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1 | Introduction

Almost three decades ago our perception of the universe changed dras-
tically. The first planet around a star other than our own Sun had been
found (Wolszczan & Frail, 1992). This system was and still is rather unique
because the two planets are orbiting a pulsar, the remnant of a star after
it has created a supernova. This fact puzzled astronomers because there
were no known methods at that time for planets to survive a supernova.
Another possibility was that they formed from the left-over debris (Rasio
et al., 1992; Tavani & Brookshaw, 1992). The second shock came when
the first exoplanet orbiting a solar-like star was discovered just three years
later (Mayor & Queloz, 1995). The planet, 51 Pegasi b, is in a very short-
period orbit of only 4.23 days and roughly half the mass of Jupiter. It
was very surprising to find a planet comparable to Jupiter orbiting their
host star much closer than that Mercury is orbiting around the Sun. More
Jupiter-like planets on close-in orbits followed soon (Butler et al., 1997;
Marcy & Butler, 1996). This class of gas-giant planets was quickly termed
’hot Jupiters’ because the close proximity to their host star leads to high
equilibrium temperatures.

In the years after these first few discoveries the field of exoplanet re-
search quickly expanded. Many observing techniques and instruments were
developed, leading to an explosive growth in the number of discovered plan-
ets, which can be seen in Figure 1.1. Most exoplanets to date have been
found by the Kepler mission, which added almost 2500 planets. The Kepler
mission used the transit method where stars are closely monitored to search
for periodic dimmings when the planet moves in front of the star (Borucki
et al., 2010; Henry et al., 2000). Kepler revealed that there are many ex-
otic planets and planetary systems. A surprising find was the detection of
many super-Earths and sub-Neptunes with masses of a few times that of
the Earth (Petigura et al., 2013a,b). These types of planets are the most
ubiquitous in the Milky Way even though our own Solar system does not
have any of them (Petigura et al., 2013a,b).

Next to super Earths there are also less common but stranger planets
like Kepler 51 b and d that have densities similar to cotton candy (Masuda,
2014) or the extremely hot KELT-9b that has gaseous iron and titanium
in its atmosphere (Gaudi et al., 2017; Hoeijmakers et al., 2018b). Not
only is there a large diversity in the planets themselves but there is also
a large diversity in the composition of planetary systems: Trappist-1 has
seven Earth-mass planets with short orbital periods around an M-dwarf
star (Gillon et al., 2017), but HR8799 has four giant gas planets on very
wide orbits (Marois et al., 2008, 2010).
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Figure 1.1: The amount of planets discovered by different observational
techniques as a function of time. The number of planets found through
radial velocity has been roughly linearly increasing with time. The amount
of planets found by the transit method has exploded with obvious jumps in
2014 and 2017. In those years Kepler data were released, which shows the
major impact Kepler had in the field of exoplanets. Other techniques are
lagging behind in the number of detections. This graph was create with
the NASA exoplanet archive on 16 May 2019.
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This variety in exoplanets and planetary systems is challenging the the-
ories of planet formation because the entire range of observed planetary-
system architectures must be explained. The initial conditions for planet
formation are set by the formation of the host star. Therefore the formation
of planets cannot be understood independently from star formation. Stars
are formed from clouds of molecular gas in the interstellar medium. Small
overdensities in these large, cold clouds can create gravitational instabil-
ities thath lead to the local collapse of the gas clouds into proto-stellar
cores (McKee & Ostriker, 2007). If the collapsing gas has some angular
momentum, it will flatten out the collapsing cloud and form a disk with
the proto-star at its center. The surrounding dust and gas will gather into
the circumstellar disk, which is thought to be the birth place of planets
and is therefore also called a protoplanetary disk (Armitage & Belmonte,
2018). There are several proposed mechanism through which planets can
form, and they broadly fall into one of the following three categories:

1. The planet forms through core accretion where small dust particles
slowly coagulate into a proto-planetary core (Pollack et al., 1996). As
the core grows, its gravity also grows, and it will attract more dust.
When the proto-planet is massive enough it will start to rapidly ac-
crete the gas and dust in its surrounding, thereby clearing out a path
in the circumstellar disk through runaway accretion. This process
stops when the proto-star becomes luminous enough to clear the disk
through radiative pressure.

2. There are several mechanism through which the protoplanetary disk
can become unstable and fragment into self-gravitating clumps. The
most common method proposed for this are gravitational instabilities
Boss (1997) that are created if the disk is very massive. But recent
ALMA observations have revealed that massive disks are not very
common, and this makes the gravitational instability process possi-
bly a very rare event (Andrews et al., 2013; Pascucci et al., 2016). In
the last few years it has been argued that magneto-rotational insta-
bilities (MRI) may also cause disk fragmentation that leads to planet
formation (Chiang & Youdin, 2010).

3. During the collapse of the pre-stellar core the clump of gas and dust
can break up into separate clumps (Hennebelle & Chabrier, 2008).
The separated clumps then can continue to contract and form planets.
This scenario is very similar to the formation of binary star systems
albeit with a more extreme mass ratio.
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It is possible that all three processes play a part in the formation of planets.
One of the challenges will be to determine which process dominates the
formation process for which class of planets. It has been suggested that
gas giants onwide orbits like those in the HR8799 system have been formed
through gravitational instability (Nero & Bjorkman, 2009). However there
is also contradicting evidence that their masses and separation do not fulfill
several of the criteria for the formation through such instabilities (Bowler
et al., 2015; Rameau et al., 2013; Vorobyov, 2013).

The interaction between the planet and the protoplanetary disk is thought
to be quite complex (Kley, 2017). The planet can change its orbital dis-
tance, either moving in or out, due to planet-disk interaction. The more
massive planets are able to sweep up a major part of the disk material in
their orbit and carve a deep gap in the disk. The depletion of the dust and
gas in the disk changes the pressure gradient and forces the planet to mi-
grate; this migration scenario is called type-I migration (Kley, 2017; Nelson
et al., 2000). Planets of a few Earth masses follow a different migration
scenario called type II (Nelson et al., 2000) where only a small shallow gap
is created that is not completely cleared of dust and gas. The main differ-
ence between the different types is the amount of matter that is accreted,
and that determines whether the planet-disk interaction is linear (type II)
or non-linear (type I). The case for multiple planets is more complicated
since the planets will also influence each other, which is classified as type-III
migration. In the past decades complex hydro-dynamical simulations have
been conducted to understand the behaviour of migrating planets, leading
to the development of semi-analytical relations between the migration rate,
disk parameters and planet parameters (Dodson-Robinson & Salyk, 2011;
Kley, 2017).

Theories of planet formation are currently tested by incorporating these
semi-analytical relations, such as those for planetary migration, in a single
global simulation environment (Benz et al., 2014; Mulders et al., 2018).
Such codes try to replicate the observed exoplanet populations and are
therefore called planet-population synthesis codes. Both the transit method
and the radial velocity method mostly reveal old planetary systems because
young stars produce a large quantity of astrophysical noise due to e.g. star
spots or circumstellar material (Crockett et al., 2012; Lee, 2017; van Eyken
et al., 2012; Yu et al., 2015). Therefore we can only compare the end
state of the population synthesis codes and tweak the parameters until the
simulations match the observed statistics. While this already has provided
significant information about planet formation, we still have not verified
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most of the physical mechanisms in these population codes (Morbidelli &
Raymond, 2016).

Direct imaging plays an important role to overcome these observational
limitations. By spatially resolving the disk and the embedded planets, we
can witness their interaction. Another added benefit is the enhanced in-
trinsic contrast between the star and the planets. For old systems such
as our own solar system, the best signal we could use to detect Earth or
Jupiter from a distance is through reflected light. The intensity ratio be-
tween the Sun and the reflected light of Earth and Jupiter are 10−10 and
10−9, respectively (Traub & Oppenheimer, 2010). This is a huge contrast
to overcome. But during the first stages of planet formation, the planets
are still very hot. This increases the intrinsic contrast in the Near-Infrared
to 10−5 − 10−6 (Burrows et al., 2004) making the detection of such exo-
planets orders of magnitude easier. This shows that direct imaging is the
prime technique to observe young planetary systems and their planet-disk
interactions.

1.1 The direct imaging challenge

1.1.1 The Earth atmosphere

Direct imaging of exoplanets is a challenging task because a high contrast
needs to be reached at very close angular separations. If we place our
solar system at 100 parsec, the resolving power necessary to separate Earth
from the Sun would need to be better than 10 milliarcseconds (mas), but
even if we could resolve Earth, the contrast between the Earth and the
Sun of about 10−10 will make Earth close to impossible to observe. For
Jupiter it becomes slightly easier with a separation of 55 mas and a contrast
of 10−8 − 10−9. To resolve Earth and Jupiter at this distance we would
need to use large telescopes of at least 30 meters in diameter, under the
assumption that we will be able to solve the contrast-ratio problem. This
angular resolving power will become available in the next decade with the
construction of the upcoming extremely large telescopes; the Extremely
Large Telescope (ELT) spearheaded by ESO, the Thirty Meter Telescope
(TMT) and the Giant Magellan Telescope (GMT). But until those are
build, we will have to use the current 8 and 10-meter class telescopes that
are limited to about 26 mas angular resolution at 1 µm by diffraction,

∆θ = 1.22λ/D. (1.1)
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Here ∆θ is the angular resolving power, λ the wavelength that is used for
imaging and D the telescope diameter. While the current generation of
telescopes like the Very Large Telescope (VLT) of ESO, with an 8.2-meter
diameter, would be able to resolve Jupiter at 100 pc, we have not been
able to do this. For ground-based telescopes there are two challenges to
overcome. The first being turbulence in the Earth’s atmosphere, and the
second is the intrinsic contrast between the planet and its host star. When
light propagates from a star towards the Earth, it becomes a smooth plane
wave due to the large distance between us and the star. It travels over sev-
eral years to tens or hundreds of year,s and when it finally reaches Earth
the light has to travel through the atmosphere to enter our telescopes. Dur-
ing the last tenth of a milliseconds of its journey the light wave loses its
flatness because of turbulence in the atmosphere (Fried, 1966). This tur-
bulence will create wavefront aberrations that degrade the resolving power
of the telescope. The amount of wavefront aberration depends on the tur-
bulence strength that is parametrised by the Fried parameter r0 (Fried,
1966). The Fried parameter is the characteristic spatial scale of the per-
turbed wavefront where the wavefront changes by less than one radian. The
resolution limit of the telescope is set by this characteristic scale instead of
the telescope diameter. In median weather conditions the Fried parameter
is roughly 20 to 30 cm at 1 µm for good observing sites such as Paranal, La
Palma or Mauna Kea. The resolution that the VLT achieves during these
condition is about 1 arcsecond, almost 40 times larger than the diffraction
limit! This can be seen in Figure 1.2.

1.1.2 Adaptive optics

Almost 70 years ago Horace Babcock proposed the idea of adaptive op-
tics to remove the effects of atmospheric turbulence (Babcock, 1953). A
simple sketch of an adaptive optics (AO) system is shown in Figure 1.3.
Every AO system contains an adaptive element that can change its shape
in such a way that it compensates for the wavefront distortions caused by
the atmosphere. Usually a deformable mirror (DM) is used because of its
achromatic response. After reflecting of the DM surface, the wavefront has
become flat again, and the telescope can reach its diffraction limit. The
operation of such an AO system is complex, and several sub-systems are
necessary. The most important sub-system is the wavefront sensor (WFS).
Detectors in the visible and near-infrared can only measure the intensity
of the light and not its phase. Therefore a specialized piece of optic, the
wavefront sensor, is necessary to change the wavefront errors into intensity
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Diffraction-limited Short exposure Long exposure

Figure 1.2: The effects of turbulence are shown here for an 8-meter class
telescope with a seeing of 1 arcsecond. The left image shows the theoretical
diffraction pattern for a circular telescope. In the centre an image is shown
of a very short integration time effectively freezing the atmosphere during
that time frame. The effects of turbulence are very apparent in this image,
the Point-Spread-Function(PSF) is broken up into many individual speck-
les. A long integration where the PSF is averaged over many realizations
of turbulence can be seen on the right. This seeing-limited PSF is smeared
out over a large area reducing the resolving power.
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Figure 1.3: These two figures show different types of adaptive optics.
The left uses the light from the astrophysical target itself to do wavefront
sensing, while the right scheme uses an artificial light source created by a
powerful laser that is reflected by the upper atmosphere. Both methods
drive a single deformable mirror to correct for the wavefront aberrations.
Image credit: ESO.

modulations on the detector. The standard AO system as drawn in Figure
1.3 uses a WFS to measure wavefront deviations and feeds those back to
the DM to create a closed-loop feedback system. The AO system needs to
operate at several hunderd Hz to several thousand Hz because of the time
scale over which the atmosphere changes (Greenwood, 1977). The coher-
ence time of the atmosphere τ0 is roughly r0, the Fried parameter, divided
by the wind speed v (Greenwood, 1977). This leads to a coherence time
on the order of 1 ms to 10 ms, which is why AO systems need to do the
corrections in real time.

The AO system that has been described here is a so called Single-
Conjungate Adaptive Optics (SCAO) system. In a SCAO system there is
one DM that is used for on-axis correction of the turbulence, and the light
of the target itself is used for wavefront sensing. The first generation of AO
instruments, NACO at the VLT (Lenzen et al., 2003; Rousset et al., 2003)
and NIRC2 at KECK (Wizinowich et al., 2000), began their operations
in the early 2000’s. They all used the SCAO configuration because it is
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relatively easy to implement and has the potential to provide the highest
possible on-axis correction. Many astronomers used these early AO instru-
ments for direct imaging while they had not been specifically developed for
exoplanet science (Chauvin et al., 2005). The potential of AO instruments
for direct imaging was proven by the detection of multiple planets around
HR8799 (Marois et al., 2008, 2010). This system came as a surprise because
most planets found until then were much closer to their host star, making
HR8799 a still unique planetary system.

SCAO has worked very well for the purpose of improving the image
quality but it is limited to bright targets because the light from the star
itself is used to measure the wavefront errors created by the atmosphere.
In the past two decades a large amount of work has been done to make AO-
corrected images accessible for fainter targets. Instead of using the light
from the astrophysical object an artificial light source is generated with a
powerful laser high up in the atmosphere (Foy & Labeyrie, 1985; Fugate
et al., 1991). For large telescopes a sodium laser is used to excite atoms
in the sodium layer of Earth’s atmosphere (Bonaccini Calia et al., 2010).
The excited atoms will become an articial light beacon that can be used to
measure the atmospheric turbulence. Due to the brightness of the laser it is
not possible to bring the laser close to the astrophysical source, it needs to
be pointed slightly away from the target. The atmospheric volume that is
probed by this laser is slightly different than the volume that the star passes
through. This led to the development of Laser Tomography Adaptive Op-
tics (LTAO) where multiple laser guide-stars are placed around the target
of interest (Hubin et al., 2005; Tallon & Foy, 1990). The measurements
from the different lasers are then combined to create the best estimate of
the on-axis wavefront errors. ESO applied this in the Adaptive Optics Fa-
cility (AOF) for the VLT that saw first light in 2015 (Madec et al., 2018).
It has since then produced spectacular images, see for example Fig 1.4.

1.1.3 High-contrast imaging

The first generation of dedicated planet-hunting instruments SPHERE (Beuzit
et al., 2019), GPI (Macintosh et al., 2014) and SCEXAO (Jovanovic et al.,
2015) saw first light in 2013 and 2014. These instruments incorporated
major instrumental advances to improve the performance for the detection
and characterization of exoplanets. The AO systems contain DMs that have
many more degrees of freedom operating above 1 kHz as opposed to the
few hundred Hz of instruments such as NACO. These improvements allow
for almost perfect correction and are therefore termed as Extreme Adaptive
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Figure 1.4: Observations of Neptune with the new Narrow Field Mode
of MUSE with AO correction provided by the LTAO system. The LTAO
shows almost diffraction-limited performance. Image credits to ESO/P.
Weilbacher (AIP).

Optics (XAO). With the current generation of high-contrast imagers (HCI)
we can reach diffraction-limited performance in the near-infrared. But this
is not enough to find faint planets as the planet is still much fainter than
the Airy rings of the stellar diffraction pattern. With the high quality of
the PSFs of SPHERE and GPI they can also use advanced coronagraphs
to remove the diffraction effects of the star.

A coronagraph is a specialized optical device that is designed as an
extreme angular filter; the on-axis starlight needs to be suppressed as much
as possible while leaving the off-axis planet light unaltered. One of the
first coronagraphs to be used for exoplanet imaging was the classical Lyot
coronagraph, originally developed to observe the solar corona outside of
a total solar eclipse (Lyot, 1939): an opaque disk with a size of a few
λ/D is added in the focal plane. This mask blocks part of the light, but
due to the hard edges of the mask, some of the on-axis light still diffracts
around it. Because the edge of the mask is much smaller than λ/D, this
diffracted light will scatter outside of the geometric pupil, which can then
be blocked by placing an additional aperture mask, the Lyot stop, in a
pupil after the focal-plane mas. The classical Lyot coronagraph reduces
the starlight by several orders of magnitude. More advanced focal-plane
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masks have been developed that theoretically can remove all starlight if the
input wavefront has no aberrations (Foo et al., 2005; Guyon, 2003; Rouan
et al., 2000; Soummer, 2005). Another class of coronagraphs called pupil
plane coronagraphs place masks in the pupil of the telescope to modify the
shape of the PSF. By manipulating the amplitude or phase in the pupil, the
electric field in the focal plane can be made to destructively interfere. With
this technique dark holes can be created where we can search for planets,
and because the optics are in the pupil, they are insensitive to vibrations.
There are currently two flavours of pupil-plane coronagraphs, the Shaped
Pupil (SP) coronagraph that uses amplitude masks (Kasdin et al., 2003;
Soummer et al., 2003) and the Apodizing Phase Plate (APP) coronagraph
that uses phase plates (Codona et al., 2006; Otten et al., 2017; Snik et al.,
2012).

For Lyot-style coronagraphs the PSF needs to be perfectly aligned with
the focal plane mask to cancel the starlight, but due to vibrations and small
drifts the star will not be perfectly aligned with the mask. This deterio-
rates the performance of the coronagraph (Ruane et al., 2017). Pupil-plane
coronagraphs are less sensitive to theses issues because the optical elements
are in the pupil. Next to vibrations all other wavefront errors will also de-
grade the performance of the coronagraph (Aime & Soummer, 2004). There
are still residual wavefront errors even though an AO system is used. The
residual wavefront errors have two sources, the first being residual wave-
front errors from the atmosphere that are not correctable or not completely
removed. The second is due to a difference in the optical path between the
coronagraphic optics and the wavefront-sensor optics. Because these in-
struments have different optics, they will see a slightly different wavefront
error causing differential wavefront errors between the two systems. These
wavefront errors are called Non-Common Path Aberrations (NCPAs). A
lot of current research is focused on mitigating these NCPAs (Jovanovic
et al., 2018). Both the NCPAs and the residual turbulence causes speckles
that can look like planets. Image-processing algorithms are used to further
remove these speckles.

1.1.4 Post-processing

To further enhance the contrast, advanced post-processing algorithms are
used to minimize the starlight while leaving the planet light unaltered as
much as possible. These techniques aim to model the PSF and speckle
field of the star, which can then be subtracted from the image to reveal
the planet. The most straightforward technique is to observe a reference
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object and then subtract its PSF from the science target. Because this
reference object is used to measure the PSF, it should not include any
circumstellar material or companions. This technique is called Reference
Differential Imaging (RDI) and was one of the first HCI techniques and
was able to reveal the circumstellar disk around Beta Pictoris (Smith &
Terrile, 1984). RDI has also been very successfully applied to Hubble Space
Telescope (HST) data because HST has a very stable PSF (Schneider &
Silverstone, 2003). If it is not possible to use a reference target, either
due to unavailability or because the speckle pattern is not repeatable for
different targets, a PSF model has to be built from the data itself. To
create the reference PSF in this case, one needs to make use of a difference
between the star and the planet.

The most successful method is based on angular rotation. The contri-
butions from the star and planet can be separated when the field rotates
but the pupil is stable because the star is on-axis and the planet is off-
axis. During the rotation the PSF of the star will stay fixed in the image
while the planet will rotate. The planet signal will therefore have a different
temporal behaviour from the static speckles. The different observations are
median combined, and because the planet is at different positions for every
observation, it will not affect the median. The median-combined data are
then a good model for the PSF. After subtracting the PSF model the data
is derotated and combined to create the final image that can reveal faint
point sources. This technique is called Angular Differential Imaging(ADI)
and has been the most successful differential imaging technique for the de-
tection of giant planets (Marois et al., 2006). ADI is quite a natural way
of observing with an alt-azimuth telescope where the field will rotate due
to the rotation of the Earth. Space-based telescopes usually employ differ-
ent roll angles to rotate the image (Schneider & Silverstone, 2003). RDI
and ADI require stable PSFs and speckle patterns, and depending on the
speckle statistics either ADI or RDI reaches deeper constrast levels (Ruane
et al., 2019). If the the speckle patterns change between observations, they
will not be removed, and the achievable contrast limit is set by the speckle-
noise limit (Aime & Soummer, 2004; Martinez et al., 2013). This is not
an issue far away from the star as the speckles average out quite well, and
the speckle noise limit is usually below the photon noise limits. But close
to the star the speckles change slowly, and the photon-noise limit is many
times higher due to the brightness of the Airy rings (Racine et al., 1999).
Both RDI and ADI are therefore limited in power close to the diffraction
limit. The effects of slowly evolving speckles can be seen in Figure 1.5
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Figure 1.5: An observation of the HR8799 system taken with the LBT
(Maire et al., 2015) and post-processed with Angular Differential Imag-
ing. The four planets orbiting the star are clearly resolved. Searching for
planets closer in is difficult due to slowly changing speckles that limit how
close in we can search. The speckle noise can be seen at the edge of the
coronagraphic mask were the intensity quickly changes from white to black.

where limited improvement is achieved close to the star. Diversities that
are based on the intrinsic properties of the observed system that are time
invariant would be more robust against these varying speckles.

1.1.5 The powers of ten in exoplanet spectroscopy

Evolutionary models of exoplanets predicted a strong methane signal sim-
ilar to field brown dwarfs (Baraffe et al., 2003). Simultaneous Differential
Imaging takes advantage of this difference by observing in two narrowband
filters (Marois et al., 2005; Racine et al., 1999). One narrowband filter
targeting the methane absorption band at 1.62 µm and one just outside of
the band to measure the continuum. The difference between the two ob-
servations should reveal the planet. Although SDI in the methane feature
looked like a promising technique, it has not been fruitful (Biller et al.,
2007). Recent work shows that planets typically do not contain strong
methane absorption features (Konopacky et al., 2013; Petit dit de la Roche
et al., 2018; Skemer et al., 2014). A feature that is promising and has shown
success is the emission of hydrogen. Hα emission is one of the strongest
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signposts of a planet in formation (Aoyama et al., 2018; Marleau et al.,
2017; Zhu, 2015), which occurs when gas is deposited onto the planet at
high velocity. As the gas collides with the planet, it creates a strong shock
front, which heats up the local gas to high temperatures (T>10000 K). This
process generates a large amount of Hα emission, which decreases the con-
trast between the star and planet by several orders of magnitude, thereby
making it easier to detect. The difference between two narrowband filters
with one covering Hα and the other in the nearby continuum can be used
to subtract out the star (Close et al., 2014).

A higher-resolution version of this is Spectral Differential Imaging, (hav-
ing the same abbreviation as Simultaneous Differential Imaging). With SDI
the PSF is measured at many wavelengths, usually with a low-resolution
integral-field spectrograph at a resolving power of R = 50−100 over a large
bandwidth. Due to the properties of diffraction the PSF and its speckles
scale radially with wavelength while the planet stays at a fixed position
(Sparks & Ford, 2002; Thatte et al., 2007). Rescaling the data to a ref-
erence wavelength will overlay the speckles while smearing out the planet.
Taking a median as is done with ADI will create a PSF model that can be
used for subtraction. Some planet signal is also subtracted by this proce-
dure; the amount of planet subtraction depends on the observed bandwidth
and the angular distance of the planet. SDI has the advantage that it can
remove the starlight and at the same time characterize the planet at low
resolving power. This is very powerful because it provides a spectrum of
the planet. Usually both SDI techniques are combined with ADI into sADI
to make use of both diversities at the same time. The combined technique
of sADI has allowed us to reach the deepest contrasts ever observed (Vigan
et al., 2015).

Spectral resolving powers of the order of a few thousand can distinguish
between the molecular bands and spectral lines of the star and planet due
to the intrinsic difference of their sources (Barman et al., 2015; Hoeijmakers
et al., 2018a; Konopacky et al., 2013). An example of the spectral differ-
ences at various spectral resolutions of a solar-like star and a giant planet
are shown in Figure 1.6. Spectral filters tuned to the host star can be
used to remove the starlight while leaving the exoplanet’s spectrum largely
undisturbed. After removing the starlight a matched-filter is used to com-
bine the various spectral lines of the planet across the spectral range to
increase the signal-to-noise. This technique has been used in the Near-
Infrared to search for the signatures of different molecules and therefore
was coined as Molecule Mapping (Hoeijmakers et al., 2018a). A distinct
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Figure 1.6: The spectrum of a solar-like star modelled with a 6000 K
PHOENIX model and a spectrum of a giant planet modelled by a 1200 K
BTSettl model. The resolving power changes by one order of magnitude
between the different spectra, going from R=100000 to R=100. The spectra
are shifted for ease of viewing. As the spectral resolving power decreases,
it becomes more difficult to discriminate the planetary spectrum from the
stellar spectrum.

advantage of this technique is that it is not limited by speckle noise, which
hampers the other post-processing techniques.

An even higher spectral resolving power that is of the order of tens of
thousands to a hundred thousand resolves individual spectral lines. This
increases the capability to discriminate between the planet and stellar fea-
tures. Due to the high resolving power small Doppler shifts on the order of
a few km/s will also become visible. The dynamics of the orbital motion
can then be used as an additional difference to disentangle the planet from
the star (Charbonneau et al., 1999; Snellen et al., 2010). The orbital dif-
ference, without spatially resolving the companion, has been successfully
applied to study several hot giant gas planets, in which many atomic and
molecular species like water, CO (Birkby et al., 2013; Brogi et al., 2014,
2013) and even gaseous iron have been found (Hoeijmakers et al., 2018b).
Even the spin rate and atmospheric dynamics of planetary atmospheres can
be measured by carefully analysing the line profiles (Snellen et al., 2010).
Because the signal-to-noise ratio grows as

√
R for unresolved lines, it helps

to increase the spectral resolution (Sparks & Ford, 2002). The downside is
that for a fixed detector size the spectral range or the field of view will be
severly limited.
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1.2 Thesis outline

The goal of this thesis is to explore the potential of high-resolution integral-
field spectroscopy behind a high-contrast imaging instrument for the de-
tection and characterization of exoplanets. The work presented in this
thesis can be divided into three parts, the first one focused on coupling
a high-contrast imager with a high-resolution spectrograph (R≈100000).
The second part shows the scientific gain of integral-field spectroscopy in
the visible for high-contrast imaging. And the last part is about a novel way
to do spectroscopy with applications for astronomy and Earth observations.

Chapter 2 and 3: The Leiden EXoplanet Instrument(LEXI)
These two chapters present the design, development and on-sky results

of the Leiden EXoplanet Instrument (LEXI) a bench-mounted visitor in-
strument for the 4.2m William Herschel Telescope at La Palma. LEXI
was built as a test bed for high-contrast imaging and integral-field spec-
troscopy. Several different approaches to AO-fed spectroscopy have been
tested with LEXI. Our results show that XAO systems are well suited for
single-mode fiber spectroscopy. LEXI has also been used to test several
wavefront sensing concepts such as the generalised Optical Differentiation
Wavefront Sensor (g-ODWFS) (Haffert (2016), Haffert et. al. in prep.),
the Coronagraphic Modal Wavefront Sensor (Wilby et al., 2016, 2017) and
more recently the Three Wave Shearing Interferometer (TWSI) (Por et al.
in prep.).

Chapter 4 and 5: SCAR
These two chapters present the Single-mode Complex Amplitude Re-

finer (SCAR) coronagraph. SCAR is a promising new coronagraph that
makes use of the mode-filtering capabilities of single-mode fibers. This
allows us to design and create coronagraphs with higher planet through-
put that can search closer to the star. In chapter 5 we present the concept,
designs and performance estimates where we show that SCAR enables coro-
nagraphs with inner-working angles close to the diffraction limit. In chapter
6 we experimentally demonstrate the nulling capabilities of SCAR for two
differently designs in the lab where we reached a 10−4 contrast at 1 λ/D.

Chapter 6: Imaging a forming multi-planet system
This chapter presents the results of High-Resolution Spectral Differen-

tial Imaging applied to the system PDS 70 that was observed by MUSE dur-
ing the commissioning of its new narrow-field mode. MUSE is a medium-
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resolution integral-field unit that spans the wavelength range from 0.465µm
to 0.93µm at an average resolving power of R = λ/∆λ = 3000. The in-
strument is fed by the LTAO system on UT4 of the VLTs and can reach a
spatial resolution of roughly 60 milliarcseconds in good seeing conditions.
The combination of the spectral resolving power and the AO performance
made it possible to detect two accreting proto-planets in the transition
disk around PDS 70. Our observations show that adaptive-optics-assisted,
medium-resolution, integral-field spectroscopy with MUSE targeting ac-
cretion signatures is a powerful way to trace ongoing planet formation in
transitional disks at different stages of their evolution. This was also the
first time that a planet has been discovered with an LTAO system, which is
very interesting as LTAO can reach a better performance on fainter targets
than comparable SCAO systems.

