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Bottom right: Total-intensity image of the star DH Tau A and its substellar companion
DH Tau B. Top left: Linearly polarized intensity image of the same system, revealing the
circumstellar disk of DH Tau A and the polarization signal from DH Tau B that indicates
the presence of a disk around this companion. The images are presented in Chapter 5
and were taken with SPHERE-IRDIS at ESO’s Very Large Telescope located on Cerro
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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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8 High-contrast imaging

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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Context. Circumstellar disks and self-luminous giant exoplanets or companion brown
dwarfs can be characterized through direct-imaging polarimetry at near-infrared wave-
lengths. SPHERE-IRDIS at the Very Large Telescope has the capabilities to perform
such measurements, but uncalibrated instrumental polarization effects limit the attainable
polarimetric accuracy.

Aims. We aim to characterize and correct the instrumental polarization effects of the
complete optical system, that is, the telescope and SPHERE-IRDIS.

Methods. We created a detailed Mueller matrix model in the broadband filters Y, J,
H, and K, and calibrated the model using measurements with SPHERE’s internal light
source and observations of two unpolarized stars. We developed a data-reduction method
that uses the model to correct for the instrumental polarization effects, and applied it to
observations of the circumstellar disk of T Cha.

Results. The instrumental polarization is almost exclusively produced by the telescope
and SPHERE’s first mirror and varies with telescope altitude angle. The crosstalk primar-
ily originates from the image derotator (K-mirror). At some orientations, the derotator
causes severe loss of signal (>90% loss in the H- and K;-band) and strongly offsets the
angle of linear polarization. With our correction method we reach, in all filters, a total
polarimetric accuracy of <0.1% in the degree of linear polarization and an accuracy of a
few degrees in angle of linear polarization.

Conclusions. The correction method enables us to accurately measure the polarized in-
tensity and angle of linear polarization of circumstellar disks, and is a vital tool for detect-
ing spatially unresolved (inner) disks and measuring the polarization of substellar com-
panions. We have incorporated the correction method in a highly-automated end-to-end
data-reduction pipeline called IRDAP, which we made publicly available online.
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2.1 Introduction

The near-infrared (NIR) polarimetric mode of the high-contrast imager SPHERE-IRDIS
at the Very Large Telescope (VLT), which we introduced in Paper I (de Boer et al., 2020),
has proven to be very successful for the detection of circumstellar disks in scattered
light (Garufi et al., 2017) and shows much promise for the characterization of exoplanets
and companion brown dwarfs (see Chapter 4). However, studies of circumstellar disks
are often limited to analyses of the orientation (position angle and inclination) and mor-
phology (rings, gaps, cavities, and spiral arms) of the disks (e.g., Muto et al., 2012; Quanz
et al., 2013; Ginski et al., 2016; de Boer et al., 2016). Quantitative polarimetric measure-
ments of circumstellar disks and substellar companions are currently very challenging
because existing data-reduction methods do not account for instrumental polarization ef-
fects with a sufficiently high accuracy.

Due to instrumental polarization effects, polarized signal arriving at IRDIS’ detector is
different from that incident on the telescope. The two predominant effects are instrumen-
tal polarization (IP), that is, polarization signals produced by the instrument or telescope,
and crosstalk, that is, instrument- or telescope-induced mixing of polarization states. IP
not only changes the polarization state of an object, but can also make unpolarized sources
appear polarized if not accounted for. For astronomical targets with a relatively low degree
of linear polarization, IP can induce a significant rotation of the angle of linear polariza-
tion. Crosstalk also causes an offset of the measured angle of linear polarization and can
lower the polarimetric efficiency, that is, the fraction of the incident or true linear polariza-
tion that is actually measured.We first encountered these instrumental polarization effects
when observing the disk around TW Hydrae as described in Paper I.

To derive the true polarization state of the light incident on the telescope, we need
to calibrate the instrument so that we know the instrumental polarization effects a priori.
This enables us to accurately and quantitatively measure the polarization of circumstellar
disks and substellar companions. In addition, it enables accurate mapping of extended
objects other than circumstellar disks, such as solar system objects, molecular clouds,
and galaxies (e.g., Gratadour et al., 2015), provided the target is sufficiently bright for the
adaptive optics correction.

For observations of circumstellar disks (see Paper I), calibrating the instrument yields
a multitude of improvements. Firstly, the calibration allows for more accurate studies of
the orientation and morphology of the disks, especially at the innermost regions (sepa-
ration < 0.5”). In fact, we are able to deduce the presence of spatially unresolved (in-
ner) disks by measuring the polarization signals of the stars (see e.g., Keppler et al.,
2018). Secondly, the calibration enables more accurate measurements of the angle of
linear polarization. This in turn allows us to prove the presence of non-azimuthal polar-
ization (Canovas et al., 2015) that can be indicative of multiple scattering or the presence
of a binary star, and allows for a more in-depth study of dust properties. Finally, the
calibration enables more accurate measurements of the polarized intensity, that is, the
polarized surface brightness of the disk.

More accurate measurements of the polarized surface brightness enables us to con-
struct scattering phase functions (e.g., Perrin et al., 2015; Stolker et al., 2016; Ginski
et al., 2016; Milli et al., 2017), perform more accurate radiative transfer modeling (e.g.,
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Pinte et al., 2009; Min et al., 2009; Pohl et al., 2017a; Keppler et al., 2018), and deter-
mine dust particle properties (e.g., Min et al., 2012; Pohl et al., 2017b,a). In addition, it
allows for accurate measurements of the degree of linear polarization of the disk, enabling
us to further constrain dust properties (e.g., Perrin et al., 2009, 2015; Milli et al., 2015).
However, before images of the degree of linear polarization can be constructed, an image
of the total intensity of the disk needs to be obtained, for example with reference star
differential imaging (RDI; e.g., Canovas et al., 2013) or, for disks viewed edge-on, with
angular differential imaging (ADI; Marois et al., 2006).

To measure polarization signals of young self-luminous giant exoplanets or compan-
ion brown dwarfs (see Paper I), it is of vital importance to calibrate the instrument. Based
on radiative transfer models, the NIR degree of linear polarization of a companion can be
a few tenths of a percent up to several percent (de Kok et al., 2011; Marley & Sengupta,
2011; Stolker et al., 2017). Measurements of these small polarization signals therefore
need to be performed with a very high accuracy, which is only possible after careful cali-
bration of the instrumental polarization effects.

Polarimetric measurements of substellar companions have already been attempted
by Millar-Blanchaer et al. (2015) and Jensen-Clem et al. (2016) with the Gemini Planet
Imager (GPI), and in Chapter 4 with SPHERE-IRDIS (using the calibration results pre-
sented in this chapter). No polarization signals were detected in these studies. Recently,
Ginski et al. (2018) presented the first direct detection of a polarization signal from a sub-
stellar companion. Using the calibration results presented in this chapter, they find the
companion to CS Cha to have a NIR degree of linear polarization of 14%, which suggests
the presence of a spatially unresolved disk and dusty envelope around the companion.

In this chapter, we characterize the instrumental polarization effects of the complete
optical system of VLT/SPHERE-IRDIS, that is, the telescope and the instrument, in the
four broadband filters Y, J, H, and K. Because the complexity of the optical path is
comparable to that of solar telescopes and their instruments, we perform a calibration
similar to those applied in the field of solar physics (see e.g., Skumanich et al., 1997;
Beck et al., 2005; Socas-Navarro et al., 2011). For our calibration, we create a detailed
Mueller matrix model of the optical path and determine the parameters of the model
from measurements with SPHERE’s internal light source and observations of two un-
polarized stars. Similar approaches have been adopted for the German Vacuum Tower
Telescope (Beck et al., 2005), VLT/NACO (Witzel et al., 2011) and GPI (Wiktorowicz
et al., 2014; Millar-Blanchaer et al., 2016). We then develop a data-reduction method to
correct science measurements for the instrumental polarization effects using the model,
and exemplify this correction method and its advantages with polarimetric observations
of the circumstellar disk of T Cha from Pohl et al. (2017a). This chapter is the second part
of a larger study in which Paper I discusses IRDIS’ polarimetric mode, the data reduction,
and recommendations for observations and instrument upgrades.

With our instrument model we aim to achieve in all four broadband filters a total po-
larimetric accuracy, that is, the uncertainty in the measured polarization signal, of ~0.1%
in the degree of linear polarization. In addition, we aim to attain an accuracy of a few
degrees in angle of linear polarization in these filters. Reaching these accuracies enables
us to measure the linear polarization of substellar companions (we regard the extremely
high degree of linear polarization found by Ginski et al. (2018) to be an exception). These
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accuracies also readily suffice for quantitative polarimetry of circumstellar disks, because
the degree of linear polarization of disks is typically much higher than that of substellar
companions: on the order of percents to several ten percent (see e.g., Perrin et al., 2009).
To attain a total polarimetric accuracy of ~0.1%, an absolute polarimetric accuracy, that
is, the uncertainty in the instrumental polarization (IP), of <0.1% and a relative polari-
metric accuracy, that is, the uncertainty that scales with the input polarization signal, of
<1% is aimed for.

The outline of this chapter is as follows. In Sect. 2.2 we present the conventions and
definitions used throughout this chapter. Subsequently, we briefly review the optical path
of SPHERE-IRDIS and discuss the expected instrumental polarization effects in Sect. 2.3.
We explain the Mueller matrix model describing these effects in Sect. 2.4. In Sects. 2.5
and 2.6 we determine the parameters of the model from measurements with the internal
light source and observations of two unpolarized stars, respectively. We then discuss the
accuracy of the model in Sect. 2.7. In Sect. 2.8 we present our correction method and
exemplify it with polarimetric observations of the circumstellar disk of T Cha. In the
same section we describe the improvements we attain with respect to conventional data-
reduction methods, discuss the limits to and optimization of the polarimetric accuracy, and
introduce our data-reduction pipeline that incorporates the correction method. Finally, we
present conclusions in Sect. 2.9. If the reader is only interested in applying our correction
method to on-sky data, one could suffice with reading Sects. 2.2, 2.3, 2.8 and 2.9.

2.2 Conventions and definitions

In this section we briefly outline the conventions and definitions used throughout this
chapter. The total intensity and polarization state of a beam of light can be described by a
Stokes vector S (e.g., Tinbergen, 2005):

_|e
S=gl: @2.1)

1%

where [ is the total intensity (or flux), Q and U describe linear polarization and V repre-
sents circular polarization. We define these Stokes parameters with respect to the general
reference frame shown in Fig. 2.1. Positive Stokes Q (+Q) and negative Stokes Q (—Q)
correspond to vertical and horizontal linear polarization, respectively. When looking into
the beam of light, positive (negative) Stokes U is oriented 45° counterclockwise (clock-
wise) from positive Stokes Q. Finally, positive (negative) Stokes V is defined as circularly
polarized light with clockwise (counterclockwise) rotation when looking into the beam of
light.
We can normalize the Stokes vector of Eq. (2.1) by dividing each of its Stokes param-
eters by the total intensity /:
S=1[1, q, u v]", (2.2)

with ¢, u, and v the normalized Stokes parameters. From the Stokes parameters we can
calculate the linearly polarized intensity (PIy ), degree of linear polarization (DoLP) and
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Figure 2.1: Reference frame for the definition of the Stokes parameters describing the
oscillation direction of the electric field within a beam of light. The propagation direction
of the light beam is out of the paper, toward the reader. Positive and negative Stokes QO
are oriented along the vertical (+Q) and horizontal (—Q) axes, respectively. Looking into
the beam of light, positive Stokes U (+U) is oriented 45° counterclockwise from positive
Stokes Q and positive Stokes V (+V) is defined as clockwise rotation. The angle of linear
polarization AoLP and the rotation angle 6 of an optical component used in the rotation
Mueller matrix (see Egs. (2.15) and (2.16)) are defined counterclockwise when looking
into the beam of light.

angle of linear polarization (AoLP; see Fig. 2.1) as follows:
Pi = NG+ U @3)
DoLP = /¢ + u?, 2.4)

1 U 1
AoLP = — arctan| — | = — arctan 4 . 2.5)
2 Q) 2 q

2.3 Optical path and instrumental polarization effects of
SPHERE-IRDIS

2.3.1 SPHERE-IRDIS optical path

Before discussing the instrumental polarization effects expected for SPHERE-IRDIS, in
this section we first summarize the optical path and the working principle of IRDIS’
polarimetric mode. As described in detail in Paper I, SPHERE's optical system is complex
and has many rotating components. A simplified version of the optical path is shown in
Fig. 2.2. The model parameters, Stokes vectors and the top right part of the image are
discussed in Sect. 2.4.

During an observation, light is collected by the altazimuth-mounted Unit Telescope
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Figure 2.2: Overview of the optical path of the complete optical system, i.e., the Unit Telescope (UT) and SPHERE-IRDIS, showing
only the components relevant for polarimetric measurements (image adapted from Fig. 2 of Paper I). The names of the (groups of)
components are indicated in boldface. The black circular arrows indicate the astronomical target’s parallactic angle p, the telescope’s
rotation with the altitude angle a, the offset angle of the calibration polarizer d.,, and the rotation of the HWP and image derotator with
the angles Ogwp + ogwp and Bger + dger, respectively. Also shown are the parameters describing the instrumental polarization effects of the
(groups of) components: the component diattenuations e, retardances 4 and the polarizer diattenuation d. The Stokes vectors Si,, Suwe,
SdetL> Saetr and w; used in the instrument model are indicated as well. Finally, the top right of the image shows the data-reduction
process that produces the measured (after calibration) Stokes vector incident on the telescope.
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(UT) which consists of three mirrors. The incident light hits the primary mirror (M1) and
is subsequently re-focused by the secondary mirror (M2) that is suspended at the top of
the telescope tube. The flat tertiary mirror (M3) has an angle of incidence of 45° and
reflects the beam of light to the Nasmyth platform where SPHERE is located. When the
telescope tracks a target across the sky, the target rotates with the parallactic angle in
the pupil of the UT and the UT rotates with the telescope altitude angle with respect to
Nasmyth platform.

The light entering SPHERE (Beuzit et al., 2019) passes a system that can feed the
instrument with light from an internal light source to enable internal calibrations (Wildi
et al., 2009; Roelfsema et al., 2010). Subsequently, the beam of light hits the flat mirror
M4 (the pupil tip-tilt mirror) that similarly to M3 is coated with aluminum and has a
45° inclination angle. M4 is the only aluminum mirror in SPHERE; all other mirrors
are coated with protected silver. For calibrations, a linear polarizer with its transmission
axis aligned vertical, that is, perpendicular to the Nasmyth platform, can be inserted after
M4 (Wildi et al., 2009).

The light then reaches the insertable and rotatable half-wave plate (HWP; HWP2 in
Paper I) that can rotate the incident angle of linear polarization. The HWP is used to tem-
porally modulate the incident Stokes Q and U and to correct for field rotation so that the
polarization direction of the source is kept fixed on the detector. The HWP is followed by
the image derotator, which is a rotating assembly of three mirrors (a K-mirror) that rotates
both the image and angle of linear polarization for field- or pupil-stabilized observations.
Before reaching IRDIS, the light passes the mirrors of the adaptive-optics (AO) common
path (Fusco et al., 2006; Hugot et al., 2012), several dichroic mirrors, the rotating atmo-
spheric dispersion corrector (ADC) and the coronagraphs (Carbillet et al., 2011; Guerri
etal., 2011).

The light beam entering IRDIS (Dohlen et al., 2008; Langlois et al., 2014) passes a fil-
ter wheel containing various color filters. In this work, only the four available broadband
filters Y, J, H, and K| are considered (see Table 1 of Paper I for the central wavelengths
and bandwidths). After the filter wheel, the light is split into parallel beams by a combi-
nation of a non-polarizing beamsplitter plate and a mirror. The light beams subsequently
pass a pair of insertable linear polarizers (the PO-90 analyzer set) with orthogonal trans-
mission axes at 0° (left) and 90° (right) with respect to vertical. Both beams strike the
same detector to form two adjacent images, one on the left and one on the right half of
the detector.

Images of Stokes Q and U and the corresponding total intensities / (/o and I) can
then be constructed from the single difference and single sum, respectively, of the left and
right images on the detector (see Paper I):

X* = L — lgerr, (2.6)

Ixs = Iger L + lgerrs 2.7

where X* is the single-difference Q or U and Ix- is the single-sum intensity p or Iy.
The variables lgerr. and I4eer are the intensities of the left (L) and right (R) images on the
detector, respectively. Stokes Q and I are measured with the HWP angle switched by 0°
and U and Iy are measured with the HWP angle switched by 22.5°. We call the resulting
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single differences Q* and U™ and the corresponding single-sum intensities I+~ and Iy+.
Additional measurements of Q and Iy, and of U and Iy, are taken with the HWP angle
switched by 45° and 67.5°, respectively. We call the results Q~, Ip-, U™, and Iy-. The set
of measurements with HWP switch angles equal to 0°, 45°, 22.5°, and 67.5° are called a
HWP or polarimetric cycle. The single differences and single sums are used in Sect. 2.3.2
to calculate the so-called double difference and double sum. Stokes V cannot be measured
by IRDIS, as it lacks a quarter-wave plate (however, see the last paragraph of Sect. 2.5.2).

2.3.2 Instrumental polarization effects of optical path

In this section, we discuss the expected instrumental polarization effects of the optical
path of SPHERE-IRDIS. Basically all optical components described in Sect. 2.3.1 pro-
duce instrumental polarization (IP) and crosstalk. IP is a result of the optical components’
(linear) diattenuation, that is, it is caused by the different reflectances (e.g., for the mir-
rors) or transmittances (e.g., for the beamsplitter or HWP) of the perpendicular linearly
polarized components of an incident beam of light. Crosstalk is created by the optical
components’ retardance (or relative retardation), that is, the relative phase shift of the
perpendicular linearly polarized components. Because IRDIS cannot measure circularly
polarized light, crosstalk from linearly polarized to circularly polarized light results in a
loss of polarization signal and thus a decrease of the polarimetric efficiency. The diat-
tenuation and retardance of an optical component are a function of wavelength and the
component’s rotation angle.

The diattenuation and retardance are strongest for reflections at large angles of inci-
dence. Therefore the largest effects are expected for M3, M4, the derotator, the two re-
flections at an angle of incidence of 45° just upstream of IRDIS and IRDIS’ beamsplitter-
mirror combination (the non-polarizing beamsplitter is in fact ~10% polarizing). The di-
attenuation and retardance of M1 and M2 are expected to be small, because these mirrors
are rotationally symmetric with respect to the optical axis (see e.g., Tinbergen, 2005).
Also the diattenuation and retardance of the ADC and the mirrors of the AO common
path are likely small, because these components have small angles of incidence (<10°)
and stress birefringence in the ADC is expected to be limited. The HWP creates (some)
circular polarization because its retardance is not completely achromatic and only approx-
imately half-wave (or 180° in phase).

The IP of the non-rotating components downstream of the HWP can be removed by
taking advantage of beam switching with the HWP and computing the Stokes parameters
from the double difference (see Paper I; Bagnulo et al. 2009):

X = % (X -X), (2.8)

where X is the double-difference Stokes Q or U, and X* and X~ are computed from
Eq. (2.6). An additional advantage of the double-difference method is that it suppresses
differential effects such as flat-fielding errors and differential aberrations (Tinbergen,
2005; Canovas et al., 2011). The total intensity corresponding to the double-difference Q
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or U is computed from the double sum:
1
Ix = 3 (Ix+ + Ix-), (2.9

where Iy is the double-sum intensity Iy or Iy, and Iy~ and Ix- are computed from
Eq. (2.7). Finally, we can compute the normalized Stokes parameter g or u (see Eq. (2.2))
as:

X

=7 (2.10)

X

All reflections downstream of the derotator lie in the horizontal plane, that is, par-
allel to the Nasmyth platform that SPHERE is installed on. These reflections can only
produce crosstalk between light linearly polarized at +45° with respect to the horizontal
plane and circularly polarized light. Light that is linearly polarized in the vertical or hor-
izontal direction is not affected by crosstalk. Because the PO-90 analyzer set has vertical
and horizontal transmission axes and thus only measures the vertical and horizontal po-
larization components, crosstalk created downstream of the derotator does not affect the
measurements. The P45-135 analyzer set is sensitive to this crosstalk and is therefore not
discussed in this work. For polarimetric science observations we strongly advice against
using the P45-135 analyzer set.

After computing the double difference, IP from the UT (dominated by M3), M4, the
HWP, and the derotator remains, because these components are located upstream of the
HWP and/or are rotating between the two measurements used in the double difference. In
addition, the measurements are affected by the crosstalk created by these components (IP
and crosstalk created by the ADC is found to be negligible). We therefore need to calibrate
these instrumental polarization effects. To do this, we start by developing a mathematical
model of the complete optical system in the next section.

2.4 Mathematical description of complete optical system

Before constructing the mathematical model describing the instrumental polarization ef-
fects of the optical system, we define two principal reference frames. In the celestial
reference frame, we orient the general reference frame defined in Sect. 2.2 and Fig. 2.1
such that positive Stokes Q is aligned with the local meridian (north up in the sky). In
the instrument reference frame, we orient the general reference frame such that positive
Stokes Q corresponds to the vertical direction, that is, perpendicular to the Nasmyth plat-
form that SPHERE is installed on.

