') —a/s’(m x h) — a’sc(nm-h) —h)
—s"(n'(m-h)).
Sorting the terms, we obtain
v=n((l-¢’ (' -h)—s(1—c)n-(n xh)+c—c) (nh))
+1' (c(1—¢)(m-h)—s*’(m-h)) —o/(mx h) —sc (n' x h)
+s(1—c)m-h)(nxn)=n((1-¢)(n-h) —s(1 —c)n- (n’ x h))
—n'(1—=c)m-h)—d’ (mxh)—sc(n’xh)+s(1—c)m-h) (nxn).
If n’ = 0, then v = —a’ (n x h). Otherwise, the vectors n, n’ and n x n’ are orthogonal and

Lagrange’s identity yields

n’xh:n(n~(n’xh))+m(nxn’) ((mxn') - (n' xh))
=n(n-(n xh))— (nxn)@m-h).
Hence, we obtain
v=n((l-c)(n'-h)—s(1—c)n-(n' xh))
—n'(1—c)m-h)—d’mxh)—sc(n(n-(nxh))— (nxn')@n-h)
+s(I—=c)m-h)(nxn) =1 —c)(n@ -h)—n'(n-h))

—ns(n-(n'xh))—a' mxh)+sm-h)(nxn). (8.27)
By equation (8.25), we have

vy ki/k e ki
IVTitki ko, )= |02 | - | k2/c ) |==|] ] | k
U3 +1 B\ s +r
0
v.-[h+ |0 _k lvs],
ko “

x| =
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where the last equality follows from v - h = 0. Replacing v3 by the third component of equation
(8.27) yields

|VTy(ky, k1) = % \((1 —0) (n3 (' -h)—ni(n- h)) — nzsm - (n’ X h))

— o (niky — moky) + s (- h) (miny, — nony) |,

which proves the first assertion. The Jacobian determinant is in L'(1/), because (k, ko)
1/k(ky, k) is locally integrable on R? while the remaining expression is bounded on .
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