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1 | Introduction

In astronomy, the light originating from astrophysical objects is often only studied in
terms of its intensity as a function of wavelength through photometry and spectroscopy.
However, light is a transverse, electromagnetic wave and therefore has polarization: The
electric (and magnetic) fields of the light oscillate or rotate in a certain direction. By
performing polarimetry, that is, by measuring the polarization state of the light, we can
retrieve much more information about the observed astrophysical objects. Indeed, spec-
tropolarimetry measures the intensity of the light as a function of wavelength and polariza-
tion state, and can therefore determine the full information content of the electromagnetic
radiation.

Polarimetry is a particularly powerful tool for the direct imaging of circumstellar disks
and substellar companions, that is, exoplanets and brown dwarf companions, at near-
infrared (NIR) and visible wavelengths. Direct imaging spatially separates the light from
the object of interest and the light from the central star. However, this is a very challeng-
ing task because circumstellar disks and substellar companions are generally located at
angular separations (much) smaller than 1" from their parent stars and are orders of mag-
nitude fainter than the star. To overcome this challenge, dedicated high-contrast imaging
instruments are built that can reach a large contrast very close to the star. Almost all of
these instruments operate from the ground and several have polarimetric capabilities.

The first reason that high-contrast imagers employ polarimetric modes is to reach the
contrast required to image circumstellar disks and companions. The direct light from
the central star is generally unpolarized: The light is a mixture of equal amounts of all
possible polarization states. As this starlight scatters off dust grains in the circumstellar
disk or off the companion’s atmosphere, it becomes linearly polarized. Therefore, when
taking an image in linearly polarized light, the direct starlight is strongly suppressed,
while the partially polarized light from the circumstellar disk or companion is revealed.

The second reason to perform high-contrast imaging polarimetry is related to charac-
terization; polarimetric images do not only reveal the morphology of circumstellar disks
and the architecture of planetary systems, but they also contain information on the phys-
ical properties of the scattering particles. Measurements of polarization as a function of
wavelength can, for instance, be used to constrain the composition, size, and shape of the
dust grains in circumstellar disks and to determine the properties of the atmospheres or
surfaces of companions.

The outline of this introductory chapter is as follows. In Sect. 1.1, I discuss the
formation and evolution of circumstellar disks and substellar companions and outline
what we can learn from polarimetric measurements of these objects. Subsequently, in
Sect. 1.2, I describe the components and workings of a high-contrast imaging instrument.
In Sect. 1.3, I then outline how polarimetric measurements are taken with a high-contrast
imager and describe the instrumental effects that can reduce the performance of the in-
strument. Finally, I give an outline of the thesis in Sect. 1.4 and present an outlook in
Sect. 1.5.



2 Polarimetry to study circumstellar disks and substellar companions

1.1 Polarimetry to study circumstellar disks and
substellar companions

The formation of circumstellar disks and substellar companions is closely related to the
formation of stars. Stars form inside massive clouds of molecular gas and dust that are
located in the interstellar medium (Shu et al., 1987; McKee & Ostriker, 2007). Such a
molecular cloud is gravitationally unstable; parts of the cloud fragment and collapse un-
der their own gravity. This results in the formation of dense cores that further collapse to
form stars (Shu, 1977; Bate, 1998). Because the collapsing core has a net angular mo-
mentum, a rotating disk of dust and gas forms around the forming star from which the star
accretes material (Yorke et al., 1993; Nakamoto & Nakagawa, 1994). This disk is called a
protoplanetary disk because planets (and brown dwarf companions) are believed to form
in this disk (Beckwith & Sargent, 1996; Williams & Cieza, 2011). These substellar com-
panions may form through the coagulation of dust into kilometer-sized planetesimals and
the subsequent accretion of planetesimals and gas (Pollack et al., 1996; Chambers, 2004;
Bodenheimer et al., 2013), the local collapse of part of the disk due to gravitational in-
stabilities (Cameron, 1978; Boss, 1997; Stamatellos et al., 2007; Kratter et al., 2010),
or the direct collapse of a separate core in the molecular cloud (Hennebelle & Chabrier,
2008; Bate, 2009). In all these scenarios the companions are expected to have their own
circumsubstellar (accretion) disks (e.g., Stamatellos & Whitworth, 2009; Szulagyi et al.,
2017), from which in turn moons may form (Canup & Ward, 2002). As time progresses,
the protoplanetary disk disperses due to the formation of companions, accretion onto the
star, stellar winds, photoevaporation by ultraviolet radiation, and gravitational interac-
tions with nearby stars (Hollenbach et al., 2000). In some cases, a debris disk remains
that consists of second-generation dust produced by the collisions of left-over planetesi-
mals (Wyatt, 2008). Over time, the formed companions cool as they radiate the heat from
their formation and continuing contraction (Chabrier et al., 2000; Baraffe et al., 2003),
producing a planetary system similar to our own Solar System.