The goal of our calibration is to obtain a mathematical description of the instrumental
polarization effects of the optical system, such that for a given observation we can derive
the polarization state of the light incident on the telescope within the required polarimetric
accuracy (see Sect. 2.1 and the top right part of Fig. 2.2). In the general case, we can
define the polarimetric accuracy with the following equation (Ichimoto et al., 2008; Snik
& Keller, 2013):

Sin = I £ AZ)Sin, (2.11)
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where Si, is the true Stokes vector incident on the telescope, Sm is the measured incident
Stokes vector after calibration (after correction for the instrumental polarization effects), I
is the 4 x4 identity matrix and AZ is the 4 X4 matrix describing the polarimetric accuracy.
Both Stokes vectors in Eq. (2.11) are defined in the celestial reference frame. For a perfect
measurement, AZ equals the zero matrix. In this work, we write AZ as:

AZ = Sabs  Srel
Sabs  —  Srel

: 2.12)

with s.ps and s the absolute and relative polarimetric accuracies, respectively, as defined
in Sect. 2.1. The values of s.,s and s, are different for each broadband filter and are
established in Sect. 2.7 (we do not directly evaluate Eq. (2.11), however). We do not
the determine other elements in Eq. (2.12) because for the calibration only a very limited
number of different polarization states can be injected into the optical system, and the
total intensity is hardly affected by the instrumental polarization effects.

In the following, we use Mueller calculus (see e.g., Tinbergen, 2005) to construct
the model describing the instrumental polarization effects of the complete optical system,
that is, the UT and the instrument. The model parameters and Stokes vectors we define in
the process are displayed in Fig. 2.2. We express the Stokes vector reaching the left (L)
or right (R) half of the detector, Sgecr, Or Sqeer (both in the instrument reference frame),
in terms of the true Stokes vector incident on the telescope S;, (in the celestial reference
frame) as:

Sdel,L/R = Msys,L/RSin s

Taer /R I-1 Q-1 U-I VI [
QuetLir| _ | 120 Q=0 U—=0Q V-0 ||On

UgerL/r I-U Q-U U-U VU [|Un|’
VietL/R I-V Q-V U->V V-V [V

(2.13)

where My /r is the 4 X 4 Mueller matrix describing the instrumental polarization effects
of the optical system as seen by the left or right half of the detector. The only difference
between Myys1 and Mg is the orientation of the transmission axis of the analyzer po-
larizer. In Eq. (2.13), an element A — B describes the contribution of the incident A into
the resulting B Stokes parameter. The optical system is comprised of a sequence of opti-
cal components that rotate with respect to each other during an observation. To describe
the various components and their rotations, we rewrite Eq. (2.13) as a multiplication of
Mueller matrices (see e.g., Tinbergen, 2005):

Sdet,L/R =MM,_--- MZMISin~ (214)

In Eq. (2.14), we do not have to include every separate mirror or component indepen-
dently. We can combine components which share a fixed reference frame, such as the
three mirrors of the derotator. This allows us to create a model with Mueller matrices for
only five component groups (see Sect. 2.3 and Fig. 2.2): Myr, the three mirrors of the
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Unit Telescope (UT); My, the first mirror of SPHERE (M4); Mywep, the half-wave plate
(HWP); My, the three mirrors of the derotator; Mcyyr, the optical path downstream of
the derotator including IRDIS and the left or right polarizer of the PO-90 analyzer set. The
Mueller matrices My4 and Mcp r are defined in the instrument reference frame, while
Myr, Mywp and Mg, have their own (rotating) reference frames.

The rotations between subsequent reference frames can be described by the rotation
matrix 7(0) (see e.g., Tinbergen, 2005):

1 0 0 0
|0 cos(26) sin(26) O
TO =g —sin(26) cos(26) 0|’ (2.15)

0 0 0 1

where the component (group) is rotated counterclockwise by an angle 6 when looking into
the beam (see Fig. 2.1). After applying the Mueller matrix of the optical component M
in its own reference frame, the reference frame can be rotated back to the original frame
with the rotation matrix 7(—6):

My = T(-0)MT (), (2.16)

where My is the rotated component Mueller matrix.
Taking into account the rotations between the component groups (see Fig. 2.2), the
complete optical system can be described by:

Sdet,L/R = Msys,L/RSin,

SaetL/R = McrLRT (=Oder) Maer T (Oder) T (—Onwp) MuawpT (Onwp)
M T (@)MyrT (p)Sin, 2.17)

where p is the astronomical target’s parallactic angle, a is the altitude angle of the tele-
scope, and:

Ouwp = Bawp + Ouwp, (2.18)
Oder = Oger + Oders (2.19)

with gwp the HWP angle, 64, the derotator angle, and dywp and dg4er the to-be-determined
offset angles (due to misalignments) of the HWP and derotator, respectively. Ggwp = 0°
when the HWP has its fast or slow optic axis vertical, and 4., = 0° when the derotator
has its plane of incidence horizontal. The parallactic, altitude, HWP, and derotator angles
are obtained from the headers of the FITS-files of the measurements (see Appendix 2.A).

Ideally, all 16 elements of the component group Mueller matrices Myr, Mma4, Muwe,
Mer, and Mcy1,r would be determined from calibration measurements that inject a mul-
titude of different polarization states into the system. However, IRDIS’ non-rotatable
calibration polarizer can only inject light that is nearly 100% linearly polarized in the
positive Stokes Q-direction (in the instrument reference frame), and polarized standard
stars are limited in number and have a low degree of linear polarization at near-infrared
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wavelengths. To limit the number of model parameters to determine, we model Myr,
Mg, Mywp, and My, as a function of their diattenuation (€) and retardance (4) (see
Sect. 2.3.2; Keller 2002; Bass et al. 1995):

1 € 0 0
e 1 0 0

Meom = 0 0 Vi—-€ecosd V1I-e&sindl| (2.20)
0 0 -—-V1-é€*sind V1-¢e2cos4

where we have assumed the transmission of the total intensity, which is a scalar multipli-
cation factor to the matrix, equal to 1. The real transmission of the optical system is not
important, because we always measure Stokes Q and U relative to the total intensity / and
the system transmission cancels out when computing the normalized Stokes parameters
and degree and angle of linear polarization (see Egs. (2.2), (2.4) and (2.5)).

For the HWP, M., is defined with the positive Stokes Q-direction parallel to one
of its optic axes. For the other component groups, it is defined with the positive Stokes
Q-direction perpendicular to the plane of incidence of the mirrors. The diattenuation e
has the range [—1, 1] and creates IP in the positive Stokes Q-direction when € > 0, in the
negative Q-direction when € < 0 and no IP when € = 0. Ideally, the retardance 4 = 180°,
causing no crosstalk and only changing the signs of Stokes U and V. For other values, an
incident Stokes U-signal is converted into Stokes V and vice versa. We use this definition
of the retardance for the HWP as well as the other groups containing mirrors, so that we
can use the same M., for these component groups. This is only possible because M4, the
UT, and the derotator are comprised of an odd number of mirrors; for an even number of
mirrors, the signs of Stokes U and V do not change and the ideal 4 would be 0° with our
definition. The diattenuation € and retardance 4 depend on the angle of incidence and the
wavelength of the light and, for the mirrors, can be computed from the Fresnel equations.

As outlined in Sect. 2.3.2, the effects of the diattenuation and retardance of the optical
path downstream of the derotator are negated by the double difference and use of the
P0-90 analyzer set, respectively. Therefore, when including the double difference in our
mathematical description (see below), Mcyy/r only needs to describe the combination of
the beamsplitter plate and the left or right linear polarizer of the P0-90 analyzer set. To
this end, we use Eq. (2.20), but set the transmission of the total intensity equal to !/, and
the retardance 4 equal to 0°:

1 +d 0 0
11xd 1 0 0
Mcir = 3 0 Vi-& 0 , (2.21)

0
0 O 0 V1 -d?

where d is the diattenuation of the polarizers that accounts for their imperfect extinction
ratios. The plus-sign (minus-sign) in Eq. (2.21) is used for the left (right) polarizer with
the vertical (horizontal) transmission axis.

Because IRDIS uses a non-polarizing beamsplitter with polarizers, rather than a po-
larizing beamsplitter or Wollaston prism, the transmission of the total intensity of Mcr/r
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should in reality be set to !/, rather than !/,. However, in practice the reference flux mea-
surements are taken with the polarizers inserted, but are generally not multiplied by a
factor 2 to account for the loss of flux. We therefore choose to set the transmission of the
total intensity to '/, to prevent accidental (relative) photometric errors.

As the final step, we compute the double-difference Stokes Q or U and the correspond-
ing double-sum intensity /o or I;; from the Mueller matrix description of the optical path.
For this, we first compute Sqet 1. and Sgerr from Eq. (2.17) using +d and —d, respectively,
in Eq. (2.21). We then obtain g1, and Ige¢ g from the first element of Sqee 1, and Sgecr. Sub-
sequently, we use Igec 1. and Ige r to compute the single differences X* and corresponding
single sums Ix: from Eqs. (2.6) and (2.7), respectively. After computing the single dif-
ference and single sum for two measurements, we compute the double-difference X and
corresponding double-sum Ix (see Eqs. (2.8) and (2.9), respectively) as:

1 — — - — _

X=3 [X* (0%, @, Oip Oier) = X~ (070 Oy )| (2.22)
1 - - — —

Iy =7 |15+ (0", a", O O3e) + Ix- (07, @ s Oy | (2.23)

where we explicitly show that X* and Iy are functions of the parallactic, altitude, HWP,
and derotator angles of the first (superscript +) and second (superscript —) measurement.
Finally, we compute the normalized Stokes parameter x from Eq. (2.10).

The rotation laws of the derotator and HWP in field- and pupil-tracking mode are such
that for an ideal optical system, X (or x) in the instrument reference frame would corre-
spond to O, (gin) and Uy, (uiy) in the celestial reference frame for HWP switch angle
combinations [0°,45°] and [22.5°,67.5°], respectively'. However, the optical system is
not ideal. We therefore need to determine the model parameters of the five component
group Mueller matrices (€’s, 4’s, and d) and the HWP and derotator offset angles dpwp
and dger (see Fig. 2.2). When we have the values of these model parameters, we can math-
ematically describe any measurement and invert the equations to derive Sj,, the estimate
of the true incident Stokes vector Sj,.

2.5 Instrumental polarization effects of instrument
downstream of M4

2.5.1 Calibration measurements and determination of model
parameters

With the Mueller matrix model of the telescope and instrument defined, we can now
determine the model parameters describing the optical path downstream of M4. To this
end, we have taken measurements with the internal light source (see Fig. 2.2) using the Y-,
J-, H-, and K-band filters. On August 15, 2015, a total of 528 exposures were taken with
the calibration polarizer inserted, injecting light that is nearly 100% linearly polarized

IFor pupil-tracking observations this is true since January 22, 2019, when the new HWP rotation law was
implemented (see also Chapter 4).
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in the vertical direction (in the positive Q-direction in the instrument reference frame).
The derotator and HWP were rotated between the exposures with 4., ranging from 0° to
90° and Oywp ranging from 0° to 101.25° (varying step sizes). This data, hereafter called
the polarized source measurements, is used to determine for each broadband filter the
retardances of the derotator and HWP (4q4; and Aywp), the offset angles of the derotator
and HWP (84er and dgwp), and the diattenuation of the polarizers (d).

In addition, on June 12 and 13, 2016, a total of 400 exposures were taken without the
calibration polarizer inserted, so that almost completely unpolarized light was injected.
The derotator and HWP were rotated between the exposures with 4. and fgwp ranging
from 0° to 101.25° with a step size of 11.25°. This data, hereafter called the unpolar-
ized source measurements, is used to fit for each broadband filter the diattenuations of
the derotator and HWP (e and egwp). The light injected is actually weakly polarized,
because it is reflected off M4 before reaching the HWP. We therefore also fit the injected
normalized Stokes parameters gin unpol and Uin unpol-

We pre-process the data by applying dark subtraction, flat fielding, and bad-pixel cor-
rection according to Paper I. Subsequently, we construct double-difference and double-
sum images from Eqgs. (2.8) and (2.9), respectively, using pairs of exposures with the
same G4, and with QEWP (first measurement) and 6, (second measurement) differing
45°. In this case the images do not always correspond to Q-, U-, I-, and Iyy-images in
the instrument reference frame, because HWP angles different from 0°, 45°, 22.5°, and
67.5° have been used as well. The only model parameter that cannot be determined from
these double-difference and double-sum images is the derotator diattenuation &4, because
with the constant derotator angle the derotator’s induced polarization is removed in the
double difference. Therefore, the unpolarized source measurements are used to create
additional double-difference and double-sum images by pairing exposures with the same
Ouwp (rather than 6y,) and with Gger (first measurement) and 6 (second measurement)
differing 45°.

The flux in most of the produced images is not uniform, but displays a gradient (for a
detailed description see Appendix 2.B). To take into account the resulting uncertainty in
the normalized Stokes parameters, we compute the median of the double-difference and
double-sum images in nine apertures (100 pixel radii, arranged 3 X 3) located throughout
almost the complete frame. Subsequently, we calculate the normalized Stokes parameters
according to Eq. (2.10). This yields a total of 6696 data points with nine data points for
every derotator and HWP angle combination. We determine the model parameters based
on all of these data points together so that our model is valid over the complete field of
view.

To describe the measurements, we use Eq. (2.10) and insert the model equations of
Sect. 2.4. This set of equations comprises the model function. We apply only the part of
Eq. (2.17) without the UT and M4:

Sdet,L/R = McrL/RT (=Oger) Myer T (O er)
T(=Ouwp)MuwpT (Ouwp)Suwe, (2.24)

where Sywp is the Stokes vector injected upstream of the HWP (in the instrument refer-
ence frame; see Fig. 2.2). For the polarized source measurements, it is difficult to discern
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the diattenuation (due to the imperfect extinction ratio) of the calibration polarizer from
that of the analyzer polarizers. Therefore, we assume the diattenuations of the calibration
and analyzer polarizers to be identical and write Sywp = T(—dca1) [1,4d, 0, 017, with 6y
the offset angle of the calibration polarizer that we also fit from the measurements (see
Fig. 2.2). For the unpolarized source measurements, the incident light is weakly polar-
ized due to the reflection off M4. We therefore write Suwp = [1, Gin,unpol» Hin,unpol» 0]7, with
Ginunpol and Ui unpol the to-be-determined injected normalized Stokes parameters, assum-
ing that no circularly polarized light is produced. We note that there are no degeneracies
among the model parameters with the above definitions of Sywp because the derotator,
HWP, calibration polarizer, and M4 each have their own independent (local) references
frames.

With the description of the measurements complete, we determine the model param-
eters by fitting the model function to the data points using nonlinear least squares (for
which we use sequential least squares programming as implemented in the Python func-
tion scipy.optimize.minimize). The HWP and derotator angles required for this are ob-
tained from the headers of the FITS-files of the measurements (see Appendix 2.A). To
prevent the values of egwp and €, from being dominated by the polarized source mea-
surements (which have larger residuals), we fit the data of the polarized and unpolarized
source measurements sequentially and repeat the two fits until convergence. The graphs
of the model fits including the residuals can be found in Appendix 2.C.

2.5.2 Results and discussion for internal source calibrations

The resulting values for the model parameters are shown in Table 2.1. The 1o-uncertainties
of the parameters are also tabulated and are computed from the residuals of fit using a lin-
ear approximation (see Appendix 2.E). For this calculation it was necessarily assumed
that the determined model parameters are uncorrelated and that they do not contain sys-
tematic errors. The systematic errors are likely very small, because the residuals of fit are
close to normally distributed (see Figs. 2.18-2.20).

To visualize the effect of the parameters determined from the polarized source mea-
surements, we plot the measured and fitted degree of linear polarization of the H-band
polarized source measurements as a function of HWP and derotator angle in Fig. 2.3.
We recall that the data points created in Sect. 2.5.1 are normalized Stokes parameters
computed from the double difference and double sum using pairs of exposures with 6yp
(first exposure) and 6, (second exposure) differing 45°. The degree of linear polar-
ization (see Eq. (2.4)) is computed from pairs of data points with values for 6, (and
therefore also values for 6,,) that differ 22.5° or 67.5° from each other. The effect of
the gradient in the measured flux (see Appendix 2.B) appears to be limited, because the
nine data points of each HWP and derotator angle combination in Fig. 2.3 are relatively
close together, within a few percent. For these polarized source measurements, which
have nearly 100% polarized light incident, we interpret the degree of linear polarization
as the polarimetric efficiency, that is, the fraction of the incident or true linear polarization
that is actually measured.

For an ideal instrument, the polarimetric efficiency is 100%. However, in Fig. 2.3 a
dramatic decrease in polarimetric efficiency is seen around g, = 45°, reaching values as
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Table 2.1: Determined parameters and their errors of the part of the model describing the instrument downstream of M4 in the Y-,
J-, H-, and K;-band. The retardances of the derotator and HWP (44, and Ayxwp, respectively) cause the strongest instrumental po-
larization effects (i.e., crosstalk) and are indicated in red. The polarizer diattenuations d correspond to extinction ratios (computed as
(1+d)/(1—d))of 100:1, 189:1, 447:1, and 126:1 in the Y-, J-, H-, and K-band, respectively.

Parameter BB Y BB J BB H BB_K;

EHWP -0.00021 £2- 107 -0.000433 +4 - 107° -0.000297 +7 - 107° -0.000415 +8 - 10°°
Agwp  (©) 184.2+0.2 177.5+0.2 170.7 = 0.1 177.6 £0.1
ogwp (©) -0.6132 +0.0007 -0.6132 + 0.0007 -0.6132 = 0.0007 -0.6132 +0.0007
€der -0.00094 +2 - 107 -0.008304 +6-10° -0.002260 + 7 - 107° 0.003552+7-107°
Ader (®) 126.1 +£0.1 156.1 = 0.1 99.32 +0.06 84.13 +0.05
Oder ©) 0.50007 + 6 - 107 0.50007 +6- 1073 0.50007 + 6 - 1073 0.50007 + 6 - 107
d 0.9802 + 0.0004 0.9895 + 0.0002 0.9955 + 0.0002 0.9842 + 0.0003
Gin,unpol (%) 1.789 + 0.001 1.2150 = 0.0003 0.9480 + 0.0005 0.8352 + 0.0006
Uin,unpol (%0) 0.061 +0.002 0.0585 = 0.0004 0.0406 = 0.0007 0.0589 + 0.0008
Ocal ©) -1.542 +£0.001 -1.542 + 0.001 -1.542 +0.001 -1.542 +0.001
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low as 5%. This low efficiency indicates severe loss of polarization signal and is due to the
derotator retardance strongly deviating from the ideal value of 180°. With A4., = 99.32°,
the derotator acts almost as a quarter-wave plate for which 4 = 90°. Around 4., = 45°,
the derotator therefore produces strong crosstalk and almost all incident linearly polarized
light is converted into circularly polarized light to which the P0-90 analyzer set is not
sensitive. We already encountered the strongly varying polarimetric efficiency in Fig. 3
of Paper L.

The retardance of the HWP has a much smaller effect on the polarimetric efficiency
than the retardance of the derotator because Agwp = 170.5° in the H-band, relatively
close to the ideal value of 180°. In Fig. 2.3 the effect of the HWP retardance is visible as
the changing skewness of the fitted curves for different HWP angles. The offset angles
OHwPs Oder, and Oy also contribute a small shift of the curves. Finally, the diattenuation
of the polarizers d determines the maximum values of the curves around 64, = 0° and
Oder = 90°.

The crosstalk produced by the derotator and HWP not only deteriorates the polari-
metric efficiency, but also induces an offset in the measurement of the angle of linear
polarization, as is illustrated by the varying Stokes Q- and U-images in Fig. 3 of Paper 1.
Figure 2.4 shows the measured and fitted offsets of the angle of linear polarization cor-
responding to the curves of Fig. 2.3. The offsets are computed as the actually measured
angle of linear polarization (see Eq. (2.5)) minus the angle that would be measured in case
the optical system were ideal. Figure 2.4 shows that the measured angle of linear polar-
ization varies around the ideal angle, with a maximum deviation of 34° and the strongest
rotation rate around G4, = 45°.

Fig. 2.5 shows the polarimetric efficiency in the four broadband filters Y, J, H, and K.
The curves displayed are for 6],,, = 0° and 22.5° and the derotator angle ranges from 0°
to 180° (the curves repeat for 4., > 180°). We have also taken measurements in the range
0° < B4er < 180° (not shown) that confirm the curves for 4., > 90°. However, we do not
use these measurements to determine the model parameters, because neutral density filters
were inserted which appear to depolarize the light by a few percent. Because the nine
data points of each HWP and derotator angle combination are relatively close together,
we conclude that the effect of the gradient in the measured flux is small for all filters.