Chapter 7: Novel spectroscopic instrumentation

This chapter presents a novel spectrograph concept based on Volume
Bragg Gratings (VBG) that is able to achieve high spectral resolution over
a large wavelength range for a large field of view without the need for very
large detectors. This is achieved by creating specialized spectral filters with
highly multiplexed VBGs (HMBG) that are sensitive to a molecular species
of choice. The HMBG condenses the full spectrum into a small, multiplexed
spectrum with the size of a single spectral line thereby enabling a large re-
duction of the required detector real estate per spatial pixel. The chapter
presents the concept and a few case studies.

1.3 Outlook

Medium to high-resolution spectroscopy will be a powerful addition to the
current and future generation of high-contrast imaging instruments as is
demonstrated by the discovery of the second planet in the PDS 70 system
(Chapter 6). Our solution to add this capability is to couple high-contrast
imaging instruments to spectrographs with single-mode fibers, because they
can reduce the complexity of the spectrograph (Chapters 2 and 3) while also
enabling improved coronagraph designs with smaller inner-working angles
and higher throughput as we have demonstrated with SCAR (Chapters 4
and 5). The success of high-resolution spectroscopy lies in its capability to
separate the continuum effects, such as speckle noise, from spectral line fea-
tures. This does not have to be done in post-processing but can also be done
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optically (Chapter 7), and therefore we can reduce the number of required
detector pixels per spatial point. With the multiplexed Bragg gratings we
can apply the same technique to much larger fields of view and bypass the
field-of-view limitation of high-resolution integral-field spectroscopy.

Medium to high-resolution integral-field spectroscopy is likely to be the
ideal observing technique to search for accretion signatures from proto-
planets. The current standard is to search for Hα emission with Simul-
taneous Differential Imaging, effectively resulting in resolving powers on
the order of 10− 100. Signatures such as Hα are intrinsically narrowband,
therefore increasing the spectral resolving power of our observations in-
creases the signal-to-noise ratio as long as the line is not resolved. Adding
the capability to observe these signatures at much higher resolving power
R = 5000− 10000 will increase the signal-to-noise ratio by a factor 10-100
almost for free. MUSE at the VLT does have the capability of integral-
field spectroscopy but it was not designed for high-contrast imaging, and
therefore lacks the capability for starlight suppression. Development of
high-resolution integral-field units for extreme adaptive optics systems will
allow us to take the next step in the search and characterization of proto-
planets, where we will be able to not only find such planets more efficiently
but also can study the process of accretion in detail.

Currently MUSE provides an exciting opportunity to study the time
variability of accretion signals from short to long timescales. Such obser-
vations will set strong constraints on planet growth and evolution during
the earlier stages. In addition due to the unique broad spectral coverage of
MUSE, we can observe other accretion tracers such as Hβ at 4861Å, OI at
8446Å, and the CaII triplet at 8498Å, 8542Å, and 8662Å. Together with
Hα, the detection of any these tracers will put constraints on the temper-
ature, density and shock velocity at the interface between the planet and
the accretion flow.

This work at medium resolution lays down the foundation for visible-
light high-resolution integral-field units and high-contrast imaging for the
detection of reflected light from cold and old exoplanets, like Earth, and
biosignatures such as the O2 band with the Extremely Large Telescopes
(ELT). High-resolution spectroscopy for exoplanets is a photon-starved ob-
serving technique. The detection limits are therefore set by the amount of
light that we can collect from the star and the planet. Proxima Centauri
b could be characterized with the current telescopes but almost a hundred
nights spread over three years are necessary to guarantee a detection (Lo-
vis et al., 2017). The effective observing time can be drastically lowered
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by using one of the ELTs. ELTs come with two advantages, the first being
the larger collecting area, and the second is the increased spatial resolu-
tion. With an ELT the detection of Proxima Centauri b can obtained in
a single night instead of the hundred nights of VLT time (Snellen et al.,
2015). With the addition of high-resolution integral-field units to extreme
adaptive optics systems at ELTs, we will start to study older, potentially
habitable planets, and thus address humanity’s ultimate question: Are we
alone?
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a high-contrast high-dispersion spec-
trograph
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S. Y. Haffert, M. J. Wilby, C. U. Keller and I. A. G. Snellen

Proceedings of the SPIE, Volume 9908, id. 990867 8 pp. (2016)

The Leiden EXoplanet Instrument (LEXI) will be the first instrument
designed for high-contrast, high-dispersion integral field spectroscopy at op-
tical wavelengths. High-contrast imaging (HCI) and high-dispersion spec-
troscopy (HDS) techniques are used to reach contrasts of 10−7. LEXI
will be a bench-mounted, high dispersion integral field spectrograph that
will record spectra in a small area around the star with high spatial res-
olution and high dynamic range. A prototype is being setup to test the
combination of HCI+HDS and its first light is expected in 2016.
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2.1 Introduction

One of the major drivers for current astronomical instrumentation develop-
ment is the direct detection and characterization of Earth-like exoplanets.
These developments are largely focused on improving high-contrast imaging
techniques. But with the recent improvements of Extreme Adaptive Op-
tics (AO) and coronagraphy (Jovanovic et al., 2015; Macintosh et al., 2014;
Vigan et al., 2016), it is now possible to directly detect hot, self-luminous
exoplanets. The current generation of high-contrast imaging instruments
deliver a contrast between 104 and 106 after careful data reduction. The
fundamental limit of raw contrast on ground-based telescopes is set by the
AO system (Guyon, 2005). For 8-meter class telescopes this is roughly 106.
Earth-like exoplanets have a contrast on the order of 1010, which makes
it necessary to have techniques that can bridge the gap between the AO
contrast limits and the contrast of Earth-like planets.

Another technique to characterize exoplanets was developed at the same
time as the HCI techniques. This technique makes use of the fact that the
light of the planet is Doppler-shifted with respect to the star light. With
a high-resolution spectrograph the stellar light can then be removed to
extract the planet light. This method has already been successfully used
to characterize several exoplanets (Brogi et al., 2012; Snellen et al., 2010).
This high-dispersion spectroscopy technique has reached contrast limits of
105.

Recently Snellen et al. (Snellen et al., 2015) proposed to combine high-
contrast imaging with high-resolution spectroscopy. High-contrast imag-
ing reduces the contrast between a star and its circumstellar environment;
and high-resolution spectroscopy can then be used to remove the residual
starlight. If we could reach 105 with HCI and 105 with HDS, then the com-
bined contrast could reach 1010. The assumption here is that the two meth-
ods directly add their powers. The Leiden EXoplanet Instrument(LEXI)
is the first instrument that will combine high-resolution spectroscopy with
high-contrast imaging techniques in the visible. The main purpose will be
to test the combination of HCI+HDS and see if we can directly add the
achieved contrast limits of the individual techniques. LEXI is a visiting
instrument for the 4.2m William Herschel Telescope (WHT) on La Palma.

The current version of LEXI is a prototype. This LEXI prototype will
be operated in two observing modes simultaneously. The first observing
mode is a high-resolution imaging camera for measuring non-common path
errors and for high-contrast imaging. The second observing mode is a high-
resolution long-slit spectrograph. Both are fed by an AO-corrected beam.
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Because our main targets are binary stars and standard stars, we need a
derotator to keep the field fixed. At the William Herschel Telescope, we
use the facility UV/optical derorator. In the next subsections each module
of the prototype is discussed, and several design choices for the prototype
instrument are described.

2.2 Prototype optical design

2.2.1 LEXI Adaptive optics system

The adaptive optics module of LEXI was originally designed for ExPo (Ro-
denhuis et al., 2012). Because ExPo is a polarimetric imager, the AO
module was designed to minimize the instrumental polarization. It sits on
a customized breadboard at the focal plane of the WHT Nasmyth focus.
There a 140 mm lens collimates the beam to a 12.7 mm pupil onto the
deformable mirror, an Alpao DM 97-15. The deformable mirror is a high-
speed, high-stroke DM with an operating frequency of up to 900 Hz. The
stroke of the deformable mirror is 60 µm, which enables it to remove large
aberrations in the system including tipt and tilt introduced by telescope
tracking errors and the atmosphere. The beam is redirected by a second
fold mirror. The angle that the DM and the fold mirror make with the
optical axis were minimized to decrease the instrumental polarization. The
beam is then focused by a lens that is identical to the collimation lens. This
creates a 1:1 reimaing system between the AO input and output.

A 50:50 polarizing beam splitter with a VIS anti-reflection coating was
put in the focus of the AO output beam. This divides the light between
the wavefront sensor and the science arm. A polarizing beam splitter was
chosen over a non-polarizing beam splitter because the optics in the science
arm required a polarized input, and a polarizing beam splitter then provides
the highest possible efficiency for the instrument. Due to the geometry of
the beam splitter vertically polarized light is sent to the wavefront sensor
and horizontally polarized light to the science arm.

A Shack-Hartmann wavefront sensor provides data to the control sys-
tem. The light from the beam splitter is collimated by a 60-mm achromatic
doublet. The collimated pupil of the telescope is then sampled by microlens
array. The pitch of the microlenses is 500 µm, leading to 11 microlenses
across the pupil. The images created by the microlenses are then reim-
aged by a pair of lenses onto an Andor Ixon 870 EMCCD camera with
sub-electron read noise and the ability to cool to -80 degree Celsius, which
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Figure 2.2: AO system as it was set up in GHRILL at the William Herschel
Telescope. The red line shows the path of the light.

eliminates dark noise. The camera has 128 by 128 pixels with a 16 µm pixel
size. Each subaperture image is thus sampled by 8 pixels. Due to the size of
the secondary mirror of the WHT and partially illuminated subapertures,
we could determine 80 useful sub-apertures for on-sky wavefront sensing.
The setup of the AO system can be seen in Figure 2.2.

The AO system has two focal planes where spatial filters can be inserted.
These spatial filters are used together with an internal light source for
calibrations. The wavefront sensor arm is calibrated by using a 10 µm
pinhole in the second focal plane. This creates a point source input for
the wavefront sensor. The point source is then chosen as a reference flat
wavefront. The reference is necessary for a SHWFS because it measures
spot displacements with respect to a certain zero point.

The second part of the calibrations consists in determining the inter-
action matrix between the deformable mirror and the wavefront sensor.
For this calibration we place a pinhole in the first focus as this creates a
point source input for the whole AO system. A single column of the in-
teraction matrix is the response to the wavefront mode that is applied to
the deformable mirror. The mode response is calibrated by applying the
mode with a positive amplitude and a negative amplitude. The difference
between these two creates an estimate for the response slope of the mode.
Currently the DM can be controlled in an actuator basis, where each ac-
tuator is controlled independently, in a Karhunen-Loeve basis or a Zernike
basis. The Karhunen-Loeve basis is the standard in which the AO system
is operated. Because the alignment of the optical system is not perfect, this
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calibration procedure needs to be iterated a few times. Each time a new
calibration is done, the AO is operated in closed loop to remove the aberra-
tions before a new calibration iteration is done. With this iterative scheme
any large aberration that is present due to misalignments of the optics or
due to initial non-flatness of the deformable mirror can be removed.

2.2.2 Non-common path correction and coronagraph

The second part of the instrument is used for the creation of phase patterns
with a Spatial Light Modulator (SLM). The SLM can create phase patterns
by applying different voltages to it’s pixels. The SLM is a Boulder Nonlinear
Systems 512 by 512 SLM XY series with a pixel pitch of 15 µm and a 83.4%
fill factor. Because the SLM is polarization sensitive, it needs to have a
vertically polarized input for phase modulation. If the light is not perfectly
vertically polarized, the SLM will also create amplitude modulations.

The polarizing beam splitter creates a horizontally polarized input for
the SLM. A re-imaging arm was placed between the AO output and the
SLM input. This re-imaging arm consists of two identical achromatic dou-
blets with a focal length of 50 mm. A zero-order half-wave plate was placed
in the intermediate pupil plane to rotate the polarization from horizontal
to vertical. Because the half wave plate is chromatic, there is also a lin-
ear polarizer directly after the half-wave plate to filter out any horizontal
polarization that could still be present. The orientation of the two compo-
nents was determined by first inserting the polarizer and minimizing the
intensity of the light that came out. That ensured that the polarizer was
orthogonal to the polarizing beam splitter. The half-wave plate was then
added and rotated until the intensity was maximized. The re-imaged focus
was then collimated by a 45-mm focal length achromat onto the SLM. The
pupil is then sampled by 274 SLM pixels across its diameter.

The spatial light modulator can be used to create phase patterns for
APP coronagraphs (Codona et al., 2006). The APP coronagraphs use phase
only pupil functions to apodize the PSF. The apodization creates a dark
hole close to the center of the PSF to suppress the diffracted starlight.

One of the largest influences on the performance of coronagraphs are
non-common path (NCP) errors. These residual aberrations are not sensed
by the wavefront sensor and can therefore not be corrected by the DM. To
measure the NCP errors a holographic focal plane wavefront sensor is added
to the coronagraphic phase pattern. This coronagraphic modal wavefront
sensor(CMWFS) (Wilby & Keller, 2016) creates holographic copies of the
PSF that are sensitive to pupil-plane aberrations. For each phase mode
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Figure 2.3: In this figure the spatial light modulator configuration together
with the high resolution imaging camera are shown. The optical path is
indicated with a red line.

two PSF copies are made. The mode coefficient can then be retrieved by
measuring the normalized difference between the Strehl ratio of the copies.
Because the CMWFS works in the science focal plane, it can correct for
any NCP error.

After the SLM the beam was redirected by a fold mirror and then
focused by a 125-mm focal length lens. The focused beam goes through a
second beam splitter. This 90:10 beam splitter sends 10% to the imaging
arm and 90% to the spectrograph. The imaging camera is used to measure
the NCP errors with the CMWFS.

To measure the Strehl ratio of each holographic PSF copy correctly, the
PSF has to be super Nyquist sampled. A double achromatic lens system
magnifies the PSF with a factor of 3.125. With this magnification the sam-
pling is roughly 4 pixels per λ/D. The camera that is used for the CMWFS
is an Andor EMCCD with 512 by 512 16 µm pixels. The corresponding
field of view is about 4 by 4 arcsec on the sky.

Because of the small field of view, it is difficult to acquire targets. There-
fore another imaging camera was added. After the second beam splitter a
third beam splitter was placed with a 50:50 splitting ratio. The transmitted
part is sent to the high resolution imaging camera. The reflected part is
sent to an acquisition camera. Before the acquisition camera is a double
lens system consisting of two achromatic lenses with focal lengths of 250
mm and 40 mm, respectively. The acquisition camera has a pixel size of
5.6 µ m and a total array size of 640 by 480 pixels. The field of view of
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the acquisition camera is about 36 by 27 arcsec. But due to the limited
size of the third beam splitter, the field of view heavily vignetted after 30
arcseconds. This effectively creates a field of view of 30 by 27 arcseconds.

2.2.3 High-resolution spectrograph

The initial design had a separated path for the SLM and imaging arm and
for the spectrograph arm. Because of this the high resolution spectrograph
was designed to be fed by a beam with an F-number of 11. This is matched
to the output of the AO system. But the module with the SLM setup
changed the F number of the beam. So a re-imaging optics was inserted
between the spectrograph and the SLM output to create a correct input
beam. This re-imaging setup was created with two achromats.

The spectrograph is built around a volume phase (VPH) grating from
Kaiser Optical Systems with a line density of 3000 lines/mm. The clear
aperture of the grating is 130 mm by 100 mm. This VPH was originally
designed for the S5T (Snik et al., 2009) and coated with an UV-VIS anti-
reflection coating optimized for 450 nm. With the LEXI prototype we are
aiming at the R band. Despite the mismatch between the wavelength range
of the grating and LEXI, the VPH grating is usable in the R band. And
because the VPH can easily achieve a high resolution because of its high
line density we operate it in first order.

There are three parameters that determined the design of the spec-
trograph. The spectral resolving power, the spectral bandwidth and the
entrance slit width. The trade off between resolution and spectral band-
width was driven by trying to have a bandwidth as broad as possible while
still being able to resolve spectral lines. The resolution was set to be 75000
after considering the bandwidth. Together with the spectrograph camera
size this results in a bandwidth of 10 nm. The camera for the spectrograph
is an Andor Zyla 5.5 sCMOS with 2560 times 2100 6.7 µm pixels.

The slit width is a dominant component in the throughput of the in-
strument. The slit width was chosen to be as large as possible while still
reaching the spectral resolution of 75000. This led to a slit width of 36
µm. Since this was not a readily available slit, we used a 30 µm slit. The
effective size of the slit on the sky is 0.13 arcsec. This small slit width was
enabled by the adaptive optics system in front of the spectrograph.

Because of the required high resolving power and the high line density,
the angle of incidence needed to be quite extreme. The angle of incidence
for the central wavelength 632.8 nm is 72.3 degrees. These requirements
fixed the focal length of the achromatic collimator and camera lenses, which
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Figure 2.4: The spectrograph as used at the William Herschel Telescope.
The red line indicates the optical path. Here the extreme angle of the VPH
can be seen.

have focal lengths of 300 mm and 200 mm, respectively.

2.3 First light

During June 2016 the instrument saw first light at the William Herschel
Telescope. The figures below show the first results from the observing run.
The raw spectra have been flat fielded and bias subtracted. No further
data reduction has been done yet. In Figure 2.5 the spectrum of Vega
is shown. The spectrum of Vega was taken both with AO and without
AO. The difference between these two is clearly visible in the figure. The
throughput is higher and the extent of the spectrum in the slit direction is
also narrower.

A second target was the binary system Zeta Herculis. The visual mag-
nitude of the components are 2.8 for the primary and 5.4 for the secondary.
The spectra of the binary are shown in Figure 2.6. Because of the AO the
binary is very well resolved, which can be seen in the spectrum in Figure
2.7. Both spectra show spectral lines at the same position, which should be
the case since the spectral types of these two stars are close to each other.
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Figure 2.5: Both figures show the spectrum of Vega. The upper spectrum
was taken without the AO system, and the bottom spectrum was taken with
the AO system. Both spectra were taken with the same integration time.
The AO clearly helps with increasing the throughput. Another visible effect
is the spread in the spectrum. The spectrum with AO is more concentrated
along the slit direction.
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Figure 2.6: Spectra of Zeta Herculis A and B, a resolved binary with
primary magnitude of 2.8 and a secondary magnitude of 5.4. The spectrum
of the primary is clearly visible and the spectrum of the secondary is quite
faint.
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Figure 2.7: Spectra of Zeta Herculis A and B, a resolved binary with
primary magnitude of 2.8 and a secondary magnitude of 5.4. This figure is
the same as figure 2.6, but the cut of the image is different to emphasize
the spectrum of the secondary.
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2.4 Conclusion and outlook

A LEXI prototype has been built and saw first light at the William Herschel
telescope in June 2016. The preliminary data reduction indicates that the
prototype is reaching its specifications. A more detailed analysis needs to
be done to analyse the on-sky performance.

The current version of LEXI is essentially a narrowband instrument.
The imaging arm is working with a narrowband filter in the R band, and
the spectrograph has a bandwidth of only 10 nm. Several upgrades are
planned to improve the instrument.

The first upgrade is to switch to a broadband system. The most im-
portant part to replace is the SLM, because it is highly chromatic. The
SLM will be replaced by a liquid crystal phase plate that can be used to
create broadband phase patterns (Otten et al., 2014; Snik et al., 2012). The
second upgrade will increase the spectral bandwidth of the spectrograph
by making a cross dispersed Echelle spectrograph. These two upgrades
will enable us to cover the whole visible and very near-infrared part of the
spectrum. The third upgrade will add an integral field unit.
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3 | On-sky results of the Leiden EXo-
planet Instrument(LEXI)

Adapted from
S. Y. Haffert, M. J. Wilby, C. U. Keller, I. A. G. Snellen, D. S.

Doelman, E. H. Por, M. van Kooten, S. P. Bos and J. Wardenier
Proceedings of the SPIE, Volume 10703, id. 1070323 11 pp. (2018)

The Leiden EXoplanet Instrument (LEXI) is a bench-mounted high-
contrast spectrograph (HCS) and high-contrast imager(HCI). Both science
instruments are mounted behind a common adaptive optics (AO) system.
The AO can be controlled by several new wavefront sensors for which we
will show the first on-sky results. There is a new pupil-plane wavefront sen-
sors; the Generalized Optical Differentiation Wavefront sensor(g-ODWFS).
LEXI can switch between two observing modes, the HCI mode or the HD-
IFS mode.

The spectrograph is very compact because it is fed by single-mode fiber.
The HD-IFS is an IFS that covers the spectral range of 600 – 800 nm
with a constant spectral resolving power of 96000. The 2kx3k detector
makes it possible to deliver diffraction limited spectra of up to 20 input
fibers. The high-dispersion spectra of the HD-IFS allow for robust post-
processing technique to remove residual stellar speckles and allows for direct
characterization of the faint stellar environment. We will show the first
sucesful on-sky results of the injection into a single-mode fiber with LEXI.

In HCI mode an Apodizing Phase Plate (APP) is used to create a dark
region around the star with an average design contrast of 1E-4. The APP
is multiplexed with holographic modes to create the Coronagraphic Modal
Wavefront sensor (cMWS) for non-common path error (NCPE) correction.
The cMWS creates holographic copies in the focal plane that react linearly
to aberrations. The holographic copies are measured simultaneously with
the science target. There is no downtime for NCPE correction. We will
show the first on-sky closed-loop correction of (NCPEs) with the cMWS.
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3.1 Introduction

The discovery of Proxima Centauri b (Anglada-Escudé et al., 2016) shows
that the solar neighbourhood has many planets waiting to be discovered.
Current surveys show that most habitable zone planets have a separation
near the diffraction limit of current and future large telescopes. Many
exoplanets are found through indirect methods such as radial velocity or
transit measurements. Both are very successful at finding exoplanets. But
the only way to unambiguously characterize the atmospheres of exoplanets
is through direct imaging where the photons of the planet are separated
from the photons of the star. This is achieved through high-contrast imag-
ing(HCI) where advanced optical techniques are applied to suppress the
stellar light at the position of the planet.

For ground-based telescopes the major limitation for exoplanet char-
acterization is the Earth’s atmosphere. The atmosphere causes wavefront
errors due to turbulence and temperature fluctuations. These wavefront
errors limit the spatial-resolution of the telescope. High-speed adaptive
optics(AO) is necessary to correct for the wavefront errors. With AO the
telescope can reach its diffraction limit again. However not all wavefront
errors are corrected. There are residual wavefront errors, which are due to
errors in the measurements of the wavefront or due to certain modes that
the AO cannot correct. To control the AO system the wavefront errors
need to be sensed which is done by a wavefront sensor.

Another limitation is set by the difference in optical path of the science
instrument and the AO wavefront sensor. Because there are optics which
are not in the common path of both systems there will be wavefront errors
that are not sensed by the AO system. These are called NCPAs and are
usually of a low-order. These low-order NCPAs are the main limitation for
deep starlight suppression by the coronagraph close to the star. Currently
there is a lot of research focused on the active control of the NCPAs by
using focal-plane wavefront sensing (FPWFS) (Jovanovic et al., 2018).

After AO and NCPA correction it is still possible to have residual speck-
les in the focal plane. Smart post-processing methods are necessary to
discern whether the speckle is a planet or light from the star. Most conven-
tional post-processing methods use spatial diversity to remove the residual
speckles of the star. But this leads to problems at small inner working
angles where the speckles change by large amounts due to slowly changing
NCPAs. A very promising approach that has recently been explored is the
combination of high-resolution spectroscopy together with high-contrast
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imaging (Snellen et al., 2015). High-contrast imaging spatially separates
the planet from the star and overcomes part of the large contrast between
the objects. High-resolution spectroscopy(HRS) can be used to gain ad-
ditional orders of magnitude and suppress the star enough to characterize
the exoplanets atmosphere. At high-resolution the spectral lines from the
planet and star can be separated. The difference in spectral lines is due to
a difference in radial velocity and/or a difference in molecular composition.
Using matched spectral filters it becomes possible to remove the residual
starlight and discover and characterize exoplanets at the same time.

The Leiden Exoplanet Instrument(LEXI) is a HCI pathfinder instru-
ment that is being developed at Leiden. LEXI is a bench-mounted vis-
iting instrument for the William Herschel Telescope(WHT) at La Palma.
LEXI consists of an AO system that feeds two different instruments, a
high-contrast imager and a high-contrast spectrograph(HCS). The main
purpose of LEXI is to explore the power of HCS for exoplanet detection
and characterization. It is the first instrument that is specifically designed
for HCS in the visible band. As LEXI is a pathfinder instrument it uses
several newly developed techniques for HCI. An overview of the modules of
LEXI will be given in section 2. Section 3 will show the improvement of the
AO system and the first on-sky results of the newly developed generalised-
Optical Differentiation wavefront sensor (Haffert, 2016). In section 4 we
will discuss the sensing, calibration and control of NCPAs with the coro-
nagraphic Modal Wavefront Sensor(cMWS) (Wilby & Keller, 2016; Wilby
et al., 2017). And section 5 will show the results of the HCS.

3.2 LEXI overview

We observed with LEXI in December 2017 during the observing run LEXI
consisted of three modules. A sketch of the system is shown in Figure 3.1.
This was the second observing run of LEXI at the WHT (Haffert et al.,
2016). During that run we experienced that our AO system was not of
high enough order to correct for the full aperture. There were two options
for this run either the DM was replaced with a higher order DM or we
stop down the aperture. We decided to stop down the aperture as this
was an option that was cheaper and was quicker to implement compared
to the lead time of a new DM. The geometry of the stopped-down aperture
is show in Figure 3.2. The diameter of the off-axis segment was based on
the actuator count of our Alpao 97-15 DM. The Alpao 97-15 DM has 11
actuators across the pupil. Because the Alpao DM has actuators on the
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Figure 3.1: This is a sketch of the LEXI modules. The light from the WHT
is fed into an AO system which feeds two different backends. The science
instruments are an high-contrast imager and a high-contrast spectrograph.

edges of the mirror the effective degree of freedom is N − 1. To correct
for most turbulence we have to match 1 degree of freedom to 1 patch of
turbulence. At the WHT there is a median seeing of 1 arcsecond, which
corresponds to a r0 of 10 cm at 550 nm. LEXI has a specctral range from
0.6 um to 0.9 um. To match the median seeing over the whole wavelength
range we decied on an off-axis segment of 1.2 meter.

We do not have a derotator in our system and this causes the spiders
to come in and out during observations. With a few small simulations we
estimated that the effects of the spiders were negligible compared to the
residual wavefront errors of the atmosphere. Therefore we decided against
implementing a derotator.

LEXI is bench-mounted on an optical table at the Nasmyth focus of
the WHT. The light from the Nasmyth focus of the WHT passes through
a small optical relay which consisted of two achromatic doublets with a
focal length of 100 mm and 25 mm respectively. In the intermediate pupil
plane we placed an aperture stop. This relay was designed with the idea to
accommodate a potential atmospheric dispersion compensator for a future
version of LEXI. After the relay the light is collimated by a 140 mm achro-
matic doublet. The projected pupil size of the off-axis segment is 13.5 mm
which fully illuminates the DM. The DM can run at frequencies up to 900
Hz and has a stroke of 60 um. This allows for corrections of large aberra-
tions. The beam is redirected by a second fold mirror after the DM. The
beam is then focused by an identical lens as was used for the collimation.
This creates a 1-to-1 system between the AO input and output.

The focused beam passes through a 50-50 cube beam splitter. Half of
the light is sent towards the wavefront sensor arm and the other half is sent
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Figure 3.2: This is a sketch of the LEXI modules. The light from the WHT
is fed into an AO system which feeds two different backends. The science
instruments are an high-contrast imager and a high-contrast spectrograph.

towards the science instruments. Both the wavefront sensor and the science
instruments use the same wavelength range and share the photons. For the
science beam the light collimated by a 50 mm achromatic doublet. This
creates a 4.7mm pupil of which a 4.55mm pupil is cut-out by a liquid-crystal
plate. The liquid-crystal plate contains our pupil plane coronagraphs and
acts as a pupil stop at the same time. The pupil stop is created by using a
very high frequency grating creating a grating mask (Doelman et al., 2017).
The imaging is done with a last 2 inch 300 mm lens. This creates a PSF
that is sampled with about 3 pixels per λ/D at 700nm.

3.3 The adaptive optics module of LEXI

The wavefront sensor of LEXI has been changed from a Shack-Hartmann
wavefront sensor to a generalized Optical Differentiation Wavefront Sensor(g-
ODWFS). This is a new wavefront sensor which was recently developed in
Leiden (Haffert, 2016). The g-ODWFS uses focal plane amplitude masks
to filter the incoming light to sense the wavefront in the pupil plane. A
sketch of the g-ODWFS principle is shown in Figure 3.3. The g-ODWFS
has several advantages over the SHWFS. The foremost advantages is it’s
sensitivity which is close to a modulated pyramid wavefront sensor. A sec-
ond advantage is that the wavefront sensor manipulates the light in the
focal plane allowing for arbitrary sampling in the pupil. Because the sam-
pling only depends on the camera we can be adjust the sampling on the fly
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Figure 3.3: This figure is adapted from Haffert 2016 (Haffert, 2016). The
input pupil is focused by a lens and filtered by 4 focal plane masks. Each fil-
tered PSF is collimated which results in 4 pupils. The normalized difference
of the pupils encodes the wavefront slope. The wavefront is reconstructed
with a matrix-vector multiplication.

by binning the camera. We made use of this by oversizing the pupils on
purpose and then used the highest binning setting with which we could still
operate all DM modes. The camera of the wavefront sensor is an Andor
iXon EMCCD with 128x128 pixels which can run at 512 Hz while reading
out the full frame. Because we binned the camera we could increase our
AO loop speed to 800 Hz, which was limited before by the frame rate of
the camera. The pupils were sampled with 16 pixels across which is still
oversampled with respect to the actuators.

