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Abstract Single molecule localization microscopy is a recently developed super-
resolution imaging technique to visualize structural properties of single cells. The
basic principle consists in chemically attaching fluorescent dyes to the molecules,
which after excitation with a strong laser may emit light. To achieve superresolution,
signals of individual fluorophores are separated in time. In this paper we follow
the physical and chemical literature and derive mathematical models describing the
propagation of light emitted from dyes in single molecule localization microscopy
experiments via Maxwell’s equations. This forms the basis of formulating inverse
problems related to single molecule localization microscopy. We also show that the
current status of reconstruction methods is a simplification of more general inverse
problems for Maxwell’s equations as discussed here.
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1 Introduction

The structure and organization of proteins in cells relate directly to their biological
function. Many proteins associate with each other and form functional supramolec-
ular arrangements known as oligomers. Protein oligomers appear in a wide range of
crucial biological processes, such as signal transduction, ion transport or immune
reactions. The accurate characterization of the supramolecular organization of pro-
teins, including oligomer stoichiometry and its spatial distribution, is fundamental
to fully understand these biological processes.

Several tools address the study of the structure of small biological units,
most popular ones being x-ray crystallography and, most recently, cryo-electron
microscopy, which have been used to characterize the structure of individual
isolated proteins with a high level of detail [27, 31]. However, currently these tools
cannot be applied for studying quaternary protein assemblies in their native cellular
environment, due to a lack in chemical contrast: it is impossible to single out the
molecular structures of interest within the plethora of other molecular species. A
solution is provided by fluorescence microscopy, where a single protein species is
addressed by specific fluorescence labelling directly in the cell. While fluorescence
microscopy allows for imaging these labelled structures at a high signal to noise
ratio, its resolution is limited to around 200nm due to the diffraction of light.
This prohibits a characterization of oligomeric arrangements with conventional light
microscopy, since these structures are smaller than the resolution limit. In summary,
the current life sciences are limited by a resolution gap, the upper limit of which
is set by the diffraction limit of fluorescence microscopy, the lower limit by the
difficulty to interpret crystallography experiments of oligomeric protein complexes.

In principle, the arrival of superresolution microscopy techniques allows to over-
come this gap. Virtually all superresolution techniques are based on fluorescence
microscopy, and as such have to overcome or circumvent the problem of optical
diffraction. A fluorescent label emits light that is imaged by the microscopy system
as a blurry dot. This dot of diffracted light is known as the point spread function
(PSF). Its size d (the diameter of the essential support of the PSF) is determined
by the light wavelength A and by the numerical aperture (NA) of the objective. The
angle Omax is one half of the angular aperture (A). Neglecting lens aberrations, it
can be described analytically by an Airy function, where the distance between the
maximum and its first minimum is given by (see Eq. (96))

A
© 2nsin(@ma)  2NA

with n the refractive index of the medium. (D)

The size of the PSF determines the limit of resolution of conventional light
microscopy. It was first described by Abbe [1], and it is known as Abbe’s limit
of diffraction: If two fluorescent labels are closer than the distance d, their
PSFs overlap, and they cannot be distinguished from each other. For fluorescence
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Fig. 1 Illustration of the limit of light diffraction. (a) Crystallographic structure of the human NPC
(pdb: 5A9Q) [34] viewed with NGL viewer [28]. (b) Simplification of the NPC structure showing
its eight symmetric units. (¢) Representation of an ideal, diffraction-limited image of the structure

in (b)

microscopy, with wavelengths in the visible spectrum and objectives with numerical
apertures generally lower than 1.3, this resolution limit is in the order of 200 nm.

For oligomeric protein structures, the distance between their subunits is typically
in the range of a few nanometers, far smaller than the diffraction limit. The signals
from the individual subunits overlap, and cannot be resolved by conventional light
microscopy. A prominent example for such a structure is the nuclear pore complex
(NPC), which is a large protein complex located in the nuclear membrane of
eukaryotic cells. Its structure is well characterized through electron microscopy
[34]. NPCs are composed of around 30 proteins arranged in an 8-fold symmetry
forming a pore that regulates the transport across the nuclear membrane. The overall
size ranges approximately between 80 to 120 nm depending on the species [22]. As
we see in Fig. 1, even if only one protein in each symmetrical subunit is labelled,
diffraction leads to one blurry dot as the image of the complex, where we can neither
identify the number of subunits nor their spatial arrangement.

Great efforts have been made to overcome this barrier, but it was not until
the advent of superresolution microscopy that images with a resolution below the
diffraction limit could be obtained. As a key asset, superresolution microscopy tech-
niques circumvent Abbe’s limit of diffraction by utilizing photophysical properties
of the fluorescent labels: they keep adjacent molecules at different fluorescence
states, making it possible to differentiate them from each other. This is achieved
using different techniques that can be combined into two general approaches:

1. Techniques that use patterned illumination to control the fluorescence state of the
labels, selecting which of them emit at a given moment. This approach includes,
among others, Stimulated Emission Depletion (STED) [23, 24, 35], Reversible
Saturable Optical Fluorescence Transitions (RESOLFT) [18], Minimal Photon
Fluxes (MINFLUX) [4] or Saturated Structured Illumination Microscopy (SSIM)
[16] methods.

2. Techniques that use properties of the fluorescent labels to stochastically switch
their fluorescent state, so that neighbouring labels do not emit at the same
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time. These techniques are commonly termed Single Molecule Localization
Microscopy (SMLM) and include, among others, Stochastic Optical Recon-
struction Microscopy (STORM) [29], Photoactivated Localization Microscopy
(PALM) [6], and DNA- Points Accumulation for Imaging in Nanoscale Topog-
raphy (DNA-PAINT) [21]. In SMLM, the signals of the individual fluorophores
are sequentially localized and used to reconstruct an image with subdiffraction
resolution.

In this work, we focus on SMLM techniques, where the working principle is
described in Sect. 2. The objective of this paper is to derive mathematical models
of light propagation through the imaging device and to formulate associated inverse
problems. This sets the base for the formulation of the inverse problems of SMLM,
which concerns the localization of the fluorescent labels with high localization
precision and the reliable reconstruction of the imaged structures. We show that the
currently used imaging workflow in SMLM can be viewed as solving an inverse
problem for Maxwell’s equations (see Sect.7). The inverse problem of SMLM
has been previously investigated. In [9], a model for light propagation based on
Maxwell’s equations is proposed and used to localize the positions and strengths of
fluorescent dipoles. The model also accounts for the effects of the detection optics
and employed a maximum likelihood reconstruction method. The inverse scattering
problem with internal sources was investigated in [13], as a means of achieving sub
wavelength resolution in SMLM. A local inversion formula was derived and the
inverse problem was shown to be well-posed.

2 Single Molecule Localization Microscopy (SMLM)

Principle of SMILM

An SMLM experiment starts with the labelling of the proteins of interest with a
fluorophore. There are different strategies for labelling, depending on the type of
fluorescent probe, the molecule of interest, and its location in the cell. It should be
taken into account that no labelling strategy is perfect, and labelling efficiency will
likely be below 100%. In addition, the size of the probe or of the attachment of
the linker molecule, in the cases were an intermediate is necessary, can affect the
accuracy of the measurement. The influence of these aspects will be addressed in
later sections in more detail.

During an SMLM measurement, the experimental conditions are tuned such
that most of the fluorophores are in their dark state, and in each frame, a small
subset of them is stochastically activated. The active fluorophores are sufficiently
isolated from each other so that their PSFs do not overlap. After some time
these fluorophores switch to a dark state, and a new subset of fluorophores is
stochastically activated. This is repeated thousands of times, to ensure the collection
of signals from enough fluorophores. We can see a scheme of an ideal experiment
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Fig. 2 Scheme of an ideal SMLM experiment. In a classical diffraction-limited image, all the
fluorophores are active, and the structure underneath—in this example an NPC—is unresolvable.
In contrast, in an SMLM experiment only a sparse subset of fluorophores is active per image. In the
first frame (+ = 1) of this exemplary SMLM movie, only one fluorophore is active, while the others
remain in their dark state. The PSF of this fluorophore, can be fitted mathematically, which yields
the fluorophore localization. In ¢t = 2, the first fluorophore returns to its dark state, and another
fluorophore is activated and can now be localized. This is repeated until all fluorophores have been
localized. All localizations are collected in a final reconstructed image, which corresponds to the
structure shown in Fig. 1b

in Fig.2. The necessity for sparse labels per image and for enough localizations
to reconstruct the structure results in movies with tens of thousands of frames.
After data collection, all signals in all frames are fitted individually to obtain the
coordinates of the fluorescent probes. All localizations are then collected and used
to reconstruct a superresolution image.

The fluorophores used in SMLM are able to spontaneously change their fluo-
rescence state. This property is commonly known as photoswitching or blinking.
One dark-bright-dark cycle is usually called a blink. Photoswitching mechanisms
are different for different kinds of probes and can be the result of conformational
changes in the dye molecule, chemical changes, or binding events. Typically, a
combination of light illumination and the choice of special chemical conditions is
used for deactivation, i.e. the transitions to a long-lived dark state. The activation,
i.e. the transition back from this state, is usually light-induced, although other
phenomena may apply (for example, binding events in the case of DNA-PAINT
microscopy). An extensive review of available SMLM fluorophores and their
properties can be found in [26].

In an ideal experiment, each fluorophore undergoes exactly one blink, in which
it emits a high number of photons, and it remains in a dark state for the rest of the
measurement. Commonly, however, fluorophores undergo multiple blinking events,
or remain inactive during the whole imaging procedure. These non-ideal behaviours
directly influence the quality of the final image, and they should be considered when
analysing the data, as will be detailed in the next sections. The emission behaviour
of a fluorescent label, and therefore the quality of the collected data, will depend
largely on the kind of fluorophore used, the labelling strategy followed, and the
environmental conditions of the fluorophore [25].
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Fitting of Localizations

In an SMLM experiment, thousands of individual frames are recorded. Obtaining
the final image requires post-processing of the recorded raw data. All blinking
events are analyzed and the positions of the molecules are determined by fitting
their signals. A variety of algorithms and software packages exist that can be
applied to analyze the data [30]. Often, a Gaussian function is fitted to the detected
intensity data using a maximum likelihood or least squares method. The coordinates
of the center of the Gaussian peak are then taken as the position of the molecule.
Finally, the localizations obtained from all recorded frames are combined to yield
the reconstructed image.

Localization Error and Bias

The achievable resolution in SMLM depends on how well the position of a molecule
can be estimated by fitting its PSF. The fitting procedure is influenced by various
factors of signal quality, including brightness, background noise and the pixel size
of the detector. The error in the estimation of the molecule position follows a normal
distribution. Its standard deviation is referred to as localization precision ojoc. The
mean of the error distribution is the localization accuracy tjoc. In the optimal case, it
holds that p;,c = 0, i.e. the estimation is unbiased. However, in practice a bias in the
localization procedure may be present, e.g. due to distortions of the PSF. A bias may
also arise from the labeling procedure. The size of some labels itself can be rather
large, which displaces the position of the fluorophore from the actual molecule of
interest by up to tens of nanometers. Various formulas for the estimation of the
localization precision oy, have been proposed in the literature [10]. The theoretical
limit for the best achievable localization precision is given by the Cramér-Rao lower
bound (CRLB), which is critically dependent on the collected number of photons
[32].