Protoplanetary disks and debris disks are routinely imaged in linearly polarized light
with the current high-contrast imaging instruments. These instruments include SPHERE
at the Very Large Telescope (see Fig. 1.1; Beuzit et al., 2019), SCEXAO at the Subaru
Telescope (Jovanovic et al., 2015), and the Gemini Planet Imager (GPI) at the Gemini
South Telescope (Macintosh et al., 2014). Whereas GPI (Perrin et al., 2015), the IRDIS
subsystem of SPHERE (Dohlen et al., 2008; de Boer et al., 2020; Chapter 2), and the
CHARIS subsystem of SCExXAO (Groff et al., 2017; Lozi et al., 2020a) perform polari-
metric measurements at NIR wavelengths, the ZIMPOL polarimeter of SPHERE (Schmid
et al., 2018) operates at visible wavelengths. These instruments principally employ po-
larimetry as a means to overcome the contrast between the star and the circumstellar disk,
which typically is at a disk-to-star contrast of 10-2-10~* in the case of a protoplanetary
disk (e.g., Garufi et al., 2020) and at a contrast of 10~%~107° in the case of a debris disk
(e.g., Esposito et al., 2020). After a disk has been detected in polarized light, the mea-
surements are often used to study the extent, orientation, and morphology of the disk. In
protoplanetary disks we can observe a wide variety of substructures, such as rings, cavi-
ties, gaps, spiral arms, and shadows (see Fig. 1.2, left; e.g., Muto et al., 2012; Quanz et al.,
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Figure 1.1: Unit Telescope 3 of the Very Large Telescope with SPHERE installed on the
Nasmyth platform (bottom right). Image credit: J. H. Girard / ESO.

2013; Benisty et al., 2015; Ginski et al., 2016; Stolker et al., 2016b; de Boer et al., 2016;
Benisty et al., 2017; Van Boekel et al., 2017; Pinilla et al., 2018; Garufi et al., 2018), some
of which may be caused by companions interacting with the disk (Kley & Nelson, 2012;
Dong et al., 2015; Zhu et al., 2015; Dong et al., 2016). The morphology of debris disks is
generally simpler and often consists of a single ring (see Fig. 1.2, right; e.g., Engler et al.,
2017; Olofsson et al., 2019; Esposito et al., 2020). Linear-polarization measurements
are also used to constrain the properties of the dust in the disks by measuring polarized
scattering phase functions and performing radiative transfer modeling (e.g., Perrin et al.,
2015; Milli et al., 2015; Olofsson et al., 2016; Stolker et al., 2016a; Ginski et al., 2016;
Benisty et al., 2017). Measurements of circular polarization could yield additional con-
straints on the dust properties as well as on scattering asymmetries and magnetic-field
geometries (Bastien & Menard, 1990; Gledhill & McCall, 2000), but none of the current
high-contrast imagers are designed to measure circular polarization.

Young exoplanets and brown dwarf companions emit the majority of the heat from
their formation as NIR radiation. Current high-contrast imaging instruments can directly
image these self-luminous companions in NIR total intensity at contrasts of 10-2-107°
(e.g., Bowler, 2016; Nielsen et al., 2019; Langlois et al., 2021). Typically, the companions
are studied with photometry and spectroscopy (e.g., Bowler et al., 2014; Bonnefoy et al.,
2016; Miiller et al., 2018). However, the companions can also be characterized by mea-
suring their NIR linear polarization. This polarization is created as the thermal radiation
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HD 142527 S . HR 4796 A

Figure 1.2: Linearly polarized intensity images of the protoplanetary disk of HD 142527
as taken with SPHERE-IRDIS (left; Hunziker et al., 2021) and the debris disk of
HR 4796 A as taken with SPHERE-ZIMPOL (right; Olofsson et al., 2019). Both im-
ages are shown on a different logarithmic scale and contain some instrument-induced
spurious signal near the center. The gray areas cover the regions where measurements are
unreliable.

emanating from within the companion is scattered by dust in the companion’s atmosphere
(Sengupta & Krishan, 2001). Because the companion is observed as a point source, we
only see the polarization integrated over the companion. Whereas for a spherically sym-
metric companion the integrated signal is zero, a net polarization remains when this sym-
metry is broken. Examples of these asymmetries are rotation-induced oblateness and an
inhomogeneous distribution of atmospheric dust clouds (see Fig. 1.3, left; Sengupta &
Marley, 2010; de Kok et al., 2011; Marley & Sengupta, 2011; Stolker et al., 2017). A
companion can also be polarized when it has a circumsubstellar disk (see Fig. 1.3, right;
Stolker et al., 2017), analogous to how pre-main-sequence stars can be polarized when
they host a circumstellar disk (e.g., Rostopchina et al., 1997; Bouvier et al., 1999; Grinin,
2000; Menard et al., 2003). Based on models, the degree of linear polarization due to
atmospheric asymmetries and circumsubstellar disks can reach several tenths of a per-
cent, and even up to several percent in favorable cases. The NIR polarization of substellar
companions can perhaps be measured with GPI and SPHERE-IRDIS, but attempts to de-
tect these signals with GPI have so far been unsuccessful (Millar-Blanchaer et al., 2015;
Jensen-Clem et al., 2016).