From Fig. 2.5 it follows that for all filters, the efficiency is minimum around 64, = 45°
and 4. = 135°. The minimum values of the curves differ substantially among the filters,
because the derotator retardance varies strongly with wavelength (see Table 2.1). The
exact shape and minimum values of the curves depend on the HWP angles used (see
Fig. 2.3) because the HWP retardance deviates slightly from the ideal value of 180° in all
filters (strongest in the H-band; see Table 2.1). The asymmetry with respect to fge; = 90°
visible in Fig. 2.5 is also due to the non-ideal HWP retardance.

The absolute minimum polarimetric efficiency is lowest in the H-band for which it is
5%. Also the K -band (efficiency > 7%) shows a strongly varying performance, while
in the Y-band (>54%) and especially in the J-band (>89%) the polarimetric efficiency
is much less affected by the derotator angle. The polarimetric efficiency during science
observations, and an observation strategy in which the derotator angle is optimized to
prevent observing at a low polarimetric efficiency are discussed in Paper L.

Figure 2.6 shows the offsets of the angle of linear polarization corresponding to the
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Figure 2.7: HWP retardance as a function of wavelength as specified by the manufacturer?
compared to the determined HWP retardance (4gwp) in the Y-, J-, H-, and K;-band.

polarimetric efficiency curves of Fig. 2.5. Also in this case the non-ideal HWP retardance
causes an asymmetry with respect to g, = 90° and variations of the exact shape and
maximum values of the curves with HWP angle (see Fig. 2.4). While the variation around
the ideal value is marginal in the J-band, with a maximum deviation of 4°, the offset of
the angle of linear polarization is < 11° in the Y-band and < 34° in the H-band. For the
K;-band, the angle of linear polarization does not even return to the ideal value around
Oger = 45° and 6y, = 135°, but continues rotating beyond +90° (where a rotation of +90°
is indistinguishable from —90°).

To validate the determined HWP retardances in the four filters, the values are com-
pared to the retardance as specified by the manufacturer in Fig. 2.7. The error bars on
the determined HWP retardances are smaller than the size of the symbols used. It fol-
lows that the determined HWP retardances are accurate, since they follow the general
shape of the curve and are well within the 4% manufacturing tolerance as specified by the
manufacturer?.

For the unpolarized source measurements, the light incident on the HWP is primarily
linearly polarized in the positive Q-direction as follows from the determined values of
Ginunpol and Uin unpot. The degree of linear polarization decreases with increasing wave-
length (from the Y- to K;-band). This polarization signal must be IP from M4 that is
in between the internal light source and the HWP (see Fig. 2.2). The determined val-
ues of ginunpol are also in good agreement with the determined diattenuations of M4 (see
Fig. 2.10 and the discussion in Sect. 2.6.2), and shows that the light from the internal light
source is almost completely unpolarized until it reaches M4.

The polarization signals induced by the HWP and the derotator are very small, since
egwp and ege; are very close to the ideal value of 0 in all filters (with the largest deviation
for the derotator in the J-band; see Table 2.1). The low diattenuation of the derotator is
as expected, because its main surface coating is protected silver that is highly reflective.
However, considering that the derotator has its plane of incidence horizontal when 64, =
0°, one would naively expect €4 to be positive in all filters (producing polarization in
the positive Q-direction) while it turns out to be negative (producing polarization in the
negative Q-direction) in three of the four filters. This behavior of the diattenuation with

2B. Halle Nachfl. GmbH, http://www.b-halle.de/products/Retarders/Achromatic_Retarders.
html, consulted November 21, 2017.
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wavelength is likely due to the complex combination of coatings on the derotator mirrors.

The strong crosstalk produced by the derotator in the H- and K;-band can also be
used to our advantage. In these filters, the retardance of the derotator is close to that of
a quarter-wave plate (close to 90°; see Table 2.1). At 6q; = 45° and 135°, the derotator
does not only convert almost all incident linearly polarized into circularly polarized light
(problematic for the polarimetric efficiency), but it also converts almost all incident circu-
larly polarized light into linearly polarized light that can then be measured by the PO-90
analyzer set. Hence by using the derotator as a quarter-wave plate to modulate Stokes
V, we can measure circularly polarized light, for example from molecular clouds. The
development of a technique to measure circularly polarized light with IRDIS is beyond
the scope of this chapter and is left for future work (see Chapter 6).

2.6 Instrumental polarization effects of telescope and
M4

2.6.1 Calibration measurements and determination of model
parameters

Now that we have a validated description of the optical path downstream of M4, we
can complete our instrument model by determining the model parameters describing the
UT and M4 (see Fig. 2.2). On June 15, 2016, we therefore observed the unpolarized
standard star HD 176425 (Turnshek et al. 1990; 0.020 + 0.009% polarized in the B-band)
at different telescope altitude angles using the four broadband filters Y, J, H, and K under
program ID 60.A-9800(S). Because M1 and M3 were re-aluminized between April 3 and
April 16, 2017, we repeated the calibration measurements on August 21, 2018 with the
unpolarized star HD 217343 under program ID 60.A-9801(S). Although HD 217343 is not
an unpolarized standard star, it is located at only 31.8 pc from Earth (Gaia Collaboration
et al., 2018) and therefore the probability of it being polarized by interstellar dust is very
low (Leroy, 1993, 1999).

The two data sets are used to determine the diattenuations of the UT and M4 (eyr
and ey4) before and after the re-aluminization of M1 and M3. The retardances of the UT
and M4 (4yt and 4yy4) are assumed to be equal for both data sets and are computed ana-
Iytically because their limited effect does not justify dedicated calibration measurements
(see Sect. 2.6.2). In addition the degree of linear polarization of polarized standard stars
at near-infrared wavelengths is too low to accurately determine the retardances, and ob-
servations of the polarized daytime sky (see e.g., Harrington et al., 2011; de Boer et al.,
2014; Harrington et al., 2017) are very time consuming.

During the observations of HD 176425 (2016), the derotator was fixed with its plane
of incidence horizontal (64, = 0°) to ensure a polarimetric efficiency close to 100%.
The adaptive optics were turned off (open-loop) to reach a large total photon count per
detector integration time, minimizing read-out noise. The calibration polarizer was out of
the beam. For every filter, 10 HWP cycles (measurements with 8ywp = 0° and 45° for
Stokes Q, and with Oywp = 22.5° and 67.5° for Stokes U; see Sect. 2.3.1) were taken
at different altitude and parallactic angle combinations. In this way, the effect of the
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diattenuations of the UT and M4 and a possible (but unlikely) stellar polarization signal
can be distinguished when fitting the data to the model. The HWP cycles were kept short
(~1405) to limit the parallactic and altitude angle variations of the data points themselves.

For the observations of HD 217343 (2018) we took 12 HWP cycles per filter with a
similar instrument setup as used for HD 176425. The most important difference between
the two setups is that this time we (accidentally) observed in field-tracking mode. In
this mode the derotator is rotating continuously and therefore the polarimetric efficiency
varies during the measurements. Because we did not optimize the derotator angle as
recommended (see Paper I), the polarimetric efficiency reached a value as low as 31% for
the last measurement in the K;-band.

Both data sets are processed by applying dark subtraction, flat fielding, bad-pixel
correction, and centering with a Moffat function as described in Paper 1. Subsequently,
we construct the double-difference Q- and U-images from Eq. (2.8) and the double-sum
Iy- and Iyy-images from Eq. (2.9). Finally, we calculate the normalized Stokes parameters
q and u by dividing the sum in an aperture in the Q- and U-images by the sum in the same
aperture in the corresponding /- and Iyy-images (see Eq. (2.10)). For an elaboration on
the extraction of the normalized Stokes parameters and the selected aperture sizes see
Appendix 2.D.

To describe the measurements, we use Eq. (2.10) with the model equations of Sect. 2.4
inserted (together the model function). We use the complete Eq. (2.17) and fill in the val-
ues of the determined parameters egwp to d from Table 2.1. We compute the retardances
of the UT (actually M3 since M1 and M2 are rotationally symmetric) and M4 using the
Fresnel equations with the complex refractive index of aluminum obtained from Rakié
(1995). This computation needs to be performed before determining the diattenuations,
because the retardance of M4 affects the measurement of the IP produced by the UT.
Because we observed unpolarized (standard) stars, we write S;, = [1,0,0, 01".

We determine the diattenuations of the UT and M4 independently for both data sets by
fitting the model function to the data points using nonlinear least squares. The parallactic,
altitude, HWP, and derotator angles required for this are obtained from the headers of the
FITS-files of the measurements (see Appendix 2.A). We have tested fitting the incident
Stokes vectors in addition to the diattenuations (writing Siy = [1, gin, Uin, 0]7), and found
that the degree of linear polarization of the stars is indeed insignificant (< 0.1%) in all
filters. We therefore choose not to fit the incident Stokes vectors and assume the stars to
be completely unpolarized. Graphs of the model fits and the residuals can be found in
Appendix 2.D.

2.6.2 Results and discussion for unpolarized star calibrations

The determined diattenuations and calculated retardances of the UT and M4 for both data
sets are shown in Table 2.2. The listed 1o-uncertainties of the diattenuations are computed
from the residuals of fit (see Appendix 2.E) under the same assumptions as described in
Sect. 2.5.2.

The calculated values of Ayt and Ay are close to the ideal value of 180° and therefore
the crosstalk produced by the UT and M4 is very limited. In all filters, the combined
polarimetric efficiency of the UT and M4 is > 98% and the corresponding offset of the
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angle of linear polarization is at most a few tenths of a degree (largest effect in the Y-
band). Due to the limited crosstalk, any realistic deviation of the real retardances from
the computed ones results in very small errors only. This also implies that the systematic
error on eyt due to using an analytical rather than a measured value of Ay is very small.

To understand the effect of the determined diattenuations, we plot the measured and
fitted degree of linear polarization (see Eq. (2.4)) as a function of telescope altitude angle
for the observations of HD 176425 (2016) and HD 217343 (2018) in Fig. 2.8 and 2.9,
respectively. The degree of linear polarization can in this case be interpreted as the IP of
the UT and M4. The figures also show analytical curves that are constructed by computing
the diattenuations from the Fresnel equations and assuming that the aluminum coatings
of the UT (M3) and M4 have the same properties. The error bars on the measurements
are calculated as half the difference between the degree of linear polarization determined
from apertures with radii 50 pixels larger and smaller than that used for the data points
themselves (see Appendix 2.D). The error bars show the uncertainty in the degree of linear
polarization due to the dependency of the measured values on the chosen aperture radius.
The uncertainty is small for all measurements except for those of HD 176425 (2016)
taken in the K -band. The latter measurements are less certain because of difficulties in
removing the thermal background signal (see Appendix 2.D). We note that for science
observations the telescope altitude angle is restricted to 30° < a < 87°.

Figure 2.8 shows that the IP increases with decreasing altitude angle and that before
the re-aluminization of M1 and M3 the maximum IP (at ¢ = 30°) is equal to approxi-
mately 3.5%, 2.5%, 1.9%, and 1.5% in the Y-, J-, H-, and K;-band, respectively. The
corresponding minimum values (at a = 87°) are 0.58%, 0.42%, 0.33%, and 0.29%, re-
spectively. Ideally, we would expect the IP of M3 to completely cancel that of M4 when
the reflection planes of the mirrors are crossed at a = 90° (analytical curves). However,
because the determined eyt and ey are not identical, this is not the case. This discrep-
ancy is probably caused by differences in the coating or aluminum oxide layers of the
mirrors (see van Harten et al., 2009).

Figure 2.9 shows that the IP after the re-aluminization of M1 and M3 is significantly
smaller than before. The maximum values (at a = 30°) are now equal to approximately
3.0%, 2.1%, 1.5%, and 1.3% in the Y-, J-, H-, and K;-band, respectively, and the cor-
responding minimum values (at a = 87°) are 0.18%, 0.12%, 0.07%, and 0.06%, respec-
tively. This decrease of IP is due to the lower diattenuation of the UT (see Table 2.2).
In fact, after re-aluminization the diattenuation of the UT is comparable to that of M4,
leading to almost complete cancellation of the IP at 90° altitude angle®. Because the mea-
surements were taken in field-tracking mode, the data points shown have been corrected
for the polarimetric efficiency (the residuals for the two data points in the K -band close
to a = 30° are considerably enhanced because of this correction). Finally, during the
observations of HD 217343 we did not switch filter after every HWP cycle as we did

3ZIMPOL (Schmid et al., 2018), the visible imaging polarimeter of SPHERE, has an additional HWP in
between M3 and M4 that is used to rotate the IP produced by M3 such that it is ideally completely canceled
by M4 at any altitude angle (Roelfsema et al., 2010). However, also at visible wavelengths the diattenuations
of M3 and M4 were probably not equal before the re-aluminization of M1 and M3, so that some IP originating
from the UT and M4 must have remained for ZIMPOL. After the re-aluminization, the IP of ZIMPOL is most
likely close to zero because the diattenuations are much more comparable.
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Figure 2.8: Analytical (aluminum), measured (including error bars), and fitted instrumen-
tal polarization (IP) of the telescope and M4 as a function of telescope altitude angle in
the Y-, J-, H-, and K, -band from the measurements of HD 176425 taken in 2016 before
the re-aluminization of M1 and M3. For science observations the telescope altitude angle
is restricted to 30° < a < 87°.
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Figure 2.9: Analytical (aluminum), measured (including error bars) and fitted instrumen-
tal polarization (IP) of the telescope and M4 as a function of telescope altitude angle in
the Y-, J-, H-, and K -band from the measurements of HD 217343 taken in 2018 after the
re-aluminization of M1 and M3. For science observations the telescope altitude angle is
restricted to 30° < a < 87°.
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for HD 176425 (compare Figs. 2.8 and 2.9). Therefore the measurement points are less
spread out over the range of altitude angles, making them constrain the model function
somewhat less.

The IP created by the UT or M4 separately, as determined from the various measure-
ments, is shown as a function of central wavelength of the Y-, J-, H-, and K,-band in
Fig. 2.10. The IP created is equal to the diattenuation of the mirror(s) when assuming
that the incident light is completely unpolarized (see Eq. (2.20)). Figure 2.10 shows that
before the re-aluminization of M1 and M3, the IP of the UT is significantly larger than
that of M4 (on-sky 2016). After the re-aluminization, the IP of the UT has decreased and
differs less than 0.1% from that of M4 in all filters (on-sky 2018). This indicates that the
coatings of M3 and M4 are much more similar after the re-aluminization. Between the
observations of the unpolarized stars in 2016 and 2018, the IP of M4 (which has not been
re-aluminized) differs less than 0.07% in all filters, showing that the diattenuation does
not significantly change in time.

Figure 2.10 also shows the IP of M4 as determined from the unpolarized source mea-
surements, that is, ginunpot from Table 2.1 (ignoring iy unpol, Which is close to zero in all
filters). Clearly, the observations of the unpolarized stars are in good agreement with
the measurements with the internal light source. The small differences among the values
determined from the measurements of the unpolarized stars and the internal light source
could be due to the different spectra of the stars and the internal light source, the cal-
ibration unit producing some polarization, or the finite precision of the measurements.
Finally, Fig. 2.10 shows the IP produced by the UT or M4 as computed from the Fresnel
equations (aluminum analytical). We conclude that the determined IP agrees well with
the theoretical expectation.

2.7 Polarimetric accuracy of instrument model

In this section we determine for each broadband filter the total polarimetric accuracy of
our completed instrument model and compare it to the aims we set in Sect. 2.1. As the first
step to calculate the accuracy of the model, we compute the accuracies of fitting the model
parameters to the calibration data. These accuracies of fit are calculated as the corrected
sample standard deviation of the residuals in Appendix 2.E and show the random errors
of the measurements. The systematic errors of the model fits are likely small, because the
residuals of fit are close to normally distributed (see Figs. 2.18-2.20 and 2.23-2.25).

To compute the total polarimetric accuracy from the residuals of fit, we need to com-
pute the absolute and relative polarimetric accuracies sups and sy (see Egs. (2.11) and
(2.12)). For the absolute polarimetric accuracy we compute separate values before and
after the re-aluminization of M1 and M3. The absolute polarimetric accuracy is calcu-
lated as sgps = \/(slzmpoI + s52,), With sunpor the accuracy of fit of the unpolarized source
measurements and sg,, the accuracy of fit of the observations of the unpolarized star under
consideration (see Appendix 2.E). We take the relative polarimetric accuracy s, (valid
before and after the re-aluminization) equal to the accuracy of fit of the polarized source
measurements. The resulting absolute and relative polarimetric accuracies in the Y-, J-,
H-, and K-band are shown in Table 2.3.
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Figure 2.10: Instrumental polarization (IP) of the UT and M4 separately, as determined
from the various measurements, versus central wavelength of the Y-, J-, H-, and K;-
band. The curves show the IP of the UT and M4 from the observations of the unpolarized
stars HD 176425 (on-sky 2016) and HD 217343 (on-sky 2018), the IP of M4 from the
unpolarized source measurements and the IP of the UT and M4 computed from the Fresnel
equations (aluminum analytical).

From Table 2.3 we conclude that the absolute polarimetric accuracies before and af-
ter the re-aluminization of M1 and M3 are comparable and that the requirements on the
absolute and relative polarimetric accuracies (<0.1% and <1%, respectively) are met for
all filters. The values of s,,s are consistent with the ~0.05% absolute difference among
the independent estimates of the IP of M4 from the observations of the unpolarized stars
and the unpolarized source measurements (see Fig. 2.10). Because the residuals of fit are
close to normally distributed, the absolute and relative polarimetric accuracies can prob-
ably be improved by obtaining calibration measurements with a higher signal-to-noise
ratio. However, the accuracy we attain when correcting science observations appears to
be limited by systematic errors (see Sect. 2.8.4).

With the absolute and relative polarimetric accuracies calculated, we can now com-
pute the total polarimetric accuracies in Stokes Q and U, sq and sy, respectively, as:

sabsiQ,in + Srel |Qin| s (2.25)

SQ
Su = sabsiU,in + Srel |Uin| > (2.26)

where fQ,m, iU,ins Qin, and U, are the measured Stokes Iy, Iy, O, and U incident on
the telescope after correcting the instrumental polarization effects with the model (see
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Table 2.3: Absolute and relative polarimetric accuracies in the Y-, J-, H-, and K -band.
For the absolute polarimetric accuracy separate values have been calculated before and
after the re-aluminization of M1 and M3 that ended on April 16, 2017.

Sabs (%) (before Sabs (%) (after

Filter il 16,2017)  April 16,2017) % (%)
BB_Y 0.062 0.068 0.73
BB_J 0.047 0.072 0.41
BB_H 0.026 0.030 0.58
BB_K, 0.10 0.093 0.54

Sect. 2.8.1). Egs. (2.25) and (2.26) are derived from Eqs. (2.11) and (2.12) by substituting
Qin and U,, for the true incident Oin and Uj,. We can determine the total polarimetric
accuracy in the degree and angle of linear polarization (spoLp and saeLp) as:

A2 o2 V)
inSq + Uiy Su
SDOLP = \[— 3 2.27)
qin + uin

[72 24 422
Ui, Sq -'-qinsu

2(67?[1 " ﬁlzn) , (2.28)

SAoLP =

where Gin = Oin / Ig.in» Sq = 5Q/ Loins fiin = Uin / Tyin, and s, = sy / Iy;n. We have derived
Egs. (2.27) and (2.28) from Egs. (2.4), (2.5), (2.25), and (2.26) by applylng standard error
propagation and assuming Gaussian statistics, zero uncertainty in I 0,in and I v.in> and no
correlation between sqg and sy. In case i 0.in and i vin contain substantial flux from the
central star, Qm, in» $Q, and sy should be divided by the intensity from the source we are
interested in (e.g., a circumstellar disk or substellar companion) when computing sperp
and saoLp. We note that corrections need to be applied to Eqgs. (2.27) and (2.28) in case
the signal-to-noise ratio in the degree of linear polarization is very low, that is, lower than
~3 (see Sparks & Axon, 1999; Patat & Romaniello, 2006).

Table 2.4 shows the polarimetric accuracies of measuring the degree and angle of
linear polarization of a 1% polarized substellar companion and a 30% polarized circum-
stellar disk in the Y-, J-, H-, and K;-band before the re-aluminization of M1 and M3
(the results after the aluminization are comparable). The accuracies are computed from
Egs. (2.27) and (2.28) under the assumption that I 0,in and I vin contain no starlight. The
accuracies weakly depend on the angle of linear polarization of the incident light (the
specific values of §i, and #;,) and so the worst case is shown. From Table 2.4 it follows
that for increasing degrees of linear polarization of the source, the error on the degree of
linear polarization increases. For sources with a low degree of linear polarization (up to a
few percent) the error is nearly equal to the absolute polarimetric accuracy Saps, while for
sources with a high degree of linear polarization (several tens of percent) the contribution
of the relative polarimetric accuracy s, dominates. Table 2.4 also shows that the error on
the angle of linear polarization decreases with an increasing degree of linear polarization
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Table 2.4: Polarimetric accuracy of measuring the degree and angle of linear polarization
of a 1% polarized substellar companion and a 30% polarized circumstellar disk in the
Y-, J-, H-, and K;-band before the re-aluminization of M1 and M3. The results after the
re-aluminization are comparable.

spoLp (%) SaoLp (°)  SpoLp (%) SaoLp (°)
Filter 1% pol. 1% pol. 30% pol.  30% pol.

companion  companion disk disk
BB_Y 0.069 1.9 0.28 0.21
BB_J 0.051 1.4 0.17 0.13
BB_H 0.032 0.86 0.20 0.14
BB_K; 0.11 3.0 0.26 0.20

of the source, because the polarization components Q and U are measured with a higher
relative accuracy. This also means that for sources with a very low degree of linear po-
larization (~0.1%) the error on the angle of linear polarization can be as large as 10° or
more.

Assuming that Gaussian statistics apply and that systematic errors are small, Table 2.4
shows that the polarization signal of a 1% polarized substellar companion can be mea-
sured in all filters with the required total polarimetric accuracy of ~0.1% in the degree of
linear polarization and an accuracy of a few degrees in angle of linear polarization. For
the 30% polarized circumstellar disk, the attainable accuracies in degree of linear polar-
ization are below 0.3% in all filters, which is amply sufficient for quantitative polarimetry.
For real measurements the attained accuracies are generally somewhat worse because of
for example measurement noise and varying atmospheric conditions (see Sect. 2.8.4). In
addition, the accuracy of measuring a circumstellar disk’s degree of linear polarization
itself is limited by the accuracy with which the total intensity of the disk can be obtained.

2.8 Correction of science observations

2.8.1 Correction method

In this section, we explain the data-reduction method we have developed to correct science
measurements for the instrumental polarization effects of the complete optical system
using our instrument model. The goal of the correction method is to obtain from the
measurements the Qin- and U in-images, that is, the estimates of the true Qj,- and Uj,-
images incident on the telescope (see top right part of Fig. 2.2). A flow diagram of our
correction method for field-tracking observations is shown in Fig. 2.11.

Before applying our correction method, we pre-process the raw data by performing
dark subtraction, flat fielding, bad-pixel correction, and centering (see Sect. 2.8.2 and Pa-
per I). Subsequently, we construct for each HWP cycle the O- and U-images from the
double difference (Eq. (2.8)) and the corresponding /p- and [y-images from the double
sum (Eq. (2.9)). We denote the n double-difference images (Q or U) by X; and the cor-
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Figure 2.11: Flow diagram showing the steps to construct the incident Qj,- and Uj,-
images from field-tracking observations using the instrument model. The numbers of the
equations used for the various steps are indicated in parentheses.

responding double-sum images (/p or Iy) by Ix;, with i = 1,2,...,n. We construct the
I 0,in-and Iyin-images, that is, the Ip- and [y-images incident on the telescope, simply by
computing the mean (or median) of the double-sum / ;- and Iy;;-images, respectively.
To construct the Qin— and U in-images we use our instrument model. The instrumental
polarization effects are different for each measurement, because the parallactic, altitude,
HWP, and derotator angles change continuously as the telescope tracks the target. To de-
scribe these changing instrumental polarization effects, we compute the vector equivalents
of the single and double difference (Eqgs. (2.6) and (2.22)) using our instrument model. To
this end, we obtain the date, filter, and the parallactic, altitude, HWP, and derotator angles
of each measurement from the headers of the FITS-files of the data (see Appendix 2.A).
We then take the model parameters corresponding to the filter from Tables 2.1 (parameters
egwp to d) and 2.2, taking into account the date of the observations for the latter. For each
measurement, we compute Mgy, and Mgy from Eq. (2.17) using +d and —d in Mcry/r
(Eq. (2.21)), respectively. Similar to Sect. 2.4, where we computed the single difference
from the top elements of Sge; 1 and Sgerr (i-€., lger L and Ige v ), W€ now compute the single
difference from the top rows of My and Mgy, r (Which we call Iy and Iy R):

D* = Isys,L - Isys,Ra (2.29)
where D* is the single-difference row vector. Subsequently, we compute for every double-
difference image X; the double-difference row vector D; as:

1

D; By [D+ (p:r ai, Owe.» gger,i) - D" (pi_’ @ > Orwe,i eger’i)] ’

|- (=X U-X); (V-X), (2.30)

where D" and D~ are a function of the parallactic, altitude, HWP, and derotator angles
of the first (superscript +) and second (superscript —) measurements used to compute the
double difference, respectively.

To describe the i-th double-difference measurement, we can write:

X; = D; - Sq, (2.31)

=(U=X);fin + (Q@—=X); Oin + (U= X); Uin + (VX)) Vin.
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We can ignore the element (V — X),, that is, assume V;, = 0, because we do not expect
circularly polarized signals from the targets we are interested in. In addition, we can
assume that the measured double-sum intensities Ix; are equal to the incident intensity
I, (the resulting maximum relative error is ~107#). Therefore, we can describe the i-th
double-difference measurement as:

Xi=(U—>X);Ix; + (Q—X),; Qin + (U—X), Ui (2.32)

The elements (/ — X); describe the instrumental polarization (IP) of the complete op-
tical system for each measurement. We remove the IP from each double-difference image
X; by scaling the corresponding double-sum intensity image Ix; with this element and
subtracting the result from the double-difference image:

Xips,i = Xi — (U= X); Ix;, (2.33)

where Xipg; is the i-th IP-subtracted double-difference image.

The elements (Q— X); and (U — X); in Eq. (2.32) account for the crosstalk (and thus
for the polarimetric efficiency and offset of the angle of linear polarization) of the com-
plete optical system for each measurement. To correct for the crosstalk, we set up a system
of equations as follows:

Y = A [Qim Uin]T ’

Xips,1 (0—-X) (U—-X)

X —-X U-X .
ws2| (Q ; 2 ( . )2 [Qm} 7 (234)
: : : U;
X1ps.n O—-X), (U—-X),
with Y a column vector containing the i = 1,2,...,n IP-subtracted double-difference

images, Qi and Uj, the true Q- and U-images incident on the telescope and A the n X 2
system matrix containing the elements (Q— X), and (U — X); of each double difference.
We obtain the Qi,- and Uj,-images, that is, the estimates of the true incident Qj,- and
Uiy-images, by solving for every pixel the system of equations using linear least squares:

[0, Una] = ATA)"ATY. 235)

Alternatively, we can obtain the incident Q,-n- and U in-images by solving the system of
equations for each pair of IP-subtracted double-difference Q- and U-images (each HWP
cycle) separately, and then computing the median or trimmed mean over all resulting Oj,-
and Uj,-images. Computing the median or trimmed mean has the advantage that any
bad pixels still visible in the images are removed, but using Eq. (2.35) is expected to
generally yield more accurate results. In place of Eq. (2.35) we can also use weighted
linear least squares, wherein the weight matrix takes into account the signal-to-noise ratio
of the images or the polarimetric efficiency as predicted by the instrument model. We
note that the correction method (using Eq. (2.35)) can be applied to data sets having an
unequal number of double-difference Q and U measurements.
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The instrument model is valid for any combination of parallactic, altitude, HWP,
and derotator angles and does not require the use of a particular rotation control law
for the HWP and derotator. However, for observations not taken in field-tracking mode
(e.g., pupil-tracking mode), the derotator does not keep the image orientation constant.
We therefore need to derotate with our pipeline the images after subtracting the IP and
before correcting the crosstalk. The adapted correction method for pupil-tracking obser-
vations, which in addition combines polarimetry with angular differential imaging (ADI),
is presented in Chapter 4.

2.8.2 Correction of images of circumstellar disk of T Cha

The correction method presented in Sect. 2.8.1 has already been successfully applied to
over a hundred polarimetric data sets, including HR 8799 and PZ Tel (Chapter 4), TW Hy-
drae (Paper I), T Cha (Pohl et al., 2017a), DZ Cha (Canovas et al., 2018), TWA7 (Olofsson
et al., 2018), PDS 70 (Keppler et al., 2018), and CS Cha (Ginski et al., 2018). In this sec-
tion, we demonstrate our correction method with the H-band polarimetric observations
of the circumstellar disk of T Chamaeleontis (T Cha) as published in Pohl et al. (2017a).
The transition disk around T Cha consists of a coplanar inner and outer disk separated by
a large gap, and is viewed close to edge-on with an inclination of ~69° (Olofsson et al.,
2013; Pohl et al., 2017a; Hendler et al., 2018). While the outer disk can easily be spatially
resolved with SPHERE, the very narrow and close-in inner disk cannot (its extent is only
<0.2 pixel on the IRDIS detector).

The data of T Cha was taken on February 20, 2016 under program ID 096.C-0248(C).
It consists of a total of 30 HWP cycles with HWP switch angles 0°, 45°, 22.5°, and 67.5°
to measure Stokes Q and U (see Sect. 2.3.1). During the observations, the parallactic and
altitude angles varied from 5.8° to 27.3°, and from 35.1° to 34.1°, respectively. We pre-
process the raw data by performing dark subtraction, flat fielding, bad-pixel correction,
and centering with the star center frames as described in Paper I and Pohl et al. (2017a).
We then construct the Q- and U-images from the double difference (Eq. (2.8)) and the
Ip- and Iyy-images from the double sum (Eq. (2.9)). The Q- and U-images show a weak
detector artifact comprised of continuous vertical bands. We remove this artifact by sub-
tracting, for every pixel column, the median value of the 60 pixels at the top and bottom of
that column (see Paper I). The resulting double-difference U-images of the first and last
(30th) HWP cycle are shown in the left column of Fig. 2.12. The pronounced differences
between the two images are predominantly caused by IP that evolves from negative to
positive U during the 78 min total observing time.

We now apply our correction method (using the diattenuations of the UT and M4 valid
before April 16, 2017) and subtract the IP from the double-difference Q- and U-images
(see Eq. (2.33)). The resulting IP-subtracted U-images of the first and last HWP cycle
are shown in the center column of Fig. 2.12. The resulting images are much more similar
compared to the original double-difference images (left column). However, the optical
system’s crosstalk makes the disk brighter in Stokes U and fainter in Stokes Q during
the course of the observations. This is because the crosstalk transfers part of the flux in
Stokes Q to Stokes U or vice versa, that is, it introduces an offset in the angle of linear
polarization (see Fig. 2.4). In addition the crosstalk converts part of the linearly polarized
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Figure 2.12: Effect of the data-reduction steps of our correction method on the Stokes
U-images of the first and last (30th) HWP cycle of the observations of the circumstellar
disk of T Cha.

light into circularly polarized light that the PO-90 analyzer set is not sensitive to, entailing
aloss of signal as quantified by the polarimetric efficiency (see Fig. 2.3). These two effects
are also seen in Fig. 3 of Paper I as variations in the Stokes Q- and U-images. Although
the polarimetric efficiency during the observations of T Cha is not very low (minimum of
88%), the offset of the angle of linear polarization reaches values as large as 13°. This
shows that even for observations taken at a reasonably high polarimetric efficiency, there
is still significant transfer of signal between the Stokes Q- and U-images (we recall that
the orientations of Q and U differ by 45°).

We correct for the crosstalk using linear least squares (see Eq. (2.35)), d1rectly yield-
ing the Q- and U,-images. The right column of Fig. 2.12 shows the resulting U;,-images
of the first and last HWP cycle after solving the system of equations for each HWP cycle
separately. It follows that after crosstalk correction the disk has a very similar surface
brightness distribution in all images. The integrated signal of the disk only varies by a
few percent among the images, which is due to varying atmospheric conditions during the
observations (e.g., seeing and sky transparency). Although by correcting the crosstalk we
compensate for the polarimetric efficiency, this does not increase the signal-to-noise ratio
(as clearly visible in Fig. 8 of Paper I). Next, we subtract the constant polarized back-
ground in the Qj,- and Uj,-images after determining it from a large star-centered annulus
with inner and outer radii of 360 and 420 pixels, respectively. Finally, we use the result-
ing images and Egs. (2.3) and (2.5) to compute the polarized intensity and angle of linear
polarization of the disk as shown in Fig. 2.13.

2.8.3 Improvements attained with correction method

In this section we show the improvements attained with our correction method by compar-
ing the model-corrected Qy,- and Uj,-images of T Cha with Q- and U-images generated
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Figure 2.13: Polarized intensity and angle of linear polarization of the circumstellar disk
of T Cha after applying the correction method. The white lines indicating the angle of
linear polarization have arbitrary length and are only shown where the polarized intensity
is higher than 50 counts.

with the conventional IP-subtraction method as presented by Canovas et al. (2011). In
Paper I we made a similar comparison using data of the (nearly) face-on viewed disk
of TW Hydrae. While that data set could in principle be reduced using conventional
data-reduction methods, in this section we show that the correction method is essential to
accurately reduce data of an inclined disk and that it enables us to detect non-azimuthal
polarization and the polarization of the starlight.

To construct the Q- and U-images with the conventional IP-subtraction method, we
compute the mean of the double-difference Q- and U- and double-sum /- and /y;-images,
and subtract the IP following the steps described in Sect. 4.1 of Paper I. We convert these
and the model-corrected images into images of the azimuthal Stokes parameters Q4 and
Uy (see Sect. 4.2 and Egs. 15 to 17 of Paper I) to ease the comparison and interpretation
of the images. The resulting images are shown in Fig. 2.14.

The model-corrected images are more accurate than the images generated with the
conventional IP-subtraction method. With our correction method the instrumental polar-
ization effects are known a priori and are corrected with an absolute polarimetric accu-
racy of ~0.1% or better (see Table 2.3 and Sect. 2.8.4). The conventional IP-subtraction
method on the other hand does not correct the crosstalk and estimates the IP from the
science data under the assumption that the starlight is unpolarized, resulting in errors in
the polarized intensity and angle of linear polarization.

Comparing the left and right columns of Fig. 2.14, it follows that the disk in the
model-corrected Q,-image is ~20% brighter. This increase in brightness is largely due to
the crosstalk correction, that is, the correction of the polarimetric efficiency and transfer
of signal between the Q- and Ug-images (or Q- and U-images). As a result of the cor-
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Figure 2.14: Final azimuthal Stokes Qy- and Ug-images of the circumstellar disk of T
Cha after applying our correction method compared to the images generated with the
conventional IP-subtraction method from Canovas et al. (2011). Positive Q4 indicates
linear polarization in the azimuthal direction and U, shows the linear polarization at +45°
from this direction. The color scales of the top and bottom row are different, i.e., the
signals in Qg4 are almost 10 times larger than the signals in Us.

rection, the polarized surface brightness distribution, orientation and morphology of the
disk are more accurately retrieved in the model-corrected images.

Fig. 2.14 also shows that both reduction methods yield non-zero U,-signals, but with
significant differences. Our correction method corrects for the IP and crosstalk without an
assumption on the polarization of the star (as in the conventional IP-subtraction method)
or the angle of linear polarization over the disk (as in the Us-minimization method, see
Paper I). Therefore our correction method is truly sensitive to non-azimuthal polarization
and yields the accurate Uy-image. From Fig. 2.13 and the model-corrected Ug-image of
Fig. 2.14, we can conclude that away from the brightness region of the disk the angle of
linear polarization deviates from the azimuthal direction. Pohl et al. (2017a) primarily
attribute this non-azimuthal polarization to multiple scattering starting in the inner disk.

A clear disadvantage of the conventional IP-subtraction method is that it substantially
over-subtracts the IP when the star is polarized, because it cannot discern IP from polar-
ized starlight. Figure 2.15 shows for each individual HWP cycle the polarization signal
as measured from the AO residuals in the model-corrected Qj,- and Uj,-images. The
figure shows that the measured polarization signal, and therefore the angle of linear po-
larization, is constant in time. This indicates that the starlight is polarized, because any
uncorrected IP would have changed with the variation in parallactic and altitude angle
during the observations.

From Fig. 2.15, and using the variation in the data points for the uncertainties, we find
that the star has a degree and angle of linear polarization of 0.94 + 0.07% and 17 + 2°,
respectively. This stellar polarization signal is most likely not caused by interstellar dust,
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Figure 2.15: Normalized Stokes parameters of the measured stellar polarization of T Cha
as function of HWP cycle after applying our correction method.

because T Cha is located in front of, and not in, the Cha I dark cloud (Murphy et al., 2013;
Gaia Collaboration et al., 2018) and the angle of linear polarization differs by ~80° with
respect to the average in the cloud (Covino et al., 1997). Because the measured angle
of linear polarization is approximately perpendicular to the position angle of the outer
circumstellar disk (see the top left image of Fig. 2.13), the stellar polarization signal most
likely originates from the coplanar, spatially unresolved inner disk and/or part of the outer
disk viewed close to the star. Indeed, the model-corrected images of Fig. 2.14, which still
contain the stellar polarization signal, correspond much better to radiative transfer models
than the images generated with the conventional IP-subtraction method (see Pohl et al.
2017a; also Keppler et al. 2018).

It appears to be quite common for stars that host a circumstellar disk to be polarized,
because in at least half of the more than hundred data sets we have applied our correction
method to we measure significant stellar polarization. If interstellar dust can be excluded
as the origin, the stellar polarization can indicate the presence of a spatially unresolved
(inner) disk, in particular for a circumstellar disk with a low to moderate inclination (see
e.g., Keppler et al., 2018). The position angle of an inner disk can then be determined
from the measured angle of linear polarization. For a detailed example on how to deter-
mine whether the stellar polarization is caused by interstellar dust, see Ginski et al. (2018).
We note that to measure the small polarization signals of substellar companions, measur-
ing the polarization of the star is imperative to prove that the companion’s polarization
is intrinsic and is not caused by over-subtraction of disk-induced stellar polarization or
interstellar dust.

2.8.4 Limits to and optimization of polarimetric accuracy

The polarimetric accuracy of measuring Stokes Q and U and the degree and angle of linear
polarization after applying our correction method can be computed from Eqgs. (2.25)-
(2.28). However, with real measurements the uncertainty on these physical quantities is
generally somewhat worse than the computed accuracies. The accuracies of Table 2.3
should therefore be considered lower limits. In general, for stars that are not polarized
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because of their circumstellar disk or interstellar dust, a polarization signal of ~0.1%
remains after applying our correction method. The higher uncertainty on the measured
polarization is likely due to limitations of the instrument model, measurement noise, and
varying atmospheric conditions. In this section we elaborate on these limiting factors and
discuss means to optimize the polarimetric accuracy.

A first limitation of the instrument model is that we assume the instrumental polar-
ization effects to be fixed for a given broadband filter. However, because the instrumental
polarization effects vary with wavelength (see e.g., Figs. 2.5 and 2.8), any spectral differ-
ences between the science object and the calibration sources used to determine the model
parameters introduce small errors in the correction of the IP and crosstalk. We can limit
these errors by comparing the spectra of the science object and calibration sources and
interpolating the values of the model parameters over the wavelength domain. Such an
interpolation is quite accurate for the diattenuations of the UT and M4 and the retardance
of the HWP, because their spectral dependency is smooth and is known from theory and
the manufacturer, respectively (see e.g., Fig. 2.7). The largest interpolation errors are
expected for the retardance of the derotator, because we need to guess the shape of the
function from the four measured data points. By interpolating the model parameters we
are also able to correct measurements taken with the narrowband filters.

A second limitation of the instrument model is that the instrumental polarization ef-
fects are taken constant over the field of view. We know the instrumental polarization
effects have spatial dependence, because the images of the internal calibration measure-
ments display a gradient (see Appendix 2.B). However, contrary to the polarimetric imag-
ing mode of FORS (Patat & Romaniello, 20006), this spatial dependence is very small as
demonstrated by the relative proximity of the nine data points taken throughout the image
for each HWP and derotator angle combination in Figs. 2.3-2.6 and 2.18-2.20. The main
reason for the limited spatial dependence is that the light beams within SPHERE have
much larger f-numbers than those within FORS, that is, the beams converge and diverge
much more slowly within SPHERE. Because we have determined the model parameters
from all these data points together (see Sect. 2.5.1), the spatial dependence downstream of
M4 is accounted for in the polarimetric accuracy of the model. Nevertheless, we can in-
crease the accuracy of the model by determining a separate set of model parameters from
each of the nine apertures used, because the nine data points do not vary randomly around
their average value but show a relation with position on the detector. We do not expect
the diattenuations and retardances of the UT and M4 to be strongly spatially dependent,
because spatial variations generally originate from transmissive optics near a focal plane.

A third limitation of the model is that the instrumental polarization effects are assumed
to be constant in time. At least some temporal variation is expected for the diattenuation
and retardance of the UT, because the UT is open to the atmosphere and therefore the
amount of contamination (e.g., dust) on the mirrors varies (see Snik & Keller, 2013).
However, as M1 and M3 are cleaned with CO; on a monthly basis, this variation is most
likely small. For the other optical components we do not expect temporal variations due
to contamination because they are located within SPHERE. Aging of these components is
most likely also limited, because the model parameters describing the optical path down-
stream of M4 seem not to have changed since the internal calibration measurements of
2016, and the determined diattenuation of M4 has not significantly changed between the
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observations of the unpolarized stars in 2016 and 2018 (see Sect. 2.6.2). To optimize the
accuracy of our correction, we can recalibrate the diattenuation of the UT and M4 during
the same night as the science observations, preferably with an unpolarized star that has a
spectrum as similar as possible to that of the science object(s).