Blinking and Overcounting

In SMLM, fluorophores switch between a fluorescent on-state and a non-fluorescent
off-state. The transitions between the two states occur stochastically. Ideally, each
fluorophore is detected exactly once during the whole imaging procedure, i.e. it is
in the on-state in exactly one frame.

However, this is unlikely in a real experimental situation. Due to the stochastic
nature of transitions between the states, fluorescent dyes can stay in the on-
state for several consecutive frames and, moreover, repeatedly switch between the
on- and the off-state. Thus, a single molecule may be detected multiple times.
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Fig. 3 Exemplary time trace for a fluorophore. The fluorophore can switch between a dark off-
state and a bright on-state. Indicated are the on- and off-time (ton, foff), representing the number
of consecutive frames the molecule is in its bright or dark state, respectively, and the number of
detections N

However, the position coordinates assigned to each detection slightly differ due
to localization errors. Hence, it is not possible to distinguish whether localizations
belong to one blinking molecule or to different molecules. Overcounting of single
protein molecules may also occur as a consequence of non-stoichiometric labeling:
Depending on the labeling procedure, a single molecule of interest does not
necessarily carry one fluorescent dye only, but may be linked to multiple dyes.

The problem of overcounting is depicted in Fig. 5. Here, individual molecules of
the NPC are assumed to be detected multiple times during the imaging procedure,
leading to a misrepresentation of the actual structure.

Blinking statistics can be determined experimentally by labeling at sufficiently
low concentrations of the dye, so that localizations from individual molecules of
interest can be well separated. Analysis of the acquired localization data allows to
determine statistics for the number of detections of individual molecules of interest,
the duration of emission bursts (#,,) and the duration of dark times (¢of). In Fig. 3, a
schematic of a time trace of occupied states for an individual molecule is shown. An
exemplary result for the blinking statistics of a fluorescent dye is depicted in Fig. 4.

A simple approach to account for multiple detections of the same molecule is to
merge localizations that occur in close spatial and temporal proximity [2]. However,
the results of this method highly depend on the chosen thresholds. Moreover, it
cannot account for long-lived dark states. Other post-processing algorithms rely
on experimentally derived blinking statistics in order to correct for overcounting.
However, care must be taken here, because photophysics of fluorophores, in
particular blinking, depends on the local environment of the dye and may likely vary
under different experimental conditions [25]. An overview over different methods
for correcting overcounting artifacts is given in [5].
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Fig. 4 Experimentally derived blinking statistics for Alexa Fluor 647, a commonly used fluo-
rophore for SMLM. Shown are histograms for the number of detections N of a single fluorophore
(a), the on-time 7oy, (b), and the off-time 7y (¢)

Forward Simulation of SMLM Localization Maps

In the following, we describe the main steps in the simulation of localization maps
obtained by a 2D SMLM experiment. Figure 5 shows simulation results of the
spatial arrangement for the example of NPCs.

The actual question of interest is the structural arrangement of molecules in a
cell membrane. The first step in the simulation is therefore to spread the position
of molecules on the region of interest according to the desired distribution. For
example, the molecules can be spread randomly, in clusters, or as oligomers of a
certain shape. The assigned positions represent ground truth.

As a second step, the simulated molecules are fluorescently labeled. In real
experimental conditions, not all molecules of interest are detected: some proteins
are not bound to a dye, or the dye is never detected during the imaging time. In
the simulations this is accounted for by adjusting the mean labeling efficiency,
a parameter in the interval [0, 1] that determines the mean fraction of molecules
observed in the experiment. Labeled molecules are selected randomly from all
simulated molecules according to the chosen distribution.
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a Molecules b Labels c Localizations

Fig. 5 Simulation of a SMLM experiment for the nuclear pore complex (NPC). (a) True spatial
arrangement of molecules. The distance between two neighboring molecules of the NPC was set
to 40 nm. The molecules are labeled with fluorescent probes. (b) with a labeling efficiency of 80%.
The SMLM experiment was simulated with a localization precision of o}, =5 nm, and the blinking
statistics from Fig. 4. (¢) Obtained localization map. Due to overcounting and the finite localization
precision, individual molecules are observed multiple times

Next, overcounting has to be included in the simulation. As described above,
a protein molecule can be detected multiple times during the whole imaging
procedure. To account for this in the simulations, the number of detections of each
molecule of interest, the frame of its first appearance and the duration of on- and off-
times are included. For each labeled molecule, these variables are drawn randomly
either from experimentally acquired blinking statistics or from specified theoretical
distributions. This allows to assign to each molecule a list of those frames, in which
it is detected.

The last step in the simulation is to account for measurement errors. For each
detection of a molecule, its true simulated position is displaced by adding a
localization error, which is drawn randomly from a normal distribution. The mean
and the standard deviation of the error distribution correspond to the localization
accuracy and localization precision, respectively. Ideally, the mean value is zero,
i.e. the localization is accurate. However, inaccuracy may occur, e.g. due to certain
properties of the labeling procedure [10]. Localization precision depends mainly
on the collected number of photons and background noise. Typical values that are
achieved in SMLM experiments are commonly around 10 nm, but precisions of 1 nm
have been claimed.

The final result of the simulation is the localization map, i.e. a list of localization
coordinates with the according frame numbers of detection. An exemplary simulated
localization map for the NPC is shown in Fig. 5. The obtained localizations are the
basis for further analysis.

In the next section we model the experiment mathematically. In order to do so
we summarize essential notation first in Table 1.
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Table 1 Physical parameters used in the paper and dimensions

M. Lopez-Martinez et al.

Symbol Description Reference| Relations Units
do Maximum thickness of lens m
d Thickness of lens (function | Fig. 8 m
of height)
£y, Focal length of the tube lens| Fig. 8 m
fobg Focal length of the objective| Fig. 8 m
A Wavelength Eq. (1) m
n=1 Refractive index in vacuum | Eq. (1) —
ny Refractive index of lens Eq. (88) —
d Resolution limit Eq. (1) m
NA Numerical aperture Eq.(1) d= ﬁ -
Omax € [0, /2) Angle of aperture Eq. (1) NA = n sin(@max) —
€ Electric permittivity (vac.) | Eq.(12) F/m
o Magnetic permeability Eq.(13) H/m Henries per m
(vac.)
1) Wave frequency Hz=1/s
c Light speed (vac.) Eq.(22) m/s
K, Kg Wave number Eq.(22) |k = (9 = 27” 1/m
X Susceptibility Eq.(21) -
v Dipole Eq. (36)
v,, U Dipole components Eq. (58)

3 Mathematical Prerequisites

In what follows we summarize some basic mathematical framework:

3.1 Distributions

In order to define distributions (generalized functions) we need to introduce
appropriate function spaces first:

Definition 1 The Schwartz-space of functions from R” to C is defined as

SR"; C) := {q‘) € C*M"; C): foralle, B € Ny, ¢lly 4 =

sup |x"‘8ﬁ¢(x)| < oo}.
xeR”

2)

Accordingly the Schwartz-space of vector valued functions is defined by

SR C") :={® e C*R"; C"): d; e SR"; C),i =1,...,m}. 3)



Inverse Problems of Single Molecule Localization Microscopy 333

The space of linear functionals 7 : S(R"; C™) — C for which there exist k, [ € INg
and some C > 0 such that for all ® € S(R"; C") the following inequality holds

m
(T, @) :=IT® <C> > [Pllap )
i=1 |a|<k,|Bl<l
is called space of tempered distributions and is denoted by S’ (R"; C™).

Definition 2 (Causal Distribution) A tempered distribution 7' € S R" 'xR; C)
is called causal if its support in time is included in [0, 4-00). That is T is causal if
and only if for all test functions ¢ € S(R x R”~!; C) which satisfy

¢(x,1)=0forallz >0, x e R",
we have
(T, ¢) = 0.

For causal distributions, the quantity | (T, ¢) | can be estimated as follows.

Lemmal LetT e S/(IR"_1 x R; C) be causal. Then, there exists a constant C > 0
(which depends only on 1) such that for all test functions ¢ € S(R"~! x R; C) the
following estimate holds:

KT,¢) < C sup sup [(x,)*3Pp(x,1)]. &)
loe|<k,|BI<] t=—1
xeR"~!

Proof Let x be a C*°(R; R) cut-off function, that satisfies »(z) = 1 for ¢ > 0 and
x%(t) = 0 for r < —1. Then, for all test functions ¢ € S(]R”’1 x R; C), we define
Y = x¢. Fort > 0, we have Y — ¢ = 0, which means, since T is causal, that
(T, — ¢) = 0, or in other words,

(T,¢) =(T, ). (6)

Now,~ let us use the definition of tempered distribution for 7': there exist k,/ € Ny
and C > 0 such that

(T, ¢) | <C  sup sup  |(x, %3Py (x, 1)]. (7)
la| <k, IBISI (x,t)eR"™ 1 xR

Now, the function v has support in R ! x [—1, +00), which means that the last
inequality can be rewritten as

(T, ¥)| <C  sup sup I(x, 0Py (x, 1)].
loe| <k, IBISE (x,1)eR" ! x[—1,4-00)
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Finally, denoting 8 = (B, Bx,, - » Bx,_,)» One can expand

B
Py =3 (?)’f“)(r)a(ﬂf"ﬁﬂ""’ﬁx:l—l)cp(x, .
i=0

Since the function x is fixed (independent of ¢), the quantity

C; = supsup [x (1)]
i<l teR

is finite and independent of ¢ and we have

198y (x, 0l < 2'C lslllplw%(x ol
/S <

and we can finally conclude, taking the supremum on ¢ > —1, that
sup sup |, D8Py (x, 1)
lee| <k, IBIST (x,1)eR" 1 x[—1,400)

<2'c; sup sup I(x, )*Pp(x, 1)].
le| <k, IBISI (x,1)eR 1 x[—1,400)

Since i has a support included in [—1, +00), one can in the left-hand side of the
inequality take the supremum over ¢ € R. Plugging this inequality into Eq. (7) and
recalling Eq. (6), we get Eq. (5). |

We need to notationally differ between §-distributions in different dimensions:

Definition 3 (5-Distributions) § : R3> — R denotes the three-dimensional §-
distribution. § : R — R denotes the one-dimensional 8-distribution. For ro € R,
Sm : R — R is defined by S,O (r) =8(r —rg) forallr € R.§ : R — R denotes
the derivative of the one-dimensional §-distribution.

3.2 Fourier- and k-Transform

The most important mathematical tool in this paper is the Fourier-transform:

Definition 4 (Temporal Fourler-Transform) Let T € S(R x R* L, C). We
define its Fourier-transform T by its action on a test function ¢ € S(R x R"~!, €)

(7.):=(.9) (8)

where
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o) i= —— e (€) de.