Contrary to young companions, most of the flux from evolved, cool exoplanets is re-
flected, visible starlight. This reflected flux is much smaller than the thermal NIR flux
of young companions, with giant exoplanets having contrasts of ~1078 (e.g., Hunziker
et al., 2020) and rocky exoplanets having contrasts of ~107!* (e.g., Traub & Oppen-
heimer, 2010). However, the reflected flux is expected to be linearly polarized at up to
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Figure 1.3: Models of the linear polarization of companions from Stolker et al. (2017)
showing a companion with banded cloud structure (fop left), an oblate companion with
patchy clouds (bottom left), and a companion with a circumsubstellar disk viewed at high
inclination (fop right) as well as low inclination (bottom right). The blue lines indicate
the local degree and angle of linear polarization. The integrated polarization for each
companion is shown in the top right of each panel.

several tens of percent (Stam et al., 2004; Hunziker et al., 2020). Polarimetry is therefore
useful to suppress the unpolarized starlight and directly image the planets. In addition,
spectropolarimetry at visible wavelengths can be used to characterize these directly im-
aged exoplanets, at a level beyond that possible with conventional intensity spectroscopy
alone. In the case of giant exoplanets, linear spectropolarimetry can be used to constrain
the composition and structure of the atmosphere and reveal the presence of atmospheric
clouds (Stam et al., 2004; Buenzli & Schmid, 2009). For rocky exoplanets, linear spec-
tropolarimetry can constrain the habitability of the planet by determining the presence of
liquid or icy water clouds in the atmosphere (Bailey, 2007; Karalidi et al., 2011, 2012),
the type and percentage of cloud cover (Rossi & Stam, 2017), and even the presence of
oceans and continents (Stam, 2008; Williams & Gaidos, 2008; Karalidi & Stam, 2012;
Trees & Stam, 2019). Circular spectropolarimetry might even reveal the presence of life
through the detection of biological homochirality (Sparks et al., 2009; Rossi & Stam,
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2018; Patty et al., 2019). Life on Earth largely prefers one of two mirror-image versions
of chiral molecules, and this causes the light interacting with chiral biological molecules
and structures to become circularly polarized. SPHERE-ZIMPOL is specifically designed
to search for the linearly polarized, reflected light of cool, giant exoplanets, but has so far
been unsuccessful at detecting them (Hunziker et al., 2020). In the near future, the polar-
ized light of these giant exoplanets could perhaps also be detected with the Nancy Grace
Roman Space Telescope (Spergel et al., 2015), although the telescope’s polarimetric mode
is better suited for the imaging and characterization of circumstellar disks (Bailey et al.,
2018; Kasdin et al., 2020). Finally, in the next decade, it should be possible to detect giant
and rocky exoplanets in polarized light with ground-based high-contrast imagers such as
PCS (or EPICS) at the Extremely Large Telescope (ELT; Kasper et al., 2020) and PSI at
the Thirty Meter Telescope (Fitzgerald et al., 2019), as well as with the dedicated polari-
metric modes of the proposed space telescopes HabEx (Gaudi et al., 2020) and LUVOIR
(LUVOIR Team, 2019).

1.2 High-contrast imaging

Direct imaging of circumstellar disks and substellar companions is challenging because
we need to reach extreme contrasts at very small angular separations from the star.
Ground-based high-contrast imaging instruments are therefore installed on the largest
telescopes and have complex optical systems designed to create near diffraction-limited
images and suppress the light from the star. To further suppress the starlight and reach the
required contrast, these instruments also employ advanced differential imaging techniques
and data-reduction methods.

1.2.1 Components of a high-contrast imager

A schematic of a ground-based high-contrast imaging instrument is shown in Fig. 1.4.
For this example, the instrument is located on the Nasmyth platform of a telescope on an
alt-azimuth mount, as is the case for SPHERE and SCExAO. The light incident on the
telescope is collected by the concave primary mirror and is subsequently refocused by the
convex secondary mirror that is suspended at the top of the telescope. The flat tertiary
mirror then reflects the light to the Nasmyth platform. When the alt-azimuth telescope
mount tracks a target across the sky, the target rotates with the parallactic angle with
respect to the telescope pupil, and the telescope rotates with the telescope altitude angle
with respect to the Nasmyth platform. To compensate the resulting rotation of the image,
the instrument includes an image derotator, which is a rotating assembly of three mirrors
(a K-mirror) that can rotate the image to any orientation. The derotator generally has two
main operating modes. In field-tracking mode, the derotator keeps the image orientation
constant during an observation, allowing for long integrations without smearing of the
image. In pupil-tracking mode, the derotator instead keeps the pupil of the telescope
fixed, while the target rotates with the parallactic angle around the center of the image.
Note that GPI, which is mounted at the Cassegrain focus, does not use a derotator and
therefore always observes in pupil-tracking mode.
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The theoretical angular resolution of the current 8-m class telescopes, as limited by
diffraction, is between 12 mas to 80 mas at visible and near-infrared wavelengths. How-
ever, for ground-based telescopes the turbulence in the Earth’s atmosphere distorts the
(initially flat) wavefront of the light arriving from the star (Fried, 1966; Greenwood,
1977). As a result, the angular resolution that these telescopes achieve for typical con-
ditions is much worse, and the full width at half maximum of the point-spread function
(PSF) is only on the order of 1" (see Fig. 1.5, top left). To correct the wavefront dis-
tortions, ground-based high-contrast imaging instruments employ adaptive-optics (AO)
systems (e.g., Guyon, 2018). These AO systems generally contain a (dichroic) beamsplit-
ter that sends part of the light to a wavefront sensor that measures the distortion in the
wavefront (see Fig. 1.4). These measurements are then sent to a computer that calculates
the necessary wavefront correction in real-time and controls a deformable mirror that flat-
tens the wavefront. After the AO correction, the PSF is nearly diffraction-limited (see
Fig. 1.5, top right).

To overcome the large contrast between the star and the object of interest close to
the star, high-contrast imagers use coronagraphs. Coronagraphs are optical devices that
remove starlight due to diffraction at the telescope aperture. Many types of coronagraphs
act as angular filters: The on-axis transmission is very low whereas the off-axis trans-
mission is high. The simplest coronagraph is the classical Lyot coronagraph invented to
study the solar corona outside of eclipses (Lyot, 1939). The Lyot coronagraph consists of
a focal-plane mask that blocks the central peak of the PSF of the star and an aperture mask
in the subsequent pupil plane, called the Lyot stop, that blocks the light that is diffracted
by the focal-plane mask (see Fig. 1.4). Over the years, a wide range of more advanced
coronagraphs have been developed (e.g., Guyon et al., 2006; Mawet et al., 2012; Ruane
et al., 2018). After the light passes the coronagraph, the starlight is significantly sup-
pressed, thereby enhancing the contrast close to the star. However, remaining wavefront
aberrations create speckles in the PSF (see Fig. 1.5, center left) that limit the contrast.

After passing the coronagraph, the light is captured by the detector(s) of one or more
science cameras (see Fig. 1.4). The simplest science camera is an imager that use a range
of broadband and narrowband filters. SPHERE-IRDIS and SPHERE-ZIMPOL have such
imaging modes (Dohlen et al., 2008; Schmid et al., 2018). Another type of science camera
is the spectrograph. SCEXAO-CHARIS and GPI both employ an integral-field spectro-
graph (IFS) that uses a lenslet array and a dispersive element to create low-resolution
spectra over a 2D field of view (Groff et al., 2017; Larkin et al., 2014). SPHERE-IRDIS
also has a long-slit spectroscopy mode that creates a spectrum of the light passing through
a slit placed across the field of view (Vigan et al., 2008). Finally, the linear polariza-
tion state of the light can be measured with a polarimeter. As discussed in Sect. 1.1,
SPHERE-IRDIS, SPHERE-ZIMPOL, SCExAO-CHARIS, and GPI all have linear po-
larimetric modes. SCExAO-CHARIS combines its polarimetric capability with its IFS
to enable low-resolution spectropolarimetry (Lozi et al., 2020a). All these high-contrast
imaging polarimeters are of the dual-beam type where a polarizing beamsplitter, or a com-
bination of a nonpolarizing beamsplitter and polarizers, is used to split the beam of light
incident on the science camera into two beams with orthogonal linear polarization states
(e.g., Snik & Keller, 2013). These beams then fall on the detector(s) to simultaneously
create two images. Images in polarized light are then computed as the difference of these
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Seeing-limited PSF AO-corrected PSF

Summed PSF

Polarimetric differential imaging

HD 135344 B

Figure 1.5: Gallery of SPHERE-IRDIS images of the seeing-limited PSF, the AO-
corrected PSF, the coronagraphic PSF, the PSF summed over an observation sequence,
the total intensity of the four planets of HR 8799 after applying ADI with PCA (Chap-
ter 4), and the linearly polarized intensity of the protoplanetary disk of HD 135344 B
after applying PDI (Stolker et al., 2016b). All panels are shown on a (different) logarith-
mic scale. The angular scales of all panels are the same. The gray areas in the bottom
panels cover the regions where measurements are unreliable.
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two images. A rotatable half-wave plate (HWP) located at the beginning of the optical
path (see Fig. 1.4) is used as a polarization modulator and selects the linear polarization
state to be measured.

1.2.2 Differential imaging techniques

When summing the frames of an observation sequence, significant stellar signal remains
that can hide substellar companions or a circumstellar disk (see Fig. 1.5, center right). To
remove the stellar PSF and further enhance the contrast, a variety of differential imaging
techniques, which are applied during the data reduction, have been developed. The two
most successful techniques for ground-based high-contrast imaging are angular differen-
tial imaging (ADI) and polarimetric differential imaging (PDI).

ADI (see Fig. 1.4; Marois et al., 2006) is primarily used to detect substellar compan-
ions in total intensity. To apply ADI, observations are performed in pupil-tracking mode.
This way, the stellar PSF and its speckle pattern are stationary on the detector during the
observations, while any point sources rotate with the parallactic angle around the center
of the image. A model of the stellar PSF is then created during the data reduction by
computing the median over all frames. Because any point sources around the star will
be at a different position in each frame, their contribution to the PSF model will be very
small. We then subtract the PSF model from all frames, derotate these PSF-subtracted
frames (i.e., align them such that north is up), and sum the resulting frames. This pro-
cedure yields a final image in which the stellar PSF is almost completely removed and
any sufficiently bright point sources are visible. To optimize the starlight suppression, the
PSF model is often constructed using more advanced algorithms such as principal com-
ponent analysis (PCA; Soummer et al., 2012; Amara & Quanz, 2012) instead of simply
computing the median over the frames (see Fig. 1.5, bottom left).

PDI (see Fig. 1.4; Kuhn et al., 2001) is primarily used to detect the polarized, scattered
light from circumstellar disks. In PDI, we use a dual-beam polarimeter to simultaneously
take two images of orthogonal polarization states and compute the difference of these
two images. Because stars are generally unpolarized (or at least have a very low degree
of polarization) and the images are taken under the exact same atmospheric conditions,
the intensity of the stellar PSF is virtually the same in both images, and therefore the
stellar PSF is strongly suppressed in the difference. At the same time, the polarized light
originating from a circumstellar disk has different intensities in the two images and is
therefore visible in the difference (see Fig. 1.5, bottom right). With PDI we can thus
attain large gains in contrast, but only for objects that are polarized.

1.3 Polarimetry

The performance of high-contrast imaging polarimeters is predominantly limited by two
effects (e.g., Keller, 2002; Snik & Keller, 2013). Spurious signals and other noise in
the images reduce the polarimetric sensitivity, that is, the noise level in the images above
which polarization signals can be detected. In addition, telescope- and instrument-induced
changes to the polarization state of light affect the polarimetric accuracy, that is, the dif-
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ference between the measured polarization state and the polarization state incident on the
telescope. To detect and accurately characterize substellar companions and circumstellar
disks, high-contrast imaging polarimeters need to have both a high polarimetric sensitivity
and a high polarimetric accuracy.

1.3.1 Description of polarized light

The polarization state of light can be described by the Stokes vector S (e.g., Tinbergen,
2005):

I
_10

S=gl: (1.1)
1%

where / is the total intensity of the light, Q and U describe linearly polarized light, and
V describes circularly polarized light. On the sky, positive Q is generally aligned with
the north-south direction, and negative Q with the east-west direction (e.g., Hamaker &
Bregman, 1996; Snik & Keller, 2013). Positive and negative U are oriented at 45° coun-
terclockwise and clockwise, respectively, from positive Q, and positive and negative V
describe circular polarizations of opposite handedness. From these Stokes parameters we
can calculate the linearly polarized intensity Pl , the degree of linear polarization P, and
the angle of linear polarization y as:

Pl = \O* + U2, (1.2)
PI;. \/Q2+U2

p="—Lt-¥ 7 1.
7 7 , (1.3)

1 U
X=3 arctan (6) (1.4)

1.3.2 Polarization measurements with the double difference

Using a dual-beam polarimeter, images of Q and U can, in principle, be obtained by taking
measurements with the HWP at angles (with respect to some defined reference direction)
equal to 0° and 22.5°, respectively, and then computing the difference of the two images
of the orthogonal linear polarization states, as described for PDI in Sect. 1.2.2. However,
the stellar PSF is not perfectly removed when computing the difference. This is primarily
due to the diattenuation of the optical components within the instrument, which causes
the two orthogonal linear polarization states to be reflected and transmitted with different
efficiencies (Canovas et al., 2011). In addition the two beams of light experience different
wavefront aberrations, and the images they create contain different flat-field errors. These
differential effects create spurious signals and noise that negatively affect the polarimetric
sensitivity, especially at small angular separations from the star, close to the edge of the
focal-plane mask of the coronagraph.
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To suppress the differential effects and greatly increase the sensitivity, two additional
measurements are performed. A total of four measurements are taken with HWP angles
equal to 0°, 45°, 22.5°, and 67.5°. At each HWP angle, we compute the difference of the
two images and denote the results as Q*, Q~, U*, and U™, respectively. We then compute
the images of Q and U from the so-called double difference (e.g., Bagnulo et al., 2009):

1
Q=5(Q+—Q‘), (1.5)
U=%(U+—U-). (1.6)

After computing the double difference, the differential effects are significantly reduced.
Some spurious signals and noise still remain because the two measurements used to com-
pute the double difference are not taken simultaneously and therefore experience (slightly)
different atmospheric conditions and AO correction. As a result of these variations, the
effect of the diattenuation of the components downstream of the HWP is not completely
removed.

1.3.3 Instrumental polarization effects and polarization aberrations

After applying the double difference, the measurements are still affected by instrumen-
tal polarization effects, which consist of instrumental polarization (IP) and polarization
crosstalk. IP is the polarization signal produced by the instrument or telescope and can
make unpolarized sources appear to be polarized. It results from the diattenuation of the
optical components located upstream of the HWP, which in Fig. 1.4 is the telescope. This
diattenuation is not removed in the double difference and creates a halo of polarized light
in the Q- and U-images. Crosstalk is the telescope- or instrument-induced mixing of po-
larization states. It is caused by the retardance of the optical components, which induces a
relative phase shift between the two orthogonal linear polarization states. Crosstalk causes
an offset of the measured angle of linear polarization and can lead to significant losses of
polarization signal. If uncorrected for, the instrumental polarization effects can strongly
decrease the polarimetric accuracy of the measurements. Fortunately, the instrumental
polarization effects of high-contrast imaging polarimeters can be corrected for through
theoretical modeling (e.g., Witzel et al., 2011), or more accurately, with calibration mea-
surements (e.g., de Boer et al., 2014; Wiktorowicz et al., 2014; Millar-Blanchaer et al.,
2016).

The coronagraphic performance and achievable contrast of the most sensitive high-
contrast imagers are furthermore limited by polarization aberrations (e.g., Chipman,
1989; McGuire & Chipman, 1990; Sanchez Almeida & Martinez Pillet, 1992; McGuire
& Chipman, 1994a,b; Breckinridge et al., 2015). Polarization aberrations are minute,
polarization-dependent variations of the amplitude and phase of the electromagnetic field
across a beam of light that result in polarization structures in the PSF. The diattenua-
tion and retardance, which cause the instrumental polarization effects, can be considered
to be zeroth-order polarization aberrations. The first-order polarization aberrations are
polarization-dependent wavefront tilts induced by oblique reflection and are connected
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to subwavelength-sized shifts of the PSF. Higher-order aberrations, such as polarization-
dependent astigmatism, are produced by curved mirrors such as the primary and sec-
ondary mirrors of a telescope (see Fig. 1.4). Recently, it was found that the polarimet-
ric speckle suppression of SPHERE-ZIMPOL at small angular separations is limited by
reflection-induced beam shifts (Schmid et al., 2018). It is therefore becoming clear that
polarization aberrations need to be fully controlled and mitigated for any instrument aim-
ing to achieve the polarimetric sensitivity to detect exoplanets in reflected, polarized light.

1.4 Outline of this thesis

The goals of this thesis are to improve the polarimetric sensitivity, accuracy, and capa-
bilities of high-contrast imaging polarimeters for the detection and characterization of
substellar companions and circumstellar disks. In addition, this thesis presents the first
direct detections of linear polarization from self-luminous substellar companions. The
focus of this thesis is mostly on ground-based high-contrast imaging, in particular with
SPHERE-IRDIS. The thesis covers many aspects of high-contrast imaging polarimetry,
ranging from theoretical work, calibrations, and the development of new observing tech-
niques to actual scientific polarimetric measurements and astrophysical interpretation.

Chapter 2: Calibration of the instrumental polarization effects of SPHERE-IRDIS

In Chapter 2 we characterize the instrumental polarization effects of SPHERE-IRDIS us-
ing measurements with SPHERE’s internal light source and observations of unpolarized
stars. We find that the IP is almost exclusively produced by the telescope and SPHERE’s
first mirror, whereas the crosstalk primarily originates from the image derotator. At some
orientations, the derotator causes severe loss of signal in the H- and K;-band as it con-
verts incident linearly polarized light into circularly polarized light. We develop a data-
reduction method that corrects the instrumental polarization effects and apply it to ob-
servations of a circumstellar disk. With our correction method we reach a polarimetric
accuracy of <0.1% in the degree of linear polarization. We have incorporated the cor-
rection method in a highly automated end-to-end data-reduction pipeline called IRDAP,
which is publicly available.

IRDAP enables us to accurately measure the linearly polarized intensity and angle
of linear polarization and is currently the go-to pipeline for IRDIS polarimetric data. It
is fundamental to the first detections of linear polarization from substellar companions as
presented in Chapter 5 and laid the foundation for many scientific publications on circum-
stellar disks. Among these publications are the detection of non-azimuthal polarization,
indicative of multiple scattering, in the circumstellar disk of T Cha (Pohl et al., 2017);
the first detection of polarization from a low-mass stellar companion, CS Cha B (Gin-
ski et al., 2018); the detection of the inner circumstellar disk of PDS 70 (Keppler et al.,
2018); the discovery of an outer belt and spiral arm in the TWA 7 debris disk (Olofsson
et al., 2018); the accurate tracing of the movement of the spiral arms in the MWC 758
disk, which indicates the spiral arms are driven by an unseen planetary perturber (Ren
et al., 2020); and many others (Canovas et al., 2018; Bhowmik et al., 2019; Garufi et al.,
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2020; Muro-Arena et al., 2020; Boccaletti et al., 2020a; Keppler et al., 2020; Ménard
et al., 2020; Kennedy et al., 2020; Rigliaco et al., 2020; Kraus et al., 2020; Ginski et al.,
2020; Uyama et al., 2020; Jensen-Clem et al., 2020; Xie et al., 2021; Ginski et al., 2021;
Hunziker et al., 2021; Ren et al., 2021; Romero et al., 2021). The developed calibration
and data-reduction methods can also be applied to other current and future high-contrast
imaging polarimeters, including those on the future extremely large telescopes.

Chapter 3: Calibration of the instrumental polarization effects of
SCExAO-CHARIS

In Chapter 3 we present the preliminary results of the characterization of the instrumental
polarization effects of the low-resolution spectropolarimetric mode of SCExAO-CHARIS.
Similar to Chapter 2, we performed measurements with the internal light source and find
that the image derotator produces strong wavelength-dependent crosstalk that can cause
significant loss of signal. We calculate the IP, which is almost entirely produced by the
telescope, using theoretical models. To complete the calibrations, we plan to measure
the IP of the telescope with observations of an unpolarized star and add a data-reduction
method that corrects for the instrumental polarization effects to the existing CHARIS
post-processing pipeline. Once finished, the calibrations of the spectropolarimetric mode
of CHARIS will enable unique quantitative polarimetric studies of circumstellar disks and
substellar companions at a spectral resolution beyond that possible with SPHERE-IRDIS’
broadband filters.

Chapter 4: Combining polarimetry and ADI for the characterization of substellar
companions

In Chapter 4 we introduce an observing scheme that combines high-contrast imaging
polarimetry with ADI to reach the polarimetric sensitivity required to characterize sub-
stellar companions that are located at small angular separations from their stars. To enable
this technique for SPHERE-IRDIS, we have implemented pupil-tracking for IRDIS’ po-
larimetric mode. We develop the corresponding observing strategies and data-reduction
approaches, including the correction of the instrumental polarization effects as described
in Chapter 2. Using this novel technique, we observed the planets of HR 8799 and the
substellar companion PZ Tel B. Although we do not detect NIR polarization from these
companions, we reach a polarimetric contrast of ~10~7 with respect to the star, close to the
photon-noise limit. We estimate the 1o~ upper limits on the degree of linear polarization
to be ~1% for the planets of HR 8799 and ~0.1% for PZ Tel B. The achieved polarimet-
ric sensitivity and sub-percent polarimetric accuracy show that our technique enables the
characterization of faint substellar companions located close to their stars.

Chapter 5: First detections of linear polarization from self-luminous substellar
companions

In Chapter 5 we use SPHERE-IRDIS to measure the NIR linear polarization of 20 known,
directly imaged, self-luminous exoplanets and brown dwarf companions. We reduce the
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data using IRDAP (Chapter 2) and retrieve the polarization of the companions using aper-
ture photometry, ADI (Chapter 4), and PSF fitting. We detect polarization signals of
several tenths of a percent for DH Tau B and GSC 6214-210 B in H-band. Because these
companions have previously measured hydrogen emission lines and red colors, the polar-
ization most likely originates from spatially unresolved circumsubstellar disks. Through
radiative transfer modeling, we constrain the position angles of the disks and find that
the disks must have high inclinations. For the 18 other companions, we do not detect
significant polarization and place subpercent upper limits on their degree of polarization.
We also present images of several circumstellar disks, including that of DH Tau. The
presence of the disks around DH Tau B and GSC 6214-210 B as well as the misalignment
of the disk of DH Tau B with the disk around its host star suggest in-situ formation of the
companions. The non-detections of polarization for the other companions may indicate
the absence of circumsubstellar disks, a slow rotation rate of young companions, the up-
per atmospheres containing primarily submicron-sized dust grains, and/or limited cloud
inhomogeneity.

The detections of the polarization of DH Tau B and GSC 6214-210 B constitute the
first direct detections of polarization from substellar companions. As such, the detections
show that the small polarization signals of companions can indeed be detected through
high-contrast imaging polarimetry. In addition, our work demonstrates that polarimetry
can be used to characterize substellar companions, revealing properties that cannot be
deduced through photometry and spectroscopy alone. Finally, the observing strategies,
data-reduction methods, and analysis techniques we developed can be used for future
NIR polarimetric observations of companions and the search for exoplanets in reflected,
polarized light.

Chapter 6: Development of a circular-polarimetric mode for SPHERE-IRDIS

In Chapter 6 we develop the observing scheme, data-reduction methods, and analysis
tools to measure NIR circular polarization with SPHERE-IRDIS. We devised an observ-
ing scheme that uses the image derotator, which acts as an almost perfect quarter-wave
retarder in the H- and K -bands (Chapter 2), as a polarization modulator to convert in-
cident circular polarization into measurable linear polarization. We tested the technique
with observations of the red hypergiant VY CMa and its surrounding nebula and reduce
the data using an adapted version of IRDAP (Chapter 2). We find that the polarimetric
accuracy of our measurements is limited by the linear-to-circular crosstalk that is not well
calibrated. To more accurately constrain this crosstalk, we use the spatial variation of
the linear polarization around VY CMa to distinguish between real, astrophysical circular
polarization and crosstalk-induced signal. We find that the light from VY CMa is circu-
larly polarized, in agreement with the literature, but do not conclusively detect spatially
resolved circular polarization in the nebula surrounding VY CMa.

The seeing-limited instruments that have so far been used to measure NIR circular
polarization cannot reach the high contrast and subarcsecond resolution required to image
protoplanetary disks and the nebulae surrounding evolved stars. Our observing scheme
therefore enables the first measurements of spatially resolved NIR circular polarization
in these systems. Such measurements can yield strong constraints on the distribution of
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the scattering material, dust properties, and magnetic-field geometries. In the case of
protoplanetary disks, measurements of NIR circular polarization could even shed light on
the emergence of homochirality in biomolecules.

Chapter 7: Investigation of polarization-dependent beam shifts in high-contrast
imagers and telescopes

In Chapter 7 we investigate polarization aberrations produced by reflection off flat metallic
mirrors at the fundamental level. Polarization aberrations are typically modeled with
numerical codes, but these codes provide little insight into the full range of effects, their
origin, and possible ways to mitigate them. We use polarization ray tracing to numerically
compute polarization aberrations and interpret the results in terms of the polarization-
dependent spatial and angular Goos-Hinchen and Imbert-Federov shifts of the beam of
light as described in the physics literature. We find that all four beam shifts are fully
reproduced by polarization ray tracing. We study the origin of the shifts as well as the
dependence of their size and direction on the beam intensity profile, incident polarization
state, angle of incidence, mirror material, and wavelength. Of the four beam shifts, only
the spatial Goos-Hénchen and Imbert-Federov shifts are relevant because they are visible
in the focal plane and create polarization structure in the PSF that reduces the performance
of coronagraphs and the polarimetric speckle suppression close to the star. The beam
shifts in an optical system can be mitigated by keeping the f-numbers large and angles of
incidence small as well as by designing mirror coatings to have a retardance close to 180°
rather than maximum reflectivity. Our insights can be applied to improve the performance
of SPHERE-ZIMPOL and future space- and ground-based high-contrast imagers that aim
to reach the extreme contrasts required to directly image exoplanets in reflected, polarized
light.

1.5 Outlook

By calibrating the instrumental polarization effects of high-contrast imaging polarimeters
with a polarimetric accuracy of <0.1% in the degree of linear polarization, we can now
accurately determine the linearly polarized intensity and angle of linear polarization of
protoplanetary disks and debris disks. By comparing these observations with accurate
radiative transfer models, we can determine the properties of the scattering dust grains. To
further characterize the dust grains, the next step is to routinely and accurately determine
the degree of linear polarization of disks. For this we need to obtain an image of the
disk in total intensity. This is challenging, however, and large uncertainties in the disk’s
total intensity remain after subtracting the stellar PSF using current methods (such as
ADI), thus strongly limiting the accuracy with which we can determine the degree of
linear polarization (e.g., Perrin et al., 2015; Hunziker et al., 2021). To routinely measure
the degree of linear polarization, we therefore need significant advances in observing
strategies and data-reduction techniques (e.g., Wahhaj et al., 2021).

To enable the full characterization of circumstellar disks and the comparison with
more refined radiative transfer models, we should work toward enabling full-Stokes, high-
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resolution spectropolarimetry on high-contrast imagers. As a first step, we should mea-
sure the broadband circular polarization of disks, for which we could add quarter-wave
plates to the current instruments. In addition, we should perform spectropolarimetry of
disks, initially at low spectral resolution with, for example, SCExAO-CHARIS, and later
with higher resolution by, for example, combining the long-slit spectroscopy mode of
SPHERE-IRDIS with polarimetry. The latter mode could also enable the measurement
of the distribution and abundance of water ice in disks (Clark et al., 2014), which can
yield key information on the formation of planets and the delivery of water to rocky ex-
oplanets (e.g., Morbidelli et al., 2000; Kobayashi et al., 2008; D’Angelo et al., 2010;
Gundlach & Blum, 2015). All the efforts to characterize circumstellar disks will be aided
by future improvements to the current high-contrast imagers, such as those proposed with
SPHERE+ (Boccaletti et al., 2020b), GPI 2.0 (Chilcote et al., 2018), and SCExAO (Lozi
et al., 2020b).

We have shown that we can measure the NIR linear polarization originating from
spatially unresolved disks around young substellar companions. The next step is to de-
tect the polarization signals due to dust scattering in the atmospheres of self-luminous
companions. To detect these signals, we most likely need to reach a polarimetric accu-
racy of <0.01% in the degree of linear polarization, almost an order of magnitude better
than the accuracy we attained with SPHERE-IRDIS. Although such a high accuracy is
challenging, it has been achieved by Millar-Blanchaer et al. (2020) with their (non-high-
contrast) polarimetric measurements of the brown-dwarf binary Luhman 16 using NACO
at the Very Large Telescope. The authors could reach this accuracy because they kept
the entire instrument at a fixed orientation with respect to the telescope during the ob-
servations, thereby stabilizing the instrumental polarization effects. Of the current high-
contrast imaging polarimeters, GPI is the only instrument with a similarly stable configu-
ration and may therefore be the most likely instrument to reach the polarimetric accuracy
required to detect polarization due to dust scattering in companion atmospheres.

SPHERE-ZIMPOL has so far not been able to detect the reflected, polarized visi-
ble light of giant exoplanets (Hunziker et al., 2020). Part of the reason for these non-
detections may be polarization aberrations, because the polarimetric speckle suppression
of the instrument at small angular separations is limited by polarization-dependent beam
shifts (Schmid et al., 2018). We should therefore measure and characterize these beam
shifts so that we can devise an observing strategy that minimizes the effect of the beam
shifts or can develop a method to accurately correct the shifts in the data reduction. How-
ever, it is still unclear whether SPHERE-ZIMPOL can reach a sufficiently high polarimet-
ric sensitivity to detect giant exoplanets after the beam-shift artifacts are mitigated.

During the design of the current high-contrast imagers, polarimetry was often an af-
terthought and, as a result, the polarimetric sensitivity and accuracy of the instruments are
not optimal. To be able to detect rocky exoplanets in reflected, polarized light with future
high-contrast imagers, the polarimetric performance should be considered from the start
of the design. The design process should particularly focus on minimizing polarization
aberrations; instrumental polarization effects can be calibrated with sufficient accuracy
and are therefore only of secondary importance. Only by controlling and mitigating the
polarization aberrations can future high-contrast imagers and space telescopes such as
PCS (or EPICS), PSI, HabEx, and LUVOIR reach the extreme contrasts of 107810719,
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With these instruments and telescopes we may then be able to detect and characterize
rocky exoplanets, determine their habitability, and perhaps answer the question whether
there is life beyond Earth.
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