To keep the instrument model accurate over time, new calibration measurements need
to be taken when a modification is made to the optical path that affects the polarime-
try. Examples of such modifications are the insertion of a new optical component, the
replacement or removal of an existing component, or the re-coating of a mirror (e.g., the
re-aluminization of M1 and M3 as performed between April 3 and April 16, 2017). Be-
cause the mathematical description of our model includes the double difference, changes
to the optical path downstream of the derotator generally do not require new calibration
measurements.

The polarimetric accuracy we can really attain is also affected by measurement noise.
In Eq. (2.11), the polarimetric accuracy is defined for infinite sensitivity, that is, without
any noise or spurious signals present in the data. However, in general the combined pho-
ton, speckle, (sky) background, and read-out noise of a measurement is much larger than
the polarimetric accuracy of the instrument model. Therefore, when stating uncertainties
of measured polarization signals, we recommend to always compare the polarimetric ac-
curacy as computed from Egs. (2.25)—(2.28) with the measurement noise. The criteria
to reach a polarimetric sensitivity, in addition to a polarimetric accuracy, of <0.1% with
IRDIS for the measurement of polarization signals of substellar companions are discussed
in Chapter 4.

With the double-difference method, spurious polarization signals created when the
atmospheric seeing or sky transparency changes between measurements is removed to
first order. Some spurious signals remain, because these atmospheric variations prevent
the effect of the diattenuation of the components downstream from the derotator to be
completely removed. When the variations in seeing and sky transparency are large, the
spurious signals can be suppressed by computing Stokes Q and U from the ‘normalized’
double difference (compare to Eq. (2.8)):

X = 1(X+ - £) Iy, (2.36)

2 \Ix+  Ix-

with Iy computed from Eq. (2.9).

The accurate polarized intensity images that we obtain with our correction method
enable the construction of images of the degree of linear polarization of circumstellar
disks. To construct such an image, an image of the total intensity of the disk is required.
In principle such an image can be obtained by subtracting the point spread function of
a reference star (e.g., Canovas et al., 2013) or by using angular differential imaging for
disks seen close to edge-on (e.g., Perrin et al., 2015). However, these techniques have
proven to be challenging and residual speckles from the star remain in the total intensity
image of the disk. Therefore the accuracy of measuring the degree of linear polarization
of circumstellar disks is limited by the accuracy of the total intensity image rather than
the accuracy of the instrument model.
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2.8.5 Data-reduction pipeline including correction method

We have incorporated our correction method in a highly-automated end-to-end data-
reduction pipeline called IRDAP (IRDIS Data reduction for Accurate Polarimetry). IR-
DAP is publicly available and handles data taken both in field- and pupil-tracking mode
and using the broadband filters Y, J, H, and K. Data taken with the narrowband filters
can be reduced as well, although with a lower accuracy, by using the correction method
of the broadband filters. For pupil-tracking observations IRDAP can additionally apply
angular differential imaging.

Reducing data with IRDAP is very straightforward and does not require the user to do
any coding. IRDAP is simply run from a terminal with only a few commands and uses a
configuration file with a limited number of input parameters. For an average-sized data
set and using a modern computer, IRDAP performs a complete data reduction from raw
data to final data products within a few minutes.

The documentation of IRDAP, including the installation and user instructions, can
be found online*. We plan to regularly add functionalities and make improvements to
IRDAP. Among others, we plan to calibrate the instrument in the narrowband filters to
also enable the accurate reduction of data taken in these filters.

2.9 Summary and conclusions

We have created a detailed Mueller matrix model describing the instrumental polariza-
tion effects of the Unit Telescope (UT) and SPHERE-IRDIS in the broadband filters Y,
J, H, and K;. To determine the parameters of the model, we have taken measurements
with SPHERE’s internal light source and have observed two unpolarized stars. We have
developed a data-reduction method that uses the model to correct for the instrumental
polarization and crosstalk. We have exemplified this correction method with observa-
tions of the circumstellar disk of T Cha and have shown the improvements compared to
conventional data-reduction and analysis methods.

The instrumental polarization (IP) of the optical system primarily originates from the
UT and SPHERE’s first mirror (M4) and increases with decreasing telescope altitude
angle. The IP is different for observations taken before and after the re-aluminization
of the primary and tertiary mirrors of the UT (M1 and M3). Before the re-aluminization
(i.e., before April 16, 2017), the maximum IP (at an altitude angle of 30°) is approximately
equal to 3.5%, 2.5%, 1.9%, and 1.5% in the Y-, J-, H-, and K -band, respectively. After
the re-aluminization (i.e., after April 16, 2017), the maximum IP in the same filters is
approximately 3.0%, 2.1%, 1.5%, and 1.3%, respectively.

The crosstalk of the optical system is strongly wavelength dependent and is primarily
produced by the derotator (K-mirror). The crosstalk decreases the polarimetric efficiency,
because it converts linearly polarized light into circularly polarized light that IRDIS can-
not measure. The polarimetric efficiency is lowest when the reflection plane of the dero-
tator is at approximately +45° from the vertical direction and has minimum values equal
to 54%, 89%, 5%, and 7% in the Y-, J-, H-, and K-band, respectively. The crosstalk
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also causes an offset of the angle of linear polarization in these filters, with maximum
deviations equal to 11°, 4°, 34°, and 90°, respectively. In Paper I, we present a strategy to
prevent observing at a low polarimetric efficiency by optimizing the derotator angle.

In all broadband filters, the instrument model has an absolute and relative polarimet-
ric accuracy of <0.1% and <1%, respectively. With these accuracies we can measure the
polarization signals of substellar companions with a total polarimetric accuracy of ~0.1%
in the degree of linear polarization and an accuracy of a few degrees in angle of linear
polarization. These accuracies are amply sufficient for quantitative polarimetry of cir-
cumstellar disks, because these objects are typically polarized a few tens of percent. The
uncertainty on the measured polarization after applying our correction method to science
observations is generally somewhat worse than the accuracies of the model itself due to
limitations of the model, varying atmospheric conditions, and measurement noise.

With our correction method the IP and crosstalk are known a priori and for weakly
polarized sources are corrected with an absolute polarimetric accuracy of ~0.1% or better.
This is contrary to conventional data-reduction methods that do not correct the crosstalk
and estimate the IP from the (noisy) science data. Using our correction method we can
therefore more accurately measure the polarized intensity and angle of linear polarization.
With the correction method we can also measure the polarization of the star, which enables
us to detect spatially unresolved (inner) disks and prove that the measured polarization
signal of a substellar companion is intrinsic to the companion. The method can be applied
to measurements taken both in field- and pupil-tracking mode.

We have incorporated our correction method in a highly-automated end-to-end data-
reduction pipeline called IRDAP (IRDIS Data reduction for Accurate Polarimetry). IR-
DAP is publicly available and the documentation, including the installation and user in-
structions, can be found online®. To achieve the highest polarimetric accuracy, it is rec-
ommended to always use IRDAP for the reduction of IRDIS polarimetric data. Even for
observations of nearly face-on circumstellar disks or measurements taken at a high po-
larimetric efficiency (e.g., when the derotator is kept at a favorable angle or observations
are performed in the J-band), our correction method makes a significant correction to the
angle of linear polarization and increases the signal-to-noise ratio in the final images.

2.A Computation of parallactic, altitude, HWP, and
derotator angles from FITS-headers

The parallactic, altitude, HWP, and derotator angles needed for the instrument model
can be retrieved from the headers of the FITS-files of the measurements. However, even
during a measurement these angles are continuously changing as the telescope tracks the
target. For each measurement, we therefore compute the mean value of these angles from
the start and end values specified in the FITS-headers. We note that for angles we cannot
simply use the arithmetic mean, and instead use the mean of circular quantities:

mean (6, 0.) = atan2 (sin §, + sin 8., cos 6 + cos 6.) , (2.37)
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where 6; and 6, are the angles at the start and end of the measurement, respectively.
The parallactic angle p and HWP angle 6ywp are obtained from the FITS-headers as:

p = mean (TEL PARANG START, TEL PARANG END), (2.38)
Guwe = mean (INS4 DROT3 BEGIN, INS4 DROT3 END)
— 152.15°. (2.39)

For observations in field-tracking mode, the derotator angle 6., is computed as:
O4er = mean (INS4 DROT2 BEGIN, INS4 DROT2 END). (2.40)
For pupil-tracking observations (see Chapter 4), the derotator angle is calculated as:

O4er = mean (INS4 DROT2 BEGIN, INS4 DROT2 END) 2.41)
+ Enpupil,

where npupin = 135.99 + 0.11° is the fixed position angle offset of the image (see Maire
et al., 2016). This offset is used to align a mask added to the Lyot stop (the ‘spider mask”)
with the diffraction pattern of the support structure of the UT’s secondary mirror. For the
altitude angle a, only the start value is available from the header TEL ALT. Therefore we
use spline interpolation to compute the mean altitude angle during a measurement.

2.B Gradient in flux of internal calibration
measurements

The flux in most of the images taken with the internal light source is not uniform, but
shows a gradient. This structure appears to consist of two components: a gradient that
depends on the total intensity of the incident light and a gradient that depends on the po-
larization state of the incident light. The total-intensity-dependent gradient (see Fig. 2.16)
has a different strength and orientation for every broadband filter, and is most prominent
in the K-band. It must originate downstream of the derotator, since it does not depend on
the derotator or HWP angle. The gradient may be due to imperfect alignment of optical
components or differences in transmission or reflectivity over the surface of the compo-
nents. As the gradient is also present in the lamp flat frames, the flat-field correction
applied to the exposures suppresses the gradient. In the double-difference images (ac-
tually already in the single-difference images), the total-intensity-dependent gradient is
completely removed (see Fig. 2.17, left). However, it is still visible in the double-sum im-
ages. Therefore, the normalized Stokes parameters determined from these images depend
on the position of the apertures from which they are computed.

In the polarized source measurements, the computation of the double difference re-
moves the total-intensity-dependent gradient, but a polarization-dependent-gradient re-
mains (see Fig. 2.17, right). This gradient is different in strength and orientation for each
exposure and therefore seems to depend on the orientation of the HWP and/or derotator.
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Figure 2.16: Dark-subtracted and bad-pixel-filtered flat-field frame in the K-band show-
ing the total-intensity-dependent gradient in the left and right images on the detector.
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Figure 2.17: Double-difference images of the unpolarized source (leff) and polar-
ized source measurements (right) in the K -band showing that the double difference
completely removes the total-intensity-dependent gradient, but does not remove the
polarization-dependent-gradient.
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Because the HWP is close to a focal plane, a likely cause of the polarization-dependent-
gradient is that the retardance of the HWP varies over the surface of the HWP. The gra-
dient is not visible in the unpolarized source measurements, because the incident light is
only very weakly polarized in that case.

2.C Graphs of model fits of internal calibration
measurements

Figure 2.18 shows the ideal, measured, and fitted normalized Stokes parameters of the
polarized source measurements in the H-band as a function of HWP and derotator angle,
including the residuals of fit. The ideal curves are computed with the HWP and derotator
retardances equal to 180°, no angle offsets and the diattenuation of the polarizers equal
to 1. The measured and fitted normalized Stokes parameters of the unpolarized source
measurements in the H-band are displayed in Figs. 2.19 (normal double difference) and
2.20 (modified double difference with the derotator angles, rather than the HWP angles,
differing 45° between the two exposures). These figures also show the corresponding
residuals of fit. The ideal curves (completely unpolarized light incident on the HWP,
the diattenuations of the HWP, derotator, and polarizers equal to 1, and no angle offsets)
coincide with the x-axes of the graphs and are therefore not shown.
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Figure 2.18: Ideal, measured, and fitted normalized Stokes parameters of the polarized
source measurements in the H-band as a function of HWP and derotator angle. The legend
only shows the },,p-value of each data point or curve; it is implicit that the corresponding
value for 6, differs 45° from that of 6y p.
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Figure 2.19: Measured and fitted normalized Stokes parameters of the unpolarized source
measurements in the H-band (normal double difference with the two HWP angles differ-
ing 45°) as a function of HWP and derotator angle. The legend only shows the 6], ,-value
of each data point or curve; it is implicit that the corresponding value for 6,,,,, differs 45°

HWP
from that of 6yp-
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Figure 2.20: Measured and fitted normalized Stokes parameters of the unpolarized source
measurements in the H-band (modified double difference with the two derotator angles,
rather than the HWP angles, differing 45°) as a function of derotator and HWP angle.
The legend only shows the 6] -value of each data point or curve; it is implicit that the
corresponding value for 6 differs 45° from that of 67 . The x-axis displays the HWP
angle and not the derotator angle as in Figs. 2.18 and 2.19.
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2.D Determination of normalized Stokes parameters
and graphs of model fits of unpolarized star
observations

The normalized Stokes parameters of the observations of the unpolarized stars are de-
termined from apertures in the Q-, U-, Ip-, and Iy-images. For the data of HD 217343
(2018), we compute the signal in these images as the mean in an aperture minus the me-
dian of the background signal in a concentric annulus. We then calculate the normalized
Stokes parameter g or u by dividing the signal from the Q- or U-image by that from the
corresponding /p- or Iyy-image according to Eq. (2.10). The radii of the apertures used
are determined from plots of the normalized Stokes parameters as a function of aperture
radius (see Fig. 2.21). In all filters an aperture radius of 220 pixels is used, because at
this radius the curves have approached a constant value. The annulus to compute the
background signal from starts at the outer radius of the aperture and has a width of 40
pixels.

For the data of HD 176425 (2016) we use the same method to compute the normalized
Stokes parameters, but we do not subtract the background signal. This is because almost
the complete image is filled with signal from the star and therefore there is no location to
accurately determine the background signal from. In the Y-, J-, and H-band, where we
use an aperture radius of 200 pixels, this is no problem because the background signal is
very small.

In the K -band however (see Fig. 2.22), the curves of g and u versus aperture radius do
not approach a constant value, but decrease with increasing aperture radii due to the much
stronger background signal that most likely originates from thermal emission of the UT
and SPHERE’s uncooled optics upstream from IRDIS. Because the intensity of the star’s
point spread function (PSF) decreases with increasing distance from the center, the ther-
mal background becomes more prominent for larger aperture radii. Although the thermal
background is removed after computing the double difference (Q- and U-images), it is not
removed after computing the double sum (/p- and /y-images), and therefore the normal-
ized Stokes parameters decrease with increasing aperture radius. An aperture radius of
125 pixels is selected for the measurements in the K -band, because at this radius: 1) the
curves of the other filters start to approach a constant value, 2) the thermal background
starts to become visible in the raw frames, and 3) the determined diattenuations of the UT
and M4 are in line with expectations based on the determined diattenuations in the other
filters and their deviation from the analytical values (see Fig. 2.10).

Figs. 2.23 and 2.24 show the analytical, measured, and fitted normalized Stokes pa-
rameters g and u of the observations of HD 176425 (2016) as a function of telescope
altitude angle in the H- and K,-band, respectively. Figure 2.25 shows the same graph
for the observations of HD 217343 (2018) in the H-band. The residuals of fit are also
included in these figures. The analytical curves are computed from the Fresnel equations
using the complex refractive index of aluminum. The error bars are calculated as half
the difference between the normalized Stokes parameters determined from apertures with
radii 50 pixels larger and smaller than the radius of the aperture used to calculate g and u
used for determining the diattenuations (see Figs. 2.21 and 2.22). The error bars show the
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uncertainty in the normalized Stokes parameters due to the dependency of the measured
values on the chosen aperture radius. These uncertainties are small for all measurement
except those of HD 176425 (2016) in the K -band because the thermal background could
not be subtracted. Finally, because we did not keep the derotator fixed with its plane of
incidence horizontal for the observations of HD 217343 (2018), crosstalk from the dero-
tator causes the shape of the curves in Fig. 2.25 to be different from those of Figs. 2.23
and 2.24.
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Figure 2.21: Normalized Stokes parameters ¢ and u as a function of aperture radius for the
observations of the unpolarized star HD 217343 (2018) in the H-band. The central and
outer dashed lines indicate the radii of the apertures from which the normalized Stokes
parameters and their error bars (see Figs. 2.9 and 2.25) have been determined, respec-
tively.
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Figure 2.22: Normalized Stokes parameters ¢ and u as a function of aperture radius for
the observations of the unpolarized standard star HD 176425 (2016) in the K -band. The
central and outer dashed lines indicate the radii of the apertures from which the normal-
ized Stokes parameters and their error bars (see Figs. 2.8 and 2.24) have been determined,
respectively.
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Figure 2.23: Analytical (aluminum), measured (including error bars), and fitted normal-
ized Stokes parameters ¢ and u as a function of telescope altitude angle for the obser-
vations of the unpolarized standard star HD 176425 (2016) in the H-band. For science
observations the telescope altitude angle is restricted to 30° < a < 87°.
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Figure 2.24: Analytical (aluminum), measured (including error bars), and fitted normal-
ized Stokes parameters ¢ and u as a function of telescope altitude angle for the obser-
vations of the unpolarized standard star HD 176425 (2016) in the K -band. For science
observations the telescope altitude angle is restricted to 30° < a < 87°.
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Figure 2.25: Analytical (aluminum), measured (including error bars), and fitted normal-
ized Stokes parameters g and u as a function of telescope altitude angle for the observa-
tions of the unpolarized star HD 217343 (2018) in the H-band. For science observations
the telescope altitude angle is restricted to 30° < a < 87°.
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2.E Calculation of accuracies of fit and uncertainties in
determined parameters

To estimate the polarimetric accuracy of the instrument model, we calculate for each
broadband filter the accuracies of fitting the model parameters to the calibration data. We
compute these accuracies of fit as the corrected sample standard deviation of the residuals

Sres-
n 2
o = i 1
res — 9
n—k

with r; the residuals of fit, n the number data points, and k the number of parameters deter-
mined from the data set. The accuracies of fit are calculated separately for the polarized
source measurements, the unpolarized source measurements, and the two observations of
unpolarized stars (denoted Sre, Sunpol, and Sgar, respectively, in Sect. 2.7). The results are
shown in Table 2.5.

To compute the uncertainties of the determined model parameters, we approximate
the covariance matrix of the model parameters 2 as:

(2.42)

=17, (2.43)
where J is the Jacobian matrix:
ox 9x1
6ﬁ 1 aﬁm
J=|": . S (2.44)
0x, 0x,,
6ﬁ 1 6ﬁm

with B; to B, the m determined model parameters and x; to x, the model functions de-
scribing the n measurements (Eq. (2.10) with the model equations and the parallactic,
altitude, derotator, and HWP angles of the measurements substituted). The matrix 7 has
dimensions m X m and contains on its diagonal for each model parameter the accuracy
of fit (sres) Of the measurements from which that parameter is determined (see Table 2.5).
For example, the diagonal element of T corresponding to the model parameter Age, in the
H-band is equal to ;s of the polarized source measurements in the same filter. Finally,
we compute the 1o-errors (1 times the standard deviation) of the model parameters as the
square root of the diagonal elements of 2, and list them behind the +-signs in Tables 2.1
and 2.2.

By taking the diagonal values of 2 as the uncertainties of the parameters, it is as-
sumed that the parameter values are not correlated. However, in reality all the param-
eters are weakly correlated, in particular because the offset angles dgwp, Oder, and Ocal
are determined from the complete set of polarized source measurements. In addition, the
uncertainties of the parameters are computed using a linear approximation through the
Jacobian. Therefore the uncertainties should be considered first order estimates only.
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Table 2.5: Accuracies of fit of the polarized source measurements, the unpolarized source
measurements, and the observations of the unpolarized stars HD 176425 (2016) and
HD 217343 (2018) in the Y-, J-, H-, and K;-band.