Normal amplitude filters are not photon efficient, they will always throw
away light. Therefore the amplitude filters of LEXI were implemented with
patterned liquid-crystals(LC). The LC act as a spatially varying half-wave
plate. This plate will rotate linear polarized light by an amount which is
determined by the position on the focal plane mask. After the focal plane
mask the light is split into two pupils with a Wollaston prism. The angle
of the polarization after the LC plate determines the relative transmission
between the two outgoing pupils. So we can implement amplitude filters
by acting on the angle of polarization. Because the LC plate needs linear
polarized light we place a polarization beam-splitter cube up-stream of
the LC plate. This has a nice advantage as we can use the two output
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Figure 3.4: The output of the g-ODWFS during on-sky operation. The left
and right pair of pupils are modulated with an opposite intensity pattern.
This asymmetry is caused by wavefront aberrations. There is still a detector
artifact left in the pupil images which is due to a non-perfect estimated bias.

polarizations of the beam-splitter cube for sensing the wavefront gradient
in two directions. The final output pupil configuration is shown in Figure
3.4.

The combination of an off-axis segment and the new wavefront sensor
led to a great improvement in quality of PSF. The first on-sky results of
the g-ODWFS can be seen in Figure 3.5. The wavefront sensor closed
the loop on-sky for the first time without any issues. The Full-Width
at Half-Maximum(FWHM) changed from 4.3 λ/D in natural seeing to a
diffraction-limited FWHM of 1 λ/D. The seeing during the observation is
estimated at 0.64” from the FWHM of the seeing-limited PSF. The quality
of the AO correction allowed us to use a coronagraph to increase the raw
contrast. This can be seen in Figure 3.5 where the AO-corrected PSF is
a one-sided vector Apodizing Phase Plate(vAPP) (Otten et al., 2014; Snik
et al., 2012) coronagraphic PSF. With the vAPP and the improved AO we
were able to reach 5σ contrast of 1E-3 at from 2λ/D and further. This can
be seen in Figure 3.6. The contrast gain is factor of 10 to 200 depending on
the distance from the star. This curve was measured from an imaging cube
consisted of 250 frames with an individual exposure time of 0.07s. The
cube was checked for temporal correlations between individual frames, but
no correlation was found. Therefore we determined the 5σ contrast limits
by taking the standard deviation of imaging cube in time and divided by
the square root of the number of frames. Afterwards the normalization was
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Figure 3.5: The figure on the left shows the closed-loop AO PSF and figure
on the right shows the seeing-limited PSF. The AO improves the quality
of the PSF substantially. The AO PSF is close to diffraction limit with a
FWHM of 1 λ/D.

done by the maximum of the mean-combined image. The results of this
observation is encouraging as this contrast is reached with a total exposure
time of only 17.5 seconds.

3.4 Focal-plane wavefront sensing with the cMWS

The contrast at small inner-working angles is mainly limited by low-order
non-common path errors. The HCI arm of LEXI uses focal plane wavefront
sensing to sense and actively correct for NCPAs. The focal-plane wavefront
sensor is a coronagraphic Modal Wavefront sensor. The cMWS is a holo-
graphic wavefront sensor that can be multiplexed together with a vAPP.
The hologram generates spatially separated secondary PSF copies in the
science focal plane. For each wavefront aberration two oppositely biased
satellite spots are generated. The difference between the Strehl ratio of
the two copies reacts linearly to the amplitude of the selected wavefront
aberrations. This makes the cMWS a fast and real-time wavefront sensor
for focal-plane wavefront sensing.

The design for LEXI is shown in Figure 3.7. The cMWS is multiplexed
with a 360 degree dark hole vAPP. The dark hole contrast is 1E-4 from 3 to
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Figure 3.6: The post-processed 5σ contrast curves of LEXI. These curves
were generated from a 17.5 second data cube. The contrast is 1E-3 from 2
λ/D and further. The gain in contrast compared to the seeing-limited PSF
is significant. This gain varies from a factor of 10 to 200 depending on the
angular separation.
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Figure 3.7: The multiplexed focal plane of the cMWS. The cMWS is
multiplexed with a 360 degree dark hole vAPP. The vAPP creates a 1E-
4 dark hole from 3 to 6 λ/D. The cMWS is multiplexed with 20 Disk
Harmonic modes.

6 λ/D. The vAPP is multiplexed together with 20 Disk Harmonic modes.
The Disk Harmonics(DH) were chosen over the Zernike modes as the edge
behaviour of the DHs is more regular. The there is also a ghost visible on
the bottom left of the stellar PSF. The cMWS was calibrated by applying
the DH modes iteratively on the DM. From the response of the cMWS to
the DM modes we build up an interaction matrix. This takes care of any
linear cross-talk between the sensed modes and calculates the gain between
the sensor and the DM. The calibration was done with the internal light
source during the day. Any NCPA sensed by the cMWS was send to the
high-speed g-ODWFS as a reference offset for the slopes.

The closed-loop feedback was successfully tested on Regulus. This can
be seen in Figure 3.8. The quality of the PSF increases after the loop
on the cMWS has been closed. The first Airy ring became more circular.
The outer edges of the diffraction structure was also closed to the designed
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structure. The improvement in contrast can be seen in 3.9. The contrast
improves by a factor of 1.5-2. This is more evident by looking at the sensed
wavefront rms in Figure 3.10. After the loop closes the wavefront rms
decreases by a factor of 1.5-2.

3.5 Single-mode fiber-fed spectroscopy

High-contrast spectroscopy is a robust technique for removing speckle noise.
It has been used to characterize the atmosphere of giant exoplanets and
determine the spin rate of these planets. LEXI will have an fiber-fed IFU
spectrograph in the future. The current baseline design is to use a single-
mode multi-core fiber for the IFU. But is it notoriously difficult to couple
efficiently into a single-mode fiber (Bechter et al., 2016; Jovanovic et al.,
2014; Jovanovic et al., 2017). An important experiment is to see whether
LEXI is able to inject light into a single-mode fiber-fed spectrograph. The
spectrograph of LEXI has been designed to reach a spectral resolving power
of 100000 from 600 to 900 nm for 19 fibers. The spectrograph itself is
a cross-dispersed echelle spectrograph. Because the input is diffraction-
limited due to the single-mode fiber the spectrograph itself is very small in
size. A photo of the assembled spectrograph can be seen in Figure 3.11.

To keep the design relatively simple we opted to go for a special kind
of single-mode fiber, a photonic crystal fiber(PCF). The PCF we used was
a Large Mode Area fiber (LMA). LMA fibers are fibers with a large Mode
Field Diameter which can be up many tens of microns. We used the LMA-
15 of NKT-photonics which had a MFD of 12.5um. This is ideally suited to
the SBIG STF-8300 CCD camera which has a pixel size of 5.4 um. Due to
the matching of the sizes no reimaging optics are necessary to change the
F-ratio of the beam. To reach the large MFD the NA of the fiber has to be
low, and is around 0.05 for our wavelength range. This makes it relatively
easy to collimate the beam. For the collimator we decided to use a off the
shelf Thorlabs tube lens, the TTL200MP. This infinity-corrected tube lens
is an apochromatic design with a diffraction-limited field of view of ±11
mm designed to operate from 400 nm to 2000 nm. After the collimation
the beam will be pre-dispersed by a 18 degree BK7 wedge prism of Thorlabs
and then dispersed by an Thorlabs R2 echelle grating with 31.6 lines/mm.
After the reflection of the echelle grating the beam will through the wedge
prism a second time. The collimating tube lens is also used as a camera
lens. Because of it’s wide field of view and broad wavelength performance,
the lens is able to deliver a diffraction-limited cross-dispersed spectrum on
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1) Open Loop, no NCPE static correction 2) cMWS closed loop (20 DH modes)

3) Open loop, post-cMWS correction 4) Re-closed loop

LEXI cMWS on-sky demonstration: Regulus, 1st Dec 2017
(200 frame av. @ 1Hz)

Figure 3.8: A sequence of stacked images of the PSF during operation
of the cMWS. During closed-loop feedback of the cMWS the PSF clearly
improves in quality. The asymmetric feature in the first panel has been
fixed and the first Airy ring looks nice and round. After the first round of
feed-back the loop is opened again and the NCPA’s are allowed to evolve
again. The last panel shows the closed loop PSF after that.
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Figure 3.9: The contrast curve of Regulus with the 360 vAPP dark hole.
The cMWS does improve the raw contrast by a factor of 1.5-2. We do not
however reach the design contrast.
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Figure 3.10: The wavefront rms as measured by the cMWS. The wavefront
rms gain is not calibrated therefore only the relative change is important.
The black dashed line indicates the moment that the cMWS starts to give
feedback. The wavefront rms as measured by the cMWS decreases by a
factor of 1.5-2 which is exactly the gain in contrast that was achieved.
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Figure 3.11: A picture of the single-mode fiber-fed spectrograph of LEXI.
The spectrograph footprint is about 35 cm by 25 cm. It is a minimal
design with 1 fold mirror, 1 collimator/camera lens 1 prism and 1 grating.
The spectrograph is fed by a LMA-15 fiber from NKT photonics which is
dispersed on a SBIG STF-8300 camera. A fold mirror can be entered to
look at the broadband output of the fiber without dispersion.

the detector.

An advantage of the LMA fibers is their constant MFD as function of
wavelength. To keep this property the F number changes as the wavelength
changes. This exactly cancels out the wavelength dependence of the spec-
tral resolving power of a grating. Therefore the spectral resolving power
is almost constant across the whole wavelength range. An example of the
spectra that were obtained with the LEXI spectrograph can be seen in Fig-
ure 3.12. The oxygen absorption lines from the Earth’s atmosphere are very
clear in the spectrum. These oxygen lines have also been used to estimate
the spectral resolving power of the spectrograph, which was calculated to
be 92000 which was very close to the designed resolving power of 96000.

3.6 Conclusion and outlook

The strategy to change the wavefront sensor and stop down the aperture
was very successful. The first on-sky results of the g-ODWFS are very
encouraging and showed that it worked under natural seeing conditions
and with broadband light. The improved Strehl and PSF quality allowed
us to apply high-contrast imaging techniques. This lead to the successful
closed-loop demonstration of the cMWS. The cMWS has shown to increase
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Figure 3.12: This is a cross-dispersed spectrum of Aldebaran. The inte-
gration time of this spectrum if 40 minutes with a SNR of 30-40 on the
continuum. The spectrum shows very clear and deep spectral lines, which
indicate the high-quality and high-resolution of the spectrum.

the contrast by a factor 1.5-2 which is also indicated by the sensor itself as
the wavefront rms has also decreased by a factor of 1.5-2. LEXI was also
able to inject light efficiently into a single-mode fiber-fed spectrograph.
With Aldebaran we measured the design parameters of the spectrograph
and confirmed that it reached the requirements.

LEXI is currently being upgraded with a major component being the
upgrade of the spectrograph. It will change from a single single-mode fiber-
fed spectrograph to a multi-core fiber-fed spectrograph. It will allow up to
20 fibers at a spectral resolving power of 100000 between 600-900nm. An
important aspect during this upgrade is the addition of an ADC. The ADC
becomes necessary as we want to couple the high-resolution spectrograph
with more advanced coronagraphic techniques which need well corrected
tip/tilt otherwise there will be stellar light leaking through.
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4 | The Single-mode Complex Amplitude
Refinement (SCAR) coronagraph

I. Concept, theory, and design

Adapted from
E. H. Por and S. Y. Haffert

Astronomy and Astrophysics in press (2019)

Context The recent discovery of an Earth-mass exoplanet around the
nearby star Proxima Centauri provides a prime target for the search for life
on planets outside our solar system. Atmospheric characterization of these
planets has been proposed by blocking the starlight with a stellar coro-
nagraph and using a high-resolution spectrograph to search for reflected
starlight off the planet.
Aims Due to the large flux ratio and small angular separation between
Proxima b and its host star (≤ 10−7 and ≤ 12.2λ/D respectively; at 750nm
for an 8m-class telescope) the coronagraph requires high starlight suppres-
sion at extremely-low inner working angles. Additionally, it must operate
over a broad spectral bandwidth and under residual telescope vibrations.
This allows for efficient use of spectroscopic post-processing techniques. We
aim to find the global optimum of an integrated coronagraphic integral-field
spectrograph.
Method We present the Single-mode Complex Amplitude Refinement (SCAR)
coronagraph that uses a microlens-fed single-mode fiber array in the focal
plane downstream from a pupil-plane phase plate. The mode-filtering prop-
erty of the single-mode fibers allows for the nulling of starlight on the fibers.
The phase pattern in the pupil plane is specifically designed to take advan-
tage of this mode-filtering capability. Second-order nulling on the fibers
expands the spectral bandwidth and decreases the tip-tilt sensitivity of the
coronagraph.
Results The SCAR coronagraph has a low inner working angle (∼ 1λ/D)
at a contrast of < 3 × 10−5 for the six fibers surrounding the star using a
sufficiently-good adaptive optics system. It can operate over broad spectral
bandwidths (∼ 20%) and delivers high throughput (> 50% including fiber
injection losses). Additionally, it is robust against tip-tilt errors (∼ 0.1λ/D
rms). We present SCAR designs for both an unobstructed and a VLT-like
pupil.
Conclusions The SCAR coronagraph is a promising candidate for exo-
planet detection and characterization around nearby stars using current
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high-resolution imaging instruments.

4.1 Introduction

The discovery of many rocky exoplanets around stars (Borucki et al., 2011)
has prompted the radial velocity search of the closest and brightest ones.
This led to the discovery of a terrestrial exoplanet in the habitable zone
around Proxima Centauri (Anglada-Escudé et al., 2016). This planet does
not transit its host star (Kipping et al., 2017), making transit spectroscopy
impossible. Proxima b however has an angular separation in quadrature of
∼ 2.2λ/D at 750nm for an 8m-class telescope, making a spatially resolved
imaging approach feasible. Lovis et al. (2017) explores the possibility of
coupling the high-contrast imager SPHERE (Beuzit et al., 2008) with the
high-resolution spectrograph ESPRESSO (Pepe et al., 2010). The imple-
mentation of the coronagraph was left as an open question. Here we show
a new type of coronagraph that will enable a combination of SPHERE and
a high-resolution spectrograph to successfully observe Proxima b.

With the advent of extreme adaptive optics systems (xAO), such as
SPHERE (Beuzit et al., 2008), GPI (Macintosh et al., 2014) and SCExAO
(Jovanovic et al., 2015), direct detection has taken some major steps for-
ward. These systems create a diffraction-limited point spread function
(PSF), which allows for the use of coronagraphy to enhance the contrast of
observations. Coronagraphs need to suppress stellar light at the location of
the planet, while having high throughput for the planet itself. Additionally,
they need to operate over a broad wavelength range and in the presence of
residual telescope aberrations, both static and dynamic. Telescope vibra-
tions in particular turned out to be a major concern for these high contrast
imaging instruments (Fusco et al., 2016). The performance of pupil-plane-
only coronagraphs is independent of telescope pointing, making telescope
vibrations less of a concern. An inherent disadvantage of pupil-plane coro-
nagraphs is that the coronagraphic throughput loss is the same for the
star and the planet. Therefore designs of pupil-plane coronagraphs that
reach high contrasts or extremely-low inner working angles have an intrin-
sically low throughput. As a result, coronagraphs combining focal-plane
and pupil-plane optics often outperform pupil-plane-only coronagraphs at
extremely-low inner working angles (Mawet et al., 2012). For example, an
apodizing phase plate (APP) with an annular dark zone optimized from
1.2λ/D to 2.3λ/D for a contrast of 10−4 has a Strehl ratio (ie. planetary
throughput) of 0.13%. The APP optimization was performed following Por
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(2017).

Even with the best adaptive optics systems, residual aberrations will
always limit the raw contrast of ground-based observations to ∼ 10−6 to
10−7 (Guyon, 2005). Currently however, observations are limited by the
non-common-path errors between the wavefront sensor and science camera,
creating quasi-static speckles in the focal-plane. These speckles amplify at-
mospheric residuals (Aime & Soummer, 2004) and are notoriously hard to
predict. The raw contrast in the intensity image provided by the coron-
agraphic system is often enhanced by post-processing techniques to form
the final contrast curve of the observation. Diversity of some kind is often
used to calibrate the instrument itself. Angular diversity (Marois et al.,
2006) uses the rotation of the sky with respect to the instrument and has
provided excellent results. A recent development in this field uses the diver-
sity in radial velocities of the star and the planet: stellar-light speckles still
retain the radial velocity of the star, while the planet appears at a different
velocity altogether. Cross-correlation techniques on high-resolution spec-
troscopy (Konopacky et al., 2013; Riaud & Schneider, 2007; Sparks & Ford,
2002) combined with coronagraphy (Kawahara et al., 2014; Snellen et al.,
2015; Wang et al., 2017) show great promise. They provide dayside spec-
troscopy of τ Boötis b (Brogi et al., 2012) and even the first measurement
of planetary spin (Snellen et al., 2014).

Integration of both coronagraphy and high-resolution spectroscopy into
a single concept has only recently been attempted. Mawet et al. (2017) use
a fiber injection unit in the focal-plane downstream from a conventional
vortex coronagraph. A single-mode fiber was centered around the planet
and the stellar light speckles were removed using active speckle control al-
gorithms. While this setup does allow for transportation of the light to
a dedicated high-resolution spectrograph, it does not optimally combine
both methods. A system for which all components are optimized simulta-
neously is always better than, or at least as good as, a system for which
each component is optimized separately. In this paper we allow the coron-
agraph design to depend on the single-mode fibers in the focal plane. This
allows for more freedom in the design process and provides better planetary
coronagraphic throughput as those modes filtered out by the fiber injection
unit do not need to be suppressed by the upstream coronagraph. The in-
crease in throughput can be quite significant. For example, optimizing a
SCAR coronagraph with an operating angular separations from 1λ/D to
2.5λ/D yields a throughput of ∼ 54%, compared to the ∼ 0.13% of the
corresponding APP mentioned above.
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Figure 4.1: Schematic layout of the proposed system. The phase plate
located in the pupil-plane alters the PSF that is imaged on the microlens
array. Each microlens focus is imaged on a single-mode fiber. An off-axis
source will be spatially separated in the focal-plane and its Airy core will
fall on a different microlens.

The schematic layout of the proposed coronagraph is shown in Fig-
ure 4.1. The SCAR coronagraph uses a phase plate in the pupil plane to
alter the PSF. The light is then focused on the microlens array which fo-
cuses the light into the single-mode fiber array. This provides additional
filtering of the incoming starlight. The starlight is nulled on off-axis fibers,
while light is let through in the center fiber. This means that the light from
an off-axis companion, of which the PSF is the same as that of the star, will
be let through by the off-axis fiber on which it is centered. In this paper,
we aim to provide an overview of the principle and optimization behind the
SCAR coronagraph.

Interestingly, the use of single-mode fibers for coronagraphy is not new.
Haguenauer & Serabyn (2006) already propose using a single-mode fiber to
null the star by using a π phase shift on part of the pupil. Martin et al.
(2008) develop this further and Hanot et al. (2011) finally put this system
on sky. These applications of single-mode fibers for coronagraphy were
based on interferometry. Mawet et al. (2017) is the first to put single-mode
fibers behind a conventional coronagraph.

In Sect. 4.2 we describe nulling on single-mode fibers, extend the fiber
injection unit to use multiple single-mode fibers and show the coronagraphic
capabilities and throughput of such a system. In Sect. 4.3 we use an apodiz-
ing phase plate coronagraph to expand the spectral bandwidth and decrease
the tip-tilt sensitivity. In Sect. 4.4 we describe the throughput, inner work-
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ing angle, chromaticity and sensitivity to aberrations of this new system.
We conclude with Sect. 4.6.

4.2 Modal filtering using single-mode fibers

4.2.1 Nulling in single-mode fibers

The coupling efficiency ηsm of light into a single-mode fiber can be calcu-
lated by the projection of the input electric field Ein onto the mode of the
fiber Esm as

ηsm =

∣∣∫ E∗
inEsmdA

∣∣2∫
|Ein|2dA

∫
|Esm|2dA

, (4.1)

where the integration is done over all space. The fiber mode Em can be
calculated using waveguide theory and the geometry of the fiber in question,
but in this paper we use the Gaussian approximation (Marcuse, 1978)

Esm(r) = exp

[
− r

2

w2

]
(4.2)

where r is the distance from the center, and 2w is the mode field diameter
of the fiber. We see that the coupling efficiency ηsm ≤ 1 for all input fields
and that maximum coupling is only attained when Ein matches the fiber
mode.

Suppose now that we put a single-mode fiber in the focal plane of a
telescope, with its mode field diameter matched to that of the Airy core
of the PSF. Using Equation 4.1 we can calculate the coupling efficiency
ηs(x) of the star as a function of focal-plane position x. We can do the
same thing for the planet, yielding ηp(x,x0) where x0 is the location of the
planet. The raw contrast at the fiber output can be written as

Craw(x,x0) =
ηs(x)

ηp(x,x0)
. (4.3)

When the fiber is centered around the planet, ie. x = x0, the electric
field of the planet will couple efficiently into the fiber, as the Airy core is
closely matched to the Gaussian fiber mode. The electric field of the star at
this position will however consist of Airy rings. These will be smaller, not
only in intensity but also spatially so that around two Airy rings will be
visible on the fiber face. This is possible as the Airy core itself has a size of
∼ 1λ/D full-width half-maximum (FWHM), while the Airy rings are sized
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∼ 0.5λ/D FWHM. As neighboring Airy rings have opposite phase, the light
from the two Airy rings will (partially) cancel each other in the projection
integral of Eq. 4.1, resulting in a lower stellar throughput. This nulling
provides an additional contrast enhancement not possible with multimode
fibers. Fig. 4.2 illustrates this graphically in columns one and two.

Column three in Fig. 4.2 shows an alternative null structure. This
second-order null balances the contribution of the core with its two side-
bands. This has the effect of broadening the null for decenter as the loss in
overlap with one of the sidebands is compensated by the increase in overlap
with the other. In this case we have essentially split the second-order null
into two first-order null by subtracting a tiny fraction of the matched mode.
This gives a characteristic double dip in the coupling curve and broadens
the null even more by raising the coupling between the two first-order nulls.
This coupling at the center must be kept below the design coupling.

This second-order null is the basis for the SCAR coronagraph. For com-
parison with existing coronagraph implementations, we define the “relative
integration time” as the ratio between the integration time for unresolved
imaging and coronagraphic imaging to reach a predefined signal-to-noise
ratio. This can be expressed in the star and planet throughput as

∆Tcoronagraphic
∆Tunresolved

=
ηs(x)

η2p(x,x0)
. (4.4)

This metric takes into account both the raw contrast and planet throughput
of the coronagraph. Noise sources other than photon noise were ignored
in this respect. As these only become important for small planet through-
puts, we will show both the relative integration time ηs/η

2
p and the planet

throughput ηp.

4.2.2 Single-mode fiber arrays using microlenses

To cover the field of view around a star, we need to fill the focal plane
with single-mode fibers. This means that the fibers are impractically close
together. A more reasonable solution is to use a microlens array with a
single-mode fiber in each focus, as shown by Corbett (2009). Each fiber face
now contains a strongly spatially-filtered telescope pupil. The correspond-
ing focal-plane mode for each fiber can be recovered by back-propagating
the fiber mode to the focal plane. An example of such a mode is shown
in Fig. 4.3. The amplitude of this back-propagated mode is still Gaussian
in amplitude. In phase however, it is flat within the central lenslet, but
picks up a phase gradient on off-axis lenslets: light hitting off-axis lenslets
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Figure 4.2: Coupling into a single-mode fiber with a (a) matched electric
field, (b) first order null and (c) second order null. The first row shows the
electric field projected onto the fiber. The second row shows the intensity
on the fiber face. The third row shows the coupling efficiency for off-center
fibers. The matched mode couples well into the fiber, even for small off-
center positions. The first-order null has no throughput: its odd electric
field ensures a zero overlap integral in Eq. 4.1. Off-center positions however
still transmit because the odd structure is lost. The second-order employs
an even electric field where the contribution of the central peak is canceled
by the two sidebands. This creates a much broader null when decentering
the fiber.



Modal filtering using single-mode fibers 62

1 0 1
x/Dmla

1

0

1

y/
D

m
la

Amplitude

1 0 1
x/Dmla

Phase

Figure 4.3: Backpropagated mode of a single-mode fiber to the microlens
array surface. Conceptually our microlens array and single-mode fiber can
still be thought of as focal-plane electric field filtering using this modified
mode. The mode is still Gaussian on the central microlens, but picks up an
additional tilt on off-axis microlenses: on those microlenses the light needs
to have a huge tilt to be propagated into the central fiber.



63 The Single-mode Complex Amplitude Refinement coronagraph I.

Dmla

1.0

0.8

0.6

0.4

0.2

0.0

-3 -2 -1 0 1 2 3

0

0.2

0.4

0.6

0.8

0

0.2

0.4

0.6

T
hr

ou
gh

pu
t

Tip-tilt offset (in λ/D) 

w = 0.78 λ/Dmla

w = 0.64 λ/Dmla

w = 0.92 λ/Dmla

w = 1.06 λ/Dmla

w = 1.20 λ/Dmla

(A)

(B)

Offset in x

O
ff
se

t 
in

 y
T

hr
ou

gh
pu

t
T

hr
ou

gh
pu

t

(A)

(B)

Figure 4.4: Throughput of the single-mode fibers as a function of tip-tilt
offset of the source. On the top a two-dimensional throughput map is
shown. On the bottom two slices through this map are plotted for several
values for the mode field diameter of the single-mode fibers. Maximum
throughput of ∼ 72% is reached at the center of a lenslet. On the edge of
two microlens the throughput of two fibers have to be added to reach ∼ 30%
throughput. The worst case is the triple-point at which the maximum
throughput drops to ∼ 25%. A fiber mode field radius of w = 0.78λ/D
achieves the highest throughput for all tip-tilt offsets.
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need to have a huge tilt to still couple into the central fiber. We denote
this off-axis contribution as lenslet crosstalk, and it is taken into account
in every optimization and calculation done in this paper.

The throughput of the single-mode fiber array depends on the position
of the object and the mode field diameter of the fibers. Figure 4.4 shows the
throughput for a clear aperture with slices through the best and worst-case
position angles. The throughput is dominated by the lenslet closest to the
center of the PSF and is only weakly dependent on the mode field diam-
eter around the optimal value. Additionally, at each position in the focal
plane, the optimal value of the mode field diameter is the same, simplifying
implementation.

Figure 4.5 shows the throughput of an off-axis lenslet as a function of
microlens diameter, while keeping the PSF centered around the on-axis
lenslet. We can clearly see that at a diameter of ∼ 1.28λ/D no stellar light
is transmitted by the fiber. This contrast is solely the result of the mode-
filtering property of the single-mode fiber: if we were to use multimode
fibers instead, the contrast would still be ∼ 3 × 10−2 at this point. The
nulling can be classified as first order: only where the electric field of the
Airy core and the first Airy ring exactly cancel do we see the contrast
reduction. Moving the PSF only slightly already destroys this nulling.

Since the PSF changes in size with wavelength, the throughput of an
off-axis fiber is inherently chromatic. We can read off the spectral band-
width from Fig. 4.5 directly. A contrast of 10−4 is reached for 1.26λ/D <
Dmla < 1.30λ/D, corresponding to a spectral bandwidth of just 3%. Nev-
ertheless this demonstrates that significant gains can be obtained by using
single-mode fibers instead of multimode fibers or even conventional inten-
sity detectors.

4.3 Coronagraphy with a single-mode fiber array

4.3.1 Conventional coronagraphy

We can use conventional coronagraphy techniques to reduce the spot in-
tensity and ignore the mode-filtering property in the design process. As
an example we use the apodizing phase plate (APP) coronagraph (Codona
et al., 2006; Otten et al., 2017; Snik et al., 2012). This coronagraph con-
sists of a single phase-only optic in the pupil plane, making it impervious
to tip-tilt vibrations of the telescope or adaptive optics system. The phase
pattern is designed to yield a dark zone in a certain region of interest in
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Figure 4.5: Coupling ratio between an on-axis and off-axis source through
an off-axis microlens as a function of microlens diameter for a multimode
and single-mode fiber. The gain in contrast by using a single-mode fiber
can readily be seen in the ratio of these two functions. For most microlens
diameters this gain amounts to several orders of magnitude and reaches
infinity at ∼ 1.28λ/D where the light is perfectly nulled on the fiber face
by the single-mode fiber. This nulling is first order and is therefore very
sensitive to wavelength and centering of the star around the central lenslet.
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Figure 4.6: Coupling through a microlens array using a conventional APP
coronagraph with multimode fibers (left) and single-mode fibers (right).
Using a conventional coronagraph such as an APP contrast is still enhanced
by the single-mode fibers. The contrast in the dark zone is still enhanced
by ∼ 3× on average when using single-mode fibers compared to multimode
fibers.

the focal plane. This region of interest can be both one- and two-sided,
and can have arbitrary shapes. Most often the one-sided regions of interest
are D-shaped and the two-sided are annular. See Por (2017) for a recent
description of APP design. As both the PSF of the star and the planet are
altered, the Strehl ratio is maximized to retain planet transmission.

Figure 4.6 shows the contrast through a fiber-fed single-mode fiber array
using an APP designed for a contrast of 10−5 in a D-shaped region with an
inner working angle of 2λ/D and outer working angle of 10λ/D. While the
use of single-mode fibers does enhance the contrast by ∼ 3× on average,
this enhancement is not consistent: in some fibers the contrast is enhanced
by > 10× while in others we barely see any improvement at all. This
shows that the factor of 3 enhancement that Mawet et al. (2017) finds for a
dynamic random speckle field holds true for a single-mode fiber in a static
structured speckle field, such as a residual coronagraphic electric field, even
when the mode shape is modified from a Gaussian to a constricted Gaussian
profile.
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4.3.2 Direct pupil-plane phase mask optimization

This improvement brings up the question: can we make use of this mode-
filtering in the coronagraph design? As the single-mode fiber array already
filters out some electric field modes, the coronagraph does not have to sup-
press those modes; only modes that are transmitted by the single-mode fiber
array need to be suppressed by the coronagraph. The coronagraph needs
to minimize the coupling through the single-mode fibers, not the intensity
at those positions in the focal plane. Designing a coronagraph specifically
for the fiber array therefore allows for more design freedom compared to
conventional coronagraph design. In principle, any coronagraph can be de-
signed to take the fiber coupling into account. As a case study, we use a
pupil-plane phase plate to alter the PSF in the focal plane. A schematic
layout of the proposed system is shown in Fig. 4.1.

To find the phase pattern, we use the novel optimizer from Por (2017),
based on the work by Carlotti et al. (2013), that maximizes the throughput
(ie. Strehl ratio) for a complex pupil mask, while constraining the stellar
intensity in the dark zone to be below the desired contrast. Since the trans-
formation between the pupil and focal plane is linear in electric field, this
optimization problem is linear, and its global optimum can be easily found
using large-scale numerical optimizers such as Gurobi (Gurobi Optimiza-
tion, 2016). In practice the optimization produces phase-only solutions,
which is surprising as non-phase-only solutions are still feasible solutions.
As the phase-only optimization problem is simply a more constrained ver-
sion of the linear one, the phase-only solution must therefore be a global
optimum of both problems.

The fiber coupling integral in Eq.4.1, or rather the amplitude of the
coupled electric field

Ecoupled =

∫
E∗

inEsmdA∣∣∫ EsmdA
∣∣ (4.5)

is still linear in the input electric field Ein, so we can apply the same method
here. We maximize the throughput of the central fiber, while constraining
the coupling through the specified off-axis fibers. To counter the chromatic-
ity mentioned in Sect. 4.2.2, we constrain the off-axis stellar intensity at
several wavelengths simultaneously, which ensures that the contrast is at-
tained over a broad spectral bandwidth. Jitter resistance is kept in check
in a similar manner: the desired raw contrast must be attained for several
tip-tilt positions simultaneously.

In Fig. 4.7 we show a few examples of optimizations for one, three
and six fibers for a contrast of 1 × 10−4, 3 × 10−5 and 1 × 10−5 using a
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Figure 4.7: A series of optimizations for one, three and six fibers on the
first ring of microlenses for a clear aperture. The design spectral bandwidth
were 0%, 10% and 20% and the contrasts 1×10−4, 3×10−5 and 1×10−5. A
0.06λ/D peak-to-peak telescope tip-tilt jitter was also taken into account.
Each microlens has a circum-diameter of 1.8λ/D. For each SCAR design we
show the pupil-plane phase pattern, its corresponding point spread function
and its raw contrast ηs/ηp as a function of wavelength averaged over the
marked fibers. The chromatic response shows the raw contrast after the
single-mode fiber. The second-order nulling on the fiber face is clearly
visible in every design. In Table 4.1 we list the fixed and varied parameter
in this figure. The throughput of all SCAR designs shown in this figure can
be found in Figure 4.9.
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Figure 4.8: The same as Fig. 4.7 for a VLT aperture. The aperture was sub-
ject to a 1% binary erosion, ie. undersizing the pupil and oversizing central
obscuration, spiders and other pupil features by 1% of the aperture size, to
accommodate a pupil misalignment. The general structure of the solutions
is similar to the case of a clear aperture. The central obscuration increases
the strength of the first Airy ring, thereby decreasing the throughput of
these SCAR designs slightly. The relatively thin spiders have no influence
on the throughput at these angular separations. In Table 4.1 we list the
fixed and varied parameter in this figure. A summary of the throughput of
all SCAR designs shown in this figure can be found in Fig. 4.9.
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Table 4.1: The design parameters used for all SCAR designs throughout
this work. All SCAR designs generated with these parameters can be found
in Figures 4.7 and 4.8.

Parameter name Value

Raw contrast limit {1× 10−4, 3× 10−5, 1× 10−5}
Spectral bandwidths {0%, 10%, 20%}
Tip-tilt errors 0.06λ/D peak-to-peak
Microlens circum-diameter 1.8λ/D
Microlens shape Hexagonal
Fiber mode shape Gaussian
Fiber mode field diameter 1.7λ/Dmla

Pupil mask {unobstructed,VLT}

0%, 10% and 20% spectral bandwidth, along with their corresponding PSF
and chromatic response. The design parameters are shown in Table 4.1.
These design parameters were chosen to show a variety of SCAR designs for
realistic implementations. At the shown contrast limits, the residual atmo-
spheric speckles will limited the on-sky contrast, even after an extreme AO
system. The spectral bandwidths were chosen as wide as possible, without
compromising on planet throughput. The resulting spectral bandwidths
are large enough to apply spectral cross-correlation techniques.

In each case the optimizer prefers a second order null. This second order
null is much more stable against bandwidth and tip-tilt jitter. The reason
for this is explained graphically in Fig. 4.2. Furthermore, this second order
null is even present in monochromatic optimizations and in optimizations
without accommodation for tip-tilt errors. This means that the second-
order null requires less phase stroke to achieve and therefore provides higher
Strehl ratios.

As the optimizer can handle arbitrary apertures, optimizations for other
aperture shapes are also possible. Figure 4.8 shows optimizations for a VLT
aperture for the same parameters as for the clear apertures. The aperture
was subject to a 1% binary erosion, ie. undersizing the pupil and oversizing
central obscuration, spiders and other pupil features by 1% of the aperture
size, to accommodate for a misalignment in the pupil mask. Although the
overall structure is quite similar, there is one key difference compared to
a clear aperture: the relative transmission T is lower for all phase plate
designs. This means that the relative transmission depends strongly on
the size of the central obscuration. This is obvious as larger central obscu-



Coronagraphy with a single-mode fiber array 72

Table 4.2: The different throughput terms that are important for the SCAR
coronagraph. A distinction is made between theoretical and experimental
terms. Experimental throughput terms will be non-existent with perfect
manufacturing, while theoretical throughput terms are unavoidable. Typi-
cal values in the visible are shown for each term. The values for the experi-
mental throughput terms are indicative of current technology performance
and may increase as technology matures.

Throughput term Typical values

Theoretical
Geometric lenslet throughput ∼ 80%
Fiber injection losses 90%− 95%
Planet location 50%− 100%
Phase plate Strehl reduction 60%− 80%
Total ∼ 41%

Experimental
Phase plate transmission > 85%
Fresnel losses on the fiber ∼ 90%
Microlens transmission > 95%
Strehl ratio of the AO system ∼ 50%
Total 36%

Total 14%

rations strengthen the first Airy ring and brighter features typically cost
more stroke, and therefore relative transmission, to change, similar to con-
ventional APP design. Effectively, this means that each feature in the phase
pattern becomes larger to compensate for larger central obscurations.

We summarize the multitude of SCAR phase pattern designs in Fig-
ure 4.9. This figure shows the total planet throughput ηp, provided that
the planet is located in the center of the off-axis microlens. This throughput
includes all theoretically unavoidable terms, but excludes all experimental
terms. A summary of important throughput terms are listed in Table 4.2.

In the rest of this paper, we consider the outlined SCAR design in
Fig. 4.7 and 4.8 using a 10% spectral bandwidth for a contrast of 3× 10−5.
Although optimized for only 10%, this specific design performs exception-
ally well and a contrast of < 10−4 is obtained for a spectral bandwidth of
18% centered around the design wavelength.
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4.4 Single-mode fiber coronagraph properties

In this section we show the properties of this new coronagraph and perform
parameter studies on the fixed parameters in Table 4.1. We discuss the
mode field diameter of the single-mode fiber in Sect. 4.4.1, throughput and
inner working angle in Sect. 4.4.2, the chromatic response in Sect. 4.4.3,
the tip-tilt sensitivity of the SCAR designs in Sect. 4.4.4 and the sensitivity
of other modes in Sect. 4.4.5.

4.4.1 Fiber mode field diameter

The phase plate reduces the throughput of planet light. This reduction will
also affect the optimal value of the mode field diameter. Smaller mode field
diameters result in larger back-propagated fiber modes in the focal plane,
which makes it easier to squeeze the three rings necessary for the second-
order nulling into this mode. Therefore, we expect higher Strehl ratios (the
throughput relative to the unaltered PSF throughput) as the mode field
diameter becomes smaller. This is superimposed on the actual throughput
of the unaltered PSF. Both curves are shown in Fig. 4.10 for both a clear
and the VLT aperture.

4.4.2 Throughput and inner working angle

The throughput shown here is the fractional transmission of light from the
entire pupil into the central single-mode fiber: it includes all theoretical
terms as listed in Table 4.1. It however excludes all experimental terms. It
is clear that larger microlenses generally give a better throughput, as is ex-
pected. Additionally, we can see that the optimal mode field diameter as a
function of microlens diameter for the unaltered PSF moves to larger mode
field diameters, as it is essentially matching the Airy-core width rather
than the size of the microlens itself. The optimal mode field diameter for
the SCAR however stay the same as smaller mode field diameter have an
advantage in their Strehl ratio.

Figure 4.11 shows the throughput (ηp) of the coronagraph for different
values for the microlens diameter. The mode field radius of the fiber was
fixed at w = 0.85λ/Dmla and the contrast at 3×10−5. We adopted a 0.1λ/D
rms telescope tip-tilt jitter with a normal distribution, corresponding to a
2 mas rms tip-tilt jitter at a wavelength of λ = 750nm. This level of tip-tilt
jitter was chosen to mimic a SPHERE-like adaptive optics system, accord-
ing to Fusco et al. (2016). The throughput is averaged over all pointing
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Figure 4.10: Throughput of the central lenslet as a function of mode field
radius for various values of the microlens diameter. Each data point repre-
sents a different SCAR design. Solid lines indicate the SCAR PSFs, dashed
lines an unaltered PSF. The top panel shows the throughput for an clear
aperture, the bottom panel for a VLT aperture.
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positions and over the full 10% spectral bandwidth. The throughput of
off-center fibers is negligible to that of the central fiber: all throughput is
concentrated in only one single-mode fiber.

As the stellar throughput is only minimized for the first ring of mi-
crolenses, we do not have much throughput beyond the edge of the first
off-axis microlens. Designs can be made for more than one ring of mi-
crolenses, although this complicates the design procedure and will be dis-
cussed in future work. Extremely close to the star, we have no throughput,
as the Airy core is still mostly on the central lenslet. At ∼ 0.5λ/D the
throughput starts to rise, reaching a maximum at the center of the first
microlens. A throughput of ∼ 50% of the maximum SCAR throughput is
already reached at ∼ 1λ/D, which is the usual definition of inner working
angle. Also, up to microlens diameters of ∼ 1.8λ/D the throughput at
small angular separations (< 1λ/D) does not change much, but the maxi-
mum throughput still increases. For larger microlens diameter we still gain
in throughput at the center of the microlens, however the throughput at
these small angular separations starts to suffer, which is especially visible
in the Dmla = 2.0λ/D throughput curve.

Lines for the theoretical throughput of other coronagraphs are over-
plotted in Fig. 4.11. Perfect coronagraphs refer to the notion introduced
by Cavarroc et al. (2006) and Guyon et al. (2006). A second-order perfect
coronagraph removes a constant term from the pupil-plane electric field. A
fourth-order additionally removes the x and y components from the elec-
tric field. A sixth-order perfect coronagraph furthermore removes the x2,
xy and y2 modes from the electric field. For the theoretical coronagraphs,
the throughput is calculated using a circular aperture of 0.7λ/D centered
around the off-axis planet. We can see that the SCAR throughput lags
behind the theoretical second-order coronagraph, but stays close to the
fourth-order and beats the sixth-order at angular separations < 1.7λ/D.

Figure 4.12 shows the relative integration time (ηs/η
2
p) under the same

conditions as in Fig. 4.11. We now see that, even though the throughput
of the theoretical second-order coronagraph is good, its integration time
is minor because it does not outweigh the loss in starlight suppression.
SCAR however performs similar to theoretical fourth-order coronagraph
for angular separations < 1.8λ/D. A sixth-order coronagraphs does even
better, but suffers from a lack of throughput which becomes noticeable in
cases where the raw contrast (ηs/ηp) is limited, which is the case in any
ground-based telescope. This suggests that SCAR is a close-to-optimal
coronagraph.
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Figure 4.11: Throughput as function of off-axis angle for various values of
the microlens diameter. The throughput of a perfect second, fourth and
sixth-order coronagraph is also plotted. The top panel shows the through-
put for an unobstructed aperture, the bottom panel for the VLT aperture.
The throughput is calculated for the optimal position angle of the off-axis
source (ie. directly across an off-axis microlens). The throughput for the
theoretical coronagraphs is taken to be the fractional flux within an aper-
ture of radius 0.7λ/D centered around the planet.
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Figure 4.12: Relative integration time (ηs/η
2
p) as function of off-axis angle

for various values of the microlens diameter. The top panel shows the
relative integration time for an unobstructed aperture, the bottom panel for
the VLT aperture. The integration time for the theoretical coronagraphs is
calculated on the flux within an aperture of radius 0.7λ/D centered around
the planet.
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Figure 4.13: Map of the worst contrast through an off-axis fiber over a
10% bandwidth as a function of tip-tilt error upstream of the microlens
array. This shows that the coronagraph is reasonably stable against tip-
tilt, allowing for a ∼ 0.15λ/D tip-tilt error until the contrast drops to 10−4.
The contour labels indicate log10(ηs/ηp).

4.4.3 Spectral bandwidth

Figures 4.7 and 4.8 show the chromatic response for all designs. Every
design exhibits the double-dipped structure of the second-order null on the
fiber. For all designs with a non-zero spectral bandwidth, we can also see
that the contrast is hard to achieve on the long wavelength side. At these
longer wavelengths the bright Airy core starts to grow into the microlens
array. This means that the second Airy ring needs to be made much brighter
to compensate, which requires substantial deviations in the phase pattern.
Qualitatively, the location of the second null is chosen by the optimizer
such that the spectral bandwidth requirement is reached.

4.4.4 Tip-tilt sensitivity and stellar diameter

Figure 4.13 shows the average contrast (ηs/ηp) over the full 10% bandwidth
as a function of tip-tilt error upstream of the fiber injection unit. The
double-dip structure is again clearly visible, which greatly improves the
tip-tilt response. Both coronagraph designs achieve a tip-tilt stability of
∼ 0.1λ/D rms. This figure also shows that the SCAR coronagraph is
insensitive for stars with an angular diameter up to 0.1λ/D.
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4.4.5 Sensitivity to other aberrations

To show the sensitivity to other aberrations, we perform a sensitivity analy-
sis on the SCAR coronagraph: we aim to find the mode basis of orthogonal
modes ordered by their sensitivity. These principal modes can be found
by taking the first-order Taylor expansion of the phase in the pupil-plane
around the nominal position. In this way a linear transformation Gλ can be
constructed from a phase deformation δϕ to the resulting change in electric
field in the fibers δEλ:

δEλ = Gλδϕ. (4.6)

Gλ and δEλ both depend on wavelength as the response of the coronagraph
is inherently chromatic. A singular value decomposition of the matrix Gλ
yields the monochromatic principal phase modes of the coronagraph. The
corresponding singular values denote the importance of those modes. This
expansion is similar to the one used in electric field conjugation (Give’on
et al., 2007).

Broadband principal modes can be obtained by stacking several Gλ
matrices for wavelengths within the spectral bandwidth into a single matrix
G as 

δEλ1
δEλ2

...
δEλN

 =


Gλ1
Gλ2

...
GλN

 δϕ. (4.7)

A singular value decomposition on the matrix G now yields the broadband
principal modes. The singular values are now indicative of the amount
of electric field each phase mode induces in the fibers as a function of
wavelength. This method is again similar to the one used in broadband
electric field conjugation (Give’on et al., 2007).

Figure 4.14 shows the broadband principal modes for the SCAR design
for the VLT aperture, along with their singular values. Only six modes
are important for the final contrast. Naively we would expect two modes
per fiber, so 12 modes in total, as we need to control both the real and
imaginary part of the electric field. However in our case the system shows an
antihermitian symmetry: the transmitted electric field on fibers in opposite
points in the focal plane are not independent if only small phase aberrations
are present. This means that one phase mode determines the electric field
for both fibers so that only two modes per two fibers are needed. Only
half of the original 12 modes determine the contrast in a monochromatic
system, meaning that six modes are left. The omitted six modes correspond
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to amplitude errors. For the broadband principal modes we of course expect
some additional modes with low importance, corresponding to the spectral
bandwidth increase. The first six of these are shown as modes 7 to 12 in
Fig. 4.14.

The first principal mode is trefoil, which is the result of the six-fold sym-
metry in the fiber locations. The second trefoil is missing: its corresponding
electric field change is completely filtered out by the single-mode fibers: it
creates radial first-order nulls directly on the center of every lenslet. Other
important modes include secondary-astigmatism-like modes for modes 2
and 3, coma-like modes for modes 4 and 5, and a perturbed spherical mode
for mode 6.

In Fig. 4.15 we show the response of the SCAR coronagraph to each
of these modes. The average normalized irradiance is the average raw
contrast over the full spectral bandwidth and all six fibers in the first ring
of microlenses. It can be seen that the response for the first six modes is
generally a lot stronger than that of the last six. The average raw contrast
is limited by the residual leakage from the SCAR coronagraph at the low
aberration end, while the contrast increases when more aberration is added.
Additionally, we can see different behaviour, depending on the mode that
we are looking at. Some modes (modes 1 to 6, 9, 11 and 12) show quadratic
behaviour, while others (modes 7, 8 and 10) show a fourth order behaviour.
Also notice that mode 7 actually increase the average raw contrast. While
this may seem an impossibility, as the SCAR coronagraph is optimized for
raw contrast, in these cases the fibers on one side become brighter than
the contrast constraint, while the others compensate by becoming dimmer.
This would actually decrease the effectiveness of the coronagraph while still
increasing the average raw contrast.

4.5 Comparison to the vortex coronagraph

The described performance of the SCAR coronagraph begs the question
on how it compares to other coronagraphs using single-mode fibers. In
this section we will provide a comparison of the SCAR coronagraph with
the single-mode fiber injection unit with vortex coronagraph proposed by
Mawet et al. (2017), and a comparison with a multiplexed fiber injection
unit as shown in Sect. 4.3 behind a vortex coronagraph. Figure 4.16 shows
the throughput and relative integration time of a conventional vortex coro-
nagraph using a clear aperture. A conventional intensity detector (ie. sum
of all flux in an aperture centered around the star) is compared with a
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Figure 4.14: Principal phase modes for the SCAR coronagraph using the
design described in the text. The top panel shows the singular value of
each mode, indicating its significance for the obtained contrast after phase
correction. The bottom panel shows the pupil-plane phase for each mode.
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Figure 4.15: Average normalized irradiance for each of the modes in
Fig. 4.14. The normalized irradiance is averaged over all fibers in the
first ring of microlenses, and over the full 10% spectral bandwidth. These
curves can yield constraints on the post-AO residual variance for each of
the shown modes. Higher-order modes in this expansion generally have less
response and do not have to be controller as well as low-order modes.
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single-mode fiber centered around the planet. The mode field diameter was
optimized for maximum throughput of the PSF without a coronagraph. To
better capture the best and worst case performance for comparison with
the vortex coronagraph, we take a telescope tip-tilt jitters of 0.05λ/D for
the best case performance and 0.15λ/D for the worst case performance
Similarly to Fig. 4.11, a telescope tip-tilt jitter of 0.1λ/D rms was chosen.

For charges m = 4 and m = 6 a decrease in throughput, compared to
the vortex coronagraph with multimode fiber, can be seen, approximately
corresponding with the maximum coupling of an Airy pattern through a
Gaussian single-mode fiber. Additionally the vortex in the focal plane im-
prints a phase ramp on off-axis sources, which degrades throughput even
further. This effect is more pronounced with smaller angular separations
and higher charge vortices. Most of this phase ramp can be easily negated
by tilting the fiber slightly, depending on the focal-plane position of the
planet. We can see that the SCAR coronagraph wins in throughput com-
pared to vortex coronagraphs with charger m > 2. However the charge
2 vortex coronagraph does not suppress the star very well, resulting in a
moderate relative integration time compared to the SCAR coronagraph.

Figure 4.17 shows the throughput and relative integration time of a
vortex coronagraph charge m = 2 through a microlens-fed single-mode
fiber-array as the fiber injection unit. The diameter of the microlenses is
varied from 1.4 to 2.0λ/D, and the mode field diameter is optimized for
maximum throughput of an Airy pattern. For large angular separations
the throughput oscillates due to the transmission of the microlens array as
shown in Fig. 4.4. For the first ring of microlenses the throughput rises
quickly, again reaching its maximum at the center of the microlens. Even
though the coupling efficiency for smaller microlenses is higher, the geo-
metric throughput decreases more rapidly. A trade-off between these two
throughput terms leads to an optimal microlens diameter of ∼ 1.8λ/D for
the vortex coronagraph as well. The throughput at this microlens diameter
is comparable to the performance of the SCAR coronagraph even though
the vortex coronagraph has a more complicated optical setup. This mul-
tiplexed single-mode fiber vortex coronagraph however does not suppress
starlight as well as the SCAR, leading to a worse relative integration time.
The vortex coronagraph however does have the advantage of an infinite
outer working angle.
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Tip-tilt jitter 0.05 λ/D Tip-tilt jitter 0.15 λ/D

Figure 4.16: The throughput (ηp) and relative integration time (ηs/η
2
p) for

a vortex coronagraph using a clear aperture for charges m = 2, 4, 6 using a
conventional intensity detector or a single-mode fiber centered around the
planet. A telescope tip-tilt jitter of (left column) 0.05λ/D or (right column)
0.15λ/D rms was taken into account. These values correspond to a best and
worst case performance of the adaptive optics system. The throughput is
calculated for the optimal position angle of the off-axis source (ie. directly
across an off-axis microlens). For the vortex coronagraph without fiber,
the throughput and relative integration time is calculated on an aperture
of radius 0.7λ/D centered around the planet.



85 The Single-mode Complex Amplitude Refinement coronagraph I.

Tip-tilt jitter 0.05 λ/D Tip-tilt jitter 0.15 λ/D

Figure 4.17: The throughput (ηp) and relative integration time (ηs/η
2
p) of

a charge m = 2 vortex coronagraph on a microlens-fed single-mode fiber
array. The diameter of the microlenses is varied from 1.4 to 2.0λ/D, and
the mode field diameter is optimized for maximum throughput of an Airy
pattern. The throughput of the SCAR coronagraph designed for 1.8λ/D
microlens diameter was added for comparison. The assumed tip-tilt jitter
is (left column) 0.05λ/D or (right column) 0.15λ/D rms. These values
correspond to a best and worst case performance of the adaptive optics
system. The throughput is calculated for the optimal position angle of the
off-axis source (ie. directly across an off-axis microlens).
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4.6 Conclusion

In this paper we described the principle behind coronagraphs leveraging the
design freedom offered by the use of single-mode fibers as a mode filter. We
have shown the properties of a microlens-array fed single-mode fiber-array,
making it possible to perform exoplanet searches. We combined this with
a pupil-plane phase plate, yielding the SCAR coronagraph and presented
the following advantages of this new coronagraph:

1. Low inner working angles. Inner working angles as low as 1λ/D can
be reached using current designs.

2. High throughput. These designs reach a maximum throughput of 50%
and 30% for a clear and the VLT aperture, respectively.

3. High contrast. Starlight can be suppressed to < 3× 10−5 for the six
fibers surrounding the star over the full spectral bandwidth until the
throughput starts to drop.

4. Broad spectral bandwidth. This suppression is achieved over the full
20% spectral bandwidth.

5. Robust against tip-tilt errors. The SCAR coronagraph is stable against
∼ 0.1λ/D rms tip-tilt errors upstream due to the use of second order
nulling on the fibers.

6. Residual speckle suppression. Residual speckles are are reduced by
∼ 3× in intensity, due to the coupling efficiency of a random electric
field into the single-mode fibers.

All advantages can be obtained into a single SCAR design. All these advan-
tages make this coronagraph a prime candidate for future upgrades of ex-
treme AO systems. In particular, the SCAR coronagraph is perfectly suited
for spectral characterization of Proxima b: it satisfies all coronagraphic re-
quirements set by Lovis et al. (2017). A companion paper (Haffert et al.,
2018) provides a tolerancing study for this specific application.

Future research will explore active control of the fiber throughput of the
SCAR coronagraph. Application of the SCAR methodology to other coro-
nagraphs is also left for future research. An interesting example in this case
is the design of a Lyot-plane mask for a conventional Lyot or vortex corona-
graph, akin to Ruane et al. (2015a). Even optimizing the focal-plane mask
itself might be realizable for the fiber array in these coronagraphs (Ruane
et al., 2015b).
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Another avenue is the use of photonic technologies to further process the
light in the fibers. A simple example is the use of fiber Bragg gratings for
filtering the atmospheric OH lines (Trinh et al., 2013). Another example is
building a phase-shifting interferometer of the six fibers. This will provide
information about the coherence of the light in each of the fibers with
respect to the star, and would allow for synchronous interferometric speckle
subtraction (Guyon, 2004).

Bibliography

Aime, C., & Soummer, R. 2004, The Astrophysical Journal Letters, 612, L85
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5 | The Single-mode Complex Amplitude
Refinement (SCAR) coronagraph

II. Lab verification, and toward the characterization of Proxima b

Adapted from
S. Y. Haffert, E. H. Por, C. U. Keller, M. A. Kenworthy, D. S.

Doelman, F. Snik and M. J. Escuti
Astronomy and Astrophysics in press (2019)

We present the monochromatic lab verification of the newly developed
SCAR coronagraph that combines a phase plate (PP) in the pupil with a
microlens-fed single-mode fiber array in the focal plane. The two SCAR
designs that have been measured, create respectively a 360 degree and 180
degree dark region from 0.8− 2.4λ/D around the star. The 360 SCAR has
been designed for a clear aperture and the 180 SCAR has been designed for
a realistic aperture with central obscuration and spiders. The 360 SCAR
creates a measured stellar null of 2− 3× 10−4, and the 180 SCAR reaches
a null of 1 × 10−4. Their monochromatic contrast is maintained within
a range of ±0.16λ/D peak-to-valley tip-tilt, which shows the robustness
against tip-tilt errors. The small inner working angle and tip-tilt stability
makes the SCAR coronagraph a very promising technique for an upgrade
of current high-contrast instruments to characterize and detect exoplanets
in the solar neighborhood.
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5.1 Introduction

We are currently at a breakthrough moment where more and more Earth-
like exoplanets are being discovered. Every detection of Earth-sized planets
brings us closer to finding life on another planet. The recent discovery of
Proxima Centauri b (Anglada-Escudé et al., 2016) confirms that the solar
neighborhood has many planets waiting to be discovered. From current
surveys it is also clear that most of the planets in the habitable zone will
have a separation close to the diffraction limit of current and future large
telescopes. Characterization and detection of these planets can be done
through high-contrast imaging, which overcomes the huge contrast between
planet and star.

While the indirect methods have been very successful in discovering
planets, direct imaging of exoplanets is lagging behind in the number of
planets. This is mainly due to the difficulties involved in direct imaging.
The largest problem is the close angular position of the planet to the star
which is at best a few λ/D according to the current statistics of exoplanet
orbits (Galicher et al., 2016). Here λ is the wavelength used to observe the
system and D the telescope diameter.

The influence of the photon noise on the planet can be reduced by
spatially separating the planet signal from the stellar signal. Current and
future large optical telescopes have the resolution to resolve planets from
their host star. This is done by using extreme adaptive optics (XAO) sys-
tems to enable imaging at the diffraction limit on ground based telescopes.
The spatial separation also enables the use of coronagraphs to suppress the
stellar light. This is the common approach on high contrast imaging (HCI)
instruments like SPHERE (Beuzit et al., 2008), GPI (Macintosh et al.,
2014) and SCExAO (Jovanovic et al., 2015).

Combining HCI with high-resolution spectroscopy (HRS) over a broad
wavelength range gains further orders of magnitude in contrast close to
the star (Riaud & Schneider, 2007; Sparks & Ford, 2002), because high-
resolution spectra are able to exploit the difference in spectral lines between
the star and planet. This difference can be due to a different Doppler ve-
locity for reflected light and/or due to the presence of different molecular
species. This technique has been successfully applied to characterize the
atmosphere of several giant exoplanets (Brogi et al., 2012; Konopacky et al.,
2013; Snellen et al., 2014). Recent papers (Kawahara et al., 2014; Snellen
et al., 2015; Wang et al., 2017) show that this can be used as a robust post
processing technique to remove residual stellar speckles which limit current
HCI instruments (Aime & Soummer, 2004; Martinez et al., 2012). Snellen
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et al. simulated a hypothetical Earth-like twin around Proxima Centauri
for the European Extremely Large Telescope(E-ELT). The combination of
HCI and HRS was able to detect and even characterize the Earth twin. The
discovery of an actual Earth-like planet around Proxima Centauri makes
this technique even more relevant as Lovis et al. show that an upgraded
SPHERE (SPHERE+) can be used to characterize Proxima b if it is cou-
pled to a high-resolution spectrograph. In this approach the focal plane
of SPHERE+ would be coupled through a fiber link to the high-resolution
spectrograph.

Mawet et al. (2017) argue that using a single-mode fiber (SMF) link
between HCI and HRS instruments has an advantage over multi-mode fibers
(MMF). A single-mode fiber is more robust against speckle noise due to
the mode filtering capabilities. This property has been appreciated by
the interferometry community, where single-mode fibers or waveguides are
used to combine and filter multiple beams. Mawet et al. considers a system
where the coronagraph and fiber injection unit (FIU) act separately on the
stellar light. In the companion paper(Paper I) Por & Haffert (2017) we
demonstrate the concept of the SCAR coronagraph, where am pupil plane
phase plate is designed that uses the properties of the single-mode fiber to
reach a deep null close to the star. This system is related to the Apodizing
Phase Plate (APP) (Codona et al., 2006; Otten et al., 2017), which also
uses an pupil plane phase optics to create dark holes in the PSF. The main
difference is that the APP creates a dark hole by reducing the intensity,
while SCAR changes the electric field such that the light can be rejected
by a single-mode fiber. The SCAR coronagraph can work over a broad
spectral bandwidth with high throughput and is tip-tilt insensitive to a
large extent. It is well suited to be used as the interface between high-
contrast imaging instruments and high-resolution spectrographs. This is
the first system that combines the FIU and coronagraph in a single unit.

The SCAR coronagraph works on the basis of electric field filtering by
electric field sensitive photonics. The implementation of this work uses
single-mode fibers. With the advances of AO and especially extreme AO
it is possible to achieve high coupling efficiency into SMFs (Bechter et al.,
2016; Jovanovic et al., 2017). The amount of light that couples into a
single-mode fiber is defined by the coupling efficiency

η =

∣∣∫ E∗
inESMFdA

∣∣2∫
|Ein|2dA

∫
|ESMF|2dA

. (5.1)

Here η is the relative amount of light from Ein that is coupled into a
single-mode fiber with mode profile ESMF. For a SMF the mode profile
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is Gaussian. The light that couples into a SMF is effectively averaged by
a Gaussian weighing function. Due to this property if the electric field is
zero on average it will not couple into the fiber and is rejected. A remark-
able property here is that the intensity does not have to be zero, while the
electric field can be. This is a much less stringent requirement than the
zero intensity for normal high-contrast imaging. The phase plate is used
to modify the point spread function (PSF) in such a way that the stel-
lar light couples very badly into the fiber, but the planet still couples well.
This coherent imaging approach is very reminiscent of interferometry where
these kind of approaches have been used (Angel et al., 1986; Labadie et al.,
2007). Because of the benefits of coherent imaging such approaches are
now also starting to be exploited for conventional direct imaging (Mawet
et al., 2017).

In this paper we show the first lab verification of the SCAR coronagraph
and look at the manufacturing feasibility with Monte Carlo simulations.
Section 2 describes the optical setup for the measurements and the lab
results. And in Section 3 the manufacturing requirements are derived and
a Monte Carlo simulation is done to estimate the expected performance.
Section 4 summarizes the results of our study.

5.2 Optical setup details and first results

5.2.1 Lab setup description

The SCAR coronagraph uses a single-mode fiber array fed by a microlens ar-
ray. A detailed theoretical description can be found in Paper I. To measure
the SCAR performance we created a setup that can emulate the measure-
ments of a microlens fed fiber array. The setup was built in Leiden on a
vibration damped optical table in air without any active controlled compo-
nents. The lab setup used for the measurements can be seen in Figure 5.1.
The input source to our setup was a single-mode fiber with a 2.8-4.1 µm
Mode Field Diameter(MFD) at 488 nm, that is fed by a helium neon laser.
The fiber was mounted on a XYZ-translation stage. A Thorlabs AC508-
1000-B achromatic doublet with a focal length of 1000 mm collimates the
fiber. And just before the conjugated plane we placed a pupil stop with
a diameter of 3.8 mm. This pupil diameter combined with the 1000 mm
focal length ensures that the input source’s MFD ≈ 0.02λ/D which is much
smaller than λ/D and therefore creates a good clean point source.

In the conjugated plane slightly behind the pupil stop we placed the
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Figure 5.1: Schematic of the lab setup. The gray colored surfaces labeled
M1 to M3 are mirrors. The blue shaded surfaces L1 to L8 are lenses. The
yellow curves represent the single-mode fibers. The central wavelength of
the setup is 0.633 nm.

phase plate which modifies the PSF. Another Thorlabs AC508-1000-B achro-
matic double focusses the light. The resulting PSF is sampled by Okotech
APH-Q-P250-F2 hexagonal Micro Lens Array (MLA) with a pitch and di-
ameter of 250 µm and a 2.18 mm focal length. The scale of the PSF is
166 µm per λ/D, this means that each microlens samples 1.5 λ/D. The
MLA sampled PSF is relayed by a set of achromatic doublet lenses which
have focal lengths of respectively 100 mm and 75 mm. In the intermediate
collimated beam we placed a 90/10 beam splitter which splits 90 percent of
the light toward a single-mode fiber and ten percent toward a camera. The
transmitted beam was sampled by a LMA-8 photonic crystal fiber of NKT
Photonics. This fiber has a mode field diameter of 8.4 µm ± 1.0 µm that is
constant as a function of wavelength. The output of this fiber is reimaged
on a Andor Zyla sCMOS camera by two positive achromatic doublets. The
reflected beam is focused by a 500 mm lens to create an image of the MLA
spots onto the same Andor camera. Both the microlens spots and the fiber
coupling can be monitored at the same time in this way.

This setup was only able to measure the light coupling through the on-
axis central lenslet because there is only a single fiber. So to emulate the
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measurements through an off-axis lenslet the input source was shifted. This
relaxes the alignment requirements because the fiber alignment is critical.
The fiber has to be aligned within 1/8th of the MFD to create a deep null.
Moving the fiber every time to a new lenslet to sample its throughput would
be very time consuming due to this alignment requirement. Shifting the
PSF is easier because 1λ/D is 166 µm. With a set of digitial micrometer
actuators from Thorlabs we were able to shift the PSF with micron accu-
racy and precision. With this scanning strategy we were able to perform
repeatable sub-λ/D shifts and measure the throughput as function of shift
with respect to the central microlens. The actuator range is two inch which
allowed us to scan a range of ±150λ/D.

5.2.2 Fiber alignment procedure

A misalignment of the output fiber can lead to a reduction in throughput
and off-axis nulling. A good alignment is therefore critical. The fiber
alignment is done in multiple steps to ensure good nulling. First the input
source is aligned on the central microlens without a phase plate in the
beam. The microlens spots, which can be viewed on the camera, should
be radially symmetric in intensity after this first step because the PSF is
radially symmetric. During the second step the fiber is coarsely aligned to
find the brightest spot in the field which is done by moving the fiber such
that the brightest spot can be seen by eye on the fiber face. The last step
takes care of the fine alignment by moving the fiber such that the fiber
throughput is maximized.

5.2.3 Apodizing phase plate designs

Two different SCAR designs have been measured in our setup. The first
design is a phase pattern that generates a 360 degree dark region in the
first ring of lenslets around the PSF with a contrast of 5 × 10−5 and a
throughput of 30 percent. The throughput includes the coupling efficiency
into the SMF. The second design is a 180 degree phase pattern with a
central obscuration and spiders. This creates a one-sided dark region next
to the PSF with a contrast of 1× 10−5 and a 60 percent throughput. Both
patterns are designed for a spectral bandwidth of 20 percent. The phase
patterns with their corresponding PSFs can be seen in Figure 5.2.



95 The Single-mode Complex Amplitude Refinement coronagraph II.

5λ/D 

5λ/D 

Figure 5.2: Left column shows theoretical phase pattern. Here blue is π
phase, white is zero phase and red is −π phase. The corresponding PSF
is shown on the right with a 5 λ/D scale bar. Both images of the PSF
are on log scale with the color scale shown on the right. The first phase
pattern creates a 360 dark region for a clear aperture. The second pattern
creates a one-sided dark region for a pupil that has a central obscuration
and spiders.
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5.2.4 Liquid crystal plate

The phase plates are manufactured by using a direct write approach where
the fast axis of the liquid crystals is written with a laser (Miskiewicz &
Escuti, 2014; Snik et al., 2012). The liquid crystals add a geometric phase
to the incoming light which only depends on the angle of the fast axis.
This then acts as an achromatic phase pattern with a chromatic piston
term which can be ignored. An important aspect is that it acts on circular
polarized light. Left circular and right circular polarizer light both get
the same phase pattern but with a change of sign. Because of this it
is important to separate the two polarizations. The separation is done
by adding a tilt to the phase pattern, and because both polarization get
opposite phase they split into different directions. This is also done in the
grating-vAPP (Otten et al., 2014). If the liquid crystal plate is not perfectly
half-wave there will be a leakage term that does not see the phase pattern.
The leakage creates a normal Airy pattern. This can be seen in Figure
5.3.The leakage term can limit the contrast if the retarder substantially
deviates from half wave. One way to reduced the effect of the leakage is to
separate it like the grating-vAPP or use a technique like the double-grating
vAPP where the leakage is scattered away (Doelman et al., 2017). For the
results in this paper we used the grating-vAPP approach. The additional
pair of spots in Fig. 5.3 are created by the grating mask (Doelman et al.,
2017). The grating mask is a phase tilt that is applied outside the aperture.
All the light that falls outside of the defined aperture diffracts due to the
phase tilt. With the grating mask we can create a well defined aperture
shape and size. Our phase plates were made with 8.75 µm LC pixels and the
pupil itself is 3.8 mm allowing for 434 pixels across the pupil. The aperture
spots fall off quickly enough that they do not influence the modified PSFs.

5.2.5 Lab setup results

The throughput as function of PSF position for the 360 SCAR can be seen
in Fig. 5.4. The measured throughput is overlayed on the model curve.
Given that the variables of our model are not fitted but taken as is from
the manufacturing specifications, the measurements and the model agree
very well. As said before this is the relative throughput as function of
distance from a microlens center. This is not a contrast curve. For this
system with microlenses the contrast curve is discrete and it only changes
when going to another microlens as shown in Figure 5.5. The contrast is
defined as the ratio between the coupling of the on-axis object and the
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Figure 5.3: Left: Simulated focal plane of the phase pattern. Right: Phase
and aperture. On the focal plane several PSF’s can be seen. The left and
right PSFs are the PSFs that contain the phase pattern. The top and
bottom correspond to the light that scatters away due to the grating mask.
And in the center there is a 1 percent leakage term. The horizontal PSFs
are at ±10λ/D and the aperture PSFs are at ±50λ/D
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off-axis object. Figure 5.5 shows that the contrast changes as the source
moves over the microlens due to a change in throughput.

On the linear scale it is easier to read off the throughput loss as the
source is shifted. The 50 % throughput is at an offset of 0.5 λ/D. We
define the inner working angle as the smallest angular separation where
the throughput of the companion is equal to 50% of the maximum, and the
outer working angle as the largest angular separation where the throughput
is equal to 50% of the maximum. A source has a maximum throughput
when it is in the middle of a microlens and needs to shift by 0.5 λ/D for
it to reach half the maximum throughput. Therefore we can define the
effective inner and outer working angles as 1.1λ/D and 2.1λ/D for the first
ring of lenslets.

At 0.75λ/D the PSF is precisely on the edge between two microlenses.
At this position 25% throughput remains in each of the two fibers. So a total
throughput of 50% is achieved by combining multiple fiber outputs. If a
binary system is observed with field rotation then the relative throughput of
the source fluctuates between 50% and 100% as it rotates over the lenslets.
For an off-axis source that is on the edge between the central lenslet and
an off-axis lenslet then we can only capture 25% of the off-axis source, but
with an impressive source separation of 0.75λ/D.

The contrast changes as a source moves over the micro-lens array be-
cause the throughput changes. This is shown in Figure 5.5. The MMF
shows the intrinsic contrast for normal imaging. Compared to a MMF a
SMF already increases the contrast by a factor of 10 due to the rejection of
the nonGaussian modes that are in the PSF. The 360 SCAR can in theory
reach an average contrast of 5× 10−5 but we are limited by static aberra-
tions in the system, which limit the contrast to 3 × 10−4 at −1.5λ/D and
2 × 10−4 at 1.5λ/D. The decrease of contrast can be attributed to 10 nm
rms low order wavefront aberration, but this is a very rough estimate. The
change in contrast is symmetric around 1.5λ/D. The contrast of the right
fiber stays below 1×10−3 and the left fiber stays below 2×10−3. Figure 5.5
also shows that if the source is on a different microlens it can still couple
into the other microlenses and reach an acceptable contrast.

The broad gap around 1.5λ/D in Figure 5.4 gives insight into the wave-
length scaling and the effects of jitter. When the wavelength changes then
λ/D changes and we have to check the stellar throughput at a different
part of the curve. So the width of the gap is a measure for the bandwidth.
The spectral bandwidth is then roughly 2 ∗∆θ/θ0 ≈ 0.2 with ∆θ the gap
width and θ0 the gap center. Next to the wavelength response it also says
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something about the monochromatic jitter resistance. If the star jitters a
bit then the off-axis throughput is still low because of the gap. The gap
where we still achieve the contrast for the 360 SCAR is between −1.8λ/D
and −1.3λ/D. The gap on the right is from 1.36λ/D to 1.7λ/D. This
demonstrates that the coronagraph should be able to handle ±0.15λ/D
monochromatic tip-tilt residuals. The SMF without any pupil phase optic
in contrast has a very narrow rejection area. There is only one position at
which it nulls the star and if there is a small amount of jitter the contrast
quickly deteriorates to about 10−2. This shows the advantage of SCAR,
which creates a broad dark area. Because the system is completely passive
it is also very robust. The dark region remained dark over several weeks.

The filtering effect of the -mode fiber can be seen in Figure 5.6, where
the measured microlens spots around the deepest null are shown together
with the fiber throughput. The spot has a triple peak structure that is
created by the phase plate. The triple peak structure is the feature that
increases the bandwidth and tip-tilt stability. This is characteristic of a
second-order null. The triple peak structure can be seen in the middle
frame of Figure 5.6. While the change in total power from frame to frame
is small, the fiber throughput changes drastically. This shows the modal
filtering capability of single mode fibers.

The throughput results for the 180 SCAR can be seen in Figure 5.7.
The measurements reach a contrast of 1.15 × 10−4. There is a mismatch
between the measured and simulated throughput curves, but we can see
that compared to the 360 design this design reaches a deeper contrast. The
deepest part is also relatively flat between -1.7 and -1.4 λ/D. Because of
the flat response the design can handle tip-tilt errors of ±0.15λ/D. The
corresponding constrast curves are shown in Figure 5.8. The contrast curves
are asymmetrical due to the asymmetric PSF that is created by the 180
SCAR.

Apart from maximizing the contrast it is important to optimize the
absolute throughput of the planet light through the fiber. For the proposed
system we have defined the coupling not as the total amount of light that
couples into the fiber, but as the amount of light that falls within the
micro-lens aperture that couples into the fiber. The total amount of light
that couples into the fiber depends on how much of the PSF the micro-
lens captures. Therefore there is a trade-off between spatial resolution and
throughput (Por & Haffert, 2017). The 360 SCAR has a maximum coupling
of 87% percent for a single micro-lens. Due to the hexagonal shape of the
micro-lens the maximum coupling efficiency is slightly higher than the 82%
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Figure 5.4: Left: Relative throughput on a linear scale as function of rel-
ative shift with respect to the microlens center. The red points are the
measurements with errorbars due to random errors. The green line shows
the model of this SCAR design. Right: Throughput on a logarithmic scale.
The null is uneven between left and right and not as deep as designed. This
is suspected to be caused by 10 nm rms residual low-order aberrations. The
blue line shows the amount of light that falls on the microlens with a clear
aperture and without SCAR. This is comparable to the contrast curve for
normal imaging or using a multi-mode fiber. The orange line shows the nor-
malized throughput with a unobstructed aperture and a SMF. The SMF
shows a gain compared to the MMF.
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Figure 5.5: Contrast as a function of position on the microlens array. The
black lines show the borders of the microlenses. The blue lines show the
contrast for a multi-mode fiber. The orange lines show the contrast for
a single-mode fiber. A single-mode fiber already provides extra contrast
compared to a multi-mode fiber. The green lines show the model of the
SCAR coronagraph, and the red dots are the measurements.

Figure 5.6: Measured microlens spot structure for the 360 SCAR. The inset
shows the throughput of the single mode fiber. The deepest null occurs with
a triple spot structure, which is a second order null due to the two zero
crossings. The white circle shows the position and MFD of the fiber.
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Figure 5.7: Left: Relative throughput on a linear scale as function of rel-
ative shift with respect to the microlens center. The green points are the
measurements. Errorbars are included but are smaller than the size of
the plotting symbols. The errorbars are very small and show that random
errors can not explain the difference between the model and the measure-
ments. The orange line shows the nonfitted model of this SCAR design.
Right: Throughput on a logarithmic scale. The deepest contrast that we
reach is 1.15 × 10−4. The throughput curve is also flat between -1.6 and
-1.4 λ/D. The measured null does not reach the design null due to resid-
ual low order aberrations aberrations on the order of 10 nm rms. The blue
curve shows the amount of light that falls in a microlens of a clear aperture,
which shows the contrast without SCAR. This is comparable to the raw
contrast curve for normal imaging or using a multi-mode fiber. The orange
line shows the normalized throughput with an unobstructed aperture and
a SMF. The SMF shows a gain compared to the MMF.
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Figure 5.8: Contrast as a function of position on the microlens array. The
black lines show the borders of the microlenses. The blue lines show the
contrast for a multi-mode fiber. The orange lines show the contrast for
a single-mode fiber. A single-mode fiber already provides extra contrast
compared to a multi-mode fiber. The green lines show the model of the
SCAR coronagraph, and the red dots are the measurements.
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theoretical maximum for circular apertures (Shaklan & Roddier, 1988).
Our lab measurement of the coupling was defined as the ratio between
the fiber spot intensity and the MLA spot intensity. After correcting for
the uneven beam-splitter between the two spots our absolute coupling is
76 ± 3 %. This includes Fresnel losses at the interface of the fiber, fiber
propagation losses and roughness due to the polishing of the fiber. The
measured coupling is very close to the theoretical maximum if we consider
these losses. The absolute throughput is the product of the coupling, a
correction for the spatial sampling and the Strehl ratio of the phase plate.
The measured absolute throughput is 26 ± 1%.

5.3 Tolerance simulation analysis

Lovis et al. (2017) show that within certain assumptions about Proxima b
that it can be characterized by combining SPHERE+ with a high-resolution
spectrograph (ESPRESSO in this case). Several challenges are to be solved.
Current coronagraphs on SPHERE are not able to suppress the stellar
diffraction halo at the position of Proxima b with the required contrast, and
the AO system is not good enough at the angular separation of Proxima
b. Lovis et al. (2017) propose SPHERE+ where both the coronagraph and
the AO system are upgraded. Switching from a Shack-Hartmann wavefront
sensor to a Pyramid wavefront sensor would greatly improve performance
at small inner working angles (Fusco et al., 2006; Vérinaud et al., 2005). For
SPHERE+ Lovis et al. assumed a hypothetical coronagraph. The listed
requirements of this coronagraph are:

• A contrast of at least 5000.

• A relatively broad wavelength range of at least 20 percent.

• The stellar rejection region should encompass the orbit of Proxima
Centauri b, which has a maximum estimated separation of 36 mil-
liarcseconds (2.2 λ/D at 0.7 µm).

• An inner working angle of 1 λ/D to reach the full resolving power of
the telescope.

• Either circular or asymmetric dark holes.

• The coronagraph should be able to handle tip-tilt errors within 3 mas.
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We designed a phase plate for the SCAR coronagraph that would fit these
requirements in Paper I. This SCAR design is able to null a circular area
from 0.8 to 2.4 λ/D, which is large enough as Proxima b has a maximal
separation of 2.2 λ/D at 0.7 µm. The design bandwidth is 10%. Within
this bandwidth the raw contrast is 3 × 10−5, which is 10 times higher
than required. Outside of the design bandwidth it still works well as the
contrast stays below 1 × 10−4 up to 20% bandwidth. The bandwidth of
the coronagraph is slightly smaller than required. With this design we
would be able to reach almost all requirements of the coronagraph for the
characterization of Proxima b. The final requirement is necessary as the
tip-tilt jitter of SPHERE is 3 mas (Fusco et al., 2016).

It is important to estimate the effects of manufacturing errors which
change the reachable contrast. Our target contrast including manufactur-
ing errors is 10−4. There are three major parts that can influence the final
performance. The SCAR phase plate is manufactured with the same tech-
niques as the APP. Because the APP has demonstrated on sky that it can
achieve a high contrast (Otten et al. (2017)). For the required contrast lev-
els we can safely assume that the manufacturing errors in the phase plate
are negligible. The other two aspects are the manufacturing tolerances on
the fiber array and the residual wavefront error after the SPHERE AO sys-
tem. We focussed on the manufacturing tolerances of the fiber injection unit
because residual wavefront errors can not be solved by the coronagraph.

5.3.1 Fiber alignment tolerance

To couple well into a single mode fiber it is necessary to have a good
alignment of the fiber with respect to the center of the microlens surface.
For normal operations of a single mode fiber, which is getting in as much
light as possible, the alignment tolerance is already strict. For the fiber
coronagraph the alignment tolerance becomes even stricter. In Figure 5.9
the throughput as function of the fiber shift is shown. The figure shows
the throughput of the central lenslet ( which is the planet coupling ) and
the throughput on an off-axis lenslet ( which is the nulling of the star ) as
function of fiber offset. The white circle shows the largest fitting circular
region where the contrast is still below 10−4. In the same region the on
axis relative throughput is above 95 percent. This shows that injecting light
into a fiber is easier than using a fiber to cancel the light as the off-axis
throughput surface is a much steeper function of misalignment. The white
circle has a radius of 1/8 of the mode field diameter of the fiber. The fiber
alignment should be within this diameter to reach the required contrast.
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Step index single mode fibers are the most used single mode fiber and
they have a mode field diameter with a size around 5 µm at a wavelength of
700 nm. Given this size the alignment tolerance would be roughly ±0.6 µm.
This is very strict and most manufacturing procedures have an alignment
tolerance of 1 µm. The submicron tolerance can be circumvented with the
use of fibers with a larger mode field diameter. Fibers with a large mode
field diameter can be made with Photonic Crystal Fibers(PCF). Photonic
crystal fibers do not use internal reflection to guide the light as step index
fiber do, but use the geometry of the fiber structure. Specific geometric
configurations create bandgaps which allows certain optical modes to prop-
agate (Corbett (2006)). Large mode area photonic crystal (LMA) fibers
are fibers with a large mode field diameters which can be up to 50 µm
(Jansen et al. (2012); Stutzki et al. (2014)) and only allow propagation of
the fundamental mode. Another advantage of the PCFs is their endlessly
single mode property that allows for a very large wavelength range to be
propagated through the fiber, which is convenient for spectrographs. The
manufacturing tolerances of 1 µm would require a fiber with a MFD of at
least 8 µm. Fibers with a mode field diameter of 12.5 µm are readily avail-
able and would fulfill the alignment tolerance requirement. These fibers
have a less strict tolerance which is ≈ 1.5µm. With the PCFs the align-
ment of the fibers should not be an issue, and a manufacturer has been
identified.

The LMA fibers have a constant MFD but the numerical aperture (NA)
depends on wavelength because of the conservation of etendue. The com-
mon step-index fibers have the opposite behaviour: the NA is fairly con-
stant but the MFD changes with wavelength. The microlens launches the
light with a constant NA into the fiber, which can lead to a mode-mismatch
in the case of LMA fibers. The mode-mismatch reduces the coupling as a
function of wavelength and is optimal only for a single wavelength. In Paper
I we simulated and designed the phase plates with the LMA fibers in mind.
There we saw that the throughput as a function of bandwidth changes very
slowly. If the wavelength changes by 50%, the throughput drops from 55%
to 40%. Within the design bandwidth of 20% the throughput varies be-
tween 50-55%. For our bandwidth this will lead to a slightly lower efficiency
compared to step-index fibers.

5.3.2 MLA surface

The microlens array will have surface errors. Therefore it is important
to know how much the errors influence the final contrast. The effects of
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Figure 5.9: Throughput of an on-axis source as function of fiber misalign-
ment is shown on the left. The right shows the off-axis contrast as function
of misalignment. The white contour encircles the area where the contrast
is below 1× 10−4. The white circle is the largest circle that fits within the
contour with a radius of 1/8th of the mode field diameter

Zernike wavefront errors on the microlens array are shown in Figure 5.10.
For the low order Zernike modes there are two curves per figure which show
the contrast for two different fibers. Due to symmetry the other four fibers
behave in the same way as one of these two. The most important surface
errors are defocus and astigmatism. Both rapidly degrade the contrast. The
higher order Zernike modes have almost no influence on the contrast this
can be seen in the fourth panel in Figure 5.10. The defocus can be partially
compensated by moving the fiber in the axial direction. The astigmatism
can not be compensated by changing the alignment of the fibers, so it
puts a requirement on the surface deviation of the microlens array. The
astigmatism of the microlenses should be smaller than λ/6 peak to valley
to reach the required 10−4 contrast.

5.3.3 Fiber mode shape

From our investigations we noticed that the mode profile is not very im-
portant. In this analysis we changed the mode radius, eccentricity and the
orientation of the resulting multivariate Gaussian mode. The mode field
radius can change by ±10% while still create a contrast below 1 × 10−4.
Usual manufacturing constrains on the mode field radius are also within
±10%, therefore the mode field radius is not an issue. Eccentricities up
to 0.5 and the orientation of the ellipse had no significant impact on the
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Figure 5.10: Effect of wavefront errors in the microlenses on the contrast
due to a certain Zernike mode. The first three panels show the effects on
two different fibers. Due to symmetry the other four fibers behave in the
same way as these two. The radial symmetry of the defocus mode causes
the same effect in all fibers, therefore the curves of the two fibers overlap. In
the rightmost panel the effects of Zernike modes 6 to 10 are shown. Focus
and astigmatism are the most dominant wavefront errors for lowering the
contrast.

throughput and contrast. The average contrast went up from 2.7× 10−5 to
≈ 3 × 10−5 due to these two parameters. From this we conclude that the
tolerances on the mode profile of the fiber will be easily met.

5.3.4 FIU Monte Carlo analysis

In the previous section several manufacturing errors have been looked at
independently of other errors. A Monte Carlo analysis is performed to
estimate the degradation of the coronagraph due to all manufacturing er-
rors. The Monte Carlo analysis generated 3000 realizations of the system
within the parameter space given in Table 5.1. The results of this analysis
can be seen in Figure 5.11, where the probability density function as func-
tion of wavelength and contrast is plotted. The expected performance of
the coronagraph plotted on the figure is well under 1 × 10−4. The three
sigma threshold shows that within the manufacturing specifications we will
reach the required contrast with very high certainty. The expected stellar
nulling within 15% bandwidth is below 3×10−5, within 20% below 1×10−4

and within 25% below 2× 104. After correction for throughput variations
this meets the required specifications for characterizing Proxima b with
SPHERE+.
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Table 5.1: The Monte Carlo parameters for the tolerance analysis. The
parameter column shows which parameters are varied and the distribution
column shows what distribution is assumed for a parameter.

Parameter Distribution parameter Distribution

Mode field diameter ±5 percent Uniform
Fiber misalignment ±1/12 MFD Uniform
Microlens focus σ = 0.01 percent Gaussian
Microlens astigmatism σ = λ/4 Gaussian
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Figure 5.11: Results of the Monte Carlo tolerance analysis as function of
wavelength. The red curve shows the expectation value of the contrast. The
white curves are the 0.68, 0.95 and 0.997 percentile confidence limits. The
analysis indicates that within specified tolerances a contrast below 1×10−4

can be reached over a 15 percent bandwidth. Within the full 20 percent
bandwidth the contrast is below 2× 10−4.
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5.4 Conclusions

Combining a pupil plane phase plate with a single mode fiber array creates
a new coronagraph that can be used to search for planets very close to
their host star. Adding the high-resolution spectroscopy post-processing
makes this a very robust system for exoplanet characterization. From the
lab measurements and tolerance simulations we can conclude that:

1. We have shown a proof of principle for the SCAR coronagraph in the
lab and reached a contrast 1 × 10−4 for the 180 SCAR and 2 − 3 ×
10−4 for the 360 SCAR. These contrasts limit were due to residual
wavefront errors, which requires an active system to remove.

2. The monochromatic tip-tilt stability of the coronagraph has been
measured and is estimated to be on the order of ±0.15λ/D for both
the 360 and 180 design. This agrees with the designed tip-tilt stability
and falls within the expected jitter of SPHERE.

3. Within expected manufacturing tolerances the coronagraph will be
able to meet the requirements with a high degree of confidence (
more than 3σ).

4. The most important aspect of the FIU is the alignment of the fiber
with respect to the microlens center according to the tolerance simu-
lations. The tolerance requirement can be achieved by using photonic
crystal fibers with large mode field diameters.

With the SCAR coronagraph we meet the requirements for the charac-
terization of Proxima b with SPHERE+ and high-resolution spectroscopy.
Due to the simplicity of the optical setup only minor modifications are nec-
essary to accommodate the SCAR coronagraph. Furthermore the single
mode fibers simplify the design and decrease the size of the high-resolution
integral field spectrograph as the input becomes diffraction limited. There-
fore adding the new coronagraphic system as an upgrade to existing HCI
instruments at current-generation telescopes will allow characterization of
exoplanets in the solar neighborhood. An on-sky prototype is being built
as the next step in the development process.
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Newly forming proto-planets are expected to create cavities and sub-
structures in young, gas-rich proto-planetary disks (Dodson-Robinson &
Salyk, 2011; Kley & Nelson, 2012; Zhu et al., 2011), but they are difficult
to detect as they could be confused with disk features affected by advanced
image-analysis techniques (Huélamo et al., 2018; Rameau et al., 2017). Re-
cently, a planet was discovered inside the gap of the transitional disk of the
T-Tauri star PDS 70 (Keppler et al., 2018; Müller et al., 2018). Here we
report on the detection of strong H-alpha emission from two distinct loca-
tions in the PDS 70 system, one corresponding to the previously discovered
planet PDS 70 b, which confirms the earlier Hα detection (Wagner et al.,
2018), and another located close to the outer-edge of the gap, coinciding
with a previously identified bright dust spot in the disk and with a small
opening in a ring of molecular emission(Keppler et al., 2018; Long et al.,
2018; Müller et al., 2018). We identify this second Hα peak as a second
proto-planet in the PDS 70 system. The Hα emission spectra of both proto-
planets indicate ongoing accretion onto the proto-planets(Natta et al., 2004;
Rigliaco et al., 2012), which appear to be near a 2:1 mean motion resonance.
Our observations show that adaptive-optics-assisted, medium-resolution,
integral-field spectroscopy with MUSE (Bacon et al., 2010) targeting ac-
cretion signatures will be a powerful way to trace ongoing planet formation
in transitional disks at different stages of their evolution. Finding more
young planetary systems in mean motion resonance would give credibility
to the Grand Tack hypothesis in which Jupiter and Saturn migrated in
a resonance orbit during the early formation period of our Solar System
(Walsh et al., 2011).
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6.1 Content

PDS 70 (V* V1032 Cen) is a young T-tauri star at a distance of 113.43±0.52
pc (Gaia Collaboration et al., 2016, 2018) with a spectroscopically de-
termined age of 5.4±1.0 Myr (Müller et al., 2018). Its proto-planetary
disk was first discovered through spectral energy distribution(SED) mod-
elling (Gregorio-Hetem & Hetem, 2002), and later directly imaged at near-
infrared and sub-mm wavelengths (Hashimoto et al., 2012, 2015; Long et al.,
2018). Both the SED modelling and direct imaging show that PDS 70 har-
bours a transitional disk in which a large radial region from 20 AU – 40 AU
(Hashimoto et al., 2015; Keppler et al., 2018), as seen in the near-infrared,
is cleared of dust. The gap is found to be larger at sub-mm wavelengths
(Hashimoto et al., 2015; Keppler et al., 2018), indicating that there is a
radial segregation of dust grains possibly generated by a radial pressure
gradient in the disk. A potential mechanism for such a pressure bump is
the dynamical clearing of the disk by the planetary-mass companion PDS
70 b (Pinilla et al., 2012a,b). PDS 70 b is estimated to be a 4-17 MJ planet
at a projected angular separation of 195 milli-arcseconds (22 AU) and po-
sition angle of about 155◦. Follow-up imaging observations with MagAO
on the Magellan 6.5m telescope revealed a tentative 4σ Hydrogen α(Hα)
emission signal (Wagner et al., 2018). Hα emission is commonly associ-
ated with accretion (Natta et al., 2004; Rigliaco et al., 2012) and therefore
indicates that PDS 70 b is still in formation.

The PDS 70 system was observed with the Multi Unit Spectroscopic Ex-
plorer (MUSE) (Bacon et al., 2010) at ESO’s Very Large Telescope (VLT)
in the Laser Tomography Adaptive Optics (LTAO) assisted narrow-field
mode during the commissioning night of 20 June 2018. MUSE is an opti-
cal, medium-resolution, integral-field spectrograph that covers 480-930nm
at a spectral resolving power ranging from λ/∆λ = 1740 in the blue to
3450 in the red, targeting several important accretion tracing emission lines
including Hα at λ=656.28 nm. We processed the data by applying a high-
resolution Spectral Differential Imaging (HRSDI) technique, in which a
scaled, continuum-normalized stellar spectrum is subtracted from the data
at each spatial pixel (spaxel) position, and further residuals in the spectrum
of each spaxel are removed using a principle component analysis (see Meth-
ods for a detailed description). HRSDI is only sensitive to sharp spectral
features, such as spectral lines, because the continuum-normalization step
removes all differential broadband features between different spaxels. Ex-
cess continuum light from starlight that is reflected by the disk around PDS
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70 and the continuum of potential planets is also removed. With HRSDI we
can side-step the common issues that conventional high-contrast imaging
techniques like Angular Differential Imaging(ADI) have, where the spatial
information is used to build up a stellar reference. Such techniques are
sensitive to the spatial structure of the source and can generate artifacts
that look like a planet (Huélamo et al., 2018; Rameau et al., 2017).

Using HRSDI we detect a strong Hα emission line at two distinct loca-
tions in the PDS 70 system (Figure 6.1, left panel), with a 11σ source at the
position of PDS 70 b, and a second, 8σ source detected at 240 mas away
from the host star at a position angle of 283◦. The former detection is an
independent confirmation of the earlier observations of PDS 70 b (Keppler
et al., 2018; Müller et al., 2018; Wagner et al., 2018). The latter source
coincides with a previously identified bright spot in 2.1 and 3.8-µm broad-
band images (Keppler et al., 2018), which is confirmed by our re-analysis
of the 2.1 and 3.8 µm data from SPHERE and NACO at the VLT (Figure
6.2, middle and right panel).

Gaussian profiles fitted to the extracted emission spectra (see Figure
1) show that the Hα lines from both PDS 70 b and the other source are
red-shifted with respect to the stellar Hα emission. This line-of-sight shift
is measured with respect to the stellar Hα line before the removal of the
starlight; every spaxel is therefore self-calibrated. The Hα line-of-sight
redshift for PDS 70 b is 25 +- 8 km s-1, and 30 +- 9 km s-1 for the second
source. The full width at half maximum (FWHM) of the two emission lines
are 123 +- 13 km s-1 and 102 +- 19 km s-1 for PDS 70 b and the other
source, respectively. These lines are significantly narrower than the stellar
line, which has a width of 147 +- 5 km s-1. A third difference between the
emission lines are their shapes. The Hα line of the star exhibits an inverse
P Cygni profile with a blue-shifted emission and a red-shifted absorption
component, which is quite common and a sign of magnetospheric accretion
(Edwards et al., 1994; Reipurth et al., 1996). The Hα line profile from PDS
70 b and the other source do not exhibit these features, and show just a
single Gaussian-like profile.

The fact that the line shape, velocity offset, and the line widths differ
from what is expected from reflected star-light excludes reflected light as the
origin and indicates that the line emission is locally generated. The multi-
epoch astrometry (see Table 1) of the new point source reveals that it orbits
in the direction of the Keplerian rotation of the circumstellar disk and is co-
moving with its host star, which makes it improbable to be a background
object. We therefore identify this second source of Hα emission as the
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Figure 6.1: Overview of the PDS 70 system. a, The Hα detection map with
an overlay of the contours of the orbital radii and a white dot in the center
that marks the position of the star. The contours for PDS 70 c are the
minimum and maximum orbital radii found for the different wavelength
observations. For both objects the square apertures that were used for
the photometry are shown, with the red aperture for PDS 70 b and the
purple aperture for PDS 70 c. b, c, d, The corresponding spectra divided
by their standard deviation are on the right and centered around the Hα
line position. The four apertures in orange indicate reference areas that
are used to compare with PDS 70 c. The orange reference spectra on the
right do not show any spectral feature, while both PDS 70 b and c clearly
show Hα in emission.
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location of a second, forming planet, PDS 70 c. The significant difference
between the line-of-sight radial velocity of Hα emission from the accreting
proto-planets compared to their Keplerian velocities, 4.3 km s-1 and 3.4 km
s-1 for PDS 70 b and c, indicates that the dynamics of planetary accretion
are different from the orbital dynamics of the planets. This is also the case
for accreting stars, where the line-of-sight velocity of the accreting material
is different from the system velocity.

The K-L color and non-detection in H-band imply that PDS 70 c is
redder than PDS 70 b, which could be either due to a lower temperature
and mass or due to obscuration by dust from the disk. Comparing the
K-L color of PDS 70 c to evolutionary models indicates that the planet
has a mass within the range of 4-12 MJ after having included possible
biases from the circumstellar disk and extinction (see Methods section).
There is a high likelihood that the estimated mass of the companion, even
by including some of the biases, is overestimated due to possible other
structures around the planet (see Figure 6.3) like additional scattered star
light, a circumplanetary disk or potential streamers that connect the planet
to the circumstellar disk. Detailed hydrodynamical modelling of the system
may put a better constraint on the planet masses.

We estimated the mass accretion rates of both companions using an
empirical relation between the Hα 10-percent width, which is the full width
at 10-percent of the maximum, and the mass accretion rate (Natta et al.,
2004; Rigliaco et al., 2012). The derived 10-percent widths are 224+-24
km s-1 and 186+-35 km s-1 for planets b and c, which indicate a mass
accretion rate of 2x10-8+-0.4 MJ yr-1 for b and 1x10-8+-0.4 MJ yr-1 for
c. The combined mass accretion rates of the planets are comparable to the
stellar accretion rate, which is 5.5x10-8+-0.4 MJ yr-1. A previous estimate
of the accretion rate of planet b, based on Hα the luminosity (Wagner
et al., 2018), estimated the mass accretion of PDS 70 b to be 1x10-8+-1
MJ yr-1. The estimate of (Wagner et al., 2018) based on the absolute Hα
luminosity needs to take the extinction into account, which was chosen as
3.0 magnitudes to include the effects of a possible circum-planetary disk and
the extinction by the circum-stellar disk. Their measurement is consistent
with the low accretion rate found here, which is not affected by extinction
as it is based on the width of the Hα line instead of the luminosity. At
the current accretion rate, it would take 50-100 Myr to form Jupiter-mass
planets, which is much longer than the typical disk lifetime of 10 Myr.
The accretion rates of young stars are significantly decreasing near the end
of their formation when they exhibit episodic accretion bursts (Armitage
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Figure 6.3: Composite image of the proto-planetary disk and the two com-
panions. The disk image from SPHERE H-band observations is overlaid
with the contours of the Hα emission of the two planets to indicate their
positions in the disk. The disk features a smooth outer disk and a per-
turbed inner disk. The darker features around the inner disk are due to
over-subtraction of the inner-disk by the post-processing algorithm. The
planets are clearing out the large gap between the outer and inner disk
edges, which can be seen in the scattered light image. The outer planet is
partially obscured by the outer disk.
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et al., 2001). A similar scenario of long-term variable accretion might apply
to the planets in this system. Short term variability is due the accreting
gas dynamics, which for example could be a rotating hotspot on the planet
surface or an orbiting accretion funnel from the circum-planetary disk.

Based on the wide gap in the disk and the low accretion rate of the star,
PDS 70 was already predicted to contain a multi-planet system (Hashimoto
et al., 2015) where the planets block the mass flow towards the star. Hydro-
dynamical modelling of viscous disks suggests that a single, massive planet
is only able to open a small gap (¡15 AU) (Kley & Nelson, 2012; Zhu et al.,
2011). In contrast, multi-planet systems are thought to be able to carve
large gaps in disks with azimuthal asymmetries (Dodson-Robinson & Salyk,
2011; Zhu et al., 2011), where the gap width is governed by the dynamical
and viscous time scales of the disk. Detailed hydrodynamical modelling
will be necessary to constrain the disk-planet interaction of the PDS 70
system. Another indication of a planet at a larger orbital distance came
from the 870-µm ALMA observation of the HCO+ molecule that shows a
hole in the disk structure, while the dust continuum does not show this
(Long et al., 2018). We suspect that this is caused by PDS 70 c since the
location of the hole and PDS 70 c coincide.

Assuming that the orbits of the planets and the disk are coplanar (at
an inclination of 49.7o (Hashimoto et al., 2015)), angular separations to
the host star imply orbital distances for PDS 70 b and c of 20.6±1.2 AU
(consistent within the 1σ uncertainties of earlier measurements (Keppler
et al., 2018; Müller et al., 2018)) and 34.5±2 AU, respectively, suggesting
that the planets are in or near a 2:1 mean motion resonance if the orbits are
circular. Mean motion resonance migration is proposed as an early orbital
evolution scenario for massive gas giant planets (Xu et al., 2018). During a
migration-II scenario, in which planets are massive enough to carve a gap in
the disk, the inward migration speed depends inversely on the mass of the
planet (Nelson et al., 2000). If the inner planet is more massive than the
outer, the latter will migrate towards the inner planet until it is captured
in resonance, locking their relative orbits (Kley et al., 2004). A specific
version of such an orbital evolution scenario is suggested for the gas giant
planets in the early solar system as the Grand Tack Hypothesis (Walsh
et al., 2011). While the most massive planet Jupiter was formed first and
was migrating towards the young Sun, the formation and subsequent faster
inward migration of Saturn locked the two planets in a 3:2 mean motion
resonance. This is thought to have reversed their, now coupled, migration
direction outward towards their current orbits. Finding other systems,
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like PDS 70, in mean-motion resonance lends credibility to this formation
scenario for our solar system.

The observations with MUSE show that adaptive-optics assisted, medium-
resolution, integral-field spectrographs are highly efficient instruments to
observe accretion emission spectra from planets in formation. We suspect
that more accreting planets could be found and characterized in transition
disks with this technique. Another exciting opportunity, which is now pos-
sible due to the high efficiency of both the HRSDI data processing technique
and MUSE, is the detailed investigation of accretion on short and long time
scales. This will shed light on the variability of planetary accretion and will
lead to a better understanding of the formation of planets, allowing us to
infer the formation history of the solar system.

6.2 Methods

6.2.1 VLT/MUSE observations and data reduction.

The PDS 70 system was observed during the commissioning run of the
adaptive optics assisted MUSE narrow-field mode in June 2018. MUSE
is a medium resolution integral field spectrograph (IFS), which acquires a
spectrum for every spatial pixel in a continuous field of view of 7.5”x7.5”
(Bacon et al., 2010). It is coupled with GALACSI, the advanced laser
tomography adaptive optics system of the VLT Adaptive Optics Facility
(Madec et al., 2018; Oberti et al., 2016), which was also used during the
observations of PDS 70. PDS 70 itself was used as the low-order tip-tilt
star. The observations were split into six individual exposures of 300 sec-
onds each in field stabilizing mode with a total of 1800 seconds on target.
Between each observation the field of view was rotated by 90 degrees. This
was done to reduce the impact of possible bad pixels, reduce flatfield errors
and improve the sampling of the line spread function. Each observation
was processed with version of 2.4 of the MUSE pipeline which is available
through ESO’s web pages (Weilbacher et al., 2014). The pipeline per-
forms background subtraction, flat fielding for non-uniform pixel response,
spectral extraction and the wavelength calibration. Spatial offsets between
the individual exposures were determined manually by finding the centroid
position of the star. After the extraction the individual data cubes were
stacked to create the combined data cube from all observations.
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6.2.2 High-resolution spectral differential imaging (HRSDI).

We subtracted a reference stellar spectrum from every spatial pixel to find
the faint companions. A stellar model could in principle be used to sub-
tract out the star, but this will leave strong residuals either due to intrinsic
variability of the host star or due to uncalibrated instrumental effects. We
therefore used a data-driven approach to create the reference spectrum,
similar to the approach that was used for the characterization of Beta Pic-
toris b (Hoeijmakers et al., 2018). The changes in the spectrum between
spatial pixels can be separated into two parts, low-order effects and high-
order effects. The low-order effects change the continuum profile, while
the high-order effects change the spectral lines. To calibrate the low-order
effects, we first normalized all spectra by their total flux and created a ref-
erence spectrum by taking the median over all spatial pixels. The median
is a robust estimator for the mean in the presence of outliers. As the exo-
planets are only present in a few spatial pixels, the median will lower the
influence of the planet spectra on the reference spectrum. The spectrum
for each individual spatial pixel is then divided by this reference spectrum.
Assuming that no high-order effects are present, we will be left with a dif-
ferential low order continuum signal. This residual is low-passed filtered by
applying a first-order Savitzky-Golay filter with a window width of 101 pix-
els (126.25 ANG). Each spectrum is divided by its low-passed differential
continuum to correct for the low order residuals. The high-order residu-
als are due to several instrumental effects, such as a changing wavelength
calibration or a changing resolving power across the field. Because MUSE
is an IFS with 310 by 310 spatial pixels, we acquired many realizations
of the high-order instrumental effects. We used these to build a reference
library through principle component analysis (PCA). Each PCA compo-
nent will remove different correlated residuals. PCA was applied over the
spectral direction where the first few components corrected for differential
wavelength solutions and the subsequent components mainly correct re-
gions that are strongly contaminated by telluric absorption (Oxygen A and
B bands). We found the optimum number of components to subtract to
be 5 by maximizing the signal-to-noise of PDS 70 b. Only after subtract-
ing on the order of 20 components did the signal from PDS 70 b start to
decrease. The HRSDI method is only sensitive to sharp spectral features,
such as spectral lines, because the continuum-normalization step removes
all differential broadband features between different spaxels. Excess con-
tinuum light from starlight that is reflected by the disk around PDS 70
and the continuum of potential planets is also removed. With HRSDI we
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can side-step the common issues that conventional high-contrast imaging
techniques like Angular Differential Imaging(ADI) have where the spatial
information is used to build up a stellar reference. Such techniques are
sensitive to spatial structure of the source and can generate features that
look like a planet[9,10].

6.2.3 Aperture photometry of both companions and SNR
determination.

We estimated the relative flux by applying aperture photometry to every
wavelength channel. Square apertures of 100 by 100 milli-arcseconds (4 by
4 pixels) were chosen because the MUSE PSF during the observations had
a full width half maximum of 60-80 milliarcseconds at 656 nm. No back-
ground correction for the aperture photometry was necessary as this was
already done during the pre-processing. A major concern for high-contrast
image processing techniques is the subtraction of the planet signal during
the post-processing, which will lead to strongly biased photometry of the
companions (Pueyo, 2016). We injected fake sources into the dataset to
determine how much the HRSDI method would influence the photometry.
The recovered signals of the fake sources were within a few percent of the
injected signal, indicating that the HRSDI did not influence the photom-
etry. We estimated the error in the photometry by taking the standard
deviation along the spectral direction for each region. The extracted one-
dimensional spectra were sub-sequentially used to fit spectra line profiles
with the Markov chain Monte Carlo(MCMC) sampler emcee (Foreman-
Mackey et al., 2013). The Hα emission line was modelled by a Gaussian
line profile on top of a constant continuum. To determine the radial veloc-
ity reference we fitted a PHOENIX model with an effective temperature of
4000 K and a log(g) of 4.5 (Keppler et al., 2018) at the same spatial posi-
tions but before removing the star. From these two measurements we could
determine the relative radial velocity of the planets. The uncertainties of
the measurements were derived from the posterior distributions from the
MCMC procedure (see Supplementary Figures 1 and 2). The ratio between
the line flux of the planets compared to the stellar continuum around the
Hα line was used to define the contrast ratio.

6.2.4 Astrometry of the Hα emission from PDS 70 b and c.

We fitted a Moffat profile to the cleaned Hα data cubes. The initial starting
point of the fitting procedure was estimated from the Hα image. We used
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Figure 6.4: Corner plots of the Gaussian spectral line fitting of PDS 70
b. The peak flux and baseline are in flux density units of ergs/s/cm2/Å.
Both the radial velocity (v0) and the width (σ) are in units of kms−1. The
radial velocity of the planet has not yet been corrected for the systematic
radial velocity. From the amplitude measurement we can estimate that the
detection has an 11σ significance.
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Figure 6.5: Corner plots showing the posterior distributions from emcee
for the Gaussian spectral line fitting of PDS 70 c. The peak flux and
baseline are in flux density units of ergs/s/cm2/Å. Both the radial velocity
(v0) and the width (σ) are in units of kms−1. The radial velocity of the
planet has not yet been corrected for the systematic radial velocity. From
the amplitude measurement we can estimate that the detection has an 8σ
significance.
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a least-squares approach to fit the astrometry, and we estimated the er-
rors by analyzing the covariance matrix around the optimal χ2 value. The
retrieved error bars from the least-square method were less than one pix-
els. This is not realistic because the PSF of MUSE is not Nyquist-sampled
by the image slicer, and the image slicer causes strong diffraction effects
when part of the light hits an edge of any of the slicer mirrors. The effects
becomes more apparent when the AO is delivering higher quality images.
This makes it difficult to achieve sub-pixel astrometry without a good PSF
model, and we therefore used the size of a single spatial pixel as the astro-
metric uncertainty. We verified the astrometric solution with a background
star that was in the field-of-view. This star is roughly 2.3 arcseconds to
the north. We can use the astrometric measurements of GAIA (Gaia Col-
laboration et al., 2016, 2018), because PDS 70 and the background star
were observed with GAIA. After correction for the proper motion of the
two stars, we measure a 0.3 percent difference in the angular separation of
the two stars between GAIA and MUSE and a 0.76 degree offset from true
north. Using the astrometry points from the SPHERE/NACO and MUSE
observations we exclude both planets as background objects (See Figure
6.6).

6.2.5 Orbit radius and mean motion resonance estimation.

While the L and K-band data were taken on different nights, they are too
close in time (1 night apart) to count as different epochs. A minimum of 3
epochs are necessary to fit all parameters of a Keplerian orbit, and we only
have two (Hα and K+L-band). Under the assumption of co-planarity with
the protoplanetary disk and a circular Keplerian orbit, we determined the
orbital radius for both companions. We used earlier measurements of the
disk inclination and position angle, which are 49.7◦ and 158.6◦ respectively
(Hashimoto et al., 2012, 2015), to deproject the apparent positions of the
planets onto the circumstellar disk plane. After the deprojection we used
a weighted mean to calculate the orbital radius for both planets. With the
orbital radii and under the assumption of Keplerian motion we measured
the ratio of the orbital periods to be 2.0±0.15, 2.5±0.25 and 2.6±0.75 for
the K-band, L-band and Hα. In L-band the astrometry is biased to longer
orbital radii, due to the close proximity of PDS 70 c to the disk. The
measurements suggest a mean motion resonance close to 2:1. To account
for the astrometric errors we used a parametric bootstrap method, with a
Gaussian error model to estimate the probability distribution of the period
ratio (see Figure 6.7).
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Figure 6.6: The projected motion for a background object. The points
in blue indicate the measured astrometry for PDS 70 b, and the orange
points are the astrometry measurements for PDS 70 c. The red dots show
the positions if both companions were background objects. The K-band de-
tection was taken as the reference position and epoch. The epoch difference
between K-band and Hα is 2 years.
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Figure 6.7: The bootstrapped probability density function of the period
ratio between planet b and c. The K-band and Hα measurements suggest
a peak close to a period ratio of 2. The L-band data is biased to longer
periods due to the astrometric bias from the entanglement with the scatter
light from the disk. We conclude that a mean motion resonance orbit of
2:1 is likely and well within the error margins.
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6.2.6 SPHERE and NACO archival data reduction.

We obtained three archival datasets on PDS 70 including raw calibration
files from the ESO archive: (i) Coronagraphic SPHERE/IRDIS data (PI:
Beuzit, ESO ID: 095.C-0298(A)) taken with the H23 dual-band filter com-
bination (Vigan et al., 2010), (ii) non-coronagraphic SPHERE/IRDIS (PI:
Matter, ESO ID: 097.C-1001(A)) data taken with the K12 dual-band filter
combination, and (iii) non-coronagraphic NACO L’ data (PI: Launhardt,
ESO ID: 097.C-0206(A)).

The data reduction was performed with our own image processing pipeline,
which is based on the new release of the PynPoint package (Stolker et al.,
2019). This includes basic steps such as dark subtraction, flat-fielding,
and correction of bad detector pixels with a 5 σ box filtering algorithm.
The NACO data were obtained with a dither pattern, placing the star at
three offset positions on the detector. Because one quadrant of the detector
showed strong, non-static readout artefacts, we discarded every third cube
of the NACO data. For the SPHERE data, we performed the subtraction
of the sky and instrumental background using the additional images taken
at an offset sky position without any source. Due to the large offsets be-
tween the NACO dither positions, we subtracted the thermal background
from the science images themselves. We defined regions of interest around
the star for each of the two dither positions and obtained a stack of science
frames and background frames for each of the two positions. Then, we
modelled and subtracted the background in each science frame with an ap-
proach based on PCA of the corresponding background stack as described
in (Hunziker et al., 2018). Afterwards, the resulting background-subtracted
science frames were merged again.

Both SPHERE data in K1-band and NACO data were obtained without
a coronagraph and without saturating the detector. Therefore, we were
able to center the frames on PDS 70 with a two-dimensional Gaussian fit.
The SPHERE data in the H2- band was obtained with an apodized-pupil
Lyot coronagraph (Marois et al., 2006) in place. To center the science
images, we made use of the center frames that were taken alongside the
science observations. For these frames, a sinusoidal shape was applied to
the deformable mirror to create four calibration spots around the star’s
position behind the coronagraph. These spots were used for the centering
procedure, following the instructions in the SPHERE manual.

To detect and to reject bad science frames, we measured the flux inside
circular apertures with a radius of 3 FWHMs of the instrumental PSF
around the star for the non-coronagraphic data. For the coronagraphic
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data, we used circular annuli around the coronagraphic mask with inner
and outer radii of 100 mas and 160 mas instead. Finally, we discarded
all frames deviating from the average aperture flux by more than 3 sigma.
After this pre-processing, 60, 672, and 12346 centred images remained for
SPHERE H23-, SPHERE K12-, and NACO L’, respectively.

Since the data were taken in pupil-stabilized mode, a PSF subtraction
based on angular differential imaging (Amara & Quanz, 2012) in combina-
tion with PCA (Soummer, 2005) was applied. To model the stellar PSF, we
fitted 1 and 20 principal components for SPHERE K12 and NACO data,
respectively. The number of fitted components were optimised in order to
maximise the signal-to-noise ratio of PDS 70 b.

Because ADI-based algorithms tend to produce unphysical residuals
when applying them to extended structures such as disks (Choquet et al.,
2014), we used an approach based on reference star differential imaging
(RDI, (Smith & Terrile, 1984)) in combination with PCA to reduce the
coronagraphic SPHERE data instead. We chose the K9IVe-star TYC 7433-
1102-1 as a reference, which was observed during the same night (2015-05-
03) with the exact same observational setup (PI: Beuzit, ESO ID: 095.C-
0298) as the data on PDS 70. The pre-processing was performed anal-
ogously to the reduction of the coronagraphic SPHERE data described
above. After frame rejection, we were left with 63 centred reference im-
ages. These were analysed with respect to their principal components and
5 components were fitted to the pre-processed science images of PDS 70
to model the stellar halo and the instrumental artefacts. The PSF models
were subtracted from the science images, the residual frames were rotated
such that north is up and east is left, and the remaining stack was me-
dian combined. We optimised the number of fitted principal components
to maximise the signal-to noise ratio of the disk around PDS 70 in the final
image.

6.2.7 Astrometry and photometry extraction of PDS 70 b
and c from NACO and SPHERE data.

The astrometry and photometry of each companion were extracted simul-
taneously by injecting artificial fake companions using the SimplexMini-
mizationModule of the new PynPoint release (Soummer, 2005). For the
astrometric extraction we use plate scales and true north corrections pro-
vided by (Rigliaco et al., 2012) for the corresponding datasets. We used the
PSF of PDS 70 as a template for the artificial companions and minimized
the curvature in the residual image around the planets’ positions within
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a circular aperture with a radius of 80 mas. To explore the correlation
between astrometric and photometric extraction of the companions and to
assess the statistical uncertainties of this optimisation, we performed an
MCMC sampling using the MCMCSamplingModule of PynPoint. We used
100 walkers and 200 steps. We excluded the first 20 steps of the chains as
the burn-in to the sampling. The presented lower and upper uncertainties
represent the 16th and 84th percentiles of the samples, which coincides with
1-σ confidence levels in the case of a Gaussian posterior distribution.

6.2.8 Mass determination of PDS 70 c.

The mass of the second companion was estimated by comparing the K-L
color and the absolute L magnitude to evolutionary models (Allard et al.,
2001). To include possible effects of extinction by a circum-planetary disk
or the circum-stellar disk, we varied the extinction between 0 and 3 magni-
tudes. Another strong bias comes from the blending of the circum-stellar
disk and the planet in the L-band observations. To estimate this blending
we added a conservative 0 to 3 magnitudes to the measured the L-band
magnitude to include possible blending effects of the disk. The resulting
region in the color-magnitude diagram was overlapping with the 4-12 MJ

mass range for the evolutionary model.
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large field of view gas sensing in plan-
etary atmospheres.
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Detecting and monitoring gas species is an important part of remote
sensing because the state of the environment can be retrieved from the
state of the gas species. This can be used to track temperature and pres-
sure structures in the atmosphere for weather predictions, or monitor the
air quality. Discriminating different species is easier at higher spectral res-
olution when the spectral lines are clearly resolved. The need to do this
at high spatial resolution and over large fields of view leads to a trade-off
between spectral and spatial resolution and spectral bandwidth. We pro-
pose to use a highly multiplexed Bragg grating that can optically combine
the relevant information from the spectrum without the need to disperse
the whole spectrum. This allows us to circumvent the spatial and spectral
trade-off and therefore substantially increase the field of view compared
to conventional hyperspectral imagers. A dynamic implementation based
on acousto-optical filters that can be adapted on the fly is discussed as an
easy and flexible way to create the multiplexed gratings. We describe the
details of multiplexed Bragg gratings and show that we can retrieve the
spatial distribution of individual species abundances in gas mixtures, and
we show that we can even do this for the atmospheres of exoplanets orbiting
far-away stars.
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7.1 Introduction

Hyperspectral imaging is a corner stone of modern remote sensing. An im-
portant application is the monitoring of gases in the atmosphere, especially
in urban areas where air pollution can be a serious health problem (Snik
et al., 2014). Gas tracing is also done in industrial settings for the detec-
tion and monitoring of hazardous emissions from large industrial facilities
(Williams et al., 2005; Wu et al., 2018), finding leaks in large gas pipes or
the indoor formation of gases during production processes. Nowadays we
also observe the atmospheres of other planets, even planets around stars
other than our own Sun. In all these cases it is important to know where,
when, which and how much gas is present. A sensor that is built to re-
motely detect these gases will need to be able to spatially and spectrally
resolve the spectral absorption lines of these gases.

Gases have a specific spectral signature that is created by their atomic
or molecular structure. These signatures become more distinct from each
other at higher spectral resolution. An example can be seen in Fig. 1,
where high-resolution transmission spectra of various molecules are gen-
erated with HAPY (Kochanov et al., 2016), the python interface of HI-
TRAN2012 (Rothman et al., 2013). In the selected wavelength range
methane shows a set of strong, distinct spectral lines that are quite dif-
ferent from the signatures of CO2 and water. The difference is even more
extreme compared to O2, which does not have any features in this spectral
range. By measuring the spectral information we can exploit the differences
in spectral signatures between gases to classify and monitor them from a
distance.

The presence of a molecular species in a spectrum can be found by using
a matched spectral filter (Manolakis, 2002) that is tuned to the signature
of the species of interest. A simple matched filter can be made with a
binary mask that is equal to one where a spectral line is present and zero
otherwise. Because most spectral lines of interest are absorption lines, the
binary matched filter (BMF) will have a low signal when all the lines are
present, as there is less flux inside the absorption line. On the other hand
if the spectral lines are not present the signal will be high as there is no
absorption.

For moving objects it is important to take the Doppler shift into ac-
count, which shifts the position of spectral lines. If the Doppler shift is ne-
glected, it could lead to a miss-classification because the species is present
but shifted. Small shifts can be accounted for by cross-correlating the mea-
sured spectrum with the matched filter. This has been successfully used
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in astronomy to look for very weak signatures of molecular species in the
atmospheres of extra-solar planets that are buried in the light of their host
star (Brogi et al., 2012; Konopacky et al., 2013; Macintosh et al., 2015).
For a clear detection of several gases it is important to have high-spectral
resolving power, but a high-resolution spectrum for every point in the field-
of-view is very costly in terms of detector real estate. Therefore most con-
ventional hyperspectral imagers need to compromise between spatial and
spectral resolving power.

An alternative way of measuring gases is by using a gas-filter correlation
sensor[3, 8]. Here the light passes through a gas-cell that is filled with
the species of gas that needs to be detected. If light of interest passes
through a gascell containing methane, for example, the absorption features
of methane will be imprinted in the light. Suppose that the light already
had the lines of methane imprinted in it, because it passed through some
clouds of methane in the Earth’s atmosphere, then the total amount of light
will not change much because all light that could have been absorbed by
the methane in the gas-cell is already gone. If the light did not have the
imprints of methane, the total intensity will decrease because light is lost
due to the absorption by methane. Therefore if we pass the light through
two gas cells, one containing methane and one empty reference cell, the ratio
in intensity between the two will correlate with the presence of methane.
This mimics the behaviour of a binary matched spectral filter. The gas-cell
correlation method allows for a large field of view as the correlation signal
can be recorded with only two pixels. A downside of the gas-cell sensor is
its ability to only measure species with vanishing relative Doppler shift. If
the input is Doppler-shifted, the absorption lines do not align anymore with
the absorption lines of the gas-cell sensor, and the differential measurement
will no longer detect the species.

For some species it may to be possible to create a solution that is purely
optical and does not need gas cells. An example is the HIGS sensor that
has been developed for NO2 measurements (Verlaan et al., 2017). HIGS
replaces the gas-cell correlation with an all-optical filter. HIGS uses an
interferometer that has periodic fringes to create a matched spectral filter,
which matches the periodic spectral lines of NO2. Another example are
the OH-suppression fiber Bragg gratings (Bland-Hawthorn et al., 2004).
These are used to remove the atmospheric OH emission lines to decrease
the amount of contamination they have on the astronomical spectrum of
interest. While these methods may decrease the number of pixels, they
lose precious information because the line shapes are sensitive to tempera-
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Figure 7.1: The spectra of water, methane and carbon-dioxide are shown
in the wavelength range from 1.6 to 1.8 µm. Each spectrum consists of
many sharp spectral lines, but due to the amount and close proximity of
the spectral lines, these can merge and form an absorption band, which can
be seen as the shaded areas. The different molecules have distinct spectral
features at high spectral resolution.

ture, pressure, velocity and molecular abundance variations. With careful
monitoring of the spectral lines of interest it is possible to retrieve these
parameters. But approaches like the gas-cell sensor or the HIGS lose this
information as they reduce the full spectrum to a single intensity difference
and therefore can only measure the abundance of the molecule.

In this work we present a dynamic, eletro-optical solution based on
highly multiplexed acousto-optical volume Bragg gratings (HMBG), which
can do the same measurement as gas-cell sensors but retain the spectral
line shape information. The HMBG are also very flexible as it is possible
to electronically switch the spectral filter. In Section 2 we discuss the prin-
ciples of a Bragg grating and its multiplexing capabilities that are relevant
for trace-gas measurements. In section 3 we highlight the advantages of the
HMBG. In section 4 we discuss the trade-offs between different implemen-
tations of the HMBG. And in section 5 we showcase a few selected examples
where the HMBG will have a major advantage over current approaches.
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7.2 Multiplexed Bragg gratings

7.2.1 Bragg grating basics

Volume Bragg Gratings (VBG) are transmission gratings where the grating
is written inside a piece of transparent material with as a periodic refrac-
tive index modulation. VBGs predominantly exhibit first-order diffrac-
tion while conventional transmission gratings diffract into multiple orders.
These diffraction properties of Bragg gratings have been known since the
60’s when Kogelnik proposed his coupled wave theory (Kogelnik, 1969).
According to Kogelnik’s theory a VBG optimally diffracts the wavelengths
that satisfy the Bragg condition,

λB = 2nΛ sin θB. (7.1)

λB is the Bragg wavelength, n the average refractive index of the material,
Λ the pitch of the modulation and θB the angle of incidence. The Bragg
wavelength is the wavelength that is matched to the period of the grating
according to Eq. 7.1. The Bragg condition is nothing more than the blaze
condition for conventional gratings. Wavelengths that deviate from the
Bragg condition will be diffracted according to the grating equation,

λ = 2nΛ (sin θi + sin θd) . (7.2)

The geometry of the grating setup is similar to a normal grating spectrom-
eter working in first order and can be seen in Fig. 7.2. The VBGs should
not be confused with Fiber Bragg Gratings where the light travels along
the modulation direction, which is the x-direction in Fig. 7.2.

The diffraction efficiency (DE) is the ratio between the amount of light
that is diffracted into the first order and the amount of incoming light. A
DE of 1 means that all the light is diffracted into the first order, while a DE
of 0.5 means that half the light is diffracted and half the light remains in
the zeroth order. Currently it is possible to manufacture VBGs with DEs
above 99 percent (Glebov et al., 2012). The refractive index modulation
that is necessary to obtain a 100 percent DE is (Ciapurin et al., 2005),

δn =
λB cos θB

2t
. (7.3)

Here δn is the amplitude of the refractive index modulation and t is the
thickness of the grating. The differential optical-path delay that is accrued
while travelling through the grating is δOPD = δnt/ cos θB. If Eq. 7.3 is
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Figure 7.2: The geometry of the Volume Bragg Grating setup where a colli-
mated beam enters the grating from the left. The grating with a line spacing
of Λ is modulated along the x direction. The incidence and diffracted angle
are defined as θi and θd, respectively. The incident beam propagates from
the left to the right through the grating. The thickness t is the width of
the grating along the z-direction while the transverse size is the size along
the x-direction.

used to substitute δn we arrive at δOPD = λ/2. For optimal diffraction
efficiency the δOPD has to be half a wave. When the δOPD differs from
half-wave the DE lowers, which can happen either due to a wrong angle
of incidence or a wavelength that deviates from the Bragg wavelength. If
the thickness of the grating is increased it becomes easier to violate the
phase matching conditions, and therefore a smaller wavelength range will
be diffracted. This reduces the effective spectral bandwidth of the grating.
The diffraction efficiency curves for different thicknesses are shown in Fig.
7.3, which shows that thicker gratings have a sharper responses. We define
the spectral bandwidth of the VBG as the half width at the first zero
(HWFZ) (Ciapurin et al., 2005),

∆λ

λB
=

√
3

4

Λ

t

cos θB

sin2 θB
. (7.4)

Here ∆λ is the HWFZ of the diffracted spectrum. The current range of vol-
ume phase gratings make it possible to have a spectral bandwidth below 0.1
nm to more than 100 nm (Ciapurin et al., 2005). This spectral bandwidth
should not be confused with the spectral resolving power of the grating.
The spectral bandwidth is the spectral range that is diffracted, while the
resolving power of a VBG follows the same equation as a normal grating
and therefore depends on the number of lines N that are illuminated and
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Figure 7.3: The diffraction efficiencies as function of the relative devia-
tion from the Bragg wavelength; each color represents a different grating
thickness. The shaded region below the curves highlight the area that is
spanned by the spectral bandwidth as defined by the Full Width at First
Zero (FWFZ). To first order the diffraction efficiencies follow a sinc2 profile.

the order of diffraction m. Hence the transverse size of the grating deter-
mines the resolving power, while the thickness determines the diffracted
wavelength range.

7.2.2 Multiplexed Bragg gratings

It is possible to write multiple VBGs inside a single piece of glass where
each one addresses a different Bragg wavelength allowing multiple spectral
lines to be diffracted at once. By writing multiple VBGs the refractive
index modulation is not a simple cosine or sine any more but a coherent
superposition of many cosines. The multiplexed refractive index amplitude
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is,

δn(x) =
N∑
i

δni cos (2πx/ Λi). (7.5)

Here δn(x) is the total refractive index modulation, δni is the amplitude
for each individual grating and Λi is the pitch of each grating. We propose
to use a Highly Multiplexed Bragg Grating (HMBG) that multiplexes tens
to hundreds of gratings, each grating addresses a spectral line of interest.
Each spectral line will be chosen as the Bragg wavelength of its grating, and
we adjust the pitch according to Eq. 7.1 in such a way that the diffracted
output angle is the same. A lens can then re-image all the different beams
onto a detector. Because all spectral lines are diffracted into the same
output direction, they will end up at the same position on the detector.
This optically combines all spectral lines. An example of the output of a
HMBG can be seen in Fig. 7.4. Because all lines are optically combined we
do not need to sample the full spectrum but only the footprint of a single
spectral line.

If we now assume that the spectral bandwidth of the grating is broader
than the spectral lines of interest, then the spectrum of the object will be
diffracted by the VBG such that a narrow slice around the line of interest
will be isolated. The multiplexed grating will then create an incoherent
sum of the individual slices, where the center of the summed spectra will
show the average line profile. When many lines are multiplexed it becomes
problematic to describe the dispersion axis with a wavelength coordinate as
there are many wavelengths superimposed on the same pixel. The output
angle of the relative change of wavelength can be found with the grating
equation,

δλ

λB
=

1

2

sin (θB + ∆θ)− sin θB
sin θB

. (7.6)

With δλ the deviation from the Bragg wavelength. From this relation we
can see that each output angle corresponds to the same amount of relative
wavelength shift irrespective of the chosen λB. Under the assumption that
the spectral lines of interest are chosen as the λB for their respective grating,
they will all propagate in the same direction. We can relate the relative
change of the wavelength to the relative radial velocity of the object of
interest. Substituting the formula the for classical Doppler shifts we obtain,

δv

c
=

1

2

sin (θB + ∆θ)− sin θB
sin θB

. (7.7)
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Figure 7.4: Two example signals from the HMBG for 5 randomly chosen
lines from a stellar spectrum. The individual responses for each grating
are shown by the coloured spectra. For readability each spectrum was
offsetted in the vertical direction. The HMBG creates a slice around each
spectral line of interest onto the detector. The actual detected response
is the integrated signal shown in black. The envelop of the signal is the
diffraction efficiency curve, and if the species of interest is present we can
see the average line profile at the objects Doppler shift. Depending on
the velocity of the target the average line profile will coherently shift and
remains detectable as can be seen in the figure on the right where the
object has a Doppler shift of 100 km/s. All spectral features other than
the spectral lines of interest are washed out due to the incoherent sum of
different slices.

The output angle is independent of any of the grating periods and only
depends on the velocity shift δv

c . The HMBG maps the quasi-matched
filter response of a species at a certain radial velocity to an output angle
independent of the chosen grating period; it is therefore natural to use
velocity coordinates.

The velocity shift that can be resolved depends on the spectral resolving
power of the grating, δv = c/R. The velocity bandwidth is set by the
spectral bandwidth, which in turn is set by the thickness of the grating.
A thicker grating will have a narrower velocity bandwidth, which can be
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derived from Eq. 7.6,
∆v

c
=

√
3

4

Λ

t

cos θB

sin2 θB
. (7.8)

Here ∆v is the velocity bandwidth. These two parameters need to be taken
into account during the design of a HMBG. The design of a HMBG starts
with the choice of a velocity bandwidth, because this determines the mini-
mum spacing between spectral lines that can be multiplexed together. Then
the spectral lines can be chosen and the grating period can be calculated
from Eq. 7.1.

7.2.3 Simulating diffraction efficiencies

To design an efficient instrument the grating diffraction efficiency should
not decrease with the number of lines that are multiplexed, otherwise there
would be no point in trying to add more lines. Multiplexed Bragg gratings
are usually calculated with Rigorous Coupled Wave Theory (Moharam &
Gaylord, 1981). This is an extension of the simple coupled-wave theory of
Kogelnik. The downside to RCWT-like codes is that they couple all the
modes that are present in the system. The gratings will couple with each
other, and if we want to know the diffraction efficiencies of M diffraction
orders on N multiplexed spectra, we need to include MN modes. For
M = 2, which includes the 0th and 1st order, and N = 100 this already
leads to an unmanageable computing time.

The RCWT only needs to be used if the spectral lines are close to each
other. As said before if the lines are separated enough, the response can
be calculated as an incoherent superposition of the individual responses.
To check this we wrote a symmetric split-step Fourier beam propagation
code (BPM) (Blanes & Moan, 2000). This code can propagate an electric
field through arbitrary refractive index profiles. The speed of the code
only depends on the spatial sampling of the grating, and therefore it is
independent of the amount of multiplexed gratings as opposed to RCWT-
like codes. The BPM code has been validated on several test cases including
free-space propagation, waveguide propagation and diffraction from a single
Volume Bragg Grating. In all cases the power was conserved to better than
0.1 %, and the single VBG simulation showed a diffraction efficiency curve
that followed the curve as derived by Kogelnik.

As an initial test case, we created N randomly positioned spectral lines
between 0.5 µm to 1.0 µm. The lines are separated by at least three times
the FWHM of the spectral bandwidth (Fu et al., 1997). This directly
gives the spectral bandwidth necessary for the uncoupled regime. The
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peak diffraction efficiency of each grating is then calculated by propagating
its Bragg wavelength. The average diffraction efficiency of the grating con-
verges to 100 percent for all number of lines that we tried. The grating that
multiplexes a 100 lines converges to 97 percent, which is slightly lower than
100 percent because of numerical inaccuracies. The BPM code includes all
possible types of crosstalk between the gratings, and we see no major cross
talk, which we expected based on (Fu et al., 1997). This result encouraged
us to use a simpler model where the response is just a superposition of the
individual responses.

7.3 Advantages of multiplexed Bragg gratings

Our method has several advantages over recording the full spectrum. The
most important one is that it can reduce the amount of pixels per spatial
pixel (spaxel) considerably because we do not need to record the complete
spectrum. This substantially decreases the required number of pixels per
spatial pixel and makes it possible to increase the field of view compared to
a conventional spectrograph for a fixed detector size. The downside to this
method is that we lose the full spectral information. The number of pixels
required per spaxel depends on the velocity bandwidth and velocity reso-
lution. The bandwidth is given by the maximum Doppler shift one wants
to measure. The velocity resolution is directly related to an equivalent
spectrograph resolution,

δv =
c

NsamplingR
. (7.9)

Here δv is the velocity sampling, and Nsampling is the number of pixels
per spectral resolving element and R is the resolving power defined as
R = λ/δλ. The amount of pixels that is necessary to sample the full
velocity bandwidth on a detector is,

Nv =
∆v

δv
=

∆v

c
NsamplingR. (7.10)

To know the reduction in detector space we need to compare this to a
traditional spectrograph. A spectrograph must have a bandwidth ∆λ that
is large enough to contain all the spectral lines. The wavelength sampling
should be,

δλ =
λ

NsamplingR
. (7.11)
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The amount of pixels this will require is

Nλ =
∆λ

δλ
=

∆λ

λ
NsamplingR. (7.12)

The reduction in detector space is then

Ngain =
Nλ

Nv
=

c

∆v

∆λ

λ
. (7.13)

Interestingly the detector space reduction is independent of the resolving
power and purely depends on the bandwidths that are required. Following
this equation we estimate the amount of detector space that can be gained
for Earth observations. Earth observations are usually done from Low-
Earth Orbit (LEO) satellites that have velocities of roughly 10 km/s. We
should therefore select a velocity range that can easily accommodate this
speed, which we chose at ∆v = ± 50 km/s. To contain the most interesting
lines we would like spectral coverage from 1µm to 3.5 µm. For this spectral
range and velocity bandwidth we estimate that the detector area reduction
is between 2500 and 18000, depending on which wavelength is Nyquist
sampled.

The signal-to-noise(SNR) ratio of the HMBG signal is, to first order,

SNR =
F0

√
NR√

F0 + σ2D

. (7.14)

Here F0 is the average photon flux ratio between the continuum and the
selected spectral lines, N the number of spectral lines that are multiplexed,
R the spectral resolving power and σD the read and dark noise. Comparing
this to the SNR ratio of normal spectroscopy,

SNR =
F0

√
NR√

F0 + σ2DN
, (7.15)

we see that the effects of read noise and dark noise are decreased by the
number of spectral lines that are multiplexed because the spectral lines are
added together on the same pixel. For faint signals the HMBG will achieve
higher SNR compared to normal spectroscopy because the HMBG spreads
the light over fewer pixels. A disadvantage of the HMBG is that it cannot
multiplex all spectral lines, as some will be too close together. Therefore the
HMBG cannot use all available spectral lines, and the SNR of the HMBG
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compared to normal spectroscopy will be lower in the photon-noise limited
regime. To estimate the SNR decrease we used the spectra of Fig. 7.1 to
estimate the number of lines and the average line depth for each species.
We again assumed a velocity bandwidth of ∆v = ± 50 km/s, and found
that we are able to multiplex on average 75 spectral lines per species from
1.6 µm to 1.8 µm. Not all spectral lines are of the same importance as
their depth, and therefore their contribution to the SNR budget, varies.
The ratios of the SNR of the HMBG compared to the SNR of normal
spectroscopy for the three species are, 0.5 for CO2, 0.77 for H2O and 0.77
for CH4. The HMBG will be at most a factor of 2 less sensitive in the
photon-noise limited regime for the considered case.

Another advantage of the multiplexed grating over gas-cell correlations
is that it is also allows for correlation measurements for species that are
difficult to contain in a gas cell. Therefore the HMBG can achieve the
same kind of sensitivity as the gas-cell correlators but for a wider range of
objects. The second advantage compared to the gas-cell sensor is that the
HMBG measurements retain spectral line information.

7.4 Multiplexed Bragg grating implementation

7.4.1 Static system

There are several ways to implement multiplexed gratings. The simplest
solution is to physically put several transmission gratings in series (Alessio
et al., 2017). The disadvantage of stacking gratings is that it quickly be-
comes a very thick optical element as the number of multiplexed lines in-
crease. For a few tens of lines the thickness can quickly reach several tens
of centimeters, which will require a substantial over-sizing of the grating
to avoid issues with vignetting. The different gratings will also diffract the
light at different planes as the gratings are physically stacked after each
other. This will put very stringent requirements on the imaging lens, if at
all possible, to make sure that all the chosen spectral lines will still fall on
the same location on the detector. Therefore, if a multiplexed grating with
many lines is required, it will be necessary to write the gratings in a single
piece of glass. There are several manufacturing techniques that can write
complicated refractive-index profiles. For Volume Bragg Gratings the most
common technique is holography.

In holographic writing two beams are tilted with respect to each other,
which creates a sinusoidal interference pattern. The angle between the
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beams can be adjusted to create the correct line spacing. With holography
the different gratings will be written sequentially. This creates an incoher-
ent addition of the gratings in the material, leading to a refractive index
profile given by,

δn(x) =
N∑
i

δni
1 + cos (2πx/ Λi)

2
. (7.16)

Due to the incoherent addition the refractive index modulation grows lin-
early with the number of spectral lines, quickly saturating the writing ma-
terial (Hong et al., 1990; Kaim et al., 2015). This can be circumvented
by coherently writing the gratings that create a refractive index profile as
determined by Eq. 7.5. For a coherent multiplexed grating the refractive
index modulation grows as the square root of the number of gratings allow-
ing for many more gratings to be written in the material. Recent literature
on the dynamic range of holographic materials shows that the maximum
refractive index modulation can be as high as 0.03 (Alim et al., 2018). A
grating with a thickness of 1000 waves at a 25 degree incidence angle re-
quires an index modulation of 0.00045 according to Eq. 7.3. The number
of lines that can be written before the material saturates is about 60 for
incoherent writing while coherent writing could reach roughly 4000 lines.
This demonstrates the clear advantage of the coherent approach over the
incoherent approach, but it requires a different manufacturing strategy.

Direct write methods where the refractive index is modified point-by-
point can write coherent multiplexed gratings. An example of a highly
multiplexed grating is the OH suppression filter written inside single-mode
fibers (Bland-Hawthorn et al., 2004; Ellis et al., 2012). This filter is able
to multiplex tens to hundreds of gratings for the suppression of the at-
mospheric OH lines. Direct write techniques are now also being used to
write 2D gratings that can achieve diffraction efficiencies higher than 90%
(Butcher et al., 2017; MacLachlan et al., 2013; Mikutis et al., 2013).

7.4.2 Dynamic system

The down-side of writing a multiplexed grating into glass is that the grating
cannot be changed afterwards. The resulting HMBG can only measure the
signal of a single species. This leads to a cumbersome system for situations
where multiple species need to be measured. An active system where the
spectral template can be changed on the fly would address this issues; it
can be achieved with acousto-optical (AO) gratings. In acousto-optical
materials the local refractive index can be changed by passing sound waves
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through the transparent material. High-quality acousto-optical materials
have been on the rise in the past decades and have become quite common
in recent years. Low-resolution versions of the proposed idea have been
in use as acousto-optical tunable filters. In AOTFs the sound waves are
tuned to the central wavelength to create bandpass filters that are digitally
tunable. There are versions which can have multiple bandpasses at the same
time. Another advantage of the AOTFs is the use of multiple transducers
to create the sound waves. If the transducers are used as a phased array
one can create an arbitrary 3D refractive index profile (Grinenko et al.,
2015). This can be used to apodize the sidelobes of the diffraction efficiency
curve for a more uniform efficiency over the spectral bandwidth because for
normal VBGs the efficiency drops off as the spectral lines of interest are
more Doppler shifted.

7.4.3 Challenges when implementing as a hyper-spectral im-
ager

An sketch of the proposed hyperspectral camera can be seen in Fig. 7.6.
The main challenge for the HMBG for large fields of view will be the accep-
tance angle of the grating itself. The output angle of the grating shifts if
the input angle is different from the Bragg angle. If the angular shift is too
large, the spectral line of interest can move beyond the spectral bandwidth
and make it unobservable. This constraints the acceptance angle of the
HMBG. The output angle can be found with the grating equation,

λ = nΛ (sin [θB + θin] + sin [θB + θout]) . (7.17)

Here θin and θout are the deviations from the Bragg angle. Expanding the
input and output angles around the Bragg angle and subtracting the Bragg
wavelength leads to,

λ− λB = nΛ cos θB (θin + θout) . (7.18)

From this equation we can see that when we consider the Bragg wavelength
(λ− λB = 0), the output angle will shift by the same amount as the input
angle is shifted away from the Bragg angle. The input acceptance angle
is therefore the same as the output acceptance angle. We can derive the
maximum output angle from Eq. 7.7 using the velocity bandwidth. The
acceptance angle as a function of velocity bandwidth is shown in Fig. 7.5 for
several different Bragg angles. Here we can see that the angle of acceptance
is smaller than one degree for most cases.
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Figure 7.5: The angular tolerance as a function of velocity bandwidth. The
velocity bandwidth is shown from 3 to 3000 km/s. The colored lines repre-
sent different Bragg angles. As the Bragg angle increases, the acceptance
angle increases.
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Pseudo slit input
Top view

Fiber remapper

Acousto-Optical 
Grating

Micro-lens fed fiber array

Pseudo slit input
Side view

Figure 7.6: A sketch of the proposed setup. The two-dimensional input is
remapped through a fiber array into a pseudo-slit. The pseudo-slit feeds
the spectrograph in a first-order grating configuration.

Due to the small acceptance angle of the HMBG any deviation of the
input angle from the Bragg angle needs to be minimized. Therefore the
HMBG can only accept slit-like inputs where all light has the same angle
of incidence on the grating. For two-dimensional field-of-views we need to
map the field into a slit, which can be done with either advanced image
slicers (Content, 1998) or fiber bundles (Smith et al., 2004).

7.5 Applications of the Highly Multiplexed Bragg
Grating

7.5.1 Highly Multiplexed Bragg Grating instrument model

The HMBG response is simulated with a simple model where all gratings
are considered independently. This assumption is valid as long as we make
sure that all gratings are in the uncoupled regime. For this model the
intensity on a pixel for grating i with a fixed input angle θin is,

Ii (θ) =

∫
S (λ) ηi(λ, θin)Hi (λ, θ, θin) dλ, (7.19)
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where θ is the output angle of the grating, S is the input spectrum of
the scene, ηi is the diffraction efficiency of the grating and Hi is the line
spread function (LSF). The LSF is taken as a simple sinc function with a
full-width half maximum that is matched to the spectral resolving power
R. This shape of the LSF arises because of the assumption of an uniformly
illuminated square grating. The spectral dispersion of the LSF is calculated
from the grating equation. For a multiplexed grating we sum over all
gratings i, which results in the detector signal,

I (θ) =
∑
i

Ii (θ) . (7.20)

7.5.2 Abundance retrieval of molecular species

A key aspect of remotely sensing a gas is to measure the amount of gas that
is present, which can be achieved with the HMBG. Here we first show that
for optically thin lines there exists a linear relation between the amount of
gas and the HMBG output. We start by considering a single, plane-parallel
layer of material for which the transmission can be written as,

T (λ) = e−τ(λ). (7.21)

Here T (λ) is the transmission as a function of wavelength λ, and τ is the
total optical depth at wavelength λ. From here on the explicit dependence
of T and τ on λ will be left out. For a mixture of gases the optical depth
can be described by,

τ =
∑
i

τi =
∑
i

niσi. (7.22)

This sum is over all species i with a column density ni and absorption cross-
section σi. The optical depth of each individual species is the product of the
wavelength-independent column density and the absorption cross-section.
In the optically thin regime τ � 1 the transmission becomes,

T = 1− τ +O(τ2) ≈ 1−
∑
i

niσi. (7.23)

For optically thin lines the transmission depends linearly on the column
density. Our model of the HMBG, according to Eq. 7.19, is a linear trans-
formation from the input spectrum to the multiplexed dispersed measure-
ment. Therefore there should be a linear relation between the HMBG
output and the column density for optically thin lines.
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This relation can be empirically calibrated by measuring the response
of the HMBG to known amounts of each species of interest. The individual
measurements from templates are stacked together in one vector ~S. These
measurements are then fitted by the following linear model,

~S = A~n+~b. (7.24)

Here ~S is the stacked response, which contains the full line shape informa-
tion, for all templates, A is the transformation matrix and ~b is the offset.
We test the accuracy of the retrieval with a mixture of H2O, CH4 and CO2.
The HMBG template is made from the spectral lines shown in Fig. 7.1.
For each template we search for the strongest spectral lines in the wave-
length range. Our algorithm searches iteratively for the strongest spectral
line and adds it to the line-list. Each time a line is selected we check if the
distance to any of the spectral lines in our line-list is smaller than a thresh-
old. If it is smaller we reject the new line and go to the next strongest line.
The threshold is set at three times the FWHM of the spectral bandwidth
to make sure we are in the regime where the gratings are uncoupled (Fu
et al., 1997). This is not necessarily the optimal way of choosing which
lines to multiplex for the different templates, but one that is relatively easy
to implement.

We used column densities from n = 1010 − 1015 cm−2 to determine
the linear retrieval model parameters since the simulations had shown that
these densities were well within the optically thin regime. Then we applied
this model to retrieve densities from n = 1010 − 1021 cm−2. The results
are shown in Fig. 7.7. The column density of each species is retrieved over
the full range. Methane shows a small deviation above 1019cm−2 where
the selected spectral lines become optically thick. The linear response can
be extended over a larger range by selecting only spectral lines that are
optically thin for the column densities of interest, which is an advantage
of dynamically selecting the spectral template. This is not possible with
gas-cell correlators because the gas-cell contains all spectral lines including
the lines that become optically thick. There is also cross-talk between the
species. The cross-talk of methane to the other species is the strongest,
which was expected as the cross-section of methane is the largest in this
range. The cross-talk itself grows as the square of the column density
because of the linear approximation of Eq. 7.23. The cross-talk can be
decreased by carefully selecting the spectral lines that will not blend with
the lines of other species. This can be accomplished by orthogonalizing the
cross-section spectra of the different species with a Gram-Schmidt proce-
dure (Sparks & Ford, 2002). The influence of cross-talk can also be reduced
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Figure 7.7: This figures shows the accuracy of the HMBG in combina-
tion with the linear retrieval algorithm for estimating the column density
for single species. The input column density versus the retrieved column
density is shown for CH4, H2O and CO2. While each species has its own
measurement template in the HMBG, there will still be cross-talk in due to
non-linearities that are not taken into account in the retrieval. The cross-
talk lines show the influence that the presence of the other species have on
the retrieval. In the optically thin regime the cross-talk is very small and
grows as the square of the column density.

by selecting a larger or different wavelength range that includes more dis-
tinct lines.

7.5.3 Molecule maps

To estimate the accuracy of the linear extraction for a mixture of gases we
simulated a single two-dimensional map with a variable mixture of H2O,
CH4 and CO2. The spatial distributions of the gases were randomly cre-
ated with column densities ranging from 1010cm−2 to 1018cm−2. For every
pixel we simulated the response to the different templates from the pre-
vious section and applied the linear reconstructor to measure the column
densities. The results can be seen in Fig. 7.8. The method recovers the
column densities with high accuracy and precision. The average relative
reconstruction error is much smaller than one percent. We can see that
in the regions with a higher density of CH4 there is more cross-talk. This
influences the reconstruction of the other species. The non-linear cross-talk
is stronger for CO2 than for H2O, which was also expected based on Fig.
7.7.
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Figure 7.8: The retrieval of the column density is shown separately for
CH4, H2O and CO2. The top row shows the input column density and the
middle row shows the retrieved column density. The bottom row shows the
relative error in the retrieval. The relative error for CH4 is much smaller
than a percent. The other two species have larger relative errors with a
maximum relative error of 15 percent. The large deviations occur at the
places with high CH4 column densities where the non-linearities that were
not taken into account in the retrieval become important.
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7.5.4 Exoplanet detection

Another application of the HMBG technique is in the field of astronomy
for the detection and/or characterization of exoplanet atmospheres. The
main problem for exoplanet detection is the contrast in intensity between
the host star and the planet itself. The host star is usually brighter by
a factor of a million for the largest and hottest exoplanets to a billion
for old and cold Earth-like planets (Bowler, 2016). The standard method
for detecting exoplanets is through very careful subtraction of the Point-
Spread Function (PSF) of the star (Bowler, 2016; Marois et al., 2006). If
the incoming wavefront changes the PSF of the star, then this subtraction
scheme will not reach the ultimate sensitivity given by photon noise. This
can happen for example due to turbulence in the Earth’s atmosphere or
slowly varying instrumental wavefront errors (Martinez et al., 2013).

High-resolution spectroscopy (R ≈ 100000) has been proposed as a
solution to find planets because we can discern the difference between the
star and the planet based on the difference in their spectral lines (Snellen
et al., 2015; Sparks & Ford, 2002). The downside of the method is its need
for a large amount of pixels, and therefore it has a small discovery space.
With the HMBG we can do exactly the same measurement but with less
pixels, which substantially increases the discovery space for exoplanets. To
show the potential of the HMBG we simulated a dataset of a star with
a planet around it. The simulation has been done with wavefront errors
that vary in time to simulate residual turbulence and varying instrumental
effects. We used a PHOENIX model (Husser et al., 2013) with an effective
temperature of 6000 K to create a sun-like spectrum for the star. For
the planet spectrum we assumed that we only see reflected starlight and
took the spectrum as a Doppler-shifted and flux-scaled replica of the stellar
spectrum with a contrast of 10−6. To search for the planet we created a
HMBG template that stacked the 120 deepest lines of the stellar spectrum
in the wavelength range from 0.9µm to 1.1µm. The velocity bandwidth
around each line is 100 km/s, and the resolving power is set to 3 km/s.
We expect to see two absorption lines in the multiplexed signal, one from
the star at zero velocity and one at 25 km/s, which is the planet’s radial
velocity.

The planet signal can be recovered from the HMBG data cube by sub-
tracting the spatially averaged HMBG measurement from every point in
the field of view. The results of the simulations can be seen in Fig. 7.9
where we compare the HMBG planet detection with a classical PSF sub-
traction algorithm, namely Angular Differential Imaging (ADI) (Marois
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Figure 7.9: The HMBG holds great promise for the detection and char-
acterization of exoplanets. The two figures show the greatly enhanced ca-
pabilities of the HMBG (left) vs the classical approach currently used by
astronomers (right). The planet is clearly visible with the HMBG while
the ADI processed data still show strong speckle noise. This demonstrates
that the HMBG is not limited by speckle noise, which is the major limiting
factor for current observations of exoplanets.

et al., 2006). ADI creates a references PSF by averaging the PSF in time
while the field is rotating. Due to the field rotation the apparent position
of the planet will rotate and, if the planet rotates enough, it will not appear
in the time-averaged PSF. The limits of ADI will be mainly dictated by
how fast the PSF changes due to varying wavefront errors and how fast
these will average out. In our simulations the ADI technique is limited to
a contrast of 3000 at an angular distance of 5 λ/D for this dataset, while
the HMBG can still clearly detect the planet at a contrast of 10−6. This
simple simulation shows that the HMBG measurements are robust to the
speckle noise, while algorithms like ADI are not. The HMBG can therefore
image fainter objects at smaller angular separations where observations are
strongly speckle-noise limited.
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7.6 Conclusion

We have shown that Volume Bragg gratings with many multiplexed gratings
can be used for the quantitative detection of gas species with a significantly
smaller detector than a comparable hyperspectral imager. This allows for
a larger field-of-view given the same amount of detector real estate. We
proposed to implement the HMBG with acousto-optical gratings that can
be dynamically tuned at high speed and work from the near UV to the
infrared. The dynamical aspect of the acousto-optical materials will allow
us to use the same optics to detect different species. This simplifies the
whole instrument as we can digitally choose what we would like to observe
and thereby make the instrument highly flexible.

A major advantage of the HMBG over the traditional gas-cell corre-
lation is that the HMBG retains the line profile and information about
the continuum. This enables us to estimate column densities over a large
range of densities and species mixtures. And we have also shown its use as
a method for detecting reflected light from exoplanets, but detailed end-
to-end simulations will be necessary to determine the exact performance
gain of the HMBG compared to traditional exoplanet detection methods.
The next step will be to build a prototype HMBG to verify the proposed
concept and explore several aspects of the acousto-optical implementation
such as the limits of the multiplexing capability and the angular tolerance.
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8 | English Summary

The field of exoplanets has seen rapid development in the past three decades
since the discovery of the first few exoplanets. In 1992 the first planet
around a star other than our own had been found, and just three years
later in 1995 the first exoplanet orbiting a solar-like star was discovered.
We now have found several thousands of planets, that are so diverse that
it seems like that almost every system is unique. There are strange planets
like Kepler 51 b and d that have densities similar to cotton candy or the
extremely hot KELT-9b that has gaseous iron and titanium in its atmo-
sphere. Not only is there a large diversity in the planets themselves but
there is also a large diversity in the composition of planetary systems. On
one side there is Trappist-1 with seven Earth-mass planets with short or-
bital periods around a red dwarf star, and on the other extreme there is
HR8799 with four giant gas planets on very wide orbits. This challenges
our theories of planet formation as it should be able to explain the diver-
sity. One of the key questions is how the planet interact with their birth
environment, as this plays an important role in their composition and final
orbital configuration.

Direct imaging plays an important role here. By spatially resolving
the disk and embedded planets we can witness their interaction. Another
added benefit is the enhanced intrinsic contrast between the star and planet
for young luminous planets. For old systems such as our own solar system
the best signal we could use to detect Earth or Jupiter from a distance
is through reflected light. The intensity ratio between the Sun and the
reflected light of Earth and Jupiter are 10−10 and 10−9 respectively. This is
a huge contrast to overcome. But during the first stages of planet formation
the planets are still very hot. This increases the intrinsic contrast in the
near-infrared to 10−5−10−6 making the detection of such exoplanets orders
of magnitude easier.

But direct imaging of exoplanets is still a challenging task even for the
hot young gas planets because the contrast needs to be reached at very
close angular separations. While current generation telescope like the Very
Large Telescope (VLT) of ESO, with an 8.2 meter diameter, would be able
to resolve the closest by planets we have not been able to do this. For
ground based telescope there are two challenges to overcome. The first
being turbulence in the atmosphere and the second is the intrinsic contrast
between the planet and its host star. This turbulence will create wavefront
aberrations that degrade the resolving power of the telescope. In median
weather conditions at good observing sites such as Paranal, La Palmca
or Mauna Kea the effective resolution due to the atmosphere is about 1
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arcsecond, almost 40 times larger than the diffraction limit! Nowadays
all the large telescopes use adaptive optics, where a deformable mirror is
controlled at several hundreds of Hz to several kHz to counteract the atmo-
sphere. For direct imaging the AO systems are pushed to their extremes
and are therefore called eXtreme AO (xAO) systems.

With the current generation of xAO systems we can reach diffraction-
limited performance in the near-infrared. But this is not enough to find
faint planets as the planet is still much fainter than the Airy rings of the
diffraction pattern. With the high quality correction of xAO systems such
as SPHERE and GPI we can use coronagraphs to remove the diffraction
effects of the star. A coronagraph is a specialized optical device that is
designed as an extreme angular filter; the on-axis starlight needs to be
suppressed as much as possible while leaving the off-axis planet light un-
altered. But any wavefront error in the system will limit the performance
of the coronagraph and will scatter starlight back into the region that we
want to make and keep dark. The residual wavefront errors come from
two sources, the first being residual wavefront errors from the atmosphere
that are not correctable or not completely removed. The second are due
to a difference in the optical path between the coronagraphic optics and
the wavefront sensor optics. Because these parts of the instrument have
different optics they will see a slightly different wavefront error causing dif-
ferential wavefront errors between the two paths. These wavefront errors
are called the Non-Common Path Aberrations (NCPA). Both the NCPAs
and the residual turbulence causes speckles that can look like planets. Im-
age processing algorithms are used to further remove these speckles and
enhance the contrast.

With medium to high-resolution spectroscopy we can make use of the
difference between the planet spectrum and the star spectrum to remove
the starlight. Spectral filters tuned to the host star can be used to re-
move the starlight while leaving the exoplanet’s spectrum largely undis-
turbed. A distinct advantage of this technique is that it is not limited
by speckle noise, which hampers other post-processing techniques. High-
resolution spectroscopy and medium-resolution integral-field spectroscopy
in the near-infrared has been used to characterize several exoplanet atmo-
spheres. None of the current direct imaging instruments have the capability
of higher-resolution spectroscopy and adding this would allow us to probe
closer to the star and search for lower mass planets. In this thesis we have
explored several aspects of high-resolution integral-field spectroscopy for
direct imaging.



163 English Summary

Chapter 2+3: The Leiden EXoplanet Instrument
We have build several iterations of the Leiden EXoplanet instrument (LEXI),
which is visitor instrument for the William Herschel Telescope at La Palma.
The purpose of LEXI was to test different ways of coupling an AO-corrected
beam to an integral-field spectrograph. To date LEXI has been use on-sky
during three different observing campaigns. The first iteration of LEXI con-
sisted of an AO-assisted long-slit spectrograph. The on-sky results showed
that AO improves both throughput and spatial resolution of diffraction-
limited slit spectrographs. Between the different campaigns LEXI was
continuously upgraded to improve its performance. The second observing
campaign was focused on improving the imaging performance and the spec-
trograph bandwidth. The adaptive optics upgrade from a Shack-Hartmann
wavefront sensor to the new generalized Optical Differentiation Wavefront
sensor together with the strategy to stop down the aperture made it pos-
sible to create diffraction-limited images with LEXI and paved the way
towards on-sky tests of extreme AO techniques. This resulted in a success-
ful demonstration of non-common path correction with the coronagraphic
Modal Wavefront Sensor, that was able to increase the on-sky contrast by
a factor of 1.5-2.

Additional due to the high performance of the AO system we were able
to couple starlight into a single-mode fiber. A single-mode fiber can be
considered as a diffraction-limited fiber. With the single-mode fiber, LEXI
feeds a compact cross-dispersed echelle spectrograph designed to have a
resolving power close to 100000. From the on-sky observations of Aldebaran
we could measure the resolving power of the spectrograph to be 92000,
which is very close to the design resolution. This result encouraged us to
continue and develop a single-mode fiber-fed integral-field spectrograph,
which was used during the third observing campaign.

Chapter 4+5: The Single-mode Complex Amplitude Refiner
(SCAR) coronagraph
In these chapters the concept and first lab results of the Single-mode
Complex Amplitude Refiner (SCAR) coronagraph are demonstrated. The
SCAR coronagraph exploits the design freedom offered by the use of single-
mode fibers as a mode filter. The fibers are fed by micro-lenses for increased
field coverage making it possible to use single-mode fibers to search for ex-
oplanets. We combined this with a pupil-plane phase plate, yielding the
SCAR coronagraph that has several advantages including low inner-working
angle and high throughput over a sizeable bandwidth. Our lab results con-
firm the working principle and demonstrated a coronagraph that reaches a
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contrast 10000 at 1 λ/D.

Chapter 6: A duo of accreting proto-planets around the young
star PDS 70
In this chapter I presented the results that were obtained with the adaptive-
optics assisted, medium-resolution, integral-field spectrograph MUSE at
the Very Large Telescope of ESO. With MUSE we were able to detect two
proto-planets, that are still actively accreting, around the young star PDS
70. Our observations show that IFUs are highly efficient instruments to
observe accretion emission spectra from planets in formation. We suspect
that more accreting planets could be found and characterized in transition
disks with this technique. Another exciting opportunity, which is now
possible due to the high observing efficiency, is the detailed investigation
of accretion on short and long time scales. This will shed light on the
variability of planetary accretion and will lead to a better understanding of
the formation of planets, allowing us to infer the formation history of the
solar system.

Chapter 7: Highly multiplexed Bragg gratings
For a given detector there is a trade off between the spectral range, spec-
tral resolution and field of view of an integral-field spectrograph. In this
chapter we propose a novel method based on multiplexed Volume Bragg
Gratings (VBGs) to analyse the spectrum optically, that eliminates the
need to measure the complete spectral bandwidth. We have shown that
such VBGs with many multiplexed gratings can be used for the quanti-
tative detection of gas species with a significantly smaller detector than
a comparable hyperspectral imager. This allows for a larger field-of-view
given the same amount of detector real estate. We proposed to implement
the VBGs with acousto-optical gratings that can be dynamically tuned at
high speed and work from the near UV to the infrared. The dynamical
aspect of the acousto-optical materials will allow us to use the same op-
tics to detect different species. This simplifies the whole instrument as we
can digitally choose what we would like to observe and thereby making the
instrument highly flexible.

Outlook
Our observations with MUSE show that higher-resolution spectroscopy is
very well suited for direct imaging of exoplanets. In the next few years
several xAO systems will be upgraded with high-resolution spectroscopy.
SPHERE will be coupled with CRIRES+, the KECK telescope will also get
a fiber link between KPIC and NIRSPEC and SCEXAO on the SUBARU
telescope will be coupled to RHEA. The techniques that were developed in
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this thesis can be used to implement the actual coupling between the xAO
systems and their spectrographs.

This work at medium resolution lays down the foundation for visible-
light high-resolution integral-field units and high-contrast imaging for the
detection of reflected light from cold and old exoplanets, like Earth, and
biosignatures such as the O2 band with the Extremely Large Telescopes
(ELT). High-resolution spectroscopy for exoplanets is a photon-starved ob-
serving technique. The detection limits are therefore set by the amount
of light that we can collect from the star and the planet. Proxima Cen-
tauri b could be characterized with the current telescopes but almost a
hundred nights spread over three years are necessary to guarantee a detec-
tion. The effective observing time can be drastically lowered by using one
of the ELTs. ELTs come with two advantages, the first being the larger
collecting area, and the second is the increased spatial resolution. With an
ELT the detection of Proxima Centauri b can obtained in a single night
instead of the hundred nights of VLT time. With the addition of high-
resolution integral-field units to extreme adaptive optics systems at ELTs,
we will start to study older, potentially habitable planets, and thus address
humanity’s ultimate question: Are we alone?
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Het veld van exoplaneten is in de afgelopen dertig jaar in een stroom ver-
snelling beland na de ontdekking van de eerste paar exoplaneten. In 1992
was de eerst planeet rondom een andere ster dan de zon gevonden, en nog
geen drie jaar later in 1995 werd de eerste exoplaneet rondom een zonachtige
ster gevonden. Ondertussen zijn er duizenden planeten meer ontdekt, die
zo divers zijn dat het erop lijkt dat elk systeem uniek is. Er zijn vreemde
planeten zoals Kepler 51 b en d die een vergelijkbare dichtheid hebben als
een suikerspin of de extreem hete planeet KELT-9b waar er ijzer en tita-
nium in gas vorm in de atmosfeer aanwezig is. Naast de diversiteit in de
planeten zelf is er ook een grote diversiteit in de planeetstelsels. Aan de ene
kant is er Trappist-1 met 7 aardachtige planeten rondom een rode dwerg,
en aan de andere kant hebben we HR8799 met vier gas reuzen die zich
bevinden op een gigantische afstand van hun ster. Deze verscheidenheid in
planeten en planeetstelsel stelt onze theorie over het onstaan van planeten
op de proef, aangezien we alles zouden moeten kunnen verklaren. Een van
de hoofd vragen op dit moment is hoe planeten reageren op hun geboorte
omgeving, doordat dit een erg belangrijke rol speelt in hun opbouw en
uiteindelijke positie.

Het direct waarnemen van exoplaneten heeft een sleutelrol in het beant-
woorden van deze vraag. Door de planeet te onderscheiden van de stofschijf
waarin hij zich bevind kunnen we de interactie tussen de twee waarnemen.
Naast dat deze fase belangrijke vragen beantwoord over het onstaan van
planeten, is deze fase ook makkelijker waar te nemen doordat de planeten
in deze fase nog heet en helder zijn. In oude systemen zoals ons zonnestelsel
zijn de meeste planeten afgekoeld en zenden daardoor veel minder licht uit,
het beste zouden we ons zonnestelsel nog kunnen zien door te kijken naar
gereflecteerd zonlicht. De ratio tussen het uitgezonden licht van de zon en
het gereflecteerde licht van de Aarde of Jupiter ligt rond de 10−10 en 10−9.
In vergelijking ligt dit intrinsieke constrast in de begin fase rond de 10−5

to 10−6, wat veel makkelijker waar te nemen is.

Helaas is het direct waarnemen van planeten nog steeds een heel uitda-
gende taak, zelfs voor de hete gas reuzen doordat het constrast heel docht
bij de ster bereikt moeten worden. Alhoewel de huidige generatie telscopen
zoals de Very Large Telescope (VLT) van ESO, met een 8.2m diameter,
de planeten zouden moeten kunnen onderscheiden van de ster spelen er
twee problemen die ons daarin beperken. De eerste is de turbulentie van
de atmosfeer en de tweede is het intrinsieke contrast tussen de planeet en
ster. Door de turbulentie wordt het pad van het licht verstoord waardoor
de resolutie van de telescope wordt verminderd. Op goede sterrewachten
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in de wereld wordt een resolutie van 1 arsecond gehaald in gemiddelde om-
standigheden, bijna 40 keer groter dan het diffractie limiet! Tegenwoordig
gebruiken bijna alle grote telescopen adaptieve optiek om de effecten van
de atmosfeer tegen te gaan. Hierin wordt een vervormbare spiegel bestu-
urd om enkele honderden Hz to enkele duizenden Hz. Voor instrumenten
gespecialiseerd voor de zoektocht naar exoplaneten worden zulke systemen
tot het uiterste gedreven en worden daarom soms ook extreem adaptieve
optiek (xAO) systemen genoemd.

Met de huidige generatie xAO systemen kunnen we het diffractie lim-
iet van de telescope halen in het nabij infrarood. Maar dit is niet genoeg
om de licht zwakke planeten te vinden doordat zij nog steeds veel zwakker
zijn dan het diffractie patroon van de ster. Een coronagraaf is een gespe-
cialiseerd stukje optiek dat ontworpen is als een extreem hoek gevoelig
filter; het diffractie patroon van de ster wordt zoveel mogelijk onderdrukt
terwijl er wordt geprobeerd zoveel mogelijk licht door te laten van de plan-
eten. Helaas zijn coronagraven gevoelig voor elke golffrontfout die zich nog
in het systeem bevind, waardoor er toch nog ster licht wordt door gelaten.
De golffrontfouten bestaan uit twee componenten. De eerste komt door
atmosferische turbulentie die niet volledig gecorigeerd is ofwel doordat het
systeem niet perfect werkt danwel doordat het systeem specifieke fouten
niet kan corrigeren. De tweede worden door het instrument zelf gemaakt.
Er zijn namelijk verschillen tussen de optische elementen van het adaptieve
optieke systeem waar de fouten worden gemeten en de uiteindelijke camera.
Door dit verschil in optika zullen er kleine verschillen in de golfrontfouten
zijn. Deze worden niet gemeenschappelijke pad fouten genoemd. Zowel de
overgebleven turbulentie als de niet gemeenschappelijk pad fouten zorgen
ervoor dat het sterlicht niet volledig weg gefilterd is. Daarom gebruiken we
geadvanceerde beeld verwerking technieken om de laatste beetjes sterlicht
weg te halen.

Door middel van spectroscopie kunnen we de verschillen zien tussen
het planeet licht en het ster licht. Door dit verschil tussen de ster en
planeet kunnen we met speciaal afgestemde spectraal filters het ster licht
weg halen terwijl we het planeet signaal zoveel mogelijk ongemoeid laten.
Een van de voordelen van deze techniek is dat het niet wordt gelimiteerd
door de aanwezigheid van golfront fouten, wat wel een limiteerende fac-
tor is voor andere beelverwerkings technieken. Verschillende keren is dit
nu toegepast om exoplaneten te karateriseren. Helaas hebben geen van de
huidige xAO instrumenten voor exoplaneten de benodigde spectrale reso-
lutie om deze techniek toe te passen. Als er hogere resolutie spectroscopie
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beschikbaar is zou er dichter bij de ster gezocht kunnen worden; precies
waar we verwachten dat de planeten zich bevinden! In deze thesis kijken
we naar verschillende aspecten van hogere resolutie spectroscopie voor het
direct waarnemen van exoplaneten.

Hoofdstuk 2+3: The Leiden EXoplanet Instrument
Door de jaren heen zijn er verschillende versies van het Leiden EXoplanet
Instrument (LEXI) gebouwd. LEXI is een instrument dat elk jaar tijdelijk
naar de William Herschel Telescope op La Palma wordt gebracht om daar
te observeren. Het doel van LEXI was om verschillende manieren te testen
hoe we instrumenten die adaptieve optiek bezitten het beste kunnen com-
bineren met ruimtelijk opgeloste spectroscopie. Onze eerste versie van
LEXI was een adaptief optiek systeem waarbij het veld van de spectro-
graaf werd gekozen doormiddel van een lange spleet. De resultaten die
genomen zijn tijdens de eerste observatie ronde laten zien dat AO zowel de
efficienctie als de ruimtelijke resolutie verbeterd van dit type spectrograven.
Na de bemoedigende resultaten is LEXI verbeterd. De tweede observatie
ronde had het doel om de beeld kwaliteit te verbeteren en het spectraal
bereik uit te breiden. De beeld kwaliteit hebben we verbeterd door de
golffront sensor te vervangen van een Shack-Hartmann sensor naar de gen-
eralized Optical Differentiation Wavefront Sensor en door de apertuur van
de telescoop te verkleinen. Door de verbeteringen konden we nieuwe xAO
technieken testen die niet gemeenschappelijke fouten proberen te meten en
corrigeren. Tijdens onze tweede keer op de telescoop hebben we succsvol de
coronagraphic Modal Wavefront Sensor kunnen testen waarmee we bijna
een factor 2 wonnen in contrast.

Daarnaast hebben we ook dankzij de goede kwaliteit van het AO sys-
teem licht kunnen koppellen in een single-mode fibre. Een single-mode fibre
kan worden gezien als een diffractie gelimiteerde fibre. LEXI gebruikt de
single-mode fibre om het licht te transporteren naar een compacte cross-
dispersed echelle spectrograaf die een design resolutie heeft van rond de
λ/∆λ ≈ 100000. De resultaten die we hebben behaald met observaties
van de ster Aldebaran laten zien dat onze uiteindelijk resolutie boven de
92000 ligt. Onze volgende stap was het ontwikkellen van een bundle van
single-mode fibres die door de spectrograaf werd geanalyseerd waarmeer we
ruimtelijk opgeloste spectra konden nemen. Uiteindelijk was deze nieuwe
versie getest tijdens de derde observatie ronde van LEXI.

Chapter 4+5: De Single-mode Complex Amplitude Refiner
(SCAR) coronagraaf
In deze twee hoofdstukken wordt het concept van de Single-mode Complex
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Amplitude Refiner coronagraaf en de eerste lab experimenten gedemon-
streerd. De SCAR coronagraaf maakt gebruik van de extra vrijheids graad
die single-mode fibers bieden dankzij hun vermogen om elektrische velden
te filteren. De fibers worden door micro-lenses belicht om het beeldveld te
vegroten zodat het mogelijk wordt om ook met een single-mode fiber bun-
del naar exoplaneten te zoeken. We combineren dit met een stuk optiek
in de apertuur van het systeem dat de fase van het inkomende licht aan-
past, hierdoor kunnen wij het sterlicht in gekozen fibers weg filteren. De
coronagraaf heeft een aantal nuttige voordelen zoals de kleine mimimale
hoek separatie waar planeten gezocht kunnen worden en de relatief hoge
throughput. Onze lab resultaten bevestigen het principe achter de coron-
agraaf en demonstreren ook dat we minimaal een contrast van 10000 op 1
λ/D kunnen halen.

Chapter 6: A duo of accreting proto-planets around the young
star PDS 70
In dit hoofdstuk heb ik de resultaten gepresenteerd van observaties die
waren genomen met MUSE op de Very Large Telescope. MUSE is AO
gecorrigeerde spectrograaf met een ruimtelijke resolutie van 50 milliarcsec-
onden. Met MUSE is het gelukt om rondom de jonge ster PDS 70 twee
proto planeten te detecteren die nog actief aan het accreteren zijn. De
planeten zijn gas reuzen met een massa van een paar keer die van Jupiter.
Waarschijnlijk zijn de twee ook aan het einde van hun groei fase gezien de
accretie snelheid van≈ 10−8MJ/yr. Volgens onze observaties bevinden deze
planeten zich ook dichtbij een 2:1 baan resonantie, wat door veel modellen
werd voorspeld als waarschijnlijk configuratie voor systeem met meerdere
planeten. De vondst van dit systeem is erg belangrijk aangezien dit tot nu
toch toe het enige systeem is met meerdere planeten die zich nog in de stof-
schijf van de ster bevinden. Hierdoor kunnen veel planeet schijf interactie
theorieen getoetst worden, waardoor we weer meer te weten komen over
het onstaan van planeten.

Chapter 7: Highly multiplexed Bragg gratings
Voor een spectrograaf met een groot beeldveld is er een afweging tussen
het spectraal bereik, spectrale resolutie en beeldveld voor gegeven detec-
tor. In dit hoofdstuk presenteren we een nieuwe methode die gebaseerd is
op gemultiplexde Volume Bragg Gratings (VBGs) die het spectrum optisch
analyseren, waardoor de noodzaak verdwijnt om heel het spectrum waar
te nemen. We hebben laten zien dat zulke VBGs met veel gemultiplexde
lijnen gebruikt kunnen worden voor quantitatieve detectie van gas soorten
met een significant kleinere detector. Daardoor is het mogelijk om voor
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een gegeven detector een groter beeldveld te hebben dan voor een conve-
tionele spectrograaf. We stellen voor om de VBGs te implementeren met
akoesto-optische tralies die dynamisch ingesteld kunnen worden op hoge
snelheid en werken over heel het spectraal bereik van het nabij UV to in
het infrarood. Doordat de grating dynamisch ingesteld kan worden kan
er ook makkelijk gezocht worden naar verschillende gas soorten wat het
instrument erg flexibel maakt.

Een blik op de toekomst
Onze observaties met MUSE laten zien dat hogere resolutie spectroscopy
erg geschikt is voor het direct waarnemen van planeten. Er zijn plannen
om in de komende jaren meerdere xAO instrumenten een upgrade te geven
zodat ze toegang hebben tot spectroscopy. SPHERE wordt gekoppeld aan
de spectrograaf CRIRES+, de KECK telescoop krijgt een ook een glasvezel
verbinding van de xAO imager naar NIRSPEC en SCEXAO op de SUBARU
telescoop wordt gekoppeld aan RHEA. De technieken die ontwikkeld zijn
in deze thesis om xAO systemen te koppelen met spectrograven zijn daar
in het bijzonder geschikt voor.

Dit werk legt de fundering om in de toekomst met de Extremely Large
Telescope hoge resolutie spectroscopy te gebruiken voor de detectie van
gereflecteerd licht van oude en koude exoplaneten zoals de Aarde. Daar-
naast zou deze techniek ook gebruikt kunnen worden om biosignaturen te
detecteren zoals de zuurstof band. Hoge resolutie spectroscopy is een tech-
niek die gelimiteerd is door photonen ruis. Daarom wordt het detectie limiet
bepaald door de hoeveelheid licht die we kunnen ontvangen van de ster en
planeet. Het is mogelijk om met de huidige telescopen Proxima Centauri b
te karakteriseren, alleen zijn er bijna honderd nachten aan observatie tijd
voor nodig om een detectie te garanderen. Met een ELT zouden we de
tijd die nodig is drastisch kunnen verlagen. ELTs komen met twee voorde-
len, de eerste is dat de telescope een groter oppervlak heeft en meer licht
verzamelt, en de tweede is de hogere ruimtelijke resolutie. Met een ELT
zouden we Proxima Centauri b kunnen detecteren in een enkele nacht in
tegenstelling tot de honderd nachten met de Very Large Telescope. Door
hoge resolutie spectroscopy met extreme adaptieve optica toe te voegen aan
ELTs kunnen we beginnen met het bestuderen van oudere en mogelijk ook
bewoonbare planeten en daarmee kunnen we een van de oudste vragen van
de mensheid beantwoorden; Zijn wij alleen?
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