As defined, the operator 7 +> T is well defined and continuous from S’ (R x
R"~!, €) into itself [15] with inverse 7+ T with for all test functions ¢,

<T, ¢>> = (T, )

where

b(£) = f e (1) dr
=—00

1
V2 Ji=
is the Fourier-transform on the Schwartz space (it coincides with the one given in
Eq. (8)).

The Fourier-transform in spatial variables is called the k-transform:

r k1
Definition 5 (k-Transform) Letr= | r, | €e R?,andk = | k, | € R3.
3 k3
ky
e For i e {1,2,3}, let us denote k® = 122 € R3, where kj =
k3

AT forj e 1,2.3).
ki ifj=i

The k-transform of the Fourier-transform of V : R® — €3 in direction x;, 1S
defined by

FIVIRD) = \/%_n /R kY (1) drs.

e Fori,ie{l,2,3}, let KG-) = k| € ]R3,wherelzj= Ti lf];él and.];fz ,
ki if j=iorj=i

for j € {1, 2, 3}.

The k-transform of the Fourier-transform of V : R® — C? in direction (x;, x;)

is defined by

. 1 .
FVIEKED) = — / / etk (1) dridr .
2 RJR
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 The k-transform of the Fourier-transform of V : R3 — €2 in all three directions
is defined by

1 .
FIVI(K) := F1[F2F3[VIII(K) = . / e KTV (r)dr.
@Qn)? Jr?

Remark 1 From Definition 3 it follows that for r® € R3 fixed

Fr — 8 —r)](k) = %e*i‘“". 9)

(2m)>

3.3 Coordinate Systems

ri

Definition 6 (Spherical Coordinates) Associatedtor = | r, | € R3 is the polar
r3

coordinate representation (r = |r|, 8, ¢) € [0, 00) x [0, ] x [0, 27) such that

sin(0) cos(¢)
r =r | sin(@) sin(ep) | . (10)
cos(0)

4 Mathematical Modeling of Light Propagation

We consider an optical single molecule localization microscopy experiment. There-
fore a mathematical modeling of the light propagation via Maxwell’s equations is
appropriate: We consider macroscopic Maxwell’s equations (in SI units), in order
to model the interaction of the incoming light with the sample. These equations
describe the time evolution of the electric field E : R?> x R — R and the magnetic
field B : R? x R — R? for a given charge density p : R? x R — R and an electric
current J : R? x R — R3:

Ve D(r; 1) = p(r, 1), re R’ s eR, (11a)
Ve B(r; 1) =0, reR’ s eR, (11b)
Vex E(r, 1) = —9,B(r; 1), reR’reR (11c)

Vex H(r; t) = 0,D(x; t) + J(x; 1), reIR3,t e R. (11d)
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Here
D=¢E+P (12)

denotes the electric displacement and
B-M (13)

denotes the effective magnetic field, related to the electric and magnetic polarization
fields P and M, respectively. All along this paper the differential operators Vi, Vy-,
Vi X, A are meant with respect to the variables r. More background on modeling of
electromagnetic wave propagation can be found in [20].

In the following we make a series of assumptions for simplifying Maxwell’s
equations:

4.1 Material Properties

Biological specimens as we are considering in single molecule localization
microscopy experiments can be assumed to be non-magnetizable:

Assumption (Non-Magnetizeable Medium) A medium is non-magnetizable if
M(r;7) =Oforallr € R s € R. (14)

O

Remark 2 In single molecule localization microscopy experiments, fluorescent
dyes are attached to molecules of interest and upon excitation of the probe with
a strong laser impulse they emit light. The mathematical modeling of this process is
omitted and we are considering only the influence on a macroscopic level, meaning
that charge density and currents are induced. A detailed mathematical modeling
of the chemical processes would require a modeling with microsopic Maxwell’s
equations, which is omitted here for the sake of simplicity. In a similar context
microscopic Maxwell’s equations have been considered in Optical Coherence
Imaging in [11].

On a macroscopic level, from Egs. (11a)—(11d) it follows from Assumption 4.1
that

dp;t)=— Ve J@; 1) forallr € R, 7 € R. (15)

Taking into account Assumption 4.1 and combining Eqgs.(11c) and (11d) we
obtain the vector Helmholtz equation for the electric field E:
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1
o J(r;t) forallr € R3,t ceR

1 1
Vix Vex E(r; 1) + 5 8, E(r; 1) = ———5 8, P(r;1) — —
c €oc €oc

(16)

where oo = 1/c2, with ¢ being the speed of light in vacuum.

Remark 3 1If the right-hand side of Eq. (16) vanishes then E describes the propaga-
tion of the electric field in vacuum. The right-hand side models the interaction of
light and matter and the effect of the external charges.

Equation (16) is understood in a distributional sense. That means that for every
® c S(R3; R?) and ¥ € S(R; R?), and with ® @ ¥ € S(R? x R; R3) denoting
the vector valued function consisting of componentwise multiplication,

1 1 1
(E, (Vix Vi x @) Q ¥) +<E, —2<I> ® 3,,\Il> = —<P, —2<I> ® 8,,\Il> —|—<J, —20 ® 8,\II>.
c €oc €oc

A7)

4.2 Linear Optics

In linear optics one assumes a linear relation between the electric polarization P and
the electric field E.

Assumption (Polarization Response Function in Linear Optics) P and E satisfy
the linear relation,

P(r;t) = ¢ /00 T(r;t, 0)E(r, 1)dr, (18)

T=—00

where (1; 1) — T(r;t,7) € R>*3 is a matrix valued function that averages the
electric field over time. 7" is called the (linear) polarization response function. For
fixed r the matrix valued function (r; t) € R — 7(r; ¢, 7) € R33 is supposed to
satisfy the following assumptions:

Causality No polarization is observed before the field is induced, i.e.
TJ(r;t,t)=0, forallt <T.

Time invariance means that (¢; ) — 7(r; ¢, 7) is just a function of t — t. That
is, we can write

Jr;t—1)=9(r;t,7), forallt,r e R.
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Here we use a slight abuse of notation and identify notationally the two functions
7 on the left-hand side and right-hand side.
0

Remark 4 Let Assumption 4.2 hold, then 7(r; t — ) =0 fort < t.

We now move on to the Fourier-Laplace domain. In order to do so we postulate
causality assumptions, which we assume to hold all along the remaining paper:

Assumption (Causality) The functions J, P, E (and thus in turn p, D, H) are
meaning that

J&;r) =P@;r) =E(@:;r) =0forall < 0,r € R>. (19)
O

Let Assumption 4.2 hold (in particular we assume that 7 is time invariant and
causal), and assume that J, P, E are causal, then from the Fourier convolution
theorem it follows that

P(r; 0) = eox (r; »)E(r; ), forallr e R?, w € R, (20)

where

o 3 ~
X (r; w) = / T(r; 1)e " Tdt =277 (r; ) € €33 forallr e R?, w € R,

T=—00
(2D
is called the linear electric dipolar susceptibility.
We denote the wave number by
1) €
k(w) := — and more general «; := k. (w) = forall e > 0. 22)
c

The application of the Fourier-transform to the vector Helmholtz Equation (16)
gives the following equation for the Fourier-transform E:R3 xR — C3 of the
electric field:

Vi X Vi X E(r W) — K (a))E(r w) = l/( (a))P(r w) — —J(r w), forallre ]R3, weR

and consequently by using Eq. (20) we get

Vex Vex B(r; o) — €2(@) I + x (r; 0)E(r; 0) = —ﬂz’j(r; w) forallre R weR,
€oC

(23)

where I € R3*3 is the identity matrix.
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4.3 Isotropic Media

Additional simplifications of Maxwell’s equations can be made when the medium
is assumed to be isotropic:

Assumption (Isotropic Medium) Let Assumptions 4.1 and 4.2 hold. The medium
is isotropic if the susceptibility is a multiple of the identity, that is it can be written
as x(r; )] € €33 with x(r; 1) € C. With a slight abuse of notation, we identify
the diagonal matrix and the diagonal entry. O

4.4 Homogeneous Material

We consider an isotropic, non magnetizable material with a linear polarization
response (that is, Assumptions 4.1, 4.2, and 4.3 are satisfied), which in addition is
homogeneous:

Assumption (Homogeneous Material) An isotropic, non magnetizable material
with a linear polarization response is homogeneous if y = 0. O

For a homogeneous material (that is x = 0) it follows from Eq. (23) that
iw ~ —~ 5 —~
— —2J(r; w) = Vex Vi x E(r; ) — k“(w)E(r; w). 24)
€0C

Thus, by using the vector identity
Vex Vex E = V, V- E — A(E,

we get from Eq. (24)
iw ~ -~ ~ e
— — I w) = Vi V- E(r; ) — AfE(r; ) — k7 (0)E(r; o). (25)
€ocC

Now, by using Eq. (12) and the assumption on homogeneity, x = 0, which together
with Eq. (20) implies that P = 0, we get

D = ¢oE + P = ¢E.
This, together with Eq. (25) shows that

~ 23w e) = — Vi Ve Do) - AR o) - C@Er o). (26)
€oc €0

Now, by using Eq. (11a) in Fourier domain we get from Eq. (26)
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— 25 w) = — Ve p(r o) - AR @) — @B o). 27
€oC €0

Finally, by using Eq. (15) in Fourier domain,
i0p = — Ve J(r; ) (28)

in Eq. (27) we get

——J(r w) = L Ve Ve J (15 0) — AE(r; 0) — 12 ()E(T; o).
E()C 1we(

In other words, we have for every r € R3,welR

ArE(r; o) + k7 (0)E(r; ) = P -+ = vr Ve ) J(r; )
(29)

iw ~ 1 ~
= —Jr )+ — Vi p(r; 0).
€oC €
For any t € R, a solution of the nonhomogeneous Eq. (29) is given by (see [33]):
Er;o)=tET(r;o)+ (1 —0)E ;o) forall reR’ weR, where

EX(r; 0) = [ G=r, r)( I 0+ — ! Vrp(r w))

(30
with Green’s functions:

eiuc(w)|r |

G, r)——- €1y

4 Ir — 1|

The physically meaningful solution is, as we motivate below, a convolution with
the retarded Green’s function QI: That is, the retarded solution of the Helmholtz
Equation (23) is given by Eq. (30) with t = 1 (see [33]):

B o) = / Gha, r)( 3o+ — ! V0 w)) (32)

Remark 5 With a slight abuse of notation we identify G with G,, and EZ with E,,,
since we are only interested in the retarded solutions.



342 M. Lopez-Martinez et al.
5 Attenuating Solution and Initial Conditions

Definition 7 (Attenuating and Causal Solution of Eq.(23)) Let ¢ > 0 and
Ke () = 22 as defined in Eq. (22).

e Then, we call Ea the approximate attenuating solution of Eq. (23) if it satisfies
the equation

Vex Vex Ee (1 @) — k2 (@) (1 + x(r; 0))Ee (1; ) = —

; W),

(33)

where non-attenuating solution and attenuating solution is related by Eq. (35).
e We call ES ac causal attenuating solution of Eq. (23) if E, (the inverse Fourier-
transform of Eg) is a causal distribution.

In the following we show that Eg approximates the retarded solution of the vector-
Helmbholtz Equation (32) in a distributional sense:

Theorem 1 For every ¢ > 0, letAﬁg be the solution of Eq.(33), the causal
attenuating wave equation, and let E be the retarded solution of Eq. (23), which
is given by Eq. (32), then

B, L E. (34)
e—0

Proof We define forallt € R, r € R?,
E.(r;t) = o, (1)E(r; ) where o, (¢) := e . (35)
Because E is causal, E; is a tempered distribution and since E is a solution of

Eq. (23), it follows that for all ¢ > 0, E, is a solution of Eq. (33) and in particular

S
it is also causal. We show that E, —0> E and because the Fourier transform (see

Eq. (8)) is a bounded operator on S'(R? x R; R?) (see [15, Theorem 5.17]), the
assertion, Eq. (34), then follows.

To prove that E, i> E, we need to show that for all ® € S(R? x R; R?),

(Es, ®) — (E, ®). Notlng that (E., ®) = (E, o, ®), we therefore need to show
that (E, ® — o, ®) — 0. Lemma 1 shows that, because E is causal, one can write

E,® — 0, ®)| < C sup sup |t%F(® —a,®)(t)].
a<k, Bl 1>—1

Now, note that for all 5 € INg and all ¢ € R,
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ﬂ .
of [ —Demn]=-dlomn)+ Y (’f)(—e)"e”af‘%p(t)
i=0

=@ — DI ®@) + A (H)e .

where A; is a polynomial (with coefficients uniformly bounded with ¢) in the
derivatives of @ up to the order 8 — 1. Since the derivatives of ® are Schwartz
functions, sup, > _; [t¥ A¢(t)] is then uniformly bounded in &, which implies

lim sup |*eAq(t)e | = 0.
8—)01/_1

Now, B(t) := 8,’5 ® is also a Schwartz function, which means that for every k € INg
there exists Cy such that sup, |(t5F2 + 1)B(t)| < Cg. It then follows that for all
t>—1,

[t — DB()|
tC{

B e — 1)
o ret2 4

e — )2+ 1)B(t) T

< Cqy sup
t>—1

)

where the last supremum converges to zero with ¢ — 0. Therefore we conclude that

tim sup [/ (€™ ~ D@@)| =0,

E—>Ol>7]

which means (E, ® — o, ®) — 0. |

5.1 Dipoles

The emission of fluorescent dyes will be modeled as dipoles.

Definition 8 (Emitting Dipole) An emitting dipole is a vector ¥ = (\111 2 lllg)T,
which is associated to a pointr¥ in space; |¥| is called charge intensity and \:Ill’_l

can be represented in spherical coordinates (6, ¢,,;) € S2. Both notations are used
synonymously and called the orientation of the emitting dipole. That is

vy || sin(6y,) cos(em)
V=W | =| ¥ sin@,)sin(g,) | . 36)
U3 || cos(6)
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0
The limiting density of a dipole at positionr¥ = | 0 | € R? is defined as a
!
generalized function in space
o . Sr‘l’—s%(r) - Srwﬂ‘%(l') s
o(r) .= || 11m+ forallr e R°. 37
s—0

2s

That is, in mathematical terms, the dipole charge is the directional derivative of a
three-dimensional §-distribution in direction —%. Moreover, we denote by

Jr; 0) == iw¥s —rY) (38)

the dipole current (which is frequency dependent).
In what follows we assume that the emitting dipole is a unit-vector (that is |¥| =
1), which simplifies the considerations and the notation.

Lemma2 LetJ and 0 be as defined in Egs. (38) and (37), respectively and satisfy
Eq. (28). Then

R(r; ) = lc—‘ji@; ®) + Vi B 0) (39)

satisfies

2
R(r; 0) = —gm Y
C
W18 (11)8(x2)8(x3) + W28’ (x)8 (x2)8 (x3) + W38 (x1)8 (x2)8 (x3)
— | W18 (x1)d" (x2)8(x3) + W28(x1)8" (x2)8 (x3) + W38 (x1)8" (x2)8"(x3) | ,
W18 (x1)8(x2)8" (x3) + W28(x1)8' (x2)8" (x3) + W38(x1)8(x2)8" (x3)
(40)
where (X, xg)T ;=1 —rY, wherer¥ denotes the dipole position.

Proof Taking into account that the three-dimensional §-distribution can be written
as

3 3
Svee® =] 8w ow, (1)) = [T8; —&"); s

j=1 j=1
we find

3 3
P 0)=—  W;(§eu)) (t) [ [$gv),(x)) = =Y wid' (=" [ [6x=")))

i=1 J#i i=1 i
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and we get
— Vr0(r; @)

W18 (1) (02)8(x3) + W28’ (x1)8 (x2)5 (x3) + W38 (x1)8(x2)8 (x3)
= | W1d"(x1)8' (x2)8(x3) + W28 (x1)8" (x2)8(x3) + W38 (x1)d' (x2)8' (x3)
W18 (x1)8(x2)8" (x3) + W2d(x1)8" (x2)8" (x3) 4+ W38(x1)8(x2)8" (x3)

(41)
On the other hand
—V - J(r: o) = —iwV - (¥ —1r?))
3
= i ) Wid' (e =) [[8(r =) ) = iwp(r),
i=1 j#i
and thus Eq. (28) is satisfied.
Moreover, using Eq. (41) in Eq. (28) gives Eq. (40). |

In the following we calculate the solution E of Eq. (30), similar as in [12].
The following lemma and its proof are based on [12].

Lemma3 LetEasin Eq. (32) be the retarded solution of Eq. (33) at fixed frequency
w. In what follows we omit therefore the dependency of w and write E(r) := E(r; w).
Moreover, let the medium be isotropic, non magnetizable, homogeneous and have
a linear polarization response (that is, x = 0).
As above we assume that a dipole W € R3 is located at positionr‘l' = (0,0, rg')T.
Moreover, for all ¢ > 0 let k¢ be as in Eq. (22) and we define for fixed k1, ka € R

q = 1irg+ qe where qp = as +1ib, := \[k2 — ki —k3 with b, >0 (42

E—>

(that is q¢ is the complex root with positive imaginary part). Let now r € R> be such
that r3 — r‘31’ > (0, then

. Y
iela 3 —r¥)

-~ 11 . ¥
B0 =77 [(kl,k» o Vaesdls =)+ =

(¥ x kq) x kq:| (r1, ),

43)
where k, = (k1, k2, q)T.

Proof Firstlet ¢ > 0, and we prove an identity of the form Eq. (43) for Eg. We note
that

FIVy x Ve xEe](K) = —(FIE:](k) x k) x k for all k € R>.

Thus from Eq. (23) with x = 0 it follows by applying the k-transform, and by using
Eqgs. (38), (22) and (9) that
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iw—¢ 2

o~ ~ ~ K LY
— (FIE1(K) x k) x k — k7 FIE (k) = ———FITe] (k) = ——We %5
€oc (2m)2¢€0
(44)
Elementary calculation rules for x provide that
(vxk)xk=(k-v)k— [k|?vforallv,k € R?, (45)
which, by application to v = T[Eg](k) and v = W, respectively, shows that
K[> FIE:1 (k) = —(FIE:] (k) x k) x k + (k - F[E,](k))k and )
K?W = —(¥ x k) x k+ (k- ¥)k.
Therefore, by multiplying Eq. (44) with |k|? and using Eq. (46), it follows that
(k2 — [K[)(FIE:1(K) x k) x k — k2 (k - FIE](k)k
2 . 47)
=5 ek (W x k) x k+ (k- W)k].
(2m)2e0

Since k and (v x k) x k are orthogonal, it follows from Eq. (47) that:

o1
(27)3 58_1k3rgl(q"k)k
)2
U1 iy 2
5 )3;e 33 (|k| \Il+(\lek)xk),
T)2
2 .
(K% — k2) (FIRI(K) x k) x k = —£—e 75 (0 x k) x k.
(2m)2¢€o

(FIE:](K) - Kk = —

Inserting these two identities into Eq. (46) and noting that since «, is not real, one
can divide by |k|? — /<£2, yields

—~ 1 . 2
K> FIE (k) = ——— —e k¥ <|k|2 W (¥ x k) x k4 ——— (¥ x k) x k)
(27)7 €0 IK|™ — kg
11 INK

- Lot (kw57 gk <k

3 2 2

(27)7 €0 k|* — «2

such that

7B 1) = ——— e i <w + w) |

(27)3 €0 lk|? — k2
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Therefore

B = —— L) [T;‘ [(\v + M) e"w?} <r3>] (1o 72).

()3 €0 k|? — «2

In order to prove Eq. (43) for Eg, it remains to show that

1 ¥ x k) x k . -
iri [k3 - <‘I'+ el Al 5P )Kz )e““’ﬂ (r3) = Wse38(r3 — 1Y)
T - Re

jeide (3 —r%)
T(‘I‘ X kqg) X kq§’

which is done by standard, but quite lengthy computations, which are presented in
Appendix 1.
Now, we consider ¢ — 0. Theorem 1 combined with the continuity of the inverse

Fourier transform ?Tzl in §'(R?, R?) which implies that

ielde (3 —r%)

&

—~ 11 1 N v .
E(r) = —Eaﬁz |:(k1, ky) — W3e3d(r3 — r3 ) -l-slg% (¥ x kqg) X k115:| (ry,r2).

To prove the assertion, we simply need to check that, in &’

jeide (3 —r%) jeia(r3=r%)
Iim ——— (¥ xk;, ) xk, = —— (¥ xk,) xk;.
50 qu ( qg) qe 2q ( q) q

These two quantities being LllOC functions, it is enough to show that the limit holds

in Llloc(]R x (R* x R)). The LllOC convergence is then obtained noticing that
i3 (W x k) x kg, — €97 (0 x k) x Ky —> 0
and that
1 1 k2 — Kk?

Qe 4 (2 —k3 — k) JkE— k2 — k3 + (k2 — kP — k3) K2 — k3 — k3
converges to zero in Lll0 .- Note that this would imply only a convergence in 2, but

the two functions are actually uniformly L* outside the compact set {kl2 + k% >
|2 + 1}, so the convergence holds in S as well. m|

Moreover, we make the assumption that the dipole can be rotating.
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Fig. 6 The axis of cone has Z
angular coordinates 6, and
¢m in the coordinate system.
A general orientation within
the cone has coordinates 6
and ¢ in the coordinate
system, and axial coordinate
B, and azimuthal coordinate n
with respect to the cone axis.
The outer limit of motion in
the cone is given by 8 = «a;,

>
=

Definition 9 (Rotating Dipole) The emitting dipole is considered wobbling uni-
formly distributed around the dipole orientation |$ = Om, ¢m) € S? in a cone of
semi-angle o, (see Fig. 6). Assuming a dipole- em1ss1on from an oscillating source
we get after averaging, a source represented as the indicator function

1

= —]lc ‘I’»zs m)? (48)
" C (W, )] e
where
CWp o) = [® € 81 [£OW,| <, 0= 7 = Wil (49)
Note that |C(¥,,, o) = %n|\llm|3tan2(ozm). Taking into account Egs. (38)

and (37) the according charge density and current of dye m are given by

~ . i~
Jn(r; o) =iwl,,, P 0) = — Vi Ju(r; ) and

. @ (50)
—~ 1w~ .
R, (r; o) = C—sz (r; ) + Vi o (1; ).
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6 The Forward Problem

In the following we present mathematical models describing the emission and
propagation of light caused by dyes, which are exposed to strong laser light
illumination. See Fig.7 for a schematic representation of the experiment. In
single molecule localization microscopy two-dimensional images are recorded after
exposing the probe subsequently to strong laser illuminations, such that the dyes
appear in dark (“off”’) and light (“on”) state. This allows to separate the fluorescent
emission of individual dyes in time, allowing for high resolution images. In order to
minimize the notational effort we consider recording of a single image frame first.
The mathematical model of consecutive recordings of multiple frames is analogous
and requires one additional parameter representing numbering of frames (a virtual
time).

In the following we state a series of assumptions, which are used throughout the
remainder of the paper:

Assumption (Medium, Monochromatic Source and Response) In the following
we assume that

e The incident light is a monochromatic plane wave of frequency wj,. and
orientation v.

* The medium is assumed to be isotropic, non magnetizable, homogeneous and has
a linear polarization response.

* Moreover, we assume that a dye can be modeled as an absorbing dipole V,,
which emits monochromatic waves of frequency @ # wj,. resulting in an
emitting dipole

U = (v Wy,)v. (51)
Indeed what we will measure is the electric field at frequency w, which is not

affected by the incident field at frequency wj,.. As a consequence we only have
to consider the electric field at the frequency w € R.

|

[ I e

Fig. 7 Illustration of the experiment: Biomolecular structures are placed on the glass surface at

position rgl’ < 0 and illuminated from the bottom. The glass plate has a thickness rgl’
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vy
* In what follows we assume that the considered dipole ¥ = | W, | is located
3
at position r¥ = (00 rg’)T with 7§ < 0. Unless stated otherwise r € R? with
r3 > 0. The sign assumptions on r3 and r‘31’ are in accordance with the experiment:
the object is assumed left of the lens system (see Fig. 8) and r is a point of the
measurement system.
e The dyes absorb light, which can result in fluoresence emission. We describe the
states of an absorbing dye with index m via a time indicator function: The on-off
indicator

L, €{0,1}, (52)

tells us whether the m-th dye is an emitting state or not.
O

The complete experimental setup of the optical experiment of single molecule
localization microscopy is represented in Fig. 8. For the mathematical modeling we
are considering the propagation of light at different locations of the optical system.
The dyes are considered at positions r¥» with r; " < 0 and the focal plane (which
contains the focal point of the objective) corresponds to the bottom of the glass plate,
which is not mathematically modeled, that is the focal plane is at position r3 = 0.
Note that in particular the dipole is not located at the focal plane, unless if r;I' " =0.
For the sake of simplicity of presentation we consider only a single dye, and leave
the subscript m whenever appropriate.

The mathematical modeling of the experimental setup follows [3], however it is
adapted to our notation:

* In Sect. 6.1 we describe the propagation of the electric field in the medium, that
is from the bottom of the cell (the assumption is that only molecules labeled with
a dye at the bottom of the cell emit light) up to the objective (see Fig.8). This
domain will be denoted by €2. Since the objective is far away from the molecule
(relative to the size of the molecule) the electric field can be approximated well
by its far field, which is calculated below. The three-dimensional k-transformed
coordinate system is denoted by k € R (see Sect. 6.1).

* In Sect. 6.2 we present in mathematical terms the propagation of the emitted light
when it passes through the objective; that is after passing through the medium.
In fact the light rays are aligned parallel by the objective in r3 direction. The
objective has a focal length f.p4 and it is positioned orthogonal to the 73 axis
with left distance to the focal plane (glass plate) r3° P3 fony (see Fig. 10).
Indeed the lens system is complicated and a detailed mathematical modeling is
not possible. A simplified model assumes that the objective is big compared to the
wavelength, such that the intensity law of Geometric Optics applies (see Fig.9
and [7]), and phase shifts due to the curvature of the lenses can be neglected.
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e In Sect. 6.3 we calculate the propagation of the light after passing through the
back focal plane of the objective, that is in between r? P and r3t Li (see Fig. 8),
from knowledge of the field at the plane with third coordinate r? P This is
achieved by solving the Helmholtz equation in air between the back focal plane
of the objective and the incident plane of the tube lens.

* We assume that the lens is a circular plano-convex tube lens with maximal
thickness dg. The thickness is described as a function d. Moreover, we assume
that the lens has a focal length £, and that its pupil function is given by
P, :R? > R,

1 for |x| <R

53
0 for |x| >R’ (53)

PL(x) = {

in the plane r3 = r§1 (see Fig. 8). The lens is assumed to be converging, such
that the paraxial approximation holds, that is we can assume that the wave vector
of the wave is almost aligned with the optical axis [14, Sec. 4.2.3]. The adequate
formulas are derived in Sect. 6.4.

* Finally the light is bundled to the image plane, which provides an image
described by coordinates X € RZ (see Sect. 6.5).

We summarize the different coordinate systems used below in a table:

Focal Plane Objective Back focal plane Tube Lens Image Plane
1 1 1
I : I
€p : l :
I I I
I I I
I I 1“
%\ .- N ] ) 1
! | |
p I I I
Z | I I
o i \
q 1| R |
,31; €3 P pr » ;1, 1t Lo e
4 l 1 i
: 1 1 1 1
Q I I I I
I I I I
ey | | | |
I I I I
I I I I
1 1 1 1
1 1 1 1
I I
I I I I
| | | |
-
) ) fobj ) . L )
subsection 6.1 subsection 6.2 subsection 6.3 subsection 6.4 subsection 6.5

Fig. 8 The plane of observation is defined as the plane containing the dipole W, the e3-axis, and
the path of a particular ray through the objective, the back focal plane and the tube lens (with focal
length fop5)
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Table 2 Some abbreviation used in Lemma 3 and its proof, as well as in Appendix 1 and 2

Position Coordinates Fourier

Medium r ¢ R? (n0,9) € | keR3
R, x §?

Back focal plane (BFP) xeR2 (p,p) e Ry x | ueR2 (£,v) € R4+ x [0, 2m)
[0, 27)

Tube Lens y € R?, (0,0) e Ry x | ve R2, (x,0) € R+ x [0, 2m)
[0, 27)

Image plane (IP) I xt € R? ur € R?

Between BFP and IP (x,r3) € R?

General notation ki2 = (k1, k)T € R%, k = (ki, ko, k3)T € R3

k; = ki, k2, 2)T € C, ki, ky e R

6.1 Far Field Approximation in the Medium

In this subsection we derive the far field approximation of the Fourier-transform of
the electric field, E, in the medium. The derivation expands [12].
First, we give the definition of the far field:

Definition 10 The far field Fw : S? — €3 of a function F : R? — €2 satisfies:
There exists C > 0 and a function C : [0, o0) — [0, c0) such that

lim [F(r,6,¢) = C(r)Fx(8,9) =0 with |rC(r)| < € forall r € [0, 00).
.
(54)

Lemma 4 Let the medium be isotropic, non magnetizable, homogeneous and have
a linear polarization response. We assume that the considered dipole ¥ is located

0 r

at position Y = | 0| with r‘31' < 0. Moreover, letxr = | ry | € R3 with r3 >
\}
13 r3

rg' ; The later assumption means that we are considering only light rays, which are
propagating into the lens system (see Fig. 8).
Then the far field of E in the medium is given by

oikry COS(Q)EOO(Q, @) = cos(0) (—\pr cos(f) + U3 sin(@))ep — Useg

(55)
~+ sin(0) <\Il,, cos(f) — W3 sin(9)>e3
and
2 iKr
cr) = dmey 1 (56)
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where W; = <\I' ej>, j = p,s,3 are the coefficients of W with respect to the
orthonormal basis

" T e, (57)

e, = (cos(e) sin(p) 0) e; := (—sin(g) cos(p) 0)

that is
¥ =WV,e, + Ve, + Vses. (58)

Proof Taking into account the assumption that r3 — rg' > 0, and by representing
the vector r € R as

r=rie;+r;3 (V O)T =r3 (v1 ) l)T , 59)

with a (non-unit) vector (v1 vz)T = v € R? in the plane spanned by e; and e, it
follows from Eq. (43) that

_ 11 , (aiq (r3—r¥)
Er) = T einvki le—(\ll x ky) x kg dki», (60)
8 €0 JKk;eR? q

where g and Kk, are as defined in Eq. (42). Note that in Eq.(60) ¢ = g(kj2) is
defined as in Eq. (115), and therefore the integral on the right-hand side is of the

. i1
form (neglecting the factor — o 5)

f . e ®12) B (ki) dkio
ke

with

£
—iryq

((kpp) =kpp-v+qg and Bk =

(¥ x ky) x K. 61)

The stationary phase method, [19, Th. 7.7.5], states that if k is a critical point of ¢,
which has been calculated in Eq. (114), then

i iry¢ (k . -12 .
/k 2 e3¢k gk ) dkjp = 73K (det (r3H(;)(k)/(2m))) 25k + o (%) ,
12€

Taking into account Eq. (113) in Lemma 11, and lqu of ¢ as defined in Eq. (114),
and being aware that ¢ = ¢ (Kk12) (thatis ¢ is a function of k), we apply Egs. (116),
and (115) and get
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einknvty) o
— '3 (¥ x k) x Kk, dKk;2
kjeR? q ! 7
12€

. A
e /THE ry r I
=ik ———e VIV [ W x — ) x ﬂ 4+o0|— ) forry — oo.

r3 | r r r3

Now, we recall Egs. (10) and (59), which imply that

1 v sin(@) cos(¢)
V14 IvE= @ T sin(9) sin(¢) | = sin(9)e, + cos(9)e3
cos(6)

and |r|cos(f) = r3,

such that we get

einkiv+e) o

— e '3 (¥ x k;) x k; dky»

kpeR2 4 o
12€

' ke ||
= 2inxze_”‘rg’ cos® W x r X I +o0 l .
1y Ir| |r| 3

This shows that

R _ 2 ikl 1 ~ 1
By zewryoos® ¢ (g D) XL o(2) =B +of—).
Ir| r3 3

4meg |r| Ir|

(62)

r
It remains to compute the second identity of Eq. (55). Expressing |— and ¥ in terms
r

of the associated basis e, €, €3 from Definition 6, and using Eq. (45), we get from
Eq. (58)

r r r\r
(\px_) x_:<\p._>__w
|r| Ir| x|/ Ir]
=<(sin(0)ep +cos()es) - (Vpe, + Vse; + \Il3e3)>
(sin(f)e, + cos(P)es) — Vye, — Wiey — Wie3
=<sin(9)\lfp + cos(@)‘-IJ3>(sin(9)ep +cos(f)es) — Ve,

- \IJSeS - \I/3e3,

which after rearrangement proves the second identity. O
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In the imaging system the calculation of the electric field is not done at once but
in different sections (Sects. 6.1, 6.2, 6.3, 6.4, and 6.5). In each of these sections the
electric field is calculated by transmission from the electric field computed at the
previous section. In addition, we assume that the light which hits the objective from
€2 can be approximated by its far field expansion C(£op4)Eso, which we will use
instead of E.

6.2 Propagation of the Electric Field through the Objective

In the following we calculate the electric field in the objective. Assuming that the
electric field (light) emitted from the dipoles travels along straight lines in the
medium to the objective, the objective aligns the emitted rays from the dipole
parallel to the r3-axis in such a way that the electric field between the incidence
surface of the objective and the back focal plane undergoes a phase shift that does
not depend on the distance to the optical axis. In the ideal situation, where the
wavelength is assumed to be infinitely small compared to the length parameters
of the optical system, the electric field can be computed via the intensity law of
geometrical optics (see Fig. 9 and [7, Sec. 3.1.2] for a derivation).

Assumption The objective consists of a set of optical elements (lenses and mirrors)
which are not modelled here (see some examples in [7, Sec. 6.6]). Its aim is to
transform spherical waves originated at its focal point into waves which propagate
along the optical axis. In what follows, the computations are made ignoring a
constant (independent on the point in the back focal plane) phase shift which is
underwent by the wave through the objective. O

Lemma 5 Let r be a point at the back focal plane of the objective, that is with r3
coordinate r? P and with spherical coordinates (r, 6, ¢). We define the radial length
on the propagation plane (planes with constant r3 coordinate) (see Fig. 10), by

Fig. 9 Intensity law of AN
Geometrical optics: the
energy carried along a ray \ E,
must remain constant. The 0}
power transported by a ray is \ T

proportional to E?dA,
where d A is an infinitesimal
cross-section perpendicular to 0
the ray propagation. Thus, the
fields must satisfy

_ 1
Eal = Ei| o !

=

dA;

Q
B

/ dAicosO =dA,
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Fig. 10 Approximation used: Focal Plane Objective
We assume that the cell is

fixed to the glass, and the
distance of the dipole |r;1’ |
from the focal plane is
sufficiently smaller than

r = [r|, such that fo,5 ~ r,
and 6’ ~ 6

P T T T T NPy )

p = p(6) = Fop; sin6). (63)

cos(g) (—Wp cos(0) + W3 sin(0)) — sin(p) W
C(fopi) —ikr¥ . .
\/(Cm%))e ircry cos(9) sin(¢) (—\Ilp cos(0) + W3 sm(9)) + cos(p) Wy 0 < Omax
0

0 0 > Omax
(64)

where C(£op5) is as defined in Eq. (56), and
Omax := arcsin(NA)

is the maximal angle 0 for rays to enter the objective (the other rays simply do not
enter the optical system). Note that the refractive index in air is assumed one.

Proof The electric field is transmitted according to the law of geometrical optics [3,
Eq. 16] into the objective at the points

0

r=|(0]+fw;S, (65)

w
3
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that is the electric field simply undergoes a rotation of axis e; and angle 6 as well as
. . 1 .
a magmﬁcat.lon of. N (see Assumption .6.2). .
The rotation with angle 6 around the axis e; changes the unit vectors as follows:

e, — sin(f)es + cos(0)e,
e3 — cos(f)es — sin(f)e, (66)
e, — €.

Now, Eq. (66) shows that the expression of the electric field in the back focal
plane will be simpler using coordinates (e, €;, €3). Equation (55) leads to

- C(£obi) _ier¥ cos
B2 (o, ) = SLEORI) ixr¥ cos) {(—\1/,, cos(6) + W3 sin(G))ep -~ \I/Ses} ,

J/cos(6)
where C(fop5) is as defined in Eq. (56). Writing the unit vectors e, and e in the
fixed system of coordinates (x1, x2, x3) gives Eq. (64). |

6.3 Between the Objective and the Lens

Behind the objective, the light propagates through air until it reaches the tube lens.
Denoting by «2 the wave number in air (see Eq. (22)) the electric field satisfies the
homogeneous Helmholtz equation in the tube lens:

AE®) +«?Er) =0 in H:= [r eR3: r?fp <r3< r3tli} (67)
together with the boundary condition
E(ry, 12, r?fp) = EPEP (1, 1) for all (ry, r2) € R2. (68)

The solution of Eq. (67) can actually be calculated by applying a phase shift to EPfP
as the following lemma shows.

Lemma 6 Representing X = (fob sin(8) cos(), f£op5 sin(f) sin(p)) € R2, then
the Fourier transforms of E in the transverse plane of (X, r3) can be calculated from
w bfp, - .

E(x, ry 7) in the following way

o~ PN _bf _ 2 2
Fio®) (k1. ka. r3) = Fia[EPEPY (ky, kp)e P73 OV KAk (69)

where the square root can denote both of the complex square roots.
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Proof First, we notice that since EPP is bounded with compact support, it is a

L? function in the plane {r; = r? fp}. Taking the Fourier transform in these two

variables, Egs. (67) and (68) are equivalent to
P F1E) (k1. ko, 13) + (6% — kT — kD F12B) (k1. ko, 73)

=0forallr € R, r?fp<r3 <r3tli (70)
with the boundary condition
Fio(B) k1, ko, r2™P) = Fo[EPTP](ky, ko) for all (ky, k2) € R2. 1)

Now, Eq. (70) is a simple ODE whose solution writes (for K2 — k% — k% #+0)

E = N )
F12(E)(ky, ko, r3) = 7:12[Ebfp](k1, kz)e(r3 3 p)\/m'

O

Among the fields computed in Eq. (69), several are not physical or will not be
observed:

+ Having«? < k12 +k% leads to either a real positive square root which corresponds
to a wave exploding as r3 increases and is therefore not physical or a real negative
root, which yields an exponentially decreasing wave (evanescent) which exist
but, since (r3 — r? £P) is several orders of magnitude bigger than the wave length,
will be damped by the time it hits the tube lens. Therefore we also do not consider
it.

e When, k2 > k12 + k2, we get two imaginary roots, namely +i,/k? — kl2 — k%,
which corresponds to the two Green functions Eq. (31). For the same reason as
above, we will only consider the positive sign.

This can be summerized in the following assumption, that will hold in what follows.

Assumption We only consider k2 > k% + k% and we obtain

o~ P . _ bt 1212
FioB) (k1. ko, r3) = Fia[EPEPY (ky, kp)el 3773 W —ki—ha, (72)

In the following we calculate Fi»[Et], where Etli = E(x, r3t1i).

Lemma7 Let EtYi(x) = E(x, r3t 1) be the electric field at the indicent plane of the
tube thin lens (at r3t L ) as defined in Eq. (69), then the Fourier transform of EtY in
this plane in polar coordinates (&, v) of (k1, k») is given, for €2 < k2, by
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FlBEY(E, 1) = Fio[BPTP](&, v)eits  —3 Vi€

- %(fobj)ZC(fobj)ei(’stli k=82,

=W [I1,0(8) + Ip,0(6)] + W cosu)[11 2 (&) + I 2(E)] + Wy sin(2u)[1] 2(§) + I 2(5)] — 2iW3sin(v) I 1 (§) |,

—Will1,006) + Ip,0(6)] + Wi cosQu)[11,2(8) + I2 2(5)] + W sin(2v) [} 2(§) + 12 2(8)] — 2iW3 cos(v) 13,1 (§)
0

(73)
where

gmax LW
Iio@) = / Vcos(9) sin(@) e 73 <O J (£55 sin(9)) d6
0

gmax

L&) = Jcos(0) sin() e~ 73 cos®) g, (£obi& sin(0)) do
0

cos(20) ikr

gmax —
L) = / (cos(©))/2 1 > O (Eopi€ sin(@)do (74)
0

emax

in(20) _.
Bo@ = [ Veos®) T et O gy (s sin(0)) do
0

Qmax

in(260 .
Ba® = [ Veos(d) %5‘”? 050) 1, (£ s € sin(9)) d,

Jm denotes the Bessel function of the first kind of order m, and Oy is the angle of
aperture as defined in Eq. (1).

Proof We use the following notation

u— ur) _ £ C?S(V) and x — X\ _ o Cf)s(go) ’
uy sin(v) X2 sin(g)
where p = p(0) (see Eq. (63)) is the radial length on the back focal plane.

The two-dimensional Fourier transform of the E°P3 (defined in Eq. (64)) reads
as follows:

Fi2[EI () = Lf E°®I (x)e " *dx
2

xeR?

1 Omax 27[,\ . 3
= 2_(fc,bj)2 / / E°®3 (p(0), p)e PO 0w co5(9) sin(0)dpd6
T 0 0
(Eop9) s 27 |
= TC(fObj) A A =W, cos(0) + W3 sin(0) e, — Ve

. e—ikrg’ cos(@)e—iSp(G) cos(w—u)\/m Sin(@)dgﬂd@.
(75)
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Next we calculate the integral on the right-hand side of Eq. (75):

Omax 2n
/ / {(—\Ilp cos(6) + V3 sin(@))ep - \Ilses} .
0 0

. gmikry cos®) g—ikp(0) costo—v) | /o05(6) sin(0)dpdd

Om: : 2
max sin(26 ;
_ _/ efucr‘SI’ cos(0) cos(0) 1 (2 ) </ \I,pepelép@)cos((pv)d(p> de
0 0
Omax . v 2r .
- f e 13 €00 [eo5(6) sin() (/ \Ilsexe_lép(g)COS(“’_")d(p) do
0 0

Omax — 2
+ / e—iKrg’ cos(6) (COS(Q))3/2 ﬂ (/ 43 ly3epe—iép(9)COS((P—U)d(p) de’
0 0

2
(76)
where we use sin and cos summation formulas.

We proceed by first evaluating the inner integrals (involving the ¢ variable) on the
right-hand side of Eq. (76), by transforming the (e, €, €3) system to the (er, €2, €3)
system, and then using the Bessel identities Eq. (117), to evaluate the integrals.

Using Eq. (57) it follows from Eq. (36) that

V), = [W[sin(0,) cos(gm — @), Wy = [W]sin(by) sin(gn — ¢). (77)
Again by application of Eq. (36) and sin and cos summation formulas we get

1 4 cos(2p) sin(2¢)
W, cos(y) = W) —— LEEIRA > Ld
sin(2¢) 1 —cos(2¢)
\IJ ’
2 TV
sin(2¢) 1 + cos(2¢)
v )
y T
1 — cos(2¢) L sin(2¢)

T Ty

, W), sin(g)

:\Ill

(78)

W cos(p) = —W W, sin(¢)

Using Eq. (57), we express the first inner integral on the right-hand side of Eq. (76):

2w 2w
f W e PO S0 oo / W, cos(g)e PO @) g,
0 ‘ (79)
2 .
—i—/ v, sin(g)e 6P @ coso=) g6,
0

and to evalute the integral we use the Bessel identities Egs. (117), and (78).
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We use Eq. (117) for m = 0 and m = 2, and Eq. (63) to evaluate the first integral
in Eq. (79):

2 2
. 1 4+ cos(2 :
/0 W, cos(p)e™ " oSO g = /0 — (2¢) e ineoslo=) gy

2 .
L, / " %e—incosw—wdw
0

\I]] 27

2
e 1neosle =) g 1 ﬂ/ ' cos(2p)e MW gy o0
2 Jo

N7, 2m .
+ —2/ sin(2g)e 1@V g
2 Jo
=W Jo(n) — wWcos(2v)J2 () — W2 sin(2v) J2(n),
where n = £, sin(6), and a calculation similar to Eq. (80) yields

1 2 ) . _ )
- /0 W, sin(g)e @) 4 = Wy Jo(n) — Wy cos(2v) Iy (1) — W sin(2v) ().

(8D
Thus, using Egs. (80) and (81), in Eq. (79), the first integral expression on the
right-hand side of Eq. (76), becomes

BOmax . 1 2 .
. l/ e—u«r‘31’ cos(6) /cos(Q)M (/ i \I,pepeléﬂ(O)cos(tpv)d(p> 4o
7 Jo 2 0

gmax

in(20) _.
= —(Ve| + \Ilzez)fo Jcos(@)%e*‘”\; €0s®) 1o (£op3 & sin()) d6

Omax in(26 . «
4 (Wie; + Waes) cos(2v) / Jcos(@)%e_l”\; €0s®) 1) (£ £ sin(6)) d6
0

emax in(26 .
+ (Whe; + Ujey) sin(2v) / \/005(9)5111(27)6_””\31‘ 08O 1 (£op3 € sin(0)) O
0

= —(V1e] + Waex) Lo (5, 1Y) + (Wiep + Wpep) cos2v) Iy 2 (&, 7¥)

+ (Waey + Wiey) sin(v) 2 26, 7%,
(82)
where integrals I, (&, r‘31’) are as in Eq. (74).
Similar calculation to Eq. (80) yields

1 27 ) . B )
- /O W, sin(g)e 1) dg =y Jo(n) — Wy cos(20) Ja () — Wa sin(2v) (),

2 .
% / Wy cos(p)e ™ MWV dg = Wy Jo(n) + W cos(2v) o (n) + Wy sin(2v) 2 ().
0
(83)
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Next, using Eqgs. (57) and (83), we compute the second integral term on the
right-hand side of Eq. (76):

Omax . 2 .
- l/‘ o ikry cos(®) /o0s(8) sin(8) (/ \Ilseselép(g)cos(‘pv)dgz)) do
T Jo 0

gmax

= —(V1e] + Vre)) /0 J/c0s(8) sin(@)e K73 ©03©) o (£ob3& sin(8)) d6

emax .
+ (V)] + Waey) cos(2v) /O J/cos(8) sin(@)e 73 cos®) (£ony& sin(0)) d6

emax .
+ (Uye; + Ujey) sin(2v) /0 J/c0s(8) sin(@)e 73 ©03®) 1, (£on3& sin(6)) d6

= —(Wre; + Waex) 1 o(5, 1Y) + (Wie| + Wper) cosu) ]y 2 (&, Y)

+ (Wae + Wien) sin(@u)11 2 (6, 75),
(84)
where integrals I, (&, r‘31’) are as in Eq. (74).
Next, we compute the last integral term on the right-hand side of Eq. (76):

Omax — 2
l/ e—ikr¥ <0s0) (c05(9))3/2 1 — cos(20) (/ " %epe_isp(e)cos(w—v)d(p) 40
7 Jo 2 0

nglX —
_ l%/ e—ikry €0s0) (cos(0))3/2 1 —cos(20)
T 0 2

2
<e1/ i cos(w)eisp(e)cos(‘p”)dga) do
0

1 Omax : 1 — cos(260
+ —\113 / e—l/(rg' cos(6) (COS(@))3/2 COS( )
/4 0 2

2
<e2/ i sin(w)eisp(e)cos(‘p")dgo) do
0

emax

= —2iW;3 (cos(v)e; + sin(v)ez)/ (cos(@))3/2
0

1 — cos(20)
—¢
2

= —2iW; (cos(v)es + sin(v)ex) Lr,1 (€, 75),

=iy cos®) j, (Eobs€ sin(0)) do

(85)
where in the second equality we use Eq. (117) for m = 1, and in the last equality we
use the integral I, 4 (§, r‘31’) as in Eq. (74).
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Using Eqgs. (82), (84), and (85), the expression of Eq. (76) becomes

1 emﬂx 27-[
- / / {(—\IJI, cos(9) + 3 Sin(9)>ep - lI’Ses} :
T Jo 0

 mikry cos®) —iEp () costy—) [oo5(6Y sin(0)dgdd
= — (Vie; + Wae)[11.0(5, %) + Lo(E, 5)] (86)
+ (Wre) + Waer) cosu)[ 11 2(E, %) + ha(E, )]

+ (Wae; + Wie2) sinu)[112(5, 1Y) + L2 (8, 75)]
— 2iW3(cos(v)e; + sinex)lr1(§),

where the integrals I, 4 (&) are defined in Eq. (74). |

6.4 Electric Field Approximation in the Lens

After the light ray has passed through the objective and the back focal plane, a tube
lens is placed to focus the light rays onto the image plane.

Definition 11 (Tube Lens Parameters) For the tube lens, we assume that it is a
plano-convex converging lens with focal length £, > 0, placed with one side at
r3t i and the other side at r3t Lo (see Fig. 8). Moreover the lens has a thickness which
is measured orthogonal to ez by the function d.

The incoming field at the tube lens Etli (as defined in Eq. (69)) and the outgoing
wave field Et'e immediately after the lens aperture are related by (we use the same
polar coordinates (p, ¢) in both planes {r3 = r3t l"} and {r3 = r;: 1"} )

EH(p, ) = P PL(0)E Y (p, 9), (87)

where Py, is the pupil function associated with the tube lens as in Eq.(53), u is
the phase shift experienced by the field through the tube lens (note that it does not
depend on ¢):

pn(p) = kmd(p) + «(do—d(p) , (88)
——— —
phase delay by lens  phase delay by vacuum

where dg is the maximum thickness of the lens, d(p) is the thickness of the lens at
distance p from the optical axis, ny is the refractive index of the lens material, and
k as defined in Eq. (22). The phase delay induced by the lens, under the assumption
of a paraxial approximation reads as follows (see Table 1 for the summary of all
physical parameters below):
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K
n(p) = knydg — — p2 forall p € R. (89)
2fy,

6.5 Electric Field Approximation in the Image Plane
Definition 12 The electric field at the focal plane,
7= { e D) ixe e R, (90)
is denoted by Ef (xg) := E(Xf, r3f), where E solves the boundary value problem
AE(X, r3) + k2(x,r3)E(x, r3) = O forall x € R?, r™ < ry < rf 91)
with boundary data
E(x, ;') = E*Yo(x) for all x € R 92)

Note that EF2¢ as defined in Eq. (64) is already an approximation of the electric field
outside of the lens system.

Following [14, Eqs 5-14], we can calculate the field E in the image plane.

Lemma 8 At a point Xz in the image plane,

-~ 1 2 i—r— a 2w
Ef(xg) = —¢! % (ELtmydo) o atpfxe 2 / s PL(x)EtLi (x)e ML <Xf’mdxfnr all x¢ € R%.
xeR

irfr,
(93)

Proof We apply the Huygens-Fresnel principle (see [14, Eqs 4-17]) to compute the
field in the image plane:

Ef (xf) = Leine%{cﬂXfp Etlo (X)C 2d|X| —i% (xf x)dx
iad xcR2

— ;eine%lelz PL(X)Etl’ (X)elﬂ(x)elzdlxl —*(Xf X) dx
¥el xeR2

_ Leikde%p{fﬂ/ PrLOBEY (x)eimido ik I i I =i (ke X) g
ird R2

_ i (atnag) i ixe P / PRt (e 17 (= P 22 (xe ) gy
iAd

where in the second equality we use Eq. (87), in the third equality we use the paraxial

approximation Eq. (89), and in the last equality we use x = ZT” Now, if the image
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plane is at the distance d = f,, the quadratic phase factor terms within the integrand
exactly cancel, leaving

Bf (x¢) = — ¢l 5 (Frtmdo) gl Ixe / PLOBEY (e KX gy
IA.fL xcR2
i2 . . A )
where the term ¢ (Frt™90) j5 3 constant amplitude, and the term elrep IXel
describes a spherical phase curvature in the focal plane. 0

Remark 6 From Eq.(93) it follows by the convolution theorem for the Fourier
transform that

~ 2w ip(—142 12 ~ X
B (xp) = X et E A R ) p ey (2n—f )

AL Af

’ : (94)

Stl; 27 2

= C @ (Fral Pl x FralE0) ( S« | forall xc € R,

L
where
: 1,2 1

Ce — 1 o d ®r — eln(—7+X(fL+n1d0)+ﬁ|Xf|2). ©5)

AL

In the next step we calculate the Fourier-transform of a circular pupil function:

Lemma9 Let P : R? — R be the circular pupil function with radius R, as defined
in Eq. (53), then

2 Ji(R VD)

forallv e R>. (96)
R |v|

F2[P1(v) =R

Proof We use the following polar coordinates:

cos(1}) cos(o)
V= andy = ,
* (sin(z&‘)) y=e (sin(a)
then the Fourier transform of the pupil function

1 . 1 R 2 )
Fr2lP1(v) = —/ P(y)e ¥Vdy = _/ Q[ e1%0c0se =) g5 o
yeR2 27 Jo 0

2r
K R 2 J1(R V)
= [ oJo(xe)do = —Ji(Rx) = R" ———,
0 ” R |v|
CL)
where we use Eq. (117) for m = 0 in the third equality. O

Now, we calculate the k-transform of EP®P in this approximation.
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6.6 Small Aperature

In what follows, we are interested in a small aperture. Of course small apertures
have the problem that only little light of the emitted dipoles passes through the lens
and thus these considerations are more of theoretical nature.

In case the numerical aperture NA is small, that is if O« is small, it follows from
Eq. (64) that

W
EXE (0, 9) = C(£ons) | W2 | xp<ua- (98)
0

In what follows, we denote by Pya the pupil function x,<na. We emphasize that
the left-hand side of Eq.(98) is actually an approximation of the right-hand side
of Eq.(64). Next we calculate the k-transform of EPfP in this approximation.
Noting that the objective acts again as a pupil function with disc radius NA we get
analogously to Lemma 9 and by using Eq. (73)

~ . .otl;
ﬁZ[E:ﬂll;ll](s’ V) = C(fobj)el(’3t NG
Y (99)
Uy | Fial Paal(E, v), &2 <2, v €[0,2n).
0

7 Single Molecule Localization Microscopy Experiments and
Inverse Problems

We consider two experiments in two different settings:
Experiment

For setting 1 we assume n static emitting dipoles: Several monochromatic
plane waves of the same frequency w;,. but with different orientations v,
j=12,...,M with M > 1 are used to illuminate the cell. Every emitting
dipole emits light in an orientation W) (k), k = 1,2,...,n, j = 1,2,.... M
(depending on the incident field according to Eq. (51)).

Therefore, for each experiment j = 1, 2, ..., M the current

JO@) =iy WD E)sr—r¥®)
k=1

and the density
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PP = —an(w‘”(k)

k=1

n
§a—r'®)y=-3"¢@-r"")
k=1

are given via Egs. (38) and (37) as the superposition of all dipoles. Note, that we
assume that all dipoles are unit vectors.
Consequently, the electric field E := E) solves Eq. (29),

AE(r: 0) + 2 (@K 0) = — TV (1) + —V,p(r) forall r € Q.
€0C €0
1. The measurements recorded in a static experiment are the energies of the

electric field in the image plane, after the light has passed through the imaging
system. That is, for each experiment j = 1, 2, ..., M the data

. ]2
m? (xe: 1) = ‘(Ef)(f)) (xg: 1) forall x; € R2,7 > 0 and fori = 1,2

(100)

are recorded.

2. Inthe dynamic experiment setting the static experiment is repeated. We denote
the experiment repetitions with the parameter s: This experimental setup is
used in practice because it makes use of blinking dyes, which allows for better
localization of the dyes, and thus molecules. That is, the measurements are

. e ? 5
m (xg; 1 5) = ‘(Ei)(])‘ (xg;t;5) forallxg € R, ¢,5 > O0fori =1, 2.

(101)

For setting 2 we assume rotating dipoles, which are modelled via Eq. (50)—here
in particular we assume that the cone becomes the ball. That is, 6 = m. Note
that in this case several monochromatic excitations do not provide an asset, so
we can constrain ourselves to the case M = 1. As a consequence of Eq. (50),
the emitted currents of all rotating dipoles of a single molecule localization
microscopy experiment are given by

It 0) =io ) L), (102)
k=1

and according to Eq. (29) the electric field satisfies the equation
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- -~ 1 —~
AE(r; o) + /cz(a))E(r; w) = . ZImRm(r; w) forallr € Q. (103)
0 m

1. The measurements recorded in a single molecule localization microscopy are
the energies of the electric field in the focal plane (see Eq. (93)), after the light
has passed through the imaging system. That is, the data

m(Xg; t) = |Ef|2 (x¢; t) for all x¢ € IRZ, t>0 (104)

are recorded.

2. In the dynamic experiment setting the static experiment is repeated, and
we denote every repetition experiment with the parameter s: That is the
measurements are

m(Xe; t;s) = |Ef|2 (x¢; t; ) for all x¢ € Rz, t,s > 0. (105)

Note the difference between setting 1 and 2. In the former it is much easier to
identify dipoles because the orientation can be resolved and is not changing over
time.

7.1 The Limit

Using the small aperture limit of Sect. 6.6 in combination with the formula for the
electric field on the image plane Eq. (94), we can compute the electric field in the
image plane from Eq.(99). We first make use of a linear approximation of the
function [0, k] > p — k2 — p2 =~ «, that is we assume that between the back
focal plane of the objective and the lens, the electric field only undergoes a phase
shift which does not depend on the distance to the optical axis. It follows then from
Eq. (99) that

W
W | Fr2lPralE, v). (106)
0

fp)

Ftli i P
Fr2lEgan](€,v) = C(fopg)e™ 77

Applying Eq.(94) where we replace Fra[EEY ] by le[/E\stn%;“] and inserting
Eq. (106), we obtain
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2
B (x6) = Ce e (Fial Pul + Fial By ) (Exf)

W
= | U | (Fr2lPo] * Fr2[Punl) (€, v)
0

L 21
= | V¥, | Fr2[PLPral, v),
0

where we use the following polar coordinates: Xf & (

cos(v)
sin(v)) '

Now, assuming that R > NA (the lens is blgger than the objective), we have
Pr, Pya = Pya and Eq. (97) provides,

=f J(rEY )
Esmall(xf) = C(fop3)CePre™3 3
‘Ijl JI(NA [x£]) \IJ] J1(NA 2 Ix£])
') NAZA =T(w) | ¥, NA2¢
NAxf*|Xf\ NAﬁlxﬂ
0 L 0 -

Finally, what is actually measured in experiments is the intensity m(Xx¢, ) =
|Ef (x¢, 1)|? averaged in time. If we assume that the signal E is compactly supported
in time and that what is measured by the detector contains this whole support, we
can use that the time Fourier transform is a unitary operator and write

i) = [ o) Par
teR
_ =t 2
_/¢;6R |E (Xf)| do (107)

2
JI(NAZ- [x£])
:/ INOAE 2# (\1112+\1/§) do.
weR NA— |x£|

So, under these approximations (small aperture), what is observed by the detector
is an Airy pattern (see Fig. 11) whose intensity depends on the optical system but
is also proportional to the squared norm of the component of the dipole which lies
orthogonally to the optical axis. Making use of the notation introduced before for
the dipole orientation, we obtain that the measured intensity m is proportional to
cos?(6,,). Since the Airy function can be well approximated by a Gaussian function,
the measured signals of the emitted dyes very much looks like a superposition of
Gaussian functions.
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Fig. 11 Airy pattern

Now, having summarized the mathematical modeling of single molecule local-
ization microscopy we can state the associated inverse problems:

Definition 13 (Inverse Problem) The inverse problem of single molecule local-
ization microscopy in the two different settings for the two experiments consists in
calculating

(Yo, Ty Xm (8))m=1....m, from the measurements m.

Indeed the inverse problem could also be generalized to reconstruct Eq. (103) in
addition, which would result in an inverse scattering problem [8]. However, this
complex problem is not considered here further.

In current practice of single molecule localization microscopy the simplified
formulas Eq. (107) are used for reconstruction of the center of gravities (r,l,, r,i)
in the measurement data m induced by the point spread function PSF,,.

8 Conclusion

The main objective of this work was to model mathematically the propagation of
light emitted from dyes in a superresolution imaging experiment. We formulated
basic inverse problems related to single molecule superresolution microscopy,
with the goal to have a basis for computational and quantitative single molecule
superresolution imaging. The derivation of the according equations follows the
physical and chemical literature of superresolution microscopy, in particular [3, 17],
which are combined with the mathematical theory of distributions to translate
physical and chemical terminologies into a mathematical framework.
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Appendix 1: Derivation of Particular Fourier Transforms

Before reading through the appendix it might be useful to recall the notation of
Table 2. The derivation in Lemma 3 uses the residual theorem.

Theorem 2 (Residual Theorem) Let the function z € C — f ():=f (2)el% with
a > 0 satisfy the following properties:

1. f is analytic with at most finitely many poles p;, i = 1, ..., m, which do not lie
on the real axis.
2. There exists M, R > 0 such that for every z € C satisfying 3(z) > 0and |z| > R

M
If ()] < =L (108)

Then
/ f(x)dx = 2niZRes(f; Di).
R i=1

Using this lemma we are able to prove the following result used in Lemma 3:

Lemma 10 Let the assumptions and notation of Lemma 3 hold (in particular this
means that r3, r;I' € R satisfy r3 — rgl’ > 0), then

75 [ (v ) e
ige (r3—ry ¥

= W3e38(r3 —ry) + 7(\1, x kg,) x kg, . (109)

First, we note that

(¥ x k) xk (¥ x k) xk
‘I’+2—2= ‘I’—\I’3e3+2—2 + Wses.
k3_qs k3—q£

Now, we calculate the Fourier-transform of each of the two terms on the right-hand
side. The second term can be calculated from Eq. (9) and is given by

F5 s > e 703 () = V21 8(r3 — 1Y), (110)
For the calculation of the first term, let

ki ki
U ko | ] x k| +W = Wies, (111)
Z Z

zeC— f(z):=

2
&
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and we use the residual theorem:

e Clearly f is analytic with potential poles at k3 = £g,.
» To verify Eq. (108) we use the elementary calculation rules for V. x, summarized
in Eq. (45) and get

(U xKk) xk 1
k3 —q?2 k3 — q2
W3k W1ky + Wako)k
k(W — Wses) — ks W3k, + (K2 + k)W — | (W1k; + Wako)ky
Wi k1+Wako 0
1 Wik
=— ——— k3 (¥ — W3e3) — k3 W3k,
k2 _ q2
3 e Wik; + Yok
—\Iflk% — Wrkok
FUE 4+ K3) (¥ — Waes) + [ 9okl — Wikiks
(k3 + k3) W3
1 ‘~I’3k1
= oo (B W W)~k | Wk [+t - dse)
374 Wiky + Yok
—\Illk% — Wrkoky ks 1
+ [ —W2k3 — Wikiky | | = —W + W3e3 + PERp L sb
(&3 + k)3 37 BTk
where
W3k (k2 — k)W — Wokiky
a= W3k andb = | (x? — k3 Wy — Wikik,
Wiki + Wako (k? + k3) W3
Using that

ks 1/ 1 | 1 1 1
215 + and >——r = -
ky—q? 2\ka—q. k3+gqe ky —qz  2qc \k3—qe k3+q;
we get

(‘I’Xk)xk+‘I’ Dre 1 <la 1 b)+ 1 (la+ 1 b)

———— t¥-Ve3=-——|-a— — sa+—b].

k%-élg k3 —qe \2 2q. k3 +qe \2 2q.
(112)

This shows Eq. (108).
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Therefore we can apply the residual Theorem 2 for f defined in (111). Then, since
qe 1s complex with positive imaginary part, f has only one pole in the upper half
plane, and we get

/ F ke~ gk = 2riRes (f(z)eiz(”_’;’ ).z = qg)
R

| ki kl\ .
=2mi| — (O x |k | | x | &y | 937730

qe ge ge

This implies

1 1 (¥ xk) xk Zikyr¥
—,ET; k3 — ‘I’+|k|2——/(2 e 3 | (r3)
&

. v
ieide (3=

= \113635(}’3 — I’;I’) + 26]
e

(¥ x kg, ) x Kg,.

Appendix 2: Derivation of the Far Field Approximation for the
Electric Field

Lemma 11 Let ¢ be the function defined in Eq. (61). That is, for all kjo € R?
¢(ki2) = ko - v+qKky2), withqg = /% — k12 — k%; note the formal definition of q
in Eq. (42) is via the limit ¢ — 0. Then the gradient of ¢ is given by

k12

Vi2 — ko

Vikip) =v— (113)

which vanishes for

A

ki = (114)

K
——F—V.
V14 v

Consequently r = rzez 4+ r3 (v I)T as in Eq. (59) satisfies

r 1 A
e — . 115
Irl 1+ v)? (1) ()

Moreover, with q as defined in Eq. (42), we get the following identities
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§(lA<)=lA<12'V+6]=/<\/1—i-|V|2 and

A - - " (116)
g=qk) =k =k -k} = ——.
VIt v)?
The Hessian of ¢ is given by
_ 1 _ k% _ kiko
2_ 243/2 2_ 2y3/2
H(@) (k) = Vi lkp? ) k(x lk12/%) (2 —[k12%) B ’
—__kikp — 1 _ 2
(2K 2]%)3/2 Vie—kp? 2=k
which evaluated at k gives
H(5)(k) =
_c 7_ & 232 _vje? _é 2\3/2 | _vino?
wVIHIVE =5+ IV 2D 2 TV B .
_a 2)3/2 _vine’ e STx P = & 232, _ve” |7
sV S sV 1+ IV = G+ VDY o
c 1+ v v
=——4/1 2 1 ,
w + v (v1v2 1+v§
and the determinant satisfies
A+ vP)?
= 5 > O
w
Appendix 3: Bessel Identities
For x € R and ¢y € [0, 27) the Bessel-identities hold:
2 .
27 (—1)™i™ Jy (x) cos(meg) = / e ¥ eos9=%0) cos(me)dg,
0 (117)

2r
27 (—1)™i"™ Jy (x) sin(meg) = / e X cos(0=%0) gin(me)de,
0

where J,,, is the Bessel function of the first kind of order m.
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