Sres (%0) Sres (%0) Sres (%0) Sres (%0)
Filter polarized unpolarized unpolarized unpolarized

source source star 2016 star 2018
BB_Y 0.73 0.023 0.058 0.064
BB_J 0.41 0.0070 0.047 0.072
BB_H 0.58 0.0083 0.025 0.029
BB_K; 0.54 0.0085 0.10 0.092
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3 | Calibration of the instrumental polarization
effects of SCEXAO-CHARIS’
spectropolarimetric mode

Adapted from

R. G. van Holstein, S. P. Bos, J. Ruigrok, J. Lozi, O. Guyon, B. Norris, F. Snik,
J. Chilcote, T. Currie, T.D. Groff, G.J.J. ‘t Hart, N. Jovanovic, J. Kasdin,
T. Kudo, F. Martinache, B. Mazin, A. Sahoo, M. Tamura, S. Vievard, A. Walter,
and J. Zhang

Ground-based and Airborne Instrumentation for Astronomy VIII,
Proceedings of the SPIE, 11447, 114475B (2020)

SCExXAOQ at the Subaru telescope is a visible and near-infrared high-contrast imaging in-
strument employing extreme adaptive optics and coronagraphy. The instrument feeds the
near-infrared light (JHK) to the integral field spectrograph CHARIS. Recently, a Wol-
laston prism was added to CHARIS’ optical path, giving CHARIS a spectropolarimetric
capability that is unique among high-contrast imaging instruments. We present a detailed
Mueller matrix model describing the instrumental polarization effects of the complete op-
tical path, thus the telescope and instrument. The 22 wavelength bins of CHARIS provide
a unique opportunity to investigate in detail the wavelength dependence of the instru-
mental polarization effects. From measurements with the internal light source, we find
that the image derotator (K-mirror) produces strong wavelength-dependent crosstalk, in
the worst case converting ~95% of the incident linear polarization to circularly polarized
light that cannot be measured. Theoretical calculations show that the magnitude of the
instrumental polarization of the telescope varies with wavelength between approximately
0.5% and 0.7%, and that its angle is exactly equal to the altitude angle of the telescope.
We plan to more accurately determine the instrumental polarization of the telescope with
observations of a polarization standard star, and fit more comprehensive physical models
to all experimental data. In addition, we plan to integrate the complete Mueller matrix
model into the existing CHARIS post-processing pipeline, with the aim to achieve a po-
larimetric accuracy of <0.1% in the degree of linear polarization. Our calibrations of
CHARIS’ spectropolarimetric mode will enable unique quantitative polarimetric studies
of circumstellar disks and planetary and brown dwarf companions.
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3.1 Introduction

The near-infrared (NIR) polarimetric modes of the high-contrast imaging instruments
SPHERE-IRDIS (Beuzit et al., 2019; Dohlen et al., 2008; de Boer et al., 2020; Chap-
ter 2) at the Very Large Telescope, Gemini Planet Imager (GPI; Macintosh et al., 2014;
Perrin et al., 2015) at the Gemini South Telescope, and HiCIAO (Hodapp et al., 2008)
at the Subaru Telescope have been very successful at imaging circumstellar disks of var-
ious ages (Garufi et al., 2017; Avenhaus et al., 2018; Esposito et al., 2020; Hashimoto
et al., 2011; Muto et al., 2012) using polarimetric differential imaging (PDI). GPI and
SPHERE-IRDIS have also been used to search for polarization from planetary and brown
dwarf companions (Millar-Blanchaer et al., 2015; Jensen-Clem et al., 2016, 2020; Chap-
ter 4), leading to the detection of polarization from the stellar companion CS Cha B
(Ginski et al., 2018; Haffert et al., 2020), and more recently, the first detection of po-
larization from a planetary mass companion (Chapter 5). In 2017, the Subaru telescope
lost its high-spatial resolution NIR imaging polarimetric capability when HiCIAO was
decommissioned. The current high-contrast imager is the Subaru Coronagraphic Extreme
Adaptive Optics (SCExAQ) system (Jovanovic et al., 2015; Lozi et al., 2018). While ini-
tially SCExXAO had no NIR polarimetric capabilities, recently a spectropolarimetric mode
(Lozi et al., 2019b), which is unique among high-contrast imagers, was implemented for
its Coronagraphic High Angular Resolution Imaging Spectrograph (CHARIS) subsystem
(Groff et al., 2017).

SCExAO is located on the NIR Nasmyth platform of the Subaru telescope, behind
the AO188 system (Minowa et al., 2010), which provides an initial low-order wavefront
correction. The extreme adaptive optics system of SCExAO consists of a pyramid wave-
front sensor that operates at wavelengths in the range 600-900 nm (Lozi et al., 2019a),
a deformable mirror with 45 actuators over the pupil, and the real-time control software
Compute and Control for Adaptive Optics (Guyon et al., 2018). SCExAO feeds light to
several science instruments, among which is CHARIS that provides low-resolution spec-
tra with a resolving power R = 18 over the JHK-bands with a field-of-view (FOV) of
2""x2". To enable the spectropolarimetric capability, a Wollaston prism, which splits the
light into two orthogonal linear polarization states, has been placed directly upstream
of CHARIS. The existing half-wave plate (HWP) located upstream of AO188, that was
originally implemented for HiCIAOQ, is used to modulate the incident polarization to be
measured.

The accuracy of the CHARIS spectropolarimetric measurements is currently limited
by instrumental polarization effects of the telescope and instrument. The dominant effects
are instrumental polarization (IP) and polarimetric crosstalk, which both cause the mea-
sured polarization state to differ from the true polarization state incident on the telescope.
IP is the introduction of polarization signals by the telescope or instrument, and can make
an unpolarized target appear to be polarized. It is caused by the diattenuation of an optical
component, which is the difference in reflectance or transmission of the two orthogonal
linear polarization states. Crosstalk is the conversion of linear to circular polarization (and
vice versa) by optical components, and can lower the polarimetric efficiency (the fraction
of the incident linear polarization that is actually measured) and can cause an offset of the
measured angle of linear polarization. Crosstalk is the result of retardance, which is the
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difference in acquired phase between two orthogonal linear polarization states when light
reflects of a mirror or transmits through an optic.

To enable unique and highly accurate quantitative polarimetry of circumstellar disks,
planets, and brown dwarf companions with the spectropolarimetric mode of CHARIS,
we are developing a detailed and fully validated Mueller matrix model that describes
the instrumental polarization effects of the telescope and instrument. For this work we
follow the methodology and definitions from Chapter 2 as used for the polarimetric cal-
ibration of SPHERE-IRDIS. We calibrate the Mueller matrix model with measurements
from SCExAQ’s internal light source and observations of polarization standard stars. For
these calibrations, the 22 wavelength bins of CHARIS provide a unique opportunity to
investigate in detail the wavelength dependence of the instrumental polarization effects.
After completing the calibrations, we will use the model for the post-processing of sci-
ence observations to correct for the IP and crosstalk. In this chapter, we present the first
results of this project.

The outline of this chapter is as follows. In Sect. 3.2 we describe the optical path of
SCExXAO-CHARIS and explain the Mueller matrix model that describes the instrumental
polarization effects of the telescope and instrument. Subsequently, in Sect. 3.3, we out-
line the calibration measurements we performed with the internal light source, the data
reduction, and the fitting of the model parameters to the calibration data. In Sect. 3.4,
we then present the results of fitting the model parameters of the HWP and derotator, and
discuss theoretical computations of the instrumental polarization introduced by the tele-
scope. Finally, in Sect. 3.5 we present conclusions and a brief outlook on future steps for
this project.

3.2 Mathematical description of complete optical system

3.2.1 Optical path of SCExAO-CHARIS

A simplified optical path showing only the components that are relevant for the SCExAO-
CHARIS polarimetric mode is presented in Fig. 3.1. The Subaru telescope is an 8-m
class, altazimuth-mounted Ritchey-Chrétien telescope located at 4.2 km altitude on the
summit of Mauna Kea. During observations the incident light is collected by the primary
mirror (M1) and reflected to the secondary mirror (M2) that is suspended at the top of
the telescope. The M2 subsequently reflects the light down toward the flat tertiary mirror
(M3) that has an angle of incidence of 45° to reflect the light to the Nasmyth platform
where SCExAO is located. This M3 is coated with silver for high reflectivity in the NIR
wavelength range. While the object moves across the sky during the night, it rotates with
the parallactic angle in the pupil of the telescope, and the telescope rotates with respect to
the Nasmyth platform to track the altitude angle of the object.

When the light reaches the Nasmyth platform it passes a system that can be inserted
into the light beam to perform calibration measurements. This calibration system consists
of an internal (calibration) light source, a flat mirror with a 45° angle of incidence, and
a manually rotatable linear polarizer. After the calibration system the light reaches an
insertable and rotatable broadband half-wave plate (HWP), which is used to temporally
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Figure 3.1: Overview of the optical path from the Subaru telescope to SCExAO-CHARIS,
showing only the components relevant for polarimetric measurements. Circular arrows
next to a component indicate that it is rotatable. The symbols next to the components
indicate their model parameters and rotation (offset) angles. Also shown are the Stokes
vectors incident on the telescope, the HWP, and the detector. Note that the beam switcher
that is included in this figure has not been built at the moment of writing.

modulate the polarization state of the incident light. Following the HWP there is an image
derotator, which consists of a three-mirror assembly (K-mirror) on a rotation stage. When
the K-mirror rotates, it rotates both the image and the angle of linear polarization. For
observations with SCExAO, the image derotator operates in pupil-stabilized mode. The
derotator is followed by the adaptive optics of AO188, which includes a deformable mirror
to correct for wavefront aberrations and a dichroic beamsplitter to feed the wavefront
sensor. All reflections in AO188 are in the horizontal plane (i.e., parallel to the Nasmyth
platform).

Currently, SCExAO is located directly behind AO188, and this location is shared by
other instruments. Therefore, SCEXAO has to be regularly craned in and out of this
position for observations. As this process is very cumbersome, a beam switcher with
multiple output ports to serve all the instruments on the Nasmyth platform is considered
for a future upgrade (Lozi et al., 2017). SCEXAO will then be located behind the beam
switcher at one of these ports and the need for craning is eliminated. The reflections within
the current beam switcher design are exclusively in the horizontal and vertical planes.

Within SCExAO the light has multiple reflections in the horizontal plane before a
field stop limits the FOV to 2””x1”. The field stop is followed by a Wollaston prism that
splits the light into the orthogonal horizontal and vertical linear polarization states before
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it enters CHARIS. Within CHARIS, the light passes a lenslet array and a prism to create a
field of spectra in each of the two orthogonal linear polarization states, which then strike
the detector side by side.

SCExAO hosts many different coronagraphs to suppress starlight, and most are not
expected to affect polarimetric measurements. Two exceptions are the vector vortex coro-
nagraph (Kiihn et al., 2018) and the vector-Apodizing Phase Plate (Doelman et al., 2017).
However, with their current implementation these coronagraphs cannot be combined with
polarimetry (Snik et al., 2014).

To measure the Stokes parameters Q and U and the corresponding total intensities
Iy and Iy, a HWP cycle is performed which consists of four consecutive measurements
with HWP switch angles equal to 0°, 45°, 22.5°, and 67.5°. For each wavelength bin, we
then compute from the resulting left (L) and right (R) intensities on the detector of each
measurement, Jger1, and lger v, the single difference and single sum as:

X* = Lierr, — lgetrs 3.1
I: = lgerL + ldetro (3.2)

with X* the single-difference Q*, Q~, U™, and U~ (taken at HWP switch angles 0°, 45°,
22.5°, and 67.5°), and Iy- the corresponding single-sum intensities Iop+, Ip-, Iy+, and Iy-.
We then compute the double difference and double sum as:

X = % (X -X), (3.3)

1
IX = E (Ix+ + Ix—), (34)

with X the double-difference Q or U and Ix the double-sum Iy or Iy.

3.2.2 Mueller matrix model of optical path

To mathematically describe the instrumental polarization effects of the optical system of
SCExAO-CHARIS, we create a Mueller matrix model similar to that of Chapter 2 for
SPHERE-IRDIS. We use the same definitions of the Stokes parameters, reference frames,
and Mueller matrices as described in that work. The relevant Stokes vectors and model
parameters describing the components are shown in Fig. 3.1. Because the optical setups
of SPHERE-IRDIS and SCExAO-CHARIS are quite similar, the Mueller matrix models
of both instruments show many similarities.

The Stokes vectors reaching the left and right halves of the detector, Sqet L and Sgetr,
can be written in terms of the true Stokes vector incident on the telescope Sj, as:

Sdel,L/R = Msys,L/RSin 5

Taer /R I-1 Q-1 U-=I VI [l
Odet,L/R -0 0-0 U—-0Q V-0 ||On

3.5)

UgerL/r I-U Q-U U-U VU [|Un|’
VietL/R I-V Q-V U-V V-V [|[Vy
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where Mys1r is the Mueller matrix that describes the instrumental polarization effects
of the images on the left or right half of the detector. We can further express Mgy, /r in
terms of the separate components and their rotations as:

Sdet,L/R = Mgys1/RSin,
SdetL/R = Mw L/RT (—Oder)Muer T (Oger) T (—Onwp) MuwpT (Oruwp)
T(-a)Me1T(p)Sin, (3.6)
where p is the parallactic angle, a is the telescope altitude angle, and:
Ouwp = Oawp + SHwp, (3.7)
Oder = Oder + Oder, (3.8)

with Oywp the HWP angle, 64, the derotator angle, dywp the HWP offset angle, and
d4er the derotator offset angle. The rotations of the components and Stokes vectors are
described with the rotation matrix 7(6):

1 0 0 0

|0 cos(26) sin(26) O
T®) = 0 -sin(26) cos(20) 0|

0 0 0 1

(3.9)

The Mueller matrices My, Mpywp, and My, describe the three mirrors of the telescope,
the HWP, and the three mirrors of the image derotator, respectively, and are defined as the
component Mueller matrix M om:

1 € 0 0
e 1 0 0

Meom = 0 0 V1 —-€2cosd V1 -e?sind]|’ (3.10)
0 0 -—-V1-€?sind V1-¢€*cosd

where € is the diattenuation and 4 is the retardance of the component. The optical com-
ponents downstream of the derotator, except for the Wollaston prism, to first order do
not affect our measurements (see Chapter 2). All reflections downstream of the derotator
lie in the horizontal (and vertical) plane, and therefore these components do not pro-
duce crosstalk affecting the horizontal or linear polarization states that pass the Wollaston
prism. In addition, because we compute the Stokes parameters Q and U from the double
difference, any diattenuation produced downstream of the derotator is removed. The ma-
trix Mw 1 /r therefore only describes the left and right channels of the Wollaston prism:

1 1 0 O
1j«¢1 1 0 0

My R = 3lo o o ol (3.11)
0 0O 0 O

where the plus- and minus-signs are used for the left and right detector halves, respec-
tively. This Mueller matrix represents a perfect polarizing beamsplitter, because the ex-
tinction ratio of Wollaston prisms exceeds 100.000:1 (King & Talim, 1971).
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To model the measurement of a Stokes parameter and the corresponding total intensity
from a pair of measurements, we calculate for each measurement Sgecr. and Sgecr from
Eq. (3.6) and retrieve Ige; 1. and Igec g from the first element of these vectors. Subsequently,
we compute the single differences X* and single sums Ix- from Egs. (3.1) and (3.2), and
the double-difference X and double-sum Ix from Eqgs. (3.3) and (3.4). Finally, we compute
the normalized Stokes parameter x, as:

=X (3.12)
Iy

‘We note that only for measurement pairs using HWP switch angles equal to 0°, 45°,22.5°,
and 67.5° the Stokes parameters X and x correspond to Q, U, ¢, and u.

3.3 Measurements and data reduction

With the Mueller matrix model of the optical system defined, we can now experimentally
determine the model parameters describing the optical path downstream of the telescope.
To this end, we took a total of 340 calibration measurements with the internal (calibration)
light source on February 19, 2020. The calibration polarizer, which is located downstream
of the light source (see Fig. 3.1), was inserted in the optical path with its transmission axis
at 45° to the horizontal. This setup therefore injected almost 100% positive U-polarized
light into the system. The measurements were taken at many combinations of HWP and
derotator angles, with the HWP angle ranging from 0° to 78.75° with steps of 11.25°,
and the derotator angle ranging from 45° to 127.5° in steps of 7.5°. The aim of these
measurements is to fit the retardances and offset angles of the HWP and the derotator.
We cannot use these measurements to fit the diattenuations of the HWP and the derotator,
because for that we would need measurements without the calibration polarizer inserted.
However, because these diattenuations are expected to be very small (as is the case for
SPHERE-IRDIS; Chapter 2) we did not take such measurements.

We preprocess the raw data with the CHARIS data-reduction pipeline' (Brandt et al.,
2017) using the standard settings (given by the examples in the documentation) for the
wavelength calibration and data extraction. The result is a three-dimensional data cube
with two spatial axes and one spectral axis with 22 wavelength bins. One of the images
resulting from the preprocessing (for a single wavelength bin) is shown in Fig. 3.2. The
square 2" x2" image is divided into a left and right 2"/ X 1" rectangular image, correspond-
ing to the two orthogonal linear polarization states.

After the preprocessing is completed, we retrieve the normalized Stokes parameters
from the images for each of the 22 wavelength bins. To this end, we define eight square
apertures on both the left and right halves of each image (see Fig. 3.2), and sum the flux
in each of the apertures. We then compute eight values for the single difference and single
sum (following Egs. (3.1) and (3.2)) by respectively subtracting and adding the summed
flux in apertures marked by the same number in Fig. 3.2. Subsequently, we compute
values for the double difference and double sum (following Egs. (3.3) and (3.4)) from
the single-difference and single-sum values computed from images that were taken at the

"http://princetonuniversity.github.io/charis-dep
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Figure 3.2: Preprocessed image of a single wavelength bin showing the left and right
2”%1” rectangular images of the two orthogonal linear polarization states. Eight square
apertures, which are used to compute the single-difference and single-sum values, are
shown in red on each rectangular image.

same derotator angle and at HWP angles that differ by 45°. Finally, we compute the
normalized Stokes parameters by dividing the resulting double-difference values by the
corresponding double-sum values (following Eq. (3.12)).

To describe the measurements, we apply Eq. (3.12) and insert Egs. (3.1)—(3.11). We
only use the part of Eq. (3.6) downstream of the telescope:

Sdet,L/R = MwL/RT (=Oder) Maer T (Oger) T (—Onwp) Muwp T (Ouwp)Suwe, (3.13)

where Sgywp = T(45° — 6ca)l1,d,0,0]7 is the Stokes vector incident on the HWP, with
Oca and d respectively the offset angle and diattenuation of the calibration polarizer.

We now fit our model to the data points using non-linear least squares. We use the
Powell algorithm as implemented in the Python function scipy.optimize.minimize.
For each of the 22 wavelength bins we fit the retardance of the HWP Aywp, the retardance
of the derotator 44, the HWP angle offset dgwp, and the diattenuation of the calibration
polarizer d. For the angle offsets of the derotator and the calibration polarizer, dger and
Ocal, We fit only a single value valid for all wavelength bins. Because we cannot accurately
determine the diattenuations of the derotator and HWP from these measurements with the
calibration polarizer inserted, we set egwp and €ge, to their ideal values of 0.
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3.4 Results

3.4.1 Instrumental polarization effects of the HWP and derotator

The fitted values for the retardance of the derotator and the HWP as a function of wave-
length are shown in Fig. 3.3. The derotator retardance 4., ideally has a constant value
of 180°. However, as shown in Fig. 3.3 (left), the retardance strongly varies with wave-
length. At A = 1180 nm the retardance has a value of 44e; = 250°, then rapidly drops off to
Ager = 70° for A = 1800 nm, and stabilizes around values between 60° and 65° for wave-
lengths between 1800 and 2400 nm. Around A = 1600 nm, the retardance is close to 90°,
which means that the derotator acts as an almost perfect quarter-wave plate (QWP) and
thus converts almost all incident linear polarization to circular polarization. For the dero-
tator offset angle, we assumed a constant value with wavelength and find 64, = —0.42°.

The HWP retardance Aywp is plotted in Fig. 3.3 (right). As with the derotator, the
HWP retardance would ideally have a constant value of 180°. However, we find that Agwp
varies between 167.5° and 185° for the measured wavelength range, and that it is exactly
half wave around 4 = 2200 nm. The measured retardance curve is very similar to that
of commercially available achromatic HWPs2. For 1 < 1400 nm, the fitted retardance
values are very noisy and do not follow a smooth curve as we would expect from the
physics of wave plates. We have not yet determined the exact cause for this behavior.
For our fit of the model parameters, we have allowed the HWP offset angle dywp to vary
with wavelength and find that it indeed varies between —0.4° and —0.8°. However, the
orientation of the optic axis of an achromatic HWP cannot vary with wavelength due to
the relatively simple design of such a wave plate. Therefore the wavelength variations of
the HWP offset angle are most likely not physical and we adopt the mean value of —0.6°
as the HWP offset angle for all wavelength bins.

In Fig. 3.4 we show the fitted values for the diattenuation of the calibration polar-
izer d as a function of wavelength. It shows that the diattenuation is relatively constant
(098 < d < 1) between 1180 and 2200 nm and drops sharply for 4 > 2200 nm. This
sharp drop can be explained by a sudden decrease in optical performance or, more likely,
by a measurement bias due to the increasing thermal background of the instrument at
these longer wavelengths. For the offset angle of the calibration polarizer, we assumed a
constant value with wavelength and find 6., = 0.76°.

By comparing the measured degree of linear polarization P = /(¢> + u?) and angle of
linear polarization y = '/, arctan(u/q) with the values these quantities would have if the
optical components were ideal, we can calculate the polarimetric efficiency and offset of
the angle of linear polarization. The results of these calculations for various wavelengths
are shown as a function of derotator angle in Fig. 3.5. In the ideal case, the polarimetric
efficiency would be 100% for all derotator angles and wavelengths. However, as shown
in Fig. 3.5 (left), the polarimetric efficiency shows strong variations with derotator angle.
The polarimetric efficiency is minimized for derotator angles around 45° and 135°, and
is maximized for derotator angles close to 0°, 90° and 180°. This behaviour is due to the
derotator having a retardance that is not equal to 180° (see Fig. 3.3, left). For derotator

2https://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=2193
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Figure 3.3: Fitted retardances of the derotator (leff) and the HWP (right) as a function
of wavelength. Ideally, the derotator and HWP would have a retardance of 180° for all
wavelengths.
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Figure 3.5: Measured polarimetric efficiency (left) and offset of the angle of linear polar-
ization (AOLP; right) as a function of derotator angle for various wavelengths. Ideally,
the polarimetric efficiency would be 100% and the offset of the angle of linear polariza-
tion 0° for all wavelengths and derotator angles. We note that the two panels show slightly
different wavelength bins.

angles close to 45° and 135°, the derotator is optimally oriented to convert the horizontal
and vertical polarization states to circular polarization, which cannot be measured using
the Wollaston prism. The asymmetry between the minima of the polarimetric efficiency at
derotator angles of 45° and 135° is caused by the HWP retardance being offset from 180°.

From Fig. 3.5 (left), we also see that the derotator retardance varies strongly with
wavelength. For 4 = 1575 nm the polarimetric efficiency even drops to a value close to
5% at a derotator angle of 45°. An overview of the minimum polarimetric efficiency as
a function of wavelength is plotted in Fig. 3.6. This figure shows that the polarimetric
efficiency peaks around A4 = 1300 nm, when the derotator retardance is closest to 180°
(see Fig. 3.3, left). We also see that at wavelengths around 4 = 1600 nm the lowest
polarimetric efficiency can be reached, because at these wavelengths the derotator acts as
an almost perfect QWP.

For an ideal instrument, there would be no offset of the angle of linear polarization for
all derotator angles and wavelengths. However, as shown in Fig. 3.5 (right), the derotator
retardance does not only decrease the polarimetric efficiency, but also introduces a non-
zero offset of the angle of linear polarization. The offset is strongest for derotator angles
close to 45° and 135° where the polarimetric efficiency is lowest, and is close to zero
for derotator angles around 0°, 90°, and 180°. Similar to the curves of the polarimetric
efficiency, the curves for the angle offset show an asymmetry between derotator angles of
45° and 135° that is caused by the non-ideal value of the HWP retardance. As with the
polarimetric efficiency, we find that the angle offset strongly varies with wavelength. For
several wavelength bins the offset angle can even be as large as +90°.

Finally, we note that the results discussed in this subsection are very similar to those
presented for SPHERE-IRDIS in Chapter 2. One reason for this is that the optical setups
of SPHERE-IRDIS and SCExAO-CHARIS are quite similar. However, the results also
suggests that the design of the HWP and the coating of the derotator are comparable to
those used for SPHERE.
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Figure 3.6: Minimum polarimetric efficiency as a function of wavelength.

3.4.2 Instrumental polarization of the telescope

The instrumental polarization (IP) of the telescope is almost completely created by the
telescope’s tertiary mirror (M3). This silver-coated mirror has an angle of incidence of 45°
and deflects the light arriving from the secondary mirror to the Nasmyth platform where
SCEXAO is located. The first and secondary mirror of the telescope are axisymmetric and
therefore do not create significant instrumental polarization (Tinbergen, 2005).

We can theoretically predict the IP of the telescope by computing the diattenuation e
of M3 for each wavelength bin with the Fresnel equations. For this calculation we obtain
the refractive indices of silver from Rakic¢ et al. (1998). We describe the measurements
with only the part of Eq. (3.6) upstream of the HWP:

Stwp = T(—=a)M1 T (p)Sin. (3.14)

We set Sin = [1,0,0,0]”, and retrieve the normalized Stokes parameters ¢ and « from the
second and third elements of Sgwp.

Figure 3.7 (left) shows the resulting g and u as a function of telescope altitude angle for
four of the wavelength bins, including the bins of the shortest and longest wavelengths.
The shape of the curves can be explained as follows. M3 produces IP that is oriented
perpendicular to the plane of incidence of the mirror, and this plane of incidence rotates
with respect to the instrument when the telescope altitude angle is changed. Whereas
the degree of linear polarization P = € of this IP signal does not change with altitude
angle, the angle of linear polarization is exactly equal to the altitude angle: y = a. The
normalized Stokes parameters thus vary as g = € cos(2a) and u = esin(2a). We note that
the shape of the curves for g and u differ from those determined for SPHERE-IRDIS in
Chapter 2 because in that case the IP of both the telescope and the first mirror of SPHERE
(M4) are considered.

From Fig. 3.7 (left) we also see that the IP is different for the various wavelength bins
plotted. In Fig. 3.7 (right) we therefore show the IP (the diattenuation) for each of the
22 wavelength bins. The IP is largest for the shortest wavelength (~0.7%), and decreases
monotonically for longer wavelengths to a value of ~0.5%. This behavior is exactly the
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Figure 3.7: Theoretically predicted instrumental polarization of the telescope expressed
as the normalized Stokes parameters ¢ and u as a function of telescope altitude angle for
four wavelength bins (leff) and as the diattenuation for the 22 wavelength bins (right).

same as that found for the telescope of SPHERE-IRDIS in Chapter 2. However, in that
case the IP is overall larger, because the M3 of the Very Large Telescope is coated with
aluminum rather than silver.

Although the results presented in Fig. 3.7 are qualitatively accurate, the exact val-
ues for the diattenuation at each wavelength bin will differ in reality. We have therefore
observed the polarization standard star HD 283809 (Messinger et al., 1997) during the
SCEXAO engineering nights on 31 January, and 9 February 2020. This polarization stan-
dard star has a well-measured degree and angle of linear polarization that we will use to
accurately calibrate the IP of the telescope as a function of wavelength.

3.5 Conclusions and outlook

In this chapter we have presented the first results of our efforts to characterize the instru-
mental polarization effects of the spectropolarimetric mode of SCExAO-CHARIS. We
have created a detailed Mueller matrix model describing the telescope and instrument.
Using measurements with the internal light source and a calibration polarizer, we have de-
termined the retardance of the derotator and the HWP for each of the 22 wavelength bins.
We find that the retardance of the derotator strongly varies with wavelength (with values
between 50° and 250°), and that it acts as an almost perfect quarter-wave plate (QWP)
at wavelengths around 1600 nm. The retardance of the HWP varies between 167.5° and
185° over the wavelength range considered. The curve of the retardance versus wave-
length suggests that the HWP is an achromatic wave plate, similar to those commercially
available. The non-ideal values of the derotator retardance results for some wavelengths
in very low polarimetric efficiencies at derotator angles around 45° and 135°. In the
worst case, at wavelengths close to 1600 nm, ~95% of the incident linear polarization is
converted to circular polarization that cannot be measured. The variations in the polari-
metric efficiency are accompanied by offsets of the angle of linear polarization that can
be as large as +90°. These results are very similar to those obtained with calibrations of
SPHERE-IRDIS as presented in Chapter 2.
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To estimate the instrumental polarization (IP) of the telescope, we have performed
theoretical calculations for each wavelength bin using the Fresnel equations. We find that
the degree of linear polarization of the IP does not vary with the telescope altitude angle.
This degree of linear polarization is largest (~0.7%) for the shortest wavelengths, and
decreases monotonically for longer wavelengths to a value of ~0.5%. The angle of linear
polarization of the IP is exactly equal to the altitude angle of the telescope.

In the future, we plan to accurately determine the IP of the telescope with measure-
ments of the polarization standard star HD 283809 that we recently obtained. We will
also fit comprehensive physical models to all calibration data, including models that ac-
curately describe the design of the HWP and the coating of the derotator. Subsequently,
we will perform a careful error analysis to determine the polarimetric accuracy of our
model. Finally, we will integrate the complete Mueller matrix model into the existing
CHARIS post-processing pipeline (Currie et al., 2011; Currie et al., 2012, 2018), with the
aim to achieve a polarimetric accuracy of <0.1% in the degree of linear polarization. This
pipeline will be comparable to the IRDAP pipeline? (Chapter 2) for SPHERE-IRDIS, and
will be made publicly available to the community.

The spectropolarimetric mode of CHARIS is one of three polarimetric modes cur-
rently available at SCEXAOQO. A fast polarimetry mode combined with non-redundant aper-
ture masking interferometry is offered in the visible (600-800 nm) by the VAMPIRES
instrument (Norris et al., 2015). Currently under development is a fast NIR polarimetry
mode employing a ferroelectric liquid crystal that provides fast polarization modulation
(up to a ~1 kHz) in synchronisation with a C-RED ONE camera (Feautrier et al., 2017),
and a Wollaston prism to split the orthogonal linear polarization states. Compared to
CHARIS, these two additional modes operate with different polarization-sensitive com-
ponents, and use either different wavelength ranges or different bandwidths. To enable
accurate polarimetry with these modes as well, separate polarimetric calibration measure-
ments need to be performed. Our calibrations of CHARIS’ spectropolarimetric mode will
enable unique quantitative polarimetric studies of circumstellar disks and planetary and
brown dwarf companions.
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4 Combining angular differential imaging and
accurate polarimetry with SPHERE-IRDIS
to characterize young giant exoplanets

Adapted from

R. G. van Holstein, F. Snik, J. H. Girard, J. de Boer, C. Ginski, C. U. Keller,
D. M. Stam, J.-L. Beuzit, D. Mouillet, M. Kasper, M. Langlois, A. Zurlo,
R.J. de Kok, and A. Vigan

Techniques and Instrumentation for Detection of Exoplanets VIII,
Proceedings of the SPIE, 10400, 1040015 (2017)

Young giant exoplanets emit infrared radiation that can be linearly polarized up to sev-
eral percent. This linear polarization can trace: 1) the presence of atmospheric cloud
and haze layers, 2) spatial structure, for example cloud bands and rotational flattening,
3) the spin axis orientation and 4) particle sizes and cloud top pressure. We introduce
a novel high-contrast imaging scheme that combines angular differential imaging (ADI)
and accurate near-infrared polarimetry to characterize self-luminous giant exoplanets. We
implemented this technique at VLT/SPHERE-IRDIS and developed the corresponding
observing strategies, the polarization calibration and the data-reduction approaches. The
combination of ADI and polarimetry is challenging, because the field rotation required for
ADI negatively affects the polarimetric performance. By combining ADI and polarimetry
we can characterize planets that can be directly imaged with a very high signal-to-noise
ratio. We use the IRDIS pupil-tracking mode and combine ADI and principal component
analysis to reduce speckle noise. We take advantage of IRDIS’ dual-beam polarimet-
ric mode to eliminate differential effects that severely limit the polarimetric sensitivity
(flat-fielding errors, differential aberrations and seeing), and thus further suppress speckle
noise. To correct for instrumental polarization effects, we apply a detailed Mueller matrix
model that describes the telescope and instrument and that has an absolute polarimetric
accuracy <0.1%. Using this technique we have observed the planets of HR 8799 and the
(substellar) companion PZ Tel B. Unfortunately, we do not detect a polarization signal in
a first analysis. We estimate preliminary 1o~ upper limits on the degree of linear polar-
ization of ~1% and ~0.1% for the planets of HR 8799 and PZ Tel B, respectively. The
achieved sub-percent sensitivity and accuracy show that our technique has great promise
for characterizing exoplanets through direct-imaging polarimetry.
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4.1 Introduction

Direct imaging enables the characterization of the atmospheres of self-luminous, hot,
massive planets with photometry and spectroscopy. With these methods, the planets’
luminosity and atmospheric composition, structure and temperature can be constrained
(see e.g., Lafreniere et al., 2008; Ingraham et al., 2014; Chilcote et al., 2015; Macintosh
et al., 2015; Zurlo et al., 2016). Additional information on the composition and structure
of planetary (or substellar companion) atmospheres can be deduced with polarimetry.

Not only the starlight that an exoplanet reflects is expected to be linearly polarized
(Seager et al., 2000; Stam et al., 2004), but also the thermal emission of a planet (or
brown dwarf), as this radiation from inside the atmosphere will be scattered by cloud and
haze particles on its way up (Sengupta & Marley, 2010; de Kok et al., 2011; Stolker et al.,
2017). If the companion is spherically symmetric, polarization signals from different parts
on its surface will cancel each other and the integrated degree of linear polarization will be
zero (de Kok et al., 2011). Therefore, for a net polarization signal to arise in the thermally
emitted radiation, the companion must feature asymmetries such as equatorial flattening
due to rapid rotation, patchy clouds or spots in the atmosphere (de Kok et al., 2011), or
an obscuring moon (Sengupta & Marley, 2016) or a circumplanetary disk (Stolker et al.,
2017). The degree of linear polarization at near-infrared wavelengths of hot exoplanets
featuring such asymmetries is expected to be generally larger than 0.1% and could be up
to several percent in some cases (de Kok et al., 2011; Stolker et al., 2017).

Measurements of the polarized thermal emission of exoplanets could provide infor-
mation on the presence and patchiness of atmospheric clouds and hazes, the cloud top
pressure, spatial structure (the asymmetries mentioned above), and the surface gravity
and mass of the companion (de Kok et al., 2011; Marley & Sengupta, 2011). To disen-
tangle the various possible causes of the polarization, polarimetric follow-up observations
are needed. By determining the angle of linear polarization, the planet’s projected spin
axis could be constrained (de Kok et al., 2011). If the polarization signal is periodic, it
could indicate the presence of persistent storms, such as Jupiter’s Great Red Spot, and re-
veal atmospheric rotation rates. Finally, combining polarimetric measurements with flux
measurements could reveal atmospheric particle properties, such as albedo and size. The
information on the atmospheric composition and structure revealed through polarime-
try will significantly increase the accuracy of fitting atmospheric models based on known
spectra of field brown dwarfs and substellar companions to spectroscopic exoplanet obser-
vations, which currently results in errors of at least 10% (Ingraham et al., 2014; Chilcote
et al., 2015; Bonnefoy et al., 2016).

Near-infrared polarimetry has already been successfully performed for dozens of field
brown dwarfs, yielding degrees of linear polarization between 0.1 to 2.5% in the /-band
(Sengupta & Marley, 2010) and up to 0.8% in the Z- and J-bands (Miles-Pédez et al.,
2013). For these field dwarfs, the polarization likely arises from patchy clouds. The po-
larization signals of exoplanets are expected to be stronger, because exoplanets have a
lower surface gravity, hence a stronger flattening for a given rotation rate, and a lower ef-
fective atmospheric temperature can yield stronger polarization signals for a given temper-
ature gradient (de Kok et al., 2011). With the recently comissioned high-contrast imaging
polarimeters SPHERE and GPI, detecting these polarization signals is now technically
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feasible. Measurements of the thermal polarization signals of the planets of HR 8799
have already been attempted with VLT/NACO by Juan Ovelar (2013) and recently of HD
19467 B with GPI by Jensen-Clem et al. (2016), but the contrasts attained were insuffi-
cient for a detection. The first direct measurement of exoplanetary polarization signals
has therefore yet to be performed.

SPHERE (Spectro-Polarimetric High-contrast Exoplanet REsearch) is a high-contrast
imaging instrument employing extreme adaptive optics, stellar coronagraphs and three
imagers to directly image and characterize giant exoplanets orbiting nearby stars (Beuzit
et al., 2008). It is installed on the Nasmyth platform of UT3 of the Very Large Telescope
(VLT). One of the imagers, the InfraRed Dual-band Imager and Spectrograph (IRDIS;
Dohlen et al., 2008) is primarily designed for detecting hot young exoplanets. It also
has a dual-beam polarimetric mode that is mainly used for high-contrast imaging of cir-
cumstellar disks (Langlois et al., 2014; de Boer et al., 2020). Since IRDIS has detected
exoplanets with huge signal-to-noise ratio (S/N > 200 for some planets of HR 8799; Zurlo
etal., 2016), exoplanetary polarization signals could be detected for the first time with this
polarimetric mode. Because the expected polarization signals are at most a small fraction
(<1%) of the total thermal signal of a planet, we need to achieve a polarimetric sensitivity,
that is, the noise level in the degree of linear polarization, and an absolute polarimetric
accuracy, that is, the uncertainty in the measured polarization signal, of ~0.1%.

In an attempt at measuring polarization signals of substellar companions, we have
observed the four young giant planets HR 8799 bcde (Marois et al., 2008, 2010) and
the (substellar) companion PZ Tel B (Biller et al., 2010; Mugrauer et al., 2010) with
SPHERE-IRDIS. The planets of HR 8799 could be polarized, because recent spectral
measurements have revealed sub-micron dust particles in their atmospheres (Bonnefoy
etal., 2016). In addition, temporal variations in near-infrared gaseous absorption features,
such as those of CHy, strongly suggest the presence of patchy clouds (Oppenheimer et al.,
2013). PZ Tel B is a very bright companion in an eccentric orbit seen edge-on (Ginski
et al., 2014; Maire et al., 2016). If its spin axis is perpendicular to its orbital plane,
polarization due to rotational flattening could be detected.

To achieve the required polarimetric sensitivity and accuracy, we combine angular dif-
ferential imaging (ADI; Marois et al., 2006) with IRDIS’ dual-beam polarimetric mode
(see Juan Ovelar, 2013) and correct for instrumental polarization effects with the de-
tailed Mueller matrix model described in Chapter 2. In comparison to the recent attempt
to measure near-infrared exoplanetary polarization with GPI (Jensen-Clem et al., 2016),
we observe longer time sequences to take full advantage of ADI and apply more ad-
vanced ADI and polarimetric demodulation techniques. In Sects. 4.2 and 4.3, we describe
the measurement technique and observations, respectively. Subsequently, we discuss the
data-reduction scheme we developed for the observations in Sect. 4.4. In Sect. 4.5 we then
present the results and in Sect. 4.6 we discuss the measurement technique and possible
improvements to the data-reduction. Finally, we present conclusions in Sect. 4.7.
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4.2 Measurement technique

The polarization signals of young giant exoplanets are expected to be a few tenths of a per-
cent to a percent of the total intensity of the planets. To detect these polarization signals,
we need to observe planets that can be directly imaged with a very high signal-to-noise
ratio. IRDIS uses a (non-polarizing) beamsplitter and a pair of polarizers with orthogonal
transmission axes to simultaneously create two adjacent images on the detector (Langlois
et al., 2014; de Boer et al., 2020). This dual-beam system allows us to perform beam
switching with the half wave plate (HWP) and to compute the Stokes parameters Q and
U from the double difference (see Sect. 4.4.2; Bagnulo et al., 2009), thereby eliminating
differential effects that severely limit polarimetric sensitivity, such as flat-fielding errors,
differential aberrations and seeing (see e.g., Canovas et al., 2011). To attain the high
contrast required for polarimetry of exoplanets, we observe in pupil-tracking mode and
construct both the total intensity and polarization images by combining ADI with prin-
cipal component analysis (PCA; Amara & Quanz, 2012; Soummer et al., 2012; Meshkat
et al., 2014) to significantly reduce speckle noise, the principle noise component. The
combination of ADI and polarimetry further suppresses speckle noise (especially at small
angular separations from the star), because stars, and therefore the speckles, are generally
unpolarized.

To accurately derive a planet’s polarization state from a measurement, it is paramount
to correct for instrumental polarization (IP) and cross-talk of the complete optical sys-
tem, that is, telescope and instrument. To this end, we use the Mueller matrix model for
VLT/SPHERE-IRDIS described in Chapter 2. This model has been validated by taking
measurements of an unpolarized standard star and with SPHERE’s internal source, reach-
ing an absolute polarimetric accuracy <0.1% in all broadband filters (Y-, J-, H- and K-
band; see Table 4.1). The polarimetric accuracy is particularly affected by the IP, which
can make unpolarized sources appear a few percent polarized when unaccounted for. With
the model, the IP can be subtracted more accurately than with regular IP-subtraction tech-
niques, because no assumptions on the stellar polarization are needed.

To enable the application of ADI + PCA, we have commissioned pupil-tracking for
IRDIS’ polarimetric mode. In this mode, the derotator (K-mirror) only compensates for
the altitude angle of the telescope, so that the pupil (and the quasi-static speckle pattern)
is kept fixed with respect to the detector, while the image (the planet) rotates with the
parallactic angle. Unfortunately we could not implement a new HWP rotation control
law to keep the polarization direction of the source fixed on the detector during pupil-
tracking'. Therefore Stokes Q and U are measured by performing beam switching with
the HWP relative to the vertical (perpendicular to the Nasmyth platform; STATIC mode)

!For this, the following HWP control law should be implemented:

Owp = a + % (=p +7 + Mpupit) .1
with 8gwp the HWP angle, a the altitude angle of the telescope, p the parallactic angle of the target, y an offset of
the angle of linear polarization due to a user-defined HWP offset and ;i1 the fixed position angle offset of the
image to align the ‘spider mask’ with the diffraction pattern of the support structure of the telescope’s secondary
mirror (see below). Beam switching with the HWP (to measure Stokes Q and U) is performed relative to this
HWP angle. The HWP control law for field-tracking mode is described in Chapter 2.
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Table 4.1: Central wavelength and bandwidth of the broadband filters available for IRDIS
polarimetry (Wahhaj et al., 2017).

Filter Central wavelength (nm) Bandwidth (nm)

BB_Y 1042.5 139
BB_J 1257.5 197
BB_H 1625.5 291
BB_K; 2181.3 313.5

with HWP switch angles 0° and 45° to measure Q, and 22.5° and 67.5° to measure U (a
so-called polarimetric or HWP cycle). The disadvantage is that the polarization direction
of the source rotates with the parallactic angle on the detector while tracking a target,
but this can readily be accounted for with the Mueller matrix model of Chapter 2. Pupil-
tracking with IRDIS’ polarimetric mode is officially offered since P100.

As described in Chapter 2 and de Boer et al. (2020), the derotator can produce very
strong cross-talk at specific derotator angles, resulting in severe loss of polarization signal.
For field-tracking observations, de Boer et al. (2020) recommend to apply an offset to the
derotator angle to prevent this signal loss. Such an offset cannot be applied in pupil-
tracking mode, because the support structure of the secondary mirror of the telescope
(the ‘spider’) will then not be aligned with a mask added to the Lyot stop (the ‘spider
mask’), resulting in (locally) much higher speckle noise. Fortunately, the polarimetric
efficiency, that is, the fraction of the linearly polarized light entering the system that is
actually measured, happens to be sufficiently high for a large range of altitude angles in
all broadband filters. Figure 4.1 shows the polarimetric efficiency in pupil-tracking mode
as a function of parallactic and altitude angle in H-band and is constructed using the
Mueller matrix model of Chapter 2. The efficiency is >80% for altitude angles between
20° and 75°, but goes down to 64% for altitude angles larger than 75°. The polarimetric
efficiency plots in Y-, J-, and K-band look similar, but with the minima at altitude angles
between 20° and 75° equal to 87%, 96% and 83%, respectively. At altitude angles larger
than 75°, the minima are equal to 76%, 94% and 67%, respectively.

4.3 Observations

During the nights starting on October 10 and 12, 2016, we observed the four young giant
planets HR 8799 bcde and the (substellar) companion PZ Tel B with the measurement
technique described in Sect. 4.2. An overview of the observations is shown in Table 4.2.
PZ Tel was observed twice for almost 40 min during twilight using the broadband H-
and J-filters, while HR 8799 was observed twice for ~2.5 h during nighttime in H-band.
All measurements were taken with the apodized pupil Lyot coronagraph ALC_YJH_S
(mask diameter = 185 mas). The first three observing sequences had good to medium
seeing conditions. However, the HR 8799 observations of 13-10-2016 are not considered
in this work, as the seeing and coherence time were very poor and the control loop of
the adaptive optics system opened many times. PZ Tel and HR 8799 were observed at
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Figure 4.1: Polarimetric efficiency of SPHERE-IRDIS in H-band as a function of paral-
lactic angle of the target and telescope altitude angle in pupil-tracking mode.

an average altitude angle of ~57° (air mass ~1.2) and ~41° (air mass ~1.5), respectively.
From Fig. 4.1, it follows that the polarimetric efficiency of the observations in H-band at
these altitude angles is always higher than ~86%.

4.4 Data reduction

To explain the data-reduction, we will primarily discuss the reduction of the HR 8799
data of 11-10-2016 and only mention the details of the reduction of the PZ Tel datasets
that deviate from this first description. We prepare the raw frames by applying dark-
subtraction, flat-fielding and bad pixel filtering. Subsequently, we center the frames with
the four satellite spots of the star center frames (see Zurlo et al., 2016). From these pre-
pared frames, we create images of Stokes Q and U and the corresponding total intensity
images Iy and Iy to determine the degree and angle of linear polarization of the planets.
We will now first describe the creation of the total intensity images.
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4.4.1 Construction of total-intensity /- and Iy-images

To create the total intensity images, we start by adding the images of the simultaneously
recorded orthogonal polarization states on the left and right halves of the detector (single
sum images 15, Ié, I;; and 1)) for all the prepared frames. After that, for each HWP
cycle, we compute the double sum, that is, the mean of the single sum images with HWP
switch angles 0° and 45° for Iy and 22.5° and 67.5° for Iy. To show the sensitivity we
attain, we look at the contrast curve displayed in Fig. 4.2. The curves in this figure are
computed as the mean or 1x the standard deviation (10) over 1 pixel wide annuli centered
on the star, normalized with the maximum intensity of the star. The purple solid curve in
Fig. 4.2 shows the mean intensity profile of the coronagraphic stellar point spread function
(PSF) when we compute the mean of the cube of the I-frames. Comparing this curve to
the non-coronagraphic stellar PSF profile (top black solid curve) obtained from the flux
calibration image (see Zurlo et al., 2016) clearly demonstrates the effect of the adaptive
optics and coronagraph close to the star. The dark blue solid curve shows the standard
deviation (1o7) over the Ip-frames, which can be regarded as a measure of the speckle
noise. It follows that we can detect planet b from the double sum images, but that the
inner three planets remain hidden. Indeed, planet b is (marginally) visible in a single raw
frame.

To increase the contrast, we combine ADI with PCA using the software package Pyn-
Point (Amara & Quanz, 2012; Amara et al., 2015) to subtract 5 principle components
from the cubes of the /- and Iy-frames separately. We then derotate the frames with
the parallactic angle and compute their mean to obtain the final /- and Iy-images. The
resulting Ip-image is shown in Fig. 4.3 (left). The light blue solid curve in Fig. 4.2 shows
the standard deviation over this image and the four lower black solid curves show the PSF
profiles of the planets®. After applying ADI + PCA, the speckle noise is substantially
suppressed and all planets are clearly detected. This is also evident from Fig. 4.3 (left),
as all planets and the Airy rings surrounding planet b and ¢ (and perhaps d) are clearly
visible.

For the reduction of the PZ Tel data, we do not perform ADI + PCA when creating the
total intensity images, because the parallactic rotation is limited (see Table 4.2). Instead
we derotate the double sum /p- and Iy-frames with the parallactic angle and compute
the mean of the cube of these derotated frames. The resulting /p-image of the H-band
observations is displayed in Fig. 4.3 (right). The first Airy ring and the diffraction pattern
of the support structure of the telescope’s secondary mirror are clearly visible around the
companion. To suppress the halo of starlight, which shows radial symmetry, we subtract
180°-rotated versions of the /- and I;-images from the originals. Remaining background
will be removed when computing the total intensity of the companion from apertures. The
contrast curve of the PZ Tel observations in H-band is shown in Fig. 4.4. The PSF profile
of the companion (lower solid black curve) is obtained from the halo-subtracted images.
The light blue solid curve in Fig. 4.4 shows that the companion is detected very clearly.

2The PSF profiles of the planets are not extracted from the final Ip-image, because we have not accounted
for the ADI self-subtraction, for example by injecting fake negative planets (Marois et al., 2010; Bonnefoy et al.,
2011; Zurlo et al., 2014). Instead, we obtained them by scaling the non-coronagraphic stellar PSF of the flux
calibration image with the planet contrasts reported in Zurlo et al. (2016).
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Figure 4.2: Contrast curve of the HR 8799 observations of 11-10-2016 in H-band showing
the effect of the various data-reduction steps.
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Figure 4.3: Left: Total intensity /p-image of the planets of HR 8799 in H-band created
using ADI + PCA. Right: 1p-image of PZ Tel B in H-band (without ADI + PCA).
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Figure 4.4: Contrast curve of the PZ Tel observations of 10-10-2016 in H-band showing
the effect of the various data-reduction steps. The orange curve overlaps with the green
curve, because the average of the IP in Stokes Q happened to be zero.

4.4.2 Construction of Stokes Q- and U-images

In the contrast curve of the HR 8799 observations shown in Fig. 4.2, the tops of the plan-
ets’ PSF profiles (four lower black solid curves) are at a contrast of ~107>. If these plan-
ets are 1% polarized, their polarization signals will correspond to the four black dashed
curves. This clearly shows the challenge at hand: since the planets are expected to be
at most a few tenths of a percent to a percent polarized, we need to reach a contrast in
polarized light of at least 1077 In the following we will present and justify the order of
data-reduction steps to construct the Stokes Q- and U-images. A flow diagram of the
data-reduction steps is shown in Fig. 4.5.

We start by computing the difference between the images of simultaneously recorded
orthogonal polarization states on the left and right halves of the detector (single difference
images Q*, Q~, U* and U™) for all the prepared frames. For each HWP cycle, we then
compute the double difference, that is, half the difference between the single difference
images with HWP switch angles 0° and 45° for Q, and 22.5° and 67.5° for U. We choose
not to derotate the frames with the parallactic angle before computing the double differ-
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Figure 4.5: Flow diagram of the data-reduction steps to construct the images of Stokes O
and U.

ence, because this way we most effectively remove the quasi-static speckles and the IP
downstream of the HWP, and suppress differential effects that limit the polarimetric sen-
sitivity, including flat-fielding errors. The disadvantage is that we create some spurious
polarization signal, because the planet positions have changed slightly between subse-
quent exposures. However, this rotation-induced signal cancels out when we integrate the
polarization signal over a sufficiently large aperture. The double difference frames show
a weak detector read-out artifact that has a continuous vertical band structure. Similarly
to de Boer et al. (2016), we remove this structure by subtracting, for every column of
pixels, the median value of the top and bottom 60 pixels. Since starlight shows little to no
polarization (in general), computing the double difference strongly suppresses the halo of
starlight. The green solid curve in Fig. 4.2 shows that we reach approximately the same
contrast as that attained using ADI + PCA on the total intensity images.

The IP created by SPHERE's first mirror (M4) and the telescope are not removed by
computing the double difference, because they are located upstream of the HWP. There-
fore a residual stellar speckle halo is visible in all double difference frames as shown in
Fig. 4.6 (top left). To remove this residual speckle halo and correct the planets’ polar-
ization signals for the IP, we use the Mueller matrix model of Chapter 2 to describe the
contribution of the telescope and instrument for every measurement. With the model we
compute the IP for each double difference Q- or U-frame from the corresponding par-
allactic, telescope altitude, HWP and derotator angle. The IP predicted by the model is
shown in Fig. 4.7 (left). We remove the IP in the Q- and U-frames by scaling their cor-
responding double sum intensity /- and Iy-frames with the predicted IP and subtracting
the result from the Q- and U-frames. The removed residual speckle halo in Fig. 4.6 (top
right) illustrates that this procedure effectively removes close to all IP from the Q- and
U-frames. As a result, the orange solid curve in Fig. 4.2 shows a significant increase in
contrast close to the star.
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Q-frame with IP Q-frame after IP correction 60

Final Q-image without ADI -3 Final Q-image after ADI + PCA -3

Figure 4.6: Top left: Double difference O-frame showing the instrumental polarization of
SPHERE’s first mirror (M4) and the telescope. Top right: Q-frame after removing the
IP by subtracting the corresponding /o-frame scaled with the IP predicted by the Mueller
matrix model. Bottom left: Q-image after computing the mean of the cube of IP-corrected
Q-frames showing remaining structure. Note that the range of values is much smaller than
that in the frames at the top. Bottom right: Final Q-image after removing the structure by
subtracting three principle components and correcting for efficiency and cross-talk with
the Mueller matrix model.
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Figure 4.7: Left: Instrumental polarization predicted by the Mueller matrix model for each
double difference Q- or U-frame. Right: The four elements describing the transmission
(Qin — Q and Uy, — U) and exchange between the polarization components (U, — Q
and Qj, — U) as predicted by the Mueller matrix model for each pair of Q- and U-frames.
Because we briefly interrupted the observing sequence to take calibration measurements,
there is a small discontinuity after the 40th HWP cycle in both plots.

When we compute the mean of the cubes of the IP-corrected Q- and U-frames, some
structure remains, as shown in Fig. 4.6 (bottom left). This structure likely arises because
the speckle field changes in time and the orthogonal polarization states are treated slightly
differently by the instrument. In addition, there might be some stellar and background
polarization or residual IP, because the Mueller matrix model has a finite accuracy. To
remove the structure, we apply ADI + PCA to the cubes of the [P-corrected Q- and U-
frames separately, subtracting three principle components for each. The ADI + PCA step
cannot be performed before removing the IP with the Mueller matrix model, because in
that case the IP will be partly removed with ADI + PCA and then over-subtracted with
the modeled IP value. Also, applying ADI + PCA alone would never suffice to remove
the IP at the planet position, because it cannot discriminate between planet signal and IP
and the planets are moving between exposures.

After performing ADI + PCA, we derotate the frames so that the images are aligned
with North up and the planets are at the same position in all frames. Since the HWP
control law for pupil-tracking has not yet been implemented (see Sect. 4.2), the polariza-
tion direction of the planets on the detector rotates between HWP cycles. In addition, the
cross-talk produced by the instrument (in particular by the derotator) results in a time-
varying transmission of and exchange between the polarization components Q and U. As
a result, the polarization signal of the planets is different in each pair of Q- and U-frames
and we cannot simply compute the mean of the cubes of the Q- and U-frames. To correct
for the rotation and the cross-talk, we use the Mueller matrix model to derive for each
pair of O- and U-frames (each HWP cycle) two linear equations describing the measure-
ments. For every pixel, we solve these equations for the polarization signal incident on
the telescope (Qj, and Ui,). The four elements describing the transmission (Q;, — Q and
Uiy, — U) and exchange between the polarization components (U, — Q and Qi, — U)
are plotted in Fig. 4.7 (right). Finally, we compute the mean of the cubes of the Qj,- and
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Uiy-frames to obtain the final Q and U-images incident on the telescope.

Figure 4.6 (bottom right) shows the final Q-image. The structure seen in Fig. 4.6
(bottom left) is clearly removed. The red solid curve in Fig. 4.2 shows that the final
contrast achieved is ~1077 at the position of the three inner planets and a bit better at
the position of planet b. As illustrated by the black dashed curves in Fig. 4.2, we should
be able to detect the polarization signals from the planets if they are 1% polarized. The
contrast reached is very close to the photon limit (purple dashed curve), that is computed
as the square root of the total intensity (solid purple curve). Applying ADI + PCA does
not increase the contrast in case of planet b, since it is at a large separation from the
star and not speckle noise limited. At the position of the three inner planets, applying
ADI + PCA has improved the contrast only by a factor of ~2, because IRDIS’ dual-
beam polarimetric mode already substantially suppresses speckles and we have reached
the photon noise limit (i.e., the fundamental lower contrast limit for a given dataset). If
we would observe longer, the contrast will likely benefit more from ADI + PCA.

Reaching the contrast required to measure a ~1% polarization signal of PZ Tel B in
the data sets of 10-10-2016 (H-band) and 12-10-2016 (J-band) is less challenging. In the
contrast curve of the H-band measurements of PZ Tel shown in Fig. 4.4, the top of the
companion’s PSF profile (lower black solid curve) is at a contrast of ~6 - 1073, Hence to
measure a 1% polarized signal (black dashed curve), the contrast required is ~300 times
lower than for the inner three planets around HR 8799.

To create the Q- and U-images of the PZ Tel data, we omit the ADI + PCA step
and instead derotate the frames after correcting the IP with the model. The solid orange
curve in Fig. 4.4 shows that we achieve a contrast of ~3 - 1077 at the position of the
companion, also close to the photon limit. This contrast is sufficient to detect polarization
signals <0.1%. Note that because the average of the IP in Stokes Q happened to be zero,
the contrast curves with IP (solid green curve) and without IP (solid orange curve) are
overlapping in Fig. 4.4.

4.5 Results

The final Stokes Q-images of the H-band observations of HR 8799 and PZ Tel are shown
in Figs. 4.8 (left) and 4.8 (right), respectively. By visual inspection, we do not detect a
polarization signal for any of the companions in our measurements. Based on the contrasts
achieved in Stokes Q (see Figs. 4.2 and 4.4) and U, we estimate preliminary 1o~ upper
limits on the degree of linear polarization of ~1% and ~0.1% for the planets of HR 8799
(H-band) and PZ Tel B (H- and J-band), respectively. The upper limits on the polarization
of PZ Tel B would be lower based on the contrast curves alone, but is limited by the
accuracy of the Mueller matrix model. As we will make a few improvements to the data-
reduction (see Sect. 4.6), we leave the accurate determination of the polarization signals
or upper limits and the interpretation of these results for future work.
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Figure 4.8: Final Stokes Q-images of the observations of HR 8799 (left) and PZ Tel (right)
in H-band. By visual inspection, no polarization signals are detected.

4.6 Discussion

Although we have not detected a polarization signal, our technique of combining ADI and
accurate polarimetry shows that it is possible to measure realistic polarization degrees for
planetary and brown dwarf companions. While for PZ Tel B we have reached a suffi-
ciently high contrast to detect a polarization signal of a few tenths of a percent, we would
need to observe the planets of HR 8799 for several nights at good seeing conditions to
detect such a signal. To detect polarization signals of (substellar) companions without re-
quiring an excessive amount of observing time (maximum ~2.5 hr), several criteria need
to be kept in mind. We would in general need (approximate numbers for the criteria are
given in parentheses):

e a brighter companion in absolute terms (H-band apparent magnitude of ~16 or
brighter)

e alower companion-to-star contrast (H-band magnitude difference of at most ~9)
e alarger separation from the central star (at least 0.6”)
e good seeing conditions (seeing ~0.6” and coherence time ~4 ms)

e a brighter central star for good adaptive optics performance (R-band magnitude of
~11 or brighter)

The first two criteria are connected: if a companion is brighter in absolute terms, a higher
companion-to-star contrast is acceptable and vice versa. When taking all these criteria
into account, only a few dozen known targets are feasible. To increase the chance of a
detection, we should observe targets that are more likely to be polarized (see Stolker et al.,
2017). Examples are companions with evidence for dust, hazes or patchy clouds in their
atmospheres, companions that are known to rotate rapidly or that have the same spectral
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type and temperature as field brown dwarfs that are known to rotate rapidly (see Miles-
Péez et al., 2013), companions with low surface gravities in orbits seen edge-on (higher
polarization signal if rotationally flattened; de Kok et al., 2011; Stolker et al., 2017) or
companions that show evidence for accretion.

Since IRDIS’ polarimetric mode alone (without ADI) is already so powerful for the
detection of companion polarization signals, one might think to prefer the simpler field-
tracking mode over the pupil-tracking mode. However, for close-in and/or relatively faint
planets such as the planets of HR 8799, accurate determination of their total intensity
(which is required to compute the degree of linear polarization) is not possible in field-
tracking mode, because the PSF of the star washes out that of the planets. Pupil-tracking
observations on the other hand allow the application of advanced ADI techniques (e.g.,
PCA) to effectively remove the halo of starlight and accurately determine the total in-
tensity. In addition, pupil-tracking mode enables the use of the spider mask, so that the
speckle noise due to the support structure of the telescope’s secondary mirror is sup-
pressed. Also, because the speckles are quasi-static in pupil-tracking mode, these speck-
les and the IP downstream of the HWP are more effectively removed when computing the
double difference. For long observations, applying ADI + PCA on the Q- and U-frames
can possibly yield a large increase in sensitivity. Finally, since the planet moves over the
detector during an observing sequence, flat-fielding errors are averaged out and the effect
of an inconveniently located bad pixel will be limited (dithering is not yet implemented
for IRDIS polarimetry).

When performing polarimetric measurements in pupil-tracking, one should consider
the effect of the parallactic rotation. More parallactic rotation will be beneficial to the ADI
performance and the suppression of flat-fielding errors. However, when the parallactic
rotation is fast, more spurious polarization signal will be created and the accuracy of the
measured angle of linear polarization will diminish, because the polarization direction
rotates during a single exposure with the current rotation law of the HWP (see Sect. 4.2).
To limit these effects, one could avoid observing at the meridian or keep the exposure
time and the duration of the HWP cycles short.

Before accurately computing (upper limits on) the polarization signals of the compan-
ions, we will make a few improvements to the data-reduction. Firstly, we will improve
the centering of the frames. The position of the central star obtained from the star center
frames differs by approximately half a pixel between the start and the end of the HR 8799
observations. To account for this drift, we can interpolate between the start and end coor-
dinates of the central star and center the science frames with the interpolated coordinates.
After that, we can further improve the centering by cross-correlating the frames. For the
ADI + PCA data-reduction step, different PCA algorithms can be tried out. Most impor-
tantly, we will account for the self-subtraction of ADI + PCA, for example by using the
method of fake negative planets (Marois et al., 2010; Bonnefoy et al., 2011; Zurlo et al.,
2014). Alternatively, we could use the PCA code by Meshkat et al. (2014) to construct
for each frame to be reduced a separate stellar PSF model from only those frames where
the companion PSF does not overlap with the companion PSF in the to-be-reduced frame
(see Juan Ovelar, 2013). Finally, we will attempt to reduce the noise in our final images
by applying a matched filter, similarly to Juan Ovelar (2013). When these improvements
have been implemented, we will determine the degree and angle of linear polarization
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of the companions by performing aperture photometry on the final /-, Iyy-, Q- and U-
frames. In case of a non-detection, we will determine upper limits on the polarization by
estimating the random noise in the images.

4.7 Conclusions

‘We have introduced a novel high-contrast imaging scheme that combines angular differen-
tial imaging (ADI) and accurate near-infrared polarimetry to characterize self-luminous
giant exoplanets. The combination of ADI and polarimetry is challenging, because the
field rotation required for ADI negatively affects the polarimetric performance. By com-
bining ADI and polarimetry we can characterize planets that can be directly imaged with
a very high signal-to-noise ratio. We use the IRDIS pupil-tracking mode and combine
ADI and principal component analysis to reduce speckle noise. We take advantage of
IRDIS’ dual-beam polarimetric mode to eliminate differential effects that severely limit
the polarimetric sensitivity (flat-fielding errors, differential aberrations and seeing), and
thus further suppress speckle noise. To correct for instrumental polarization effects, we
apply a detailed Mueