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Introduction

Since the first detection of an exoplanetin 1992 [38], the number of confirmed exoplanets has exploded,
with thousands of new detection over the last decades. Currently employed detection methods, such
as transit spectroscopy, radial velocity and gravitational micro-lensing, allow the determination of some
global planetary parameters. However, with all these new discoveries the focus of new research is
shifting towards a more detailed characterizations of these worlds, also highlighted in the Voyage 2050
vision of the European Space Agency (ESA):

...being able to detect infrared light directly emitted by those atmospheres will be key in understanding
the chemical and physical diversity of these temperate worlds and whether they harbour truly
habitable surface conditions. [36]

To achieve the direct detection of photons from these distant planets a variety of challenges need to
be overcome. The most critical of these are (1) blocking the stellar light in order to reveal the much
fainter planet and (2) the high angular resolution required to resolve the planet from the close-by star.
A possible strategy to overcome these issues, especially in the desired mid-infrared wavelength, is the
use of space-based nulling interferometry. In the nulling interferometer the incoming light is combined
in such a way that the stellar light is interfered destructively, or nulled, and the planetary companion is
preserved in a constructive combination.

In the early 2000’s, two proposals were created to develop a formation flying, nulling interferometry mis-
sion. However, neither of these concepts came to fruition, mostly due to technological and budgetary
constraints [26, 3]. Now, almost two decades later, many technological strides have been made and
a new mission initiative is being developed, the Large Interferometer for Exoplanets (LIFE) [31]. This
revival of interest for a space-based nulling interferometry mission is paired with the need to prove the
required technology. While ground based initiatives have successfully developed nulling interferome-
ters, it has not yet been demonstrated in a space environment.

In order to test the technology in a space environment, a simpler precursor mission is recommended.
Current focus is placed on a smaller, single spacecraft [27]. For this mission three possible designs
are being considered, a rectangular double Bracewell, a linear double Bracewell, and a diamond-like
kernel nuller design. In this research these designs will be compared based on their ability to constrain
four planetary parameters, the planet’s temperature, radius, separation and position angle.

This thesis report is divided into three parts. Part | provides an introduction to the topics treated in this
work; in chapter 2 the principles of nulling interferometry are introduced, following this in chapter 3 the
setup of the research and the research question are introduced. From this some additional background
on the compared configurations and the model setup are provided in respectively chapter 4 and chap-
ter 5. Secondly, in Part Il, the work performed in this research is presented in the format of a scientific
paper. Finally Part I, provides the appendices to this work, including the bibliography and a selection
of additional figures in Appendix A.



Part |

Literature



Foundations of nulling interferometry

Before the first exoplanet was officially detected, Bracewell, in 1978, made the proposal to use nulling
interferometry for the direct observation of exoplanets [5]. This chapter will discuss the foundations
of this principle and serve as a more in-depth explanation for readers unfamiliar with the topic. The
chapter will begin an introduction to nulling interferometry and will discuss some of the previous and
current projects and proposals employing the technique. Following this, the architecture of a nulling
interferometer will be discussed and finally a look will be taken at the signal that is obtained from the
instrument.

2.1. Interferometry for space observations

The angular resolution of any optical instrument is fundamentally limited by the diffraction of light in the
system, known as the diffraction limit. The angular resolution dictates the minimum resolvable feature
size in an image and is dependent on the aperture size and wavelength. For a conventional telescope
with a circular aperture, the fundamental angular resolution can be calculated using Equation 2.1 [17],
where 6 is the angular resolution in radians, A is the observed wavelength in meters and D is the
aperture diameter in meters.

A
0=122— 21
5 (2.1)
Pushing the angular resolution of a system observing at a given wavelength thus requires an increase
in its size. To resolve a planet located with the same separation of Earth from a star at 10 um, located
a distance of 10 parsec, would require a diameter of at least:

eearth—sun = 100mas
1.22 % 10e~%m
D= 00mas =M
Roughly four times bigger than the James Webb Space Telescope. To avoid having to build such large,
complex, and therefore very expensive, instruments the principle of interferometry can be employed.
Interferometry with visible light was first demonstrated in the double-slit experiment by Thomas Young,
he showed that combining light from a coherent source propagated through a double slit creates an
interferometric fringe pattern. A visual representation of his setup is provided in Figure 2.1.
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Figure 2.1: The double slit experiment setup used by Young. Light propagates through 2 closely placed slits s; and s2,
diffraction occurs and the superimposed wavefronts create an interference pattern at the screen [4].

The spacing of the fringes recorded on the screen is a function of the distance between the two slits, in
Figure 2.1 denoted by s; and s, through the relation in Equation 2.2. Where x is the spacing between
the maxima in meters, F is the focal distance to the screen and b denotes the baseline, defined as the
distance between the slits. Transferring this concept from slits to multiple telescopes, it is no longer
the individual aperture diameter in Equation 2.1 that dictates the angular resolution, but the baseline
between the apertures.

Ar = — 2.2
r="5 (22)
However, combining light from multiple telescope in such a way that the desired fringe pattern is created
is not a trivial problem, and some important caveats should be taken into account.

About 150 years before Thomas Young, a very similar experiment to his was attempted by Grimaldi. He
tried to study the interaction between two light beams by letting sunlight enter through two small pinholes
and capturing the results on a screen. His experiment, however, failed. The critical improvement to the
setup of the experiment by Young was to let the incoming light pass through a pinhole before reaching
the slits, therefore greatly reducing the size of the light source [17].

In order to have obtain an interference pattern, it is important that the light is coherent. This coherence
has two aspects: temporal coherence and spatial coherence [17]. Temporal coherence means that the
phase of the light is constant over a certain period of time and it is influenced by the bandwidth of the
source. Spatial coherence is defined by a constant phase of the light at different points in space; for
example, across the wavefront itself it is influenced by the physical extension of the source, and thus
what made Grimaldi’s experiment fail.

Incoherent sources, such as stars, can still end up producing coherent wave fronts as long as there
is a large distance between the source and the observation of the wavefront [34]. To create a useful
interference pattern it is essential that the wavefront is coherent.

The second potential issue with creating a clear interference pattern is related to the wavelength de-
pendence of the fringe spacing, described in Equation 2.2. Due to the polychromatic nature of a stellar
source, the fringe pattern it creates has a different fringe spacing at each wavelength for the given
baseline. This will cause the fringes to start blurring together causing a decrease in the contrast. The
effect can be observed in Figure 2.2.
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Figure 2.2: Comparison of the fringe pattern for monochromatic light on top and white (polychromatic) light at the bottom. It
can be observed that in the polychromatic case the wavelength dependency of the interference location causes a blurry spread
of the different colors making up the light.

1

2.2. Nulling interferometry for exoplanet detections

Now that the basic requirements for achieving stable interference have been discussed, a closer look
can be taken at how it can be employed to an exoplanet detection mission. In order to detect exoplanets
the two critical challenges are the high angular resolution needed, as was shown in section 2.1, and
secondly the extreme contrast between a very bright star and a faint planet. For the Earth and Sun in
visible light this is in the order of 10°, as shown in Figure 2.3. However, if the planet is instead observed
in the mid infrared around 10 pm, this difference in brightness reduces to about 106.

SAQ
T

T

Solar System Model at 10 PC
T T T TTrTTIT T T

o 1Ll

I, erg/(em? s pm)

Figure 2.3: The model spectrum of the sun and the solar system planets for an observer at 10 pc. The difference between the
Earth spectrum and the peak of the stellar spectrum is about 9 orders of magnitude [11]

In the most simple setup the nulling interferometer, as described by Bracewell in 1978 [5], uses two
apertures, leading to the transmission pattern shown in Figure 2.2. To null the stellar light a destructive
section of the created pattern should be placed over the on-axis star, requiring a = phase shift to be
applied to one of the beams. The goal is then to catch the off-axis planet in constructive segment of
the created pattern. This setup is visualized in Figure 2.4.
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Figure 2.4: Schematic overview of a Bracewell nulling interferometer, where the light of the target star and off-axis companion
is gathered by 2 apertures, labeled T1 and T2, spaced by a baseline D. The beams are recombined after a = phase shift is
applied to the light recorded in T2. On the right the resulting fringe pattern is drawn displaying the star in the null-fringe and the
planet in a constructive one [33]

2.3. Concept legacy

In the decades since the original proposal the concept has been developed considerably. The devel-
opments in the field have yielded more advanced designs and have identified issues that might occur
when using the relatively simple design shown in section 2.2. In ground based observatories success-
ful nulling interferometers have been implemented. There have been several proposed space based
missions to employ nulling interferometry for the detection of exoplanets, however none have actually
been build so far. Below follows a brief overview of the previous proposals to provide more context on
where current developments stand.

2.3.1. Darwin and TPF

In the early 2000s two mission proposals were submitted both proposing the use of a nulling interfer-
ometer for terrestrial exoplanet detection. Darwin [26], submitted to ESA, and TPF, Terrestial Planet
Finder, to NASA. Both ended up not being selected predominantly due to technological challenges and
budget issues [32].

Darwin proposed a four aperture design called the Emma-type X-array. This layout uses four spacecraft
in a rectangular plane with a baseline ratio of 1:3 to collect the incoming light and proceeded to send
the beam to an out-of-plane combiner spacecraft located 1200 m above the array [26]. The mission
would observe in the mid-infrared, specifically the 6-20 m wavelength domain.

The TPF proposal was later split into a combination of 2 types of observervation techniques: the TPF-C,
as single aperture coronograph and the TPF-I, a multi-aperture nulling interferometer. TPF-I was initially
proposed as a 3-4 element array of telescopes to collect the incoming light. The selected observational
wavelength was similar to Darwin, between 6-18 um [3]. Over the course of some design iterations
the TPF-I team also eventually selected the Emma X-Array design, like Darwin. The mission specific
studies were ceased in 2007 and focus was relayed to identifying and developing required technologies
and setting up precursor missions that could help with maturing technology [22].

2.3.2. Pegase

Another proposed nulling interferometer mission was Pegase, initially submitted to the French national
space agency CNES and later also to ESA [30]. The idea of the mission was to serve as a pathfinder
mission to Darwin/TPF-I. Instead of terrestrial, Earth-like planets its main scientific objective would be
to perform spectroscopy measurements of hot Jupiters, also known as Pegasides, and brown dwarfs. It
would observe these targets in the Near infrared (NIR) [25]. A two aperture configuration was proposed
with aperture diameters of 40 cm and a baseline ranging between 50 and 500 m [24]. Like Darwin an
TPF the proposal eventually stranded, however it did lead to a test facility to test the feasibility of a
stable polychromatic null [18].
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After these three proposals halted development focus was relayed into maturing the technology re-
quired for such ambitious missions. More recent developments are described below.

2.3.3. The Palomar Fiber Nuller (PFN)

The PFN is a ground based instrument built in support of future space based missions. The goal of the
PFN was principly to demonstrate the possibility of detecting a stellar companion by artificial rotation
of the baseline. Interferometers on Earth mostly rely on the rotation of Earth, which is of course not
feasible for a space-based system. Additional important goals were to prove that detection was possible
at much smaller angles than would be possible using coronagraphy, to reach deep nulls of order 10~4,
and finally to expand the nulling techniques from the MIR to the NIR region, where phase instability
becomes a dominant source of noise [35].

2.3.4. NOTT

NOTT is currently being developed as the first nulling interferometer instrument at the Very Large Tele-
scope Interferometer (VLTI) [9]. The main goal of NOTT would be to observe young giant exoplanets
which are located very closely to the star [21]. The instrument would operate at a much smaller wave-
length range between 3.5-4 um and combine the light of the four telescopes at the VLTI site.

2.35. LIFE

The Large Interferometer for Exoplanets (LIFE) project is an ongoing initiative for a new large space
nulling interferometry mission proposal, building on the legacy left by Darwin and TPF-I. The goal of
LIFE is to detect and characterize Earth-like exoplanets [31].

The current design proposal for LIFE is a double Bracewell formation flying system with four collector
spacecraft, similar to the Darwin and TPF-I design proposals. The mission would operate at a spectral
range between 4-18.5 ym and the baselines should be able to vary between 10 to 600 m [14]. Due
to the maturing of the technology over the last decades, for example related to coordinated formation
flying, and a more extensive knowledge of the exoplanet population, it is believed by the initiators that
the mission may this time come to fruition. The LIFE intiative also forms the main context for this
research.

2.4. Architecture of a space-based nulling interferometer

In Figure 2.4, a simplified schematic of a nulling interferometer was shown. In practice there are a
number of components required between the telescopes capturing the light and the subsequent com-
bination. A more detailed overview of a possible optical architecture of a nulling interferometer can be
found in Figure 2.5.

Importantly, several corrections need to be applied to the wavefront before a coherent combination is
possible. In this design the first correction to the incoming wavefront is performed by the tip/tilt-mirrors,
which correct the corresponding tip/tilt errors. Following this, the system contains Optical Delay Lines
(ODL), which correct Optical Path Differences (OPD). These OPDs can originate from orientation of
the platform with respect to the target, but also within the system due to imperfections in the optical
design. The level of correction required is determined by the respective sensors. The beam is then
injected into an optical fiber and an achromatic phase shift is applied to one of the beams.

This particular design proposes the use of optical fibers, but other optical components, such as bulk
optics or integrated optics can be used. This thesis will predominantly investigate the signal of a nulling
interferometer and the hardware in the instrument will be modeled in a simplified way, more details on
the modeling approach will follow in chapter 5. It is important to note, that the hardware development
is still an ongoing process and the selected hardware components will also impact the quality of the
signal.

2.5. A nulling interferometer's signal

After the light has traveled through the optical train and has been successfully combined, the result is
recorded on the detector. Unlike a traditional telescope it is not an image of the scene that is recorded.
The detector of the system records the flux after combination in preselected wavelength bins. It is not
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Figure 2.5: Block diagram of a Bracewell nulling interferometer optical train. The light enters from the top of the diagram and
follows the solid arrows through the system. The dotted lines represent feedback loops which control the wavefront correction
components. [6]
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a single exposure moment that provides the information, but the temporal modulation of the signal as
a result of the rotation of the spacecraft. This modulated signal is then fitted to a model system in order
to retrieve information from the observed scene.

It is therefore important to model the signal as it travels through the instrument and make an accurate
prediction of the signature of a model planetary system to fit the results. For this research a preexist-
ing nulling interferometry simulator Self-Calibrated Interferometry For exoplanet spectrscopY simulator
(SCIFYsim) was used, which was originally developed for NOTT, see subsection 2.3.4. More details
on this simulator can be found in chapter 5

To visualize what the nulled signal will look like, a transmission map can be used. The transmission
map can be seen as a sieve of the instrument response. It visualizes the transmission pattern over the
Field of View (FOV), showing which segments of the scene are 'nulled’ and which are constructively
interfered as follows from the positions of the architecture. The transmission map therefore shows
where the flux on our detector originates from, an example was shown in Figure 2.4.

The transmission map is the result of the telescope configuration, the observational wavelength, and
the FOV of the instrument. Therefore, it is not a single static map. It will rotate, due to the spacecraft
rotation, and scale, as a function of wavelength; the extent of the pattern will be determined by the
FOV.

A four telescope rectangular setup, with two destructive outputs, leads to the differential transmission
maps shown in Figure 2.6. The use of differential meaning that the two dark outputs are subtracted
from each other, creating a single map and also leading to negative values in the plot, more information
on this process will be provided in chapter 4. The scaling effect between the two wavelength bins, 4
and 18 um, shown is clearly significant.

Differential transmission maps
A=4pm A=18um
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Figure 2.6: Differential transmission map for a rectangular four telescope nulling interferometer with telescope diameter of 3 m
and a baseline of 15 m at wavelengths of respectively 4 and 18 um. The coloring indicates the number of photons/s/m?2

For the provided transmission maps it is now possible to plot the hypothetical ’perfect’ signal for this
particular architecture. If a planet were located at the point (0, 100) in the map and the modulation
of the signal intensity due to the rotation of the spacecraft was recorded at a range of spectral bins
between 4-18 um, the modulated signal would look like Figure 2.7. It is this signal that is recorded at
the detector and which is used in order to fit a model to the observations.
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Figure 2.7: Modulation signal at a range of spectral bins between 4-18 pm for a rectangular four telescope nulling
interferometer during an observation period of 10 hours.

2.6. External noise sources

In practice a lot of noise is present in the signal received in the detector. This noise has a variety of
origins, both within the instrument and due to external factors. This section will briefly discuss the noise
sources affecting the signal and discuss possible mitigation strategies.

2.6.1. Host star

The first, and most obvious source of noise, is the host star itself. The star’s signal can leak through
the nulling pattern in two ways. Firstly, in relation to the null depth, which is defined as the level of
suppression in the null, or mathematically described in Equation 2.3. Where I, is the intensity at the
constructive output and 7_ at the destructive output [7]. Even in the ideal case, having the star exactly
centralized on the strongest, central null some of the stellar light will not be fully suppressed, decreasing
the depth of the null and thereby leaking through into the signal[6].

I

N ==
Iy

(2.3)

Similarly, due to the extended nature of the star, it is also possible for stellar light to leak due to an
insufficient width of the null. This leads to a potential issue in the design, where the desire to cover the
full star potentially also blocks light from close-by planets. Even with very deep and wide nulls some
stellar leakage is to be expected in the final signal.

2.6.2. Local Zodiacal Dust

The solar system contains a large amount of dust. Problematic for detecting exoplanets is especially
the zodiacal dust. Zodiacal dust is hypothesized to be the result of collisions of planetesimals in an
outer ring which migrate inwards and the result of comets disintegrating when they reach the inner
parts of the planetary system [12]. In the solar system it is situated between the orbits of Mercury and
Jupiter and it scatters light from the sun. The dust can even be seen with the naked eye [13]. It scatters
light predominantly in the mid-IR, which is the desired observational wavelength for a terrestrial planet
finding mission, thereby possibly hindering observations.

During NASA's COBE (Cosmic Background Explorer) mission, which measured and mapped the cos-
mic microwave background, it was critical to remove any foreground effects caused by the interplan-
etary dust. This lead to a detailed measurement and developed model of the local zodiacal dust [19]
and its effects can be partly mitigated. The dust has a peak in the ecliptic, therefore for observation it
is beneficial to observe away from the ecliptic to minimize the impact on the signal.
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2.6.3. Exozodiacal Dust

Analogue to our own solar system, the orbital plane of exoplanet systems also contains so-called exo-
zodiacal dust. Similar to the local zodiacal dust, it is brightest when observing in the mid-IR, leading to
photon noise in observations. The symmetric effects are eliminated due to the array rotation, however
asymmetric structures in the clouds can pose problems [10].

A recent survey, Hunt for Observable Signatures of Terrestrial planetary Systems (HOSTS, [12]), aimed
to characterize the exozodiacal dust in nearby systems. The survey found that systems with cold debris
disks are likely to also have prohibitive, high levels of dust in the habitable zone and are typically not
great targets for finding exo-Earths. To mitigate the impact of the dust on a mission it is recommended
to only observe systems that have relatively low levels of exozodiacal dust. The effect of the dust will
be larger at longer wavelengths and for more distant, fainter targets [12]. Issues are also expected with
spectroscopy, during which the dust will most likely become more of a nuisance due to long integration
times [12].

2.7. Internal noise sources

The external noise sources discussed above are assumed to be the dominant noise sources. How-
ever, the optical system and spacecraft itself can also introduce noise and potential errors which can
significantly impact the quality of the measurements. This section will briefly discuss the noise sources
originating from the system itself.

2.7.1. Thermal background noise

Firstly, the spacecraft itself is illuminated by the sun and as a result it heats up. It will therefore also
radiate some thermal flux that will leak into the signal. To account for this during the design, the system
can be modeled as a gray body as was done in previous work [6].

2.7.2. Detector noise

Secondly, the detectors used in any system are not perfect. Not every photon that enters the system
is detected properly by the detector. The measure of the detectors ability to transfer the photons to
an electron signal is expressed by the Quantum Efficiency (QE) in the detector. The response of the
detectors is not always uniform over the bandwidth. In previous work an estimate of a QE at about 80%
was used [6].

2.7.3. Instrumental errors
The final, and currently least quantified internal source of errors, are the expected instrument perturba-
tions and errors originating from the optical train itself.

Due to the tight phase tolerances to perform coherent optical interference slight perturbations in the
system can create unexpected signals. In Figure 2.8 a simulated signal is presented. If the system is
pointing even slightly off axis from the target, it can be extremely hard to identify whether the resulting
signal is due to the presence of a planet or due to off-axis stellar light.
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Figure 2.8: Simplified response of a nulling interferometer showing the signal contributions as a result of an off-axis source
(orange) and a host star (blue). A perturbation of the null means that the minimum of the green line is no longer centered. The
measured signal of the star could then drown the planet signal.

Sources of instrumental errors can include imperfections in the instrument amplitude or phase response
as the light beam moves through the optical system, polarization effects, and fluctuations in stray light
reaching the system. A detailed discussion and mathematical derivation of these error sources by Lay
can be found in [23]. To perform successful nulling interferometry there are important requirements on
the stability of the null. The quantification of the instrumental errors that may occur in the instrument is
still an ongoing topic of research.



Research setup

Following this initial look into the general principles of nulling interferometry, this chapter will provide
information on the setup of the research itself. First in section 3.1, the research question that forms
the focus of this document will be introduced. Following this the created planning including a short
reflection can be found in section 3.2.

3.1. Research question

In section 2.3, a short overview was provided of previously developed mission proposals and ground
based instruments. The research supporting these initiatives has lead to a variety of new nulling tech-
nigues and have also identified new challenges that may occur over the course of the mission. Impor-
tantly, before a large scale mission could take place it is recommended that the technology is first proven
in a smaller precursor mission. In support of the current LIFE initiative a variety of simulations and esti-
mations of the systems performance have been completed, [32, 8, 16]. These simulations have mostly
neglected the presence of instrumental noise and assume large designs with reconfigurable baselines.

The question thus arises if these results also translate to a smaller mission; what would be the optimal
design when reconfiguration of the baselines is not an option and the baselines are much shorter.
Additionally, what if the instrumental effects are not neglected in the simulations and how will this impact
the quality of the results that can be obtained? Combining these topics the research question that is
aimed to be answered in this thesis is:

How does a 4-telescope kernel nuller compare to a double Bracewell configuration when providing
constraints on top-level planetary parameters during a fixed baseline space-based nulling
interferometry mission aimed at detecting and characterizing terrestrial exoplanets

In this research two common variations of the double Bracewell nuller will be compared, a rectangular
setup and a linear setup. Each of the compared configurations will have four collecting telescopes
and a maximum length of 15 meters. The top level planetary parameters in the question refers to the
retrieval of the planet’'s temperature, radius and position with respect to the star.

From this research question a number of global steps were identified towards the end of the literature
phase that need to be completed. These were determined to be:

1. Finding the comparison metric, what are the configurations assessed on?

2. Creating comparative models for the architectures. Which software can used for the modeling of
the systems? Which assumptions and simplifications are used?

3. Set up of the test cases in the model. E.g. the type of planetary systems (single vs. multi planet)?
What characteristics govern these systems? What starting parameters are used in the model?

4. Executing the comparison itself and displaying of the results.

13
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5. Performing an analysis of the statistical significance of the results. E.g. what are the associated
confidence intervals? How certain can we be of the results? Performing a sensitivity analysis.

6. Drawing final conclusion and reporting of the results.

Before moving on to the corresponding planning, the first two items were prepared before starting the
programming section of the work. Firstly regarding the comparison metric it was chosen to look at the
performance in three categories:

1. Single planet case, how well are the configurations able to constrain the parameters when a
single planet is modeled?

2. Correlation levels, how are the parameters correlated in the fitting process?

3. Two planet case, how well are the configurations able to retrieve the planetary parameters in a
two planet system?

Previous simulations predominantly use the SNR as the performance metric in the comparison. In this
study the choice was made to look beyond just this ratio and also try to retrieve the general parameters.
It was especially expected that the presence of instrumental noise sources leads to additional correla-
tions in the data. To provide a more complete analysis and also address potential overestimation on
the actual performance based on solely the SNR the focus was shifted to the behavior of these four
parameters. The ability to constrain the parameters will be assessed based on the proximity of the
fitted parameter mean to the 'true’ value and the corresponding error bars. To incorporate instrumental
effects the software SCIFYsim was chosen, more details on this decision will follow in chapter 5.

3.2. Thesis planning and tasks

After the topic and general approach was prepared it was possible to start identifying individual tasks
to be completed. The tasks and the expected duration of them is presented in Table 3.1.

Table 3.1: Global planning for the identified thesis tasks including the expected duration. The [added] tasks were added later in
the research process.

Number Task Expected duration
0.1 Familiarization with SCIFYsim 2 weeks
0.2 Setup of the space environment 1 week
0.3 Incorporating support for the Kernel configuration 1 week
04 Implement the three configurations 1 week
1.1 Setup of the single planet case (strategy) 1 week
1.2 Implement single planet case in code 1 week
1.3 Running the planned cases 2 weeks
1.4 Display of single planet results 1 week
1.5 Implementation of feedback 1 week
21 Modifications of code for correlations 1 week
2.2 Running the cases for correlations vs position 2 weeks
3.1 [added] Setup for assessment two planet system (strategy) 2 weeks
3.2 [added] Implementation of two planet systems 1 week
3.3 [added] Running the planned cases 2 weeks
34 [added] Display of the two planet results 1 week
3.5 [added] Implementation of two planet feedback 1 week
Additional

A1 [added] Migrate code to be employed on Delft Blue 2 weeks
A2 Preparation of presentations (midterm+ greenlight) 1 week
A3 Documentation and reporting 6 weeks

3.2.1. Reflection on original planning
Most of the steps identified in Table 3.1 were executed in roughly the allotted time. However, especially
the initial familiarization with SCIFYsim took some extra time. Additionally, it became clear that my
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personal workstation was not able to handle the required to run the simulations, which lead to some
additional delay and eventually a move towards the Delft Blue server to run the tested cases. Thisin turn
shortened the amount of time that was required to run the simulations. The expansion of the model to a
two planet system was implemented once it became clear that there was sufficient time to incorporate
this topic, however only a limited amount of cases could be analyzed due to time constraints.



Nulling interferometer configurations

As introduced in chapter 3, three different proposed architectures are compared in this research, a
linear configuration, a rectangular configuration, and finally a kernel nuller in a diamond configuration.
This chapter will provide some details on the properties of each of these configuration. Firstly, some
background on multi aperture nullers and the Guyon matrix model will be discussed in section 4.1 and
section 4.2. Following this the matrix model will be applied to the three presented configurations and
their corresponding properties will be discussed in section 4.3.

4.1. Single Bracewell versus double Bracewell

In section 2.5 it was demonstrated how the signal measured at the detector is directly related to the
(relative) positions of the apertures. During the investigations for Darwin and TPF-I it became clear that
the two aperture system originally proposed by Bracewell will not reach the performance required for a
system observing terrestrial exoplanets. The move was made towards more advanced multi aperture
nullers. A design with just two aperture has a number of complications, here just a selection will be
discussed.

The first stems from the trade-off between the wish for a wide null, for which a (relatively) short base-
line is required, and the need to resolve nearby features, which in turn benefits from a long baseline.
This lead to the proposal by Angel & Woolf [2] for a four element linear interferometer. The different
baselines could combine to both a deeper and and broader null compared to Bracewell, while retain-
ing the ability to resolve closely situated objects. The second issue is the symmetric response of the
Bracewell interferometer [23], which causes any detected planet to have an 180° ambiguity in its po-
sition. Preferably a geometry is used which leads to an asymmetric transmission map. Finally, it was
initially assumed that the rotation of the system would be sufficient to filter noise sources such as the
zodiacal clouds [1]. However in later research it became clear that especially slow variations in stray
light and thermal emission can pose issues [23].

4.2. Guyon's Matrix model
With a variety of proposed designs of nulling interferometers the need arises to model the designs in
such a way that they can be easily compared. A possible method is the matrix-based approach based
on the work of Guyon [15]. The matrix model provides insight in how the incoming light beams are
manipulated before reaching the outputs.

The input at the entrance of the apertures is modeled using vector V where each element is a complex
amplitude arriving in aperture k with [15]

Vi, = rkei2ﬂ($ka+ykl3)/>\
Where («, ) describes the angular offset of the point source, x;, and y, describe the coordinates of the
aperture in a 2d array, and r, is the corresponding aperture radius. The operations of the interferometer

16
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are modeled by matrix U and thus the outputs 1 are simply presented by the relation
W =UV

Where the detector measures the intensity, and thus I = |W|2. These notations are also represented
graphically in Figure 4.1. The matrix U thus describes how the light from inputs k is sent towards the
different outputs. For a four beam nuller, which has one bright output and three dark ones, matrix U
can be written as [28]:

1 1 1 1

L1 1 -1 -1
U‘ﬁl—ll—l

1 -1 -1 1

The top row describes the bright output, all inputs are constructively sent to the first output. The dark
outputs are found in the bottom three rows, where it can be seen how the signals are combined in a
different way for each output. The matrix describes an ideal case, in reality it is complicated to direct all
the bright signal to a single output. This is only possible if the central source is unresolved and located
on the optical axis so « and 3 are 0 [15].

Nulling
Incident interferometer Nulling interferometer
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g ™
irror

beam splitter

phase shifter
—

-]

N subapertures

Nulling interferometer input beams

Nulling interferometer output beams

/ Measured intensities
i

L ¥ . J/

[
= Il
[NOtat' ons 'l [ Vector V J E matrix U J[Vectur w=u VIVQCtOF 1= lej

(Xir Yoo 1) kmooma | | (Vidkmona | [(Ukm)kme=o.n- (Wim)m=o0.51 (In)m=0.41

Figure 4.1: Graphic representation of the matrix model introduced by Guyon. The point source is located at angle («, 8) on the
left, the incoming wavefront is described by vector V, the operations of the interferometer by matrix U and the final output by
matrix W. The final detector measures the intensity describes by |[W|? [15]

4.3. The compared configurations

As introduced in subsection 2.3.5, the research performed in this thesis is in support of the LIFE initiative,
specifically in context of a smaller precursor mission proposal, which aims to demonstrate some key
technologies. Therefore, the configurations in this research have a relatively short baseline compared
to the goals of the LIFE mission. To keep the comparison fair, the configurations all have four circular
collecting apertures with a diameter of 2 meters. The maximum baseline is 15 meters and all apertures
are located in the same plane.

A sketch of the geometrical layout of the three compared configurations is provided in Figure 4.2. Two
of the configurations are double Bracewell nullers, namely the linear and the rectangular designs, they
are detailed in subsection 4.3.1. The Kernel nuller uses a different beam combination strategy, which
will be detailed in subsection 4.3.2.
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Figure 4.2: Sketch of the relative array positions of the architectures compared in this study.

4.3.1. The double Bracewell nullers
The only difference between the linear setup and the rectangular setup in this comparison is relative
position of the telescopes, the actual nulling steps are the same. In practice the telescope positions will
also have an impact on the eventual optical and mechanical designs, however these are still unknown
and thus beyond the scope of this research.

In a double Bracewell nuller the beams are nulled in two steps: first a = phase shift is applied to two of
the beams leading to two bright outputs and two dark outputs. These dark outputs are then recombined
leading to the final differential transmission maps. Using the matrix description from section 4.2, this
beam combination can be summarized using Equation 4.1. From Figure 4.2 the nulled inputs are
therefore array pair 1-2 and 3-4.

VACIRRVAC) 0

2 2
U~ | 05 =05 —0.5i 0.5
PB= 105 —05 05i —0.5i
Ve /@)
0 0 5 >

(4.1)

A visual representation of the outputs, in a complex matrix plot (CMP), can be found in Figure 4.3.
The first and last row of the combination matrix in Equation 4.1 correspond to the top left and bottom
right outputs in Figure 4.3, both showing the bright outputs, where the light of the star is constructively
interfered, and are therefore discarded for the nulled signal extraction. In the second step the two dark
outputs, forming the middle rows in Equation 4.1 and the top right and bottom left outputs in Figure 4.3,
are subtracted to create the differential, or also known as the kernel output. This subtraction is described
in the kernel matrix K,

K=1[0 1 -1 0] 4.2)
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Figure 4.3: CMP of the operations described by the combination matrix for the double Bracewell nuller. The bright outputs are
displayed in the top left and bottom right corners, while the two others show the dark outputs. The arrows display the
contribution of the inputs at each of the outputs.

The outputs of the described nulling steps can also be visualized by showing the transmission map at
each output. From the first nulling step four the outputs for the linear configuration are shown in Fig-
ure 4.4 and for the rectangular in Figure 4.5. Here the effect of the array geometry again becomes clear.
Despite the outputs being generated in the exact same way the resulting pattern in the transmission
map shows the distinction between these two arrays. The two dimensional nature of the rectangular
configuration also shows fringe formation in two dimensions.

Raw transmission maps at A =4 pm - Linear

Output 1 Output 2

Figure 4.4: Transmission map after first nulling step of the linear double Bracewell configuration. Output 0 and 3 show the
bright outputs and output 1 and 2 the dark outputs.
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Figure 4.5: Transmission map after first nulling step of the rectangular double Bracewell configuration at wavelength bin 4 pm.
Output 0 and 3 show the bright outputs and output 1 and 2 the dark outputs.

In the second nulling step the dark outputs are combined to generate the differential output, described
by the Kernel matrix. The corresponding differential transmission maps are shown in respectively Fig-

ure 4.6 for the linear configuration and Figure 4.7 for the rectangular array.
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Figure 4.6: Differential transmission map of the linear double Bracewell configuration. The two outer spectral bins are
displayed to show the scaling of the transmission map. The negative values in the transmission map originate from the
subtraction of the dark outputs. The coloring indicates the number of photons/s/m?
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Figure 4.7: Differential transmission map of the rectangular double Bracewell configuration. The two outer spectral bins are
displayed to show the scaling of the transmission map. The negative values in the transmission map originate from the
subtraction of the dark outputs. The coloring indicates the number of photons/s/m?

The differential outputs are also sometimes referred to as the kernel outputs and it is from this combined
transmission map that the final signal is obtained. The interferometer is rotated around the line of sight
to create a modulation in the intensity as the planet moves through the map. To illustrate the signals
behavior throughout the different spectral channels the no noise modulations for a planet located at [0,
100] is shown in Figure 4.8. When a measurement is made by the instrument, the goal is to retrieve
the modulation pattern that is most likely to correspond to the observed system from the noisy data.
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Figure 4.8: Modulations of the linear (left) and rectangular (right) double Bracewell configurations at each spectral channel for
a planet located at [0,100] mas in the differential transmission map.

4.3.2. The Kernel configuration

The idea for a kernel nuller originated from the desire to have a stable null depth. In Figure 4.9, the
modeled variation in null-depth as the result of an applied piston for a 'standard’ four aperture nuller
with 3 dark outputs can be found [28]. The dashed line shows the predicted value of the null depth.
During the observation the majority of the time the null depth is not exactly what it is expected to be and
instead shows a wide distribution. On top of this, the null depth does not follow a normal distribution but
instead is skewed. This makes predicting the null depth difficult and therefore more computationally
expensive.

Due to this imperfect behavior of the null depth the idea was that it might therefore be more advan-
tageous to design for a more sub-optimal case, which occurs more frequently, compared to an ideal
case which in reality is seldom achieved [28], by creating a more robust observable, the kernel null.
The name kernel is a reference to kernel phases, a robust observable commonly used in stellar inter-
ferometry.

1200 Classical nuller outputs distribution

3 output #1
[ output #2
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Figure 4.9: The distribution of the nuller outputs after a single nulling step during the observation of a binary object with a
modeled 50 nm RMS residual piston excursion. The dashed line displays he expected null location. [28]

A kernel nulling interferometer has two stages. A simplified schematic overview of the stages in the
nuller can be found in Figure 4.10. This example shows a four telescope setup used in this research,
however it is possible to scale the concept to an arbitrary number of collecting telescopes [20].

The four light beams enter the system on the left hand side and will be combined as a conventional
nuller would in the first stage, labeled N in the figure. In this case this is a 4x4 coupler, which means
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the four incoming beams will also be transferred to four outputs: one bright output in which the star
light is focused and three dark outputs that will be used to find potential off-axis sources.

Tl ' - star light
T2 i planet
light &
T3 * control
Ta =
mode 4x4 phase 3x6
expanders coupler shifters coupler

Figure 4.10: Schematic overview of a four beam Kernel nuller, where N is the first coupler and S the second coupler. The light
enters the four telescopes labeled T# on the left of the figure. After the two stages the output consists of a bright output with the
focused starlight and six nulled outputs [28].

The functionality of this first stage is described by the matrix N , [20]:

1 1 1 1
111 1 -1 -1

Vilt -1 1 -1
1 -1 -1 1

N =

The CMP representation is shown in Figure 4.11. Here the constructive output is indexed as Output
0, and will no longer be used in the second stage. The other three outputs follow from the pairwise
combination described by matrix N. It can be seen that all outputs are aligned with the real axis and
have no imaginary components at this stage.

Output 0| 1/2 Output 1| 1/2 Output 2| /2 Output 3| 1/2
0.4 0.4 0.4 04

= Input 0
e input 1

3n/2 =t s 3n/2 3n/2 3n/2
Figure 4.11: CMP of the operations described by the combination matrix, N, for the kernel nuller after the first stage [20]
In the second stage the three dark output beams from the first stage are recombined in a 3x6 coupler

which applies a 7 phase shift, leading to 6 dark outputs. The functionality of this second stage can be
modeled using matrix S.

e's 0
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0 1 s

0 €'z 1

The total beam combination can be summarized using Guyon’s matrix model in Equation 4.3, and
visually in Figure 4.12. It can be seen that due to the phase shift, the outputs now contain an imaginary
component in combination with a real component. Each of the output pairs (1-2, 3-4, 5-6) is a mirror
image of the other. Comparing with Figure 4.11, it can be observed that the amplitude of the outputs
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have been reduced as a result of splitting the signal into additional outputs.
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Figure 4.12: CMP of the operations described by the full combination matrix of the kernel nuller. Output 0 showing the bright
output and the other diagrams displaying the 6 dark outputs.

Itis from these six final dark outputs that the kernels can be found. For this design the centro-symmetric

signal can be eliminated simply by performing a pairwise subtraction of the outputs. Leading to kernel
matrix K in [28].

1
K=1[0 0 1 -1 0 0 (4.4)
00 0 0 1 —1

To demonstrate the described steps with the transmission maps, like was done in subsection 4.3.1, the
raw outputs after the first stage N are shown in Figure 4.13.

Raw transmission maps at A =4 pm - Kernel

Output 0 Output 1 Output 2 Output 3 Output 4 Output 5 Output 6

Figure 4.13: Transmission maps of the six dark outputs of the 4 telescope Kernel configuration at wavelength bin 4 um.
Output 0 shows the bright output and the other six represent the dark outputs.
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After the pairwise subtraction as described by Equation 4.4 the resulting differential outputs are shown
in Figure 4.14. The three generated kernel outputs are all independent. The kernel nuller produces
more observables compared to the double Bracewell’s, however the quality of these observables is
impacted by the splitting of the signal. The central question raised is wether or not these additional
observables will also lead to a better performance in constraining the planetary parameters.

Differential transmission map, A = 4e-06[m]
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Figure 4.14: Differential transmission maps of the kernel configuration. Contrary to the double Bracewell design the kernel
produces three sets of differential outputs and therefore also generates three signals. The coloring indicates the number of
photons/s/m?
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Figure 4.15: Modulation signals for at all spectral bins for the kernel setup as created by a planet at location [0,100] in the
transmission maps.



SCIFYsim

The three compared architectures were simulated using the pre-existing simulator SCIFYsim. SCI-
FYsim is a python module that can be used to model high-contrast interferometric instruments and was
originally developed for ground based observations at the VLTI as part of NOTT. This chapter will briefly
describe how the simulator works and how it was adapted for this research.

5.1. Initializing a simulation in SCIFYsim

To start a new simulation the user changes the inputs for their observation objective in the configuration
file. This file contains all the data required to simulate the observation. This includes information about
the observatory location and geometry, the observed target, the observation and sampling itself, the
instrumental parameters, and due to its original application for ground based observations also the
atmospheric characteristics.

All this data is gathered from the configuration file and stored in the simulator object, referred to as
‘asim’. This is the object containing the simulation information and is called by the user to both configure
the computations and extract data. To give a concrete idea of some of the functionalities that can be
called by the user using the asim object please refer to Table 5.1, where a small selection of options is
displayed. After the simulator object has been initialized the user can generate the transmission map
data associated with the combiner and use the plot tools in SCIFYsim to visualize them.

SCIFYsim function Returns

Accessing simulation data

asim.lambda_science_range Returns an overview of the wavelength bins used for the
observations

asim.combiner.M Returns the combination matrix according to Guyon’s
model

asim.combiner.K Returns the kernel matrix K used to create the kernel out-
puts

asim.target View target information

asim.obs View information about the observatory used

Initializing a simulation

asim.point Point the array towards the target and update the combiner
asim.make_metrologic_exposure Simulate an exposure of the target on the detector
asim.build_all_maps Generate transmission maps for each wavelength channel

and observation epoch.

Table 5.1: A selection of functions within SCIFYsim that may be accessed by the user in order to interact with the simulation
object.
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Figure 5.1: Block diagram showing the main steps of SCIFYsim used in this research. The user modifies inputs using the
configuration file and interacts with the simulator via the simulator object.

5.2. Modifications to SCIFYsim

SCIFYsim was originally developed for ground based observations. Application to a space environment
therefore required some tuning in the atmospheric parameters in the configuration file to remove these
effects as much as possible.

Additionally, the provided code to interact with the simulator was not yet fully compatible with the kernel
configuration. The issues were mostly related to the fact that a double Bracewell usually outputs a single
differential, or kernel, null. However, for the chosen kernel setup the outputs lead to three independent
differential nulls therefore adding another dimension to the outputs generated. This involved expanding
the plotting features to generate three individual plots for the results and updating matrix transformations
to be generalized to deal with varying matrix dimensions.

Finally, in the final stages the model was expanded to deal with multiple planets in the system. This
update required expansions in the SCIFYsim code itself related to the functions which generate the
source from the input parameters. In the updated version the planet sources are made iteratively and
are stored, to be summed together for the generation of the final signal. The expansion has been
implemented in such a way that an arbitrary number of planets could hypothetically be generated,
however within the scope of this research only two planet models were employed.

5.3. Generating the noisy signals

In section 2.5 it was explained how the differential transmission maps lead to the signal that is created by
a planet being present. Like shown in chapter 4, the signals are different for each of the configurations
and importantly have a large spectral variation. To help visualize the model steps, the example below
will use a simplified case at just one spectral channel in Figure 5.2. This example is at the spectral
channel with a high Signal to Noise Ratio (SNR). However it is important to keep in mind that there are
also many spectral channels, especially at lower A\, where the noise dominates the signal more. For
the two planet system the contributions from the individual planets are summed together, before the
noise is added.

From the transmission maps and the inputted planetary position at each spectral channel a no noise
signal shown on the left panel in Figure 5.2 is obtained. To characterize the noise associated with
the observation a baseline observation is performed for a system without any planets. By performing
a series of ‘observations’ on the selected target star without any planet signal, the exposure on the
detector can be stored to record the expected noise in the system.

This recorded data set is then expanded using bootstrapping to generate additional samples for the
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noise levels. Bootstrapping creates new datasets from a recorded dataset by randomly resampling
from the original set. From this estimated noise distribution it is possible to determine the covariance
matrix of the instrument. This information is in turn used to draw a signature of the noise that is added
onto the signal. This step is shown in the middle panel in Figure 5.2.
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Figure 5.2: Example of the retrieval process of the model at A = 12 um. On the left the planet signal is shown with no noise
applied, in the middle the orange line shows the noisy signal that is fed to the fitter on the right a successful fitting is observed.

5.4. Retrieving planetary parameters

The final step in the model is to retrieve the actual planetary parameters from the noisy signal, shown
in the third step in Figure 5.2. To do this in the code, the Non-Linear Least-Squares Minimization and
Curve-Fitting for Python (LMFIT) python module was used [29]. The module has been developed for
the fitting of complex models for non-linear least-squares problems. Compared to other libraries it
simplifies keeping track of the variables in the fitting by using a Parameter object which can be defined
by the user.

In the code this Parameter object needs to be defined to specify the variables that can be changed by
the fitter. The planets were simulated with four planetary parameters summarized in Table 5.2. Together
with the parameters, the asim object is fed to the fitter, so that it can recreate the modulation signal
with the same instrumental parameters. The fitter then tries to match the original signal by varying the
planetary parameters.

Table 5.2: The planetary parameters used in the model. A source is inputted by these four characteristics and at the end the
model outputs the performance of retrieving these.

Parameter Symbol Unit Description

Radius R R, The radius of the planetary body

Temperature T K The (black body) temperature of the planet

Separation Sep mas The angular separation between the star and the planet
Position Angle PA deg The planet’s angle with the vertical axis in a face-on view

A summary showing the process used to generate and consequentially fit the planet signal is shown
in the block diagram in Figure 5.3. For the single planet case an Markov Chain Monte Carlo (MCMC)
simulation was used to sample the posterior distribution of the parameters. The MCMC was used to
verify that the results obtained by a single iteration were not merely an accidental result. It was found
that the results from this simulation matched the single fitting results closely in cases of high SNR and
were therefore not implemented in later stages to save computational costs for the simulations.
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Figure 5.3: Block diagram of the fitting process in SCIFYsim from the input of the planetary parameters to the retrieval from the
noisy signal. The yellow box shows the functionalities which are part of SCIFYsim.

5.5. Origin and impact of correlations

From the fitting process the estimated values for the parameters are returned together with the as-
sociated uncertainties. The LMFIT library also returns the strength of the correlations between each
parameter pair. In most research related to the performance of a nulling interferometer the planet yield
is used as the performance metric, [37, 32], which tends to neglect the presence of correlations that
may be encountered.

Some correlations occur as a direct result of the chosen model, for example using the black body
spectrum to model the flux a direct link between the radius and temperature is introduced. For the
other parameters however the correlation origin is less obvious. The encountered correlations can be
split into two categories temporal correlations and spectral correlations.

The temporal correlations are not modeled in SCIFYsim, however they do occur in practice. They
occur due to time-dependent variations between the measurements, for example as a result of slow
vibrations in the spacecraft. In this research it is assumed that all the vibrations present are shorter
than the detector integration time and that the observation samples are all independent.

The spectral correlations are modeled during the characterization phase of the noise. In SCIFYsim
these spectral correlations originate due to user inputted OPDs between the beams. These OPDs
introduce a spectrally dependent phase shift, described in Equation 5.1. It was demonstrated in chap-
ter 4 that the transmission maps of the instruments are spectrally dependent and therefore these phase
shifts will also leak into the final results.

Ap = 27%5 (5.1)
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Constraining exoplanet parameters in nulling interferometry

A configuration comparison study for a single spacecraft mission

L. Greijn'

Faculty of Aerospace Engineering, Delft University of Technology

ABSTRACT

Context. In preparation of a large-scale nulling interferometry mission aiming to detect and characterize Earth-like exoplanets, it is
required that key technologies are demonstrated in a space environment. Design trade-offs for a large mission have assumed long,
reconfigurable baselines. However, it is uncertain that the same design performs best for a smaller mission with shorter, fixed baselines.
Aims. This research aims to compare the performance of three possible nulling configurations, a linear double Bracewell, a rectangular
double Bracewell and a off-center kite shaped kernel nuller, on their ability to constrain the temperature, radius, and position of an
exoplanet during the mission detection phase.

Methods. The configurations are c ompared by planetary signal simulations p erformed u sing the s imulation s oftware SCIFYsim.
The configurations are compared based on three categories (1) performance for a single planet case, (2) the introduced correlations
between planetary parameters, and (3) the performance in a two planet case.

Results. The analysis indicates that the configurations performed similarly when modeling a single planet system, with the linear
configuration showing a slight advantage. Regarding the parameter correlations, the kernel configuration exhibits the least correlations
between fitted parameters. In the two-planet system, both the rectangular and kernel configurations achieve the highest accuracy in
retrieving planetary parameters, though the overall performance remains relatively similar across configurations. Notably, despite the
blurry signature of the two planet system in the matched filter map for the linear configuration, the fitting process is able to retrieve
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the planetary parameters.

Key words. Nulling interferometry — Kernel nulling — Double Bracewell — SCIFYsim

1. Introduction

The Large Interferometer for Exoplanets (LIFE; Quanz et al.
2022) is a mission initiative currently under development. The
goal of LIFE is to detect and characterize terrestrial exoplan-
ets, potentially answering long standing questions on the at-
mospheric and surface conditions of exoplanets. To character-
ize these distant worlds it is of interest to observe them in the
mid-infrared (MIR) wavelength. This domain allows the deter-
mination of the planet’s temperature and radius, needed to in-
fer the planet density and to make preliminary characterizations
of its atmosphere Tacconi et al. (2021). Additionally, a number
of Earth’s atmospheric molecules show absorption bands within
this wavelength range.

To address the key challenges of direct detection of the ther-
mal emission, namely achieving high contrast and high angular
resolution, LIFE employs nulling interferometry. Nulling inter-
ferometry is a technique that is used to cancel, or null, the light of
a star, to reveal a faint nearby planet. This is achieved by interfer-
ometric combination of the incoming light in such a way that the
stellar light is destructively interfered, while catching a poten-
tial faint planet in a constructively interfered region (Bracewell
1978). With nulling interferometry the requirements on the tele-
scope size are relaxed compared to other high contrast methods,
such as the use of a coronagraph.

The LIFE mission concept involves a constellation of five
formation-flying spacecraft: four to collect incoming photons
and one to combine the light beams (Dannert et al. 2022). Be-
fore such an ambitious large-scale mission can be realized it
is critical to demonstrate key technologies. Currently there are

ongoing developments for a single-spacecraft precursor demon-
strating the use of space-based nulling interferometry for the de-
tection of exoplanets. The boundary parameters for the mission
have been established, however the configuration of the collect-
ing telescopes and the beam combination strategy remain under
evaluation (Loicq et al. 2024).

Following from the legacy of previous space-based nulling
interferometry proposals, like Darwin (Leger & Herbst 2007)
and Terrestrial Planet Explorer Interferometer (TPF-I) (Beich-
man et al. 2006; Lawson et al. 2008), the leading design sug-
gestion tends to be a rectangular double Bracewell configuration
(Lay & Dubovitsky 2004; Dannert et al. 2022). In this geom-
etry the telescopes are placed in a rectangle creating two sets
of baselines, the longer, imaging, baseline that can be used for
high resolution interferometry and the shorter, nulling, baseline,
that can be used to null the stellar light (Glauser et al. 2024).
Using this architecture the 4 beams collected by the telescopes
are combined into four outputs, two bright outputs in which the
stellar light is focused and 2 dark outputs which are used for
exoplanet observations.

This rectangular double Bracewell is the leading design for
a free flying configuration, in which the baselines can be re-
configured. However, the question arises if this result holds true
for a fixed setup with much shorter baselines. Over the decades
since the first proposal by Bracewell (1978) a number of alter-
native configuration have been proposed. Examples include the
linear double Bracewell configuration (Angel & Woolf 1997),
in which the collecting telescopes are arranged in a linear fash-
ion, and more recently, a novel approach known as as kernel
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nulling (Martinache & Ireland 2018). Kernel nulling can be used
for any number of collecting apertures (Laugier et al. 2020), but
its effectiveness relies on non-redundant baselines, favoring non-
symmetric layouts.

This study aims to address the question: how does a single
spacecraft four-telescope kernel nuller compare to a linear and
rectangular double Bracewell configurations in providing con-
straints on top-level planetary parameters during the detection
phase of a space-based nulling interferometry exoplanet find-
ing mission? The comparison will be performed using computa-
tional simulations. The evaluation of the performance is based on
three criteria; (1) single planet performance, (2) the correlation
levels between the planetary parameters and (3) the performance
when expanding to a two-planet system.

2. Methodology

To simulate the configurations SCIFYsim (Self-Calibrated In-
terferometry For exoplanet spectrscopY) was employed. SCI-
FYsim is a python module designed to simulate nulling inter-
ferometers. It was originally developed for applications in the
development for instruments at the Very Large Telescope Inter-
ferometer (VLTI), however it can also be applied to alternate
instruments (Laugier et al. 2021). SCIFYsim employs an inte-
grated approach that combines multiple models to simulate the
systems. This section will first provide an overview of the mod-
els used by SCIFYsim and, following this, the setup of the tested
cases will be discussed.

The global parameters of the space mission used for the sim-
ulation initialization are summarized in Table 1. The analysis is
performed during the detection stage of the mission, in which
a limited observation time is available per observed system. A
broad wavelength band, ranging from 4-18 um, is divided into
60 equally spaced spectral channels.

Table 1. Mission parameters used in the configuration of the simulator
for the single spacecraft testbed

Parameter Value

Aperture diameter 2m
Number of apertures 4

Maximum spacecraft length 15m
Spacecraft rotation rate 1.745¢™* rad/s
Total instrument thoughput 5%

Spectral range 4 — 18um
Number of spectral bins 60

The observation parameters shown in Table 2 were used in
the initialization, it is assumed the observed system has a sun-
like host star. The observation duration of 10 hours in combina-
tion with the rotation rate of the spacecraft, means that one full
spacecraft rotation is made during the observation.

2.1. Modeling the nulling interferometers

With these global mission parameters the individual configura-
tions can be modelled. This section will discuss how the nulling
process is modeled within SCIFY sim.
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Table 2. Observation parameters used in the SCIFYsim simulations.
The simulated host star is a sun-like star at a distance of 10 pc. The
observations are assumed to take place in the detection stage of the mis-
sion.

Value

Observation duration 10h

Observation date & time 2020-10-20, 00:00
Observation samples 62

Distance to planetary system 10 pc
Temperature host star 5772 K

Parameter

2.1.1. Array geometries

In a nulling interferometer the system response used to block
the stellar light is a directly related to the relative position of
the collecting apertures. A description of the individual system
responses will be discussed in 2.2. A sketch of the geometrical
layout of the three compared configurations is provided in Figure
1.

Each of the configuration has a maximum length of 15 me-
ters, and features multiple baseline pairs which are combined to
generate the outputs. In Figure 1, the baseline pairs for the linear
and rectangular double Bracewell configurations are 1-2 and 3-4.
For the kernel configuration all baselines are used in the nulling
process. In this work the possible mechanical and optical impli-
cations of a chosen geometry, such as stiffness and the optical
train design are neglected in the comparison. The configurations
are analyzed solely from a signal based perspective.

Linear
(:) 4.5m (:) 6m 9 4.5m e
Rectangular

5
3 )« 15m »(4

6m 6m
1 < 15m > 2
Kernel

Fig. 1. Geometrical layout of the apertures, from top to bottom linear
double Bracewell (blue), rectangular double Bracewell (red), and kernel
(green). The baselines are measured from the center of each aperture.

2.1.2. Beam combination

The beam combination of the instruments is modeled in SCI-
FYsim using a matrix-based approach, first introduced by Guyon
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et al. (2013), a detailed description of his model can be found in
part I of the thesis in Section 4.2. In Guyon’s model the oper-
ations of the nuller are modeled by linear combinations of the
input vector V, where V represents the complex amplitudes at
the entrance of the system. The combinations linking the inputs
V to the outputs W, and thus the the operations of the nuller, are
documented in matrix U or simply

wW=UV €))

It is important to note that in this relation U is independent of
the geometric positions of the apertures, which are incorporated
in matrix V. The detector recording the measurements registers
the intensity, I, where I = |[W?2|. It is the modulation of this in-
tensity value over time which is used to reconstruct information
about the observed planetary system. Due to the independent na-
ture with respect to the array geometry both double Bracewell
architectures (linear and rectangular) are described by the same
combination matrix Uy,.

V2 2 0 0

2 2
05 =05
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From matrix Uy, it follows that the double Bracewell de-
signs have two bright outputs, the top and bottom row, in which
the stellar light is interfered constructively and two dark outputs,
described by the middle rows, from which the planet information
can be reconstructed. These two dark outputs are recombined in
order to create a single differential output and therefore lead to
only one observed signal.

The kernel design used in this work is a 4x7 combiner, where
the four input beams are combined into seven outputs and in-
stead of two dark outputs in generates six. Its operation can be
described using matrix Uy, shown below. These six dark outputs
can be recombined into three independent differential outputs.

rl 1 1 1 7
2 2 2 2
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4 4 4 4
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Uker =% -4+ —¢+ -+ 3
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2.2. Transmission maps

Guyon’s model separates the geometry and beam combination
elements of the instrument, so that they may be optimized sepa-
rately. However, it is their combined effect which determines the
overall performance. This combined effect can best be shown in
the transmission map, which displays the transmission pattern
created by the beam combination mapped on the sky plane. It
can be thought of as a sieve that filters the photons that reach the
detector.

The differential transmission map for the linear configuration
is displayed in Figure 2. The two dark outputs from the combi-
nation are recombined into this single differential map by a pair-
wise combination, leading to negative values in the map. The

observed target star is located in the central null on the optical
axis at [0,0]. It is important to note that the transmission maps
have a spectral dependence and will scale as a function of the
wavelength. Therefore the interferometer has different sensitiv-
ity regions in the field plane depending on the spectral regime,
the impact of this will be discussed in Section 2.3. Addition-
ally, as the spacecraft rotates, so will the transmission map. It is
this rotation which creates the a modulated signal that used to
find the planets. For this linear array this modulation pattern will
therefore have a sine-like path.

Differential transmission map linear, A = 4e-06[m]
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Fig. 2. Differential transmission map for an on sky view of 600 by 600
mas of the linear double Bracewell architecture at spectral bin 4 = 4
um. The color mapping shows the transmission in ph/s/m?. The negative
values originate from the subtraction of the two dark outputs.

The transmission map of the rectangular double Bracewell is
displayed in Figure 3. The two-dimensional nature of the array is
also reflected by the two dimensional spacings in the fringe pat-
tern shown in the transmission map. In both Figure 2 and Figure
3 it can be observed that the instrument response starts to de-
cline at the edges of the field. The field of view is limited by a
single mode spatial filter, which is a part of the optical train in
order to improve the quality of the wavefront and thus improve
the achieved contrast Ollivier & Mariotti (1997).

Differential transmission map rectangular,A = 4e-06[m] le-16
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Fig. 3. Differential transmission map for an on sky view of 600 by 600
mas of the rectangular double Bracewell architecture at spectral bin A =
4 pym.

Finally, the transmission maps of the kernel configuration is
shown in Figure 4.
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Fig. 4. Differential transmission maps for an on sky view of 600 by 600 mas of the kernel nuller at spectral bin A = 4 um. The three differential
outputs show the combination of the six dark outputs. Output 0: combination of output 1-2, output 1: combination of 3-4 and finally output 2 the

combination of 5-6.

The additional splitting of the signal into six dark outputs
leads to three independent transmission maps. When observing
a planetary system that also implies that three independent mod-
ulation signals are created during the observation. However, as
the same input signal is split, the amplitude of the kernel sig-
nals will be lower compared to the same observation in a double
Bracewell configuration.

With the model of the nulling interferometers established a
prediction of the received signal can be made. Placing a planet
at a distance of 130 mas from the star and assuming no noise is
present, the hypothetical signals at the spectral channel A4 = 6.4
pm is shown in Figure 5.

Modulation signals for each configuration at A = 6.4 yum
Planet parameters: T= 300K, R = 0.03 R;, sep = 130 mas, PA = 0 deg
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Fig. 5. The modulation signals in a noise-free case for the three con-
figurations following from the transmission maps at spectral bin 6.4um.
The planet simulated planet is located at 130 mas from the central star
with a radius of 3.3 R, and a temperature of 300 K

2.3. Spectral effects

It was mentioned in 2.2 that the instruments have a variation in
their sensitivity that is wavelength dependent, due to the scaling
of the transmission maps. The impact of this scaling is signif-
icant as a result of the relatively broad spectral range used for
the mission. The impact can be quantified using the modulation
efficiency, which is defined as the absolute value of the standard
deviation of the modulation. It is analogous with the amplitude
of the signal produced by a planet at a given separation from its
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host star for a specific wavelength. The higher the modulation
efficiency, the ’stronger’ the signal produced by the planet. To
show the most extreme cases, the modulation efficiency of the
first and last spectral channels of the rectangular array is shown
in Figure 6.
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Fig. 6. Modulation efficiency of the rectangular array at A = 18 um (red)
and at A = 4 um (blue). The orange circle displays the % value at A =
10 um, which can be used as the border for the sensitive region of the
instrument.

From Figure 6 it can be observed that the rectangular array
has some low sensitivity regions in certain spectral channels,
where the signal of the planet almost disappears. These occur
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due to undesirable null regions in the transmission map. The or-
ange circle in the graph shows the separation % value at 4 = 10
pm. For these configurations located at

10pum
Sep =
°P 15m

~ 127 mas

This is the separation at which a planet will begin to create an
modulation at the higher wavelength channels. It thereby indi-
cates the minimum separation at which the full instrument be-
comes sensitive to planetary signals. A drawback of the broad
wavelength range also comes to light when looking at Figure 6.
In the region where the higher wavelengths first start to gener-
ate signal, the signal generated by the shorter wavelengths are
already starting to decline.

To visualize the efficiencies of the different configurations at
each spectral channel Figure 7 can be used. The curves again
show the modulation efficiency as a function of angular separa-
tion, but this time all spectral channels are displayed. It is like
plotting the modulation efficiency value at each spectral chan-
nel, shown in Figure 6 starting from the center of the plots, at 0
mas separation, to the edge. Due to the centrosymmetric nature
of the plots this efficiency is independent of the position angle of
the planet. As the separation increases, the efficiencies all start
to slope downwards due to the limited field of view. The larger
the surface underneath the curve, the larger the region for which
the sensitivity of the instrument is maximized.

Comparing the performance of the configurations it can be
observed that the rectangular array has the fastest sensitivity de-
cline, at only one third of the efficiency in the higher spectral
channels, the efficiency in the lowest channel has already re-
duced by about 67%. The linear and the kernel configurations
have a similarly sized area underneath the graph. The linear con-
figuration peaks higher in terms of efficiency compared to the
kernel, due to the higher amplitude of the signal. However, the
kernel maintains a relatively high sensitivity at each wavelength
for a longer range of separations. and the drop in its performance
is more gradual than those of the double Bracewell configura-
tions.

2.4. Modeling the noise

During the journey of the signal from the planetary system to the
instrument’s detector, a variety of noise impacts the signal qual-
ity. In previous work extensive analysis is performed on which
noise sources can be expected originating both externally and
within the nulling interferometer itself (Lay 2004, 2006; Dan-
dumont et al. 2020). The impact of the external noises, such as
those generated by zodiacal effects, thermal emission, and leak-
ing stellar flux can generally be predicted. However it is the in-
strument perturbations which are still a topic of uncertainty (Lay
& Dubovitsky 2004).
Within SCIFYsim the following effects are modeled:

Thermal emission and absorption of the optics
Photon noise

Detector noise

Instrument perturbations, such as vibrations.

The main noise effects not modeled in the simulator are the
zodiacal dust (both local and exozodiacal) and static biases or
offsets that may be present in the final design. These will both
have an impact on the final measurements (Defrere, D. et al.
2010; Ertel et al. 2020) and should be taken into account for
more detailed design iterations.

To characterize the noise during an observation a baseline
observation is made. In this observation only the star is modeled
without a planetary companion. The registered ’signal’ on the
detector then provides an indication for the noise levels present
during an observation. To provide a complete characterization
the noise is resampled to provide a more robust distribution us-
ing bootstrapping (Zoubir & Iskandler 2007). This process is re-
peated on a series of observation frames which are assumed to
be independent, and thereby temporal correlations are neglected.
This registered noise distribution is summarized in the covari-
ance matrix of the instrument. When modeling planetary sys-
tems a random draw is performed, based on the covariance level
of the instrumental noise. This noise is then added onto the sig-
nal to mimic a randomized, realistic, noisy signal.

Due to the uncertainty related to the instrumental noise and
the exclusion of exozodiacal effects within SCIFYsim, it is a
comparison of the relative performance of the configurations
which is relevant. This research does not provide absolute con-
straints on the instrument performance.

2.5. Modeling the planetary systems

Having characterized the instrument model, the modeling of
the observed planetary systems is explored next. In SCIFYsim
the planetary systems are modeled using a blackbody spectrum.
From Planck’s law it follows that the spectral radiance of a black
body is described by

2hc? 1

BiT) = —5 Zerar — 1

“

Where the intensity B,(7T) is the spectral radiance, represent-
ing the power per area per unit wavelength. 7', is the temperature,
h is the Planck constant, x is the Boltzmann constant, A is the
wavelength, and ¢ the speed of light. To find the flux received by
the emitting body the spectral radiance should be integrated over
the solid angle or mathematically

Fiszﬂ(T) cos 0dQ 5
Q

Where F, is the flux for a given wavelength, Q is the solid an-
gle, and 6 the angle the emitting body extends to relative to the
optical axis. Since the observed planets located at a very large
distance from the instrument and thus R << D, the relation can
be written as

P = Bn(X)

Integrating over the full wavelength spectrum for a spherical sur-
face the total power emitted reduces to Equation 6.
P = 47R’0T* (6)

Where R is the radius of the body, T is the temperature and
o the Stefan-Boltzmann constant. In reality the power emitted
by the body will be lower due to the limited wavelength range
used. Despite the long distance between the instrument and the
observed systems, the bodies are modeled as extended sources.

instead of point sources, due to the impact their size has on the
geometrical leakage through the null.
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Fig. 7. Modulation efficiencies as a function of separation for each spectral channel. With the linear configuration on the left (blue), rectangular in
the middle (red), and the kernel on the right (green). The orange line shows the % separation at 10 um.

To generate a signal in the model four planetary parameters
must be provided:

R The planetary radius
T The planets blackbody temperature

Sep The angular separation between the host star and
planet

PA  The position angle of the planet w.r.t. the vertical
axis

A sketch displaying the definition of the position angle and sep-
aration is provided in Figure 8.

Fig. 8. Sketch of the observed planetary system viewed face-on, show-
ing the definition of the separation and the position angle used. The
drawing is not to scale.

2.6. Planet Reconstruction

To reconstruct the input parameters from the simulated noisy
signal, the non-Linear least-squares Minimization and curve-
FITting python library, (LMFIT; Newville et al. 2015), is used.
The advantage of this library is that it simplifies the tracking of
the parameters and easily incorporates setting parameter bound-
aries. Another benefit of employing LMFIT is the automatically
generated fitting report which logs fitting data. After the fitting
is completed LMFIT returns the estimated parameters based on
the signal that was inputted, and a report. This report containing
data such as the uncertainties and correlations associated with
the found parameter values as well as general data on the perfor-
mance of the fit.

For the single planet case an additional check was imple-
mented with a MCMC (Markov Chain Monte Carlo) simulation
to verify the convergence of the model. The MCMC simulation
samples many values in order to estimate the posterior distribu-
tion of the estimated parameters. The Markov Chain especially
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works to focus on regions of high likelihood (Diebolt & Robert
1994). In general it was found that the MCMC simulation results
matched those from a single LMFIT-fitting closely and to save
computational costs it was not re-implemented for the two planet
case.

2.6.1. Single planet case

To reduce the scope of the investigation some boundaries are
placed on the set of planetary systems being modeled. Firstly,
due to the focus on temperate exoplanets, a planetary blackbody
temperature of 300 K was assumed. Secondly, in a, face-on, sin-
gle planet system the position angle only determines the starting
point of the modulation sequence, and therefore does not need
to be varied when observing only a single full rotation, like is
done in this case. Finally, as was established in subsection 2.3,
the sensitivity region of the full instrument starts at a separation
of about 130 mas.

For the single planet case a MCMC simulation was imple-
mented for ensure that the found parameters of a single fitting
result were not merely coincidental. To visualize the found pos-
terior distributions of the MCMC simulation a corner plot can
be used which displays the relationship between the different
parameters. In Figure 9 a simplified sketch of a corner plot is
shown. The black outlined scatter plots each show a pair of pa-
rameters as a result of one iteration is plotted with respect to
another. The shape created by the distribution of the points then
illustrates correlation associated with this pair of parameters. In
the sketch in Figure 9 a positive correlation between parameter
A and B as can be observed by the oval outline bordering the
distribution in the top left scatter plot. Contrarily parameters A
and C are much less correlated, indicated by the circular shape
of the cluster. On top of the parameter scatter plots, a corner plot
displays the total distribution of the parameter using a histogram
on the diagonal.

The performance of the configurations is evaluated based
on the relative accuracy of the found mean value and the cor-
responding uncertainty compared with the original input value.
The simulations are started in favorable conditions with the ini-
tial guessed value located at 5% above the true value. The sim-
ulation is performed for a variety of planet sizes to determine at
which planet size the configurations are able to converge to the
true value.
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Fig. 9. Sketch showing the setup of a corner plot. In the black boxes the
tested parameters, labeled A, B, and C, are plotted with respect to each
other, the blue shapes contouring the distribution indicate the level of
correlation between parameters. The red boxes show a histogram of the
underlying distribution for the parameter in that column.

2.7. Modeling parameter correlations

The second category used to assess the performance of the con-
figurations are the correlations between the parameters that fol-
low from the fitting process. Some of these correlation can be
explicitly traced, such as the use of a black body spectrum, de-
scribed in Equation 6. Introducing a direct link between the ra-
dius and temperature of a modeled body. However, other corre-
lations originate less obviously.

Spectral correlations in the model are introduced via phase
differences between the beams. In the simulator these are in-
putted manually by the user by introducing a piston to the beam
in the configuration file. In an actual instrument they could be
the result of imperfections in the instrument such as chromatic
aberrations, detector errors or due to the spectral binning. In the
model they propagate into the results through the introduced op-
tical path differences, they can be described using Equation 7

Ap = 277TAS (7)

Where A¢ is the introduced phase shift, A is the wavelength
and As is the optical path difference introduced due to the piston.
Equation 7 shows the spectral relation of these OPDs. While the
presence of correlations is not inherently problematic, it is rele-
vant to evaluate how strong they are and how they may in turn
influence the results.

To assess the correlations for the configurations a sampling
approach is used. The on-sky view divided into pixels, a planet
with a fixed radius and temperature is then generated and moved
iteratively through the gridded map. The resulting fitting report is
created for each planet location and the correlations per param-
eter pair are stored. A sketch of the approach is shown in Figure
10. To display the results a map is created for each parameter
pair, where the color indicates the strength of the correlation for
the given pair at each planet location. In other words, the squares

in the grid in Figure 10 are then colored for the strength of the
correlation between the parameter pair.

To evaluate the performance of the configurations with re-
spect to their correlations the behavior of the correlation for the
different parameter pairs is compared. In general, lower corre-
lation levels are favored. The correlation behavior is also com-
pared with the uncertainties of each performed fitting to establish
their impact on the fitting results.

s

Fig. 10. Sketch of the correlation mapping approach. A planet with a
fixed radius and temperature is sampled at each position in the grid. At
each sampling the correlations between the parameters are recorded.

2.7.1. Two planet case

The final evaluated case is the performance of the systems in
a two planet case. Adding another planet into the system leads
to a superposition of the two signals. It therefore introduces a
challenge to disentangle the contributions from both planets in
the signal. The detection of planets in multi-planet systems is an
ongoing challenge. A common strategy is to detect the planets
sequentially. After a planet is detected it’s signal is removed and
the search is continued.

During this research the goal was not to solve this disen-
tangling challenge. Instead the focus was placed on making a
preliminary characterization of each configuration’s behavior re-
garding the relative position of the two planets. No sequential
approach was implemented, the planets were instead identified
simultaneously by fitting the eight inputted planetary parame-
ters, namely the temperatures, radii and positions. For this a case
was tested where the inner planet was kept at a fixed location
and a second planet sampled at a relative position angle from 0
to 180 deg, a sketch is provided in Figure 11.

Fig. 11. Sketch of the modeled two planet system, the inner planet (blue)
is kept fixed while the second planet (red) is sampled at different posi-
tion angles between 0 and 180 degrees

To determine the performance of the planet fitting a similar
comparison is performed as for the single planet case described
in Section 2.6.1. The fitted parameter mean and uncertainty is
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compared to the true value at each sampled relative position an-
gle.

3. Results

Now that the model has been explained and the approach per
evaluated case has been established, this section will continue
with the results of the simulations. The results will be discussed
per category, starting with the single planet case, in Section 3.1,
and following this the assessment of the correlations, in Section
3.2, and the two planet case in Section 3.3.

3.1. Single planet performance

Like described in Section 2.6.1, the separation, position angle
and temperature were kept constant and the size of the planet
was used as the variable. The fitting was sampled in a MCMC-
simulation. The performance of the configurations with respect
to a varying planet size is displayed in Figure 12. The figure
shows the four planetary parameters that were fitted each in an
individual plot.

It can be observed that for the small planet sizes, between
1-2 R, the fittings did not converge. Due to the correlated nature
of the parameters in the model, if the fitting only successfully
determined one parameter this does not mean that the fitting ac-
tually converged to the correct minimum. For example at 2.2 R,
the rectangular array seems to be spot-on in determining the ra-
dius, however its mean for the temperature was located at 670
K, over twice as hot as the input temperature. To preserve the in-
formation of the fitting performance for the correctly converged
points the plots have been zoomed in, thereby cutting some of
the failed convergence results.

For the defined planetary parameters it can be observed that
the linear and kernel systems start to converge at planet sizes
around 3 R,. The rectangular array follows relatively quickly and
reaches the true value around 4 R,. The kernel nuller does show
an occasional overestimation especially regarding the tempera-
ture/radius relation around 5 R,.

The performance of the configurations is thus quite similar
for the varying planet size scenarios. As mentioned in subsec-
tion 2.4, it is important to note that this research is focused on
the relative performance and more advanced models are needed
to set the true limits of the system. To verify the obtained re-
sults the same simulation was performed with the variable set to
respectively the temperature and the separation. These showed
similar performance results and they are included in Appendix
A in Figures A.14 and A.15.

Like expected the performance of the systems generally im-
proves when the planet size increases. Once the initial conver-
gence is achieved the linear configuration seems to be most con-
sistent across the tested scenarios. The rectangular array takes
longer to converge to the correct scenario, after which its perfor-
mance stays consistent as well.

Comparing the transmission maps of the linear configura-
tion, in Figure 2 with those of the rectangular setup, in Figure 3,
the linear pattern is only interrupted in one direction. This means
that as long as the planet is located within the field of view it will
show a fairly constant modulation signal in all spectral channels.
In contrast, the rectangular array has more blind spots in the map,
especially at higher wavelength channels, where the modulation
may temporarily disappear in some spectral channels due to a
gap in the pattern of the transmission map. Also reflected in the
modulation efficiency at 130 mas shown in Figure 7. These drops
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in sensitivity may explain why the rectangular array has slightly
more trouble converging.

The kernel configuration also has gaps in the transmission
map, however, due to the generation of three independent sig-
nals it is unlikely that the signal fully disappears. Compared to
the double Bracewell setups, the splitting of the incoming signal
leads to a lower signal amplitude in the individual modulations,
shown in Figure 5. This might explain why the kernel configu-
ration performs more inconsistently when determining the tem-
perature and radius. These parameters are directly related to the
flux, and thus amplitude, of the signal. In contrast, the kernel
nuller performs much better in determining the position of the
planet. The positioning in turn is linked to the intersection points
of the modulation, for which it obtains more information com-
pared to the linear and rectangular configurations.

To demonstrate the impact of correlations on the results and
to visualize the distributions behind the points in Figure 12, a
look can be taken at the corner plot shown in Figure 13. The
results at each iteration of the MCMC-simulation are shown in
the scatter plots. The correlations for each parameter pair are
visible. It can be seen that for this case the kernel configuration
is less correlated in terms of separation and temperature/radius,
due to the more circular distribution of the points. The double
Bracewell configurations show a respective positive correlation
with temperature and a negative correlation with radius. Addi-
tionally, it can be observed that for the distributions involving
the radius the distribution of the rectangular array is skewed and
shows a non-Gaussian behavior. The expected strong correlation
of radius and temperature is visible in the bottom right scatter
plot where for all configurations the points are almost on a line.

3.2. Parameter Correlations

The second category assessed is the behavior of the correla-
tions between the parameters. The correlations shown with the
MCMC corner plot in Figure 13 are just for one specific case.
To visualize the behavior in a broader context the correlations
are mapped on a sky view. Which is achieved by moving a sim-
ulated planet trough a gridded view of the on sky map, as dis-
cussed previously in Subsection 2.7. The resulting correlations
for each parameter pair and configuration is shown in Figure 14.
The expected strong negative correlation between radius and
temperature due to the blackbody model is immediately visible
in the top right plot for each configuration. The correlations dis-
played in Figure 14 are determined with only a single iteration,
due to the significant computational cost with the high number
of points being assessed. Therefore, some pixilated regions can
be found near the [0, 0] locations where the fitting failed to con-
verge as a result of the low sensitivity of the instrument at these
separation levels. The high sampling rate during the spacecraft
rotation is shown in the centro-symmetric nature of the maps.
Comparing the two double Bracewell configurations some
differences can be observed. Firstly, strong correlations are seen
between the separation and flux (radius/temperature), in the left
columns. The linear configuration shows a strong correlation in
a relatively wide circle around the star, and reduces around the %
at 10 um separation to an opposite, lower correlation level. The
rectangular array in turn shows a ringlike structure in the param-
eter correlations as the planet is moved away from the star. The
strength of these correlations decreases at slightly lower sepa-
ration compared to the linear setup just before the indicated %
separation. Secondly, from the middle columns in Figure 14 it
can be seen that position angle shows very little correlation for
the double Bracewell setups, when zooming in only a faint spi-
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MCMC Fitting results of the configurations w.r.t. planet size
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Fig. 12. MCMC-fitting results from the single planet modeled system with respect to a varying planet radius. The planet has a temperature of
300 K, a separation from the host star of 130 mas and is located at a position angle of 0 degrees. The different colors represent the different

configuration, the inputted value is indicated in the plot by a green cross.
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Fig. 13. Corner plot of MCMC fitting in a single planet case. The input
is a planet with PA = 0 deg, separation = 110 mas, R =4.4 R, T = 300
K. The red cross indicates the input value in the scatter plots.

ral pattern can be observed for both setups, the strength of the
correlations remains <0.25.

The kernel configuration also shows relatively strong corre-
lations between the parameters close to the star, within the low-
sensitivity region. The separation shows a constant low corre-
lation with the position angle in the top left plot for this setup.
In contrast to the linear and rectangular setups, in the middle
column correlations can also be observed with respect to the po-
sition angle at the lower separations.

Firstly, comparing the results of the correlations with respect
to the separation, shown in the left columns of Figure 14. The lin-
ear and rectangular array configurations maintain relatively high
correlation levels at greater separations compared to the kernel
configuration. This higher correlation across the field of view for
the double Bracewell configurations might be due to the single
signal obtained at every spectral channel. The fitter is more prone
to compensating errors in the fitting by adjusting another, given
the limited data to constrain the fit. In contrast, the kernel design
requires matching of three independent signals at each sampling
point and channel, and compensating with the wrong parame-
ter is more likely to introduce errors in the other signals, which
likely reduces the extent of correlation observed.

The kernel configuration, however, shows strong correlations
with respect to position angle, whereas these are negligible in
the double Bracewell configurations. This lack of correlations
in the double Bracewell nullers can likely be attributed to lim-
itations in the modeling. It is assumed in the model that each
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Fig. 14. Correlations between the parameters as function of the planet position for the three compared configurations. Each individual plot shows
the correlation between one pair of parameters. The correlations are mapped on sky with the host star being located at [0,0]. Red shows a negative
correlation and blue a positive one. The orange arch in the center displays the % value at 10 ym.

sampled observation is independent, therefore temporal corre-
lations in the signal are not modeled and the results in Figure
14 show only spectral correlations. The position angle is deter-
mined from the timing in the modulation and not from spectral
effects like the other parameters. In the single output of the dou-
ble Bracewell configurations the correlations associated with this
parameter therefore likely do not show, even if they in reality
might be present. The kernel configuration on the other hand has
three independent signals at each timestamp and wavelength bin,
and therefore these temporal correlations become visible.

To compare the impact of the correlations with the perfor-
mance of the fit, the standard errors of the individual parame-
ters sampled at the same time as the correlations can also be
mapped, shown in Figure 15. It can be observed, as expected,
that the highest uncertainties occur close to the star where the
instrument is not fully sensitive. The linear configuration shows
the lowest uncertainties across the field. The kernel configura-
tion shows similar behavior, however more uncertainty can be
observed regarding the radius and temperature compared to the
linear setup. The rectangular array shows higher uncertainty lev-
els, again especially for the radius and temperature. Here the ring
like structure that was seen for the correlations also returns for
these parameters.

3.3. Two planet system

The final evaluated category is the performance for a two planet
system. The main relation evaluated here is to evaluate the ability
of the configurations to fit the parameters with respect to the
relative positions of the planets.

Before delving into the results of the full range of tested po-
sition angles a first brief look will be taken at the matched filter
maps of a two planet system. In a matched filter a relatively weak
signal is extracted from noisy data, this is done by assessing the
correlation between the signal and a single planet (point) source.
The color in the matched filter map, therefore shows the like-
lihood that the received signal originated from that location. It
is not an image of the observed system. The data in these maps
should therefore be treated somewhat carefully. However, they
can be useful to help visualize some signal properties and to pro-
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vide a starting point for fitting the planet locations. The matched
filter maps for a two planet case with a difference in position
angle of 115 degrees are displayed in Figure 16.

Each of the configurations has a distinct signature in the
matched filter map as a result of the incoming signal. All three
show a relatively bright coloring around the true planet locations
indicating a sufficient signal to noise ratio to find the planets. The
planetary signal creates an antisymmetric signature in the plot.
This can lead to issues when one of the planets is located in the
other’s countersignature.

The linear configurations shows a blurred spread out signa-
ture between around the two planet locations and the found like-
lihoods in peak the highest for this configuration. The blurry
nature of the map is thought to present problems when de-
convoluting the planet signals (Lay 2005). The rectangular array
in contrast has a almost checkered pattern around the center and
more random noise can be seen due to the rougher surface in the
plot. The second planet, located at the red cross, has a relatively
low signature in the plot compared to the linear case. Finally
the kernel shows the two planet locations most clearly, with two
easily distinguishable yellow circles around the planet locations.

Now that a preliminary understanding of the signal behavior
has been discussed, a look can be taken at the fitting performance
for different relative positions. The setup of which was described
in Section 2.7.1. An overview of the results is found in Figure 17.
A set of eight plots is displayed. The two planets are separated by
50 mas, at 130 and 180 mas from the host star, the inner planet
fitting is showed in the left four plots and the outer planet on the
right.

Despite the differences in the matched filter maps in Figure
16 a decent fit is still obtained for all the configurations. Demon-
strating that the matched filter maps should be used with care,
even with the blurry nature of the map for the linear case the
fitter is still able to reconstruct the two planets.

The kernel configuration seems to struggle with the recon-
struction when the planets are almost in line at relative position
angles <25, and quickly improves in performance after this. This
behavior is observed for both the inner and outer planet. In a dif-
ferent tested scenario with the planets located further apart this
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behavior was not visible, the results of this iteration are included
in the appendix in Figure A.18.

For the parameters of the outer planet the three configura-
tions perform similarly. Looking at the inner planet the rectan-
gular and kernel configurations follow a comparable pattern and
are both very close to the correct values. Regarding the flux re-
lation, the linear configuration seems to overestimate the size of
the planet compared to its temperature, leading to a small offset
compared to the other configurations.

It is however important to note that this fitting is based on
a single iteration and only on one realization of the noise. It is
recommended that a more thorough analysis is performed before
being able to guarantee these trends in the observations.

4. Discussion

From these discussed results it is now possible to discuss the im-
plications of some of the modeling choices made in this research.

4.1. Limitations of SCIFYsim

As highlighted in Section 2.4, SCIFYsim does not model the
zodiacal effects or the temporal correlations. Exozodiacal dust
in the habitable zone of stars has the same temperature as the
modeled planets, approximately 300 K, and its effects will thus
also be strongest in the highest SNR spectral channel at 10 um
Ertel et al. (2020). The symmetric contribution of the dust can be
filtered by the the rotation of the array. However, the asymmetric
structures will degrade the quality of the results.

Inclusion of temporal effects between the configurations will
provide a more comprehensive overview of the noise present in
the signal. This is particularly relevant for double Bracewell con-
figurations, where each observation moment consists of a single
data point, making these susceptible to temporal effects. Both
of these limitations for SCIFYsim can be addressed with a more
advanced simulator model such as the use of PHRINGE (PHoto-
electron counts generatoR for nullING intErferometers), which
is capable of modeling both zodiacal effects and temporal corre-
lations to generate more accurate planetary signals (Huber et al.
2024).
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Fig. 17. Fitting results of the two planet fitting. The four plots on the left show the parameters of the inner planet and on the right the fitting of the
outer planet is shown. The dots show the fitted mean and the error bars indicate the standard error. The colors in the plot are linked to the different

configurations

Previous simulation performed in support of LIFE mostly
employed LIFEsim, which does incorporate zodiacal effects,
however in turn neglects instrumental noise. At the start of this
thesis no simulation tools existed that were developed suffi-
ciently to incorporate both these effects. It is expected that a
more thorough analysis of the noise affecting the systems a an
absolute evaluation of the performance can be achieved in com-
pliment to the relative analysis in this research.

4.2. MCMC implementation in the two planet case

Due to the limited computational capacity a MCMC-simulation
was not implemented for the evaluated two planet case. A com-
parison between single-iteration results and MCMC-derived pa-
rameters in the single-planet case showed close agreement when
the SNR was high, indicating that a single iteration can provide
reliable estimates in these favorable conditions.

In this study, the two planet system was modeled with rela-
tively large planets, of 5.5 R,, which could be constrained effec-
tively by the model. However, if the analysis was expanded to
smaller planets, closer to the system’s performance limit a sin-
gle fitting approach may no longer be sufficient. In these cases a
more advanced simulation is needed to ensure a robust estima-
tion of the parameters. The implementation of the MCMC sim-
ulation for a multi planet case could solidify the trends observed
in Figure 17.

4.3. Scope of the multi-planet systems

The dimensionality of the planet fitting expands rapidly with the
inclusion of additional planets. In this work only a limited as-
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sessment was performed to test the performance in a multi planet
case. Future work should aim to expand the scope of the param-
eter space that is evaluated. Both in terms of a two planet case by
incorporating variations of the separations and planet types and
by expansion to systems with more planets.

In this research a good fitting could be achieved for two plan-
ets with a relatively simple fitting method. Going to more com-
plex systems a more advanced strategy may be recommended.
For example by the employment of sequential fitting of the plan-
ets or by use of a Fourier analysis to disentangle the various
planet’s frequency contributions, or the implementation of ma-
chine learning algorithms in even more complex cases.

4.4. Overall performance

Comparing the performance of the different configurations
across all categories there does not seem to be a clear winner
that excelled in performance each time. Comparing the two dou-
ble Bracewell nullers the linear design shows a slight advantage
terms of the single planet fitting. The relatively simple transmis-
sion map and therefore sine-like modulation pattern seems to be
more easily retrieved by the fitter. There are no gaps in the trans-
mission map so the sensitivity within the field of view is very
consistent across the spectral channels. However, when expand-
ing to a two planet system this advantage seems to disappear
somewhat.

The kernel setup shows a lot of promise for multiplanet sys-
tems. The three independent signals lead to a great ability to lo-
cate the planets as was shown in the single planet fitting and
also in the matched filter map for a two planet case. The split-
ting of the signal does however seem to lead to more uncertainty
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when determining the flux of the signal and therefore with fit-
ting the correct temperature and radius. It might be that a higher
throughput of the instrument with more signal photons reach-
ing the detector this drawback may be compensated. The kernel
configuration also shows fewer correlations between the fitted
parameters.

The rectangular array performed slightly worse for the single
planet case. However, in the fitting of the two planet systems it
performed better in the tested case than the linear array. A more
robust analysis of the multi planet systems is needed to see if this
holds true.

5. Conclusion

In this research a comparison was made between three possible
configurations for a single spacecraft nulling interferometry pre-
cursor mission aiming to detect and characterize exoplanets. The
comparison was performed using an instrument simulator and
their performance was assessed based on three categories, (1)
their ability to constrain planetary parameters in a single planet
system, (2) the behavior of the correlations between the param-
eters in the fitting process and (3) their ability to fit a two planet
system.

5.1. Single planet case

For the single planet case, the size of the planet was made a vari-
able and the temperate planet was placed at a separation of 130
mas, where the instrument is sensitive to most observed wave-
lengths. It was found that the linear array converged to the cor-
rect planetary parameters the quickest at about 3 R,. Followed
quickly by the kernel and then the rectangular double Bracewell.
The performances were relatively similar. It is likely the rela-
tively simple modulation scheme associated with the linear ar-
ray geometry and the full coverage of the transmission pattern,
which make this configuration the most consistent in this test
case.

The kernel array also especially showed similar performance
in terms of finding the planet position, however it performed
worse when fitting the temperature and radius of the simulated
planet.

5.2. Correlation behavior

In terms of correlations the configurations show distinct behav-
ior with relation to the position of the planet. It was found that
below the [% at 10 um separation the correlations are significantly
higher then outside this region. The kernel configuration showed
the lowest correlation levels outside this central region. The dou-
ble Bracewell configurations showed almost no correlation with
respect to position angle in this simulation, however this is likely

attributed to the exclusion of temporal effects in the simulator.

5.3. Two planet case

For the two planet case the superposition of the two planet sig-
nals lead to a convolution of both signals, which can lead to
signals canceling each other out. This may occur especially for
nearby planets and planets opposing each other. In the fitting
of two planet systems the kernel and the rectangular array were
most successful in constraining the planet parameters, however
the linear array is not far off, it mostly showed a slight offset for
the fitting of the inner planet. In the tested scenario the kernel

configuration shows some trouble especially when the planets
are in an in line position. The matched filter map shows great
promise for the kernel configurations in locating different plan-
ets.

5.4. Recommendations

Overall there is not a single clear winner from the performed
comparison. Each configuration has certain advantages and dis-
advantages that may lead to it being the best fit for a potential
mission. This study also neglects many design components, such
as mechanical and optical design constraints that could lead to a
potential favor for a given configuration.

Nevertheless from this analysis it seems that the linear con-
figuration performs most consistently when retrieving the pa-
rameters of a single planet system. The kernel configuration
shows the most potential in terms of constraining multi planet
systems, due to its reduced correlations in the field and ability
to isolate planet positions. However, with the assumptions on ef-
ficiencies and errors used in this research, the splitting of the
signal does lead to potential issues in terms of fitting the flux of
the planet. The rectangular array showed a similar performance
to the kernel in the tested two planet scenario.

It is recommended that a more advanced approach for fitting
multi-planet systems is employed in combination with a more
complete exploration of the variables involved in order to make
a more complete statement about their performance with multi
planet systems.
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Additional Figures

This appendix shows a number of additional figures that were created over the course of the research.
section A.1 provides an overview of all configuration specific figures that summarize the instrument
response. section A.2 shows additional results that were obtained and used either in the process of
obtaining the final results or support the discussed findings.

A.l. Configuration specific figures

Below follow the figures displaying the figure responses of respectively the linear double Bracewell,
in subsection A.1.1, the rectangular double Bracewell, in subsection A.1.2 and finally the kernel in
subsection A.1.3.

A.11l. Linear double Bracewell configuration
The response of the system is visualized using the transmission maps and corresponding modulations,
these are presented below.

Transmission maps

Below the transmission maps of the linear double Bracewell are displayed Figure A.1 shows the raw
transmission maps of the two extreme wavelength bins that follow from the 4 outputs after the combiner.
The differential transmission map, resulting from the pairwise combination of (dark) output 1 and output
2 is shown in Figure A.2.

Modulations and efficiencies

Below are some supporting figures to show the modulation behavior that follows from the differential
transmission map displayed in Figure A.2. Firstly Figure A.3 shows the modulation across the spec-
tral channels for a planet located at [0, 100]. Following this Figure A.4 displays the corresponding
modulation efficiencies.

A.12. Rectangular double Bracewell configuration

Below the transmission maps and modulation efficiencies of the rectangular double Bracewell configu-
ration are shown. The two dimensional nature of the array also leads to an additional dimension in the
fringe spacing.

Transmission maps

Firstly, the transmission maps of the rectangular double Bracewell. The raw transmission maps of the
two extreme wavelength bins that follow from the 4 outputs after the combiner are shown in Figure A.5.
The differential transmission map, resulting from the pairwise combination of (dark) output 1 and output
2 is shown in Figure A.6.

46



Al Configuration specific figures 47

Raw transmission maps atA=4 um - Linear
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Figure A.1: Transmission maps resulting from the beam combination in the linear double Bracewell nuller. Output 0 and 3
show the bright outputs and output 1 and 2 the dark outputs. The top row are the shortest wavelength bin at 4 um and the
bottom row the longest wavelength at 18 pm.
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Figure A.2: Differential transmission map of the linear double Bracewell configuration at respectively 4 yum and 18 um.
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Modulations between 4-18 um for a planet at [0,100]
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Figure A.3: Signal modulations for the linear configuration, for a planet located at [0, 100] in case of no noise.
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Figure A.4: Modulation efficiencies for the rectangular configuration. The left two plots show the modulation efficiencies for

spectral channel 4 um and 18 um in the observed field. the righter most plot shows the development of the modulation
efficiencies as a function of separation for all wavelengths. The orange indicator shows the % separation at 10 um.
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Raw transmission maps at A =4 pm - Rectangular
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Figure A.5: Transmission maps resulting from the beam combination in the rectangular double Bracewell nuller. Output 0 and
3 show the bright outputs and output 1 and 2 the dark outputs. The top row are the shortest wavelength bin at 4 um and the
bottom row the longest wavelength at 18 um.
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Figure A.6: Differential transmission map of the rectangular double Bracewell configuration at respectively 4 um and 18 um.
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Modulations and efficiencies

Secondly, the corresponding modulation response of the rectangular double Bracewell is shown in
Figure A.7. The resulting modulation efficiencies are summarized in Figure A.8.

Modulations between 4-18 um for a planet at [0,100]

Rectangular

Time [h]

Figure A.7: Signal modulations for the rectangular configuration, following from the differential transmission map for a
simulated planet at [0, 100] in a no noise case.
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Figure A.8: Modulation efficiencies for the rectangular configuration. The left two plots show the modulation efficiencies for
spectral channel 4 um and 18 um in the observed field. the righter most plot shows the development of the modulation
efficiencies as a function of separation for all wavelengths. The orange indicator shows the % separation at 10 um

A.1.3. Kernel four telescope configuration

Finally the response of the kernel nuller is summarized with the transmission maps and efficiencies
presented below. In contrast to the double Bracewell configurations the kernel has six raw outputs and

in turn three differential outputs.

Transmission maps

The raw outputs after the 4x7 combination are shown in Figure A.9. The recombined differential maps

are shown in Figure A.10.
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Raw transmission maps atA =4 pm - Kernel
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Figure A.9: Transmission maps resulting from the beam combination in the kernel nuller. Output 0 shows the bright outputs
and the others the dark outputs. The top row are the shortest wavelength bin at 4 um and the bottom row the longest
wavelength at 18 um.
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Figure A.10: Differential transmission maps for the kernel configuration showing the recombination of the six dark outputs. The
displayed maps show the differential output at 4 um and 18 um.

Modulations and efficiencies

The three differential map consequently also lead to three modulation signals, shown in Figure A.11.
For the efficiencies in Figure A.12 the contributions from these three signals are summed to display the
total modulation efficiency of the instrument.

Figure A.11: Signal modulations across the spectral regime for the kernel configuration, following from the differential
transmission map for a planet at [0, 100].
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Modulation efficiency for at A = 4.0e — 06 [m] - Kernel 05
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Figure A.12: Modulation efficiencies for the rectangular configuration. The left two plots show the modulation efficiencies for
spectral channel 4 um and 18 um in the observed field. the righter most plot shows the development of the modulation
efficiencies as a function of separation for all wavelengths. The orange indicator shows the % separation at 10 um

A.2. Additional results

Below follow some supporting graphs that were produced over the course of the research.

A.2.1. Single planet

In the results section a corner plot showing the MCMC fitting results was displayed, in Figure A.13 the
same corner plot is displayed in larger format for easier readability.
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Figure A.13: MCMC corner plot result in a larger format. Simulated planet has properties: R =4.4 R., T =300 K, Sep = 110

mas, PA=0.

Previously the resulting fitting of a single planet with varying planet radii was shown. To verify if the
results hold true the experiment was repeated for varying planet separations and planet temperatures.
The results are shown in respectively Figure A.14 and Figure A.15. The temperature results are for a
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single fitting only instead of a full MCMC simulation due to limited server capacity. It can be observed

that again the configurations perform very similarly.

Figure A.14:
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MCMC fitting results with a varying planet separation. The planet parameters used are T = 300 K, R=4.4 R., PA
=0deg

In the presented results the fitting results were shown with a zoom, to show the original full results a
non-zoomed version is presented in Figure A.16.

A.2.2. Correlations

In literature the separation % is sometimes used as inner working angle, this separation indicates the
first constructive fringe that is formed in the interference. The same correlation plot is displayed in
Figure A.17 which indicates this separation instead.

A.2.3. Two planets
The two planet fitting was repeated for a case were the planets were separated by 100 mas (1 AU), the
fitting result is presented in Figure A.18.
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Fitting results of the configurations w.r.t. planet temperature
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Figure A.15: Single fitting results for a single planet with a varying planet temperature.The planet parameters used are sep =
130 mas, R=4.4 R., PA=0 deg
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Figure A.16: Single planet fitting w.r.t. radius without zoom
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Figure A.17: Maps of the correlation levels between each parameter pair with indication of ﬁ. A blue color indicates a
positive correlation between the parameters and red a negative correlation.
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Figure A.18: Results of a two planet fitting with two planets with size R = 4.4 R., T = 300 K. The planets are located at 130
mas (planet 1) left four plots and at 230 mas (planet 2) shown in the right plots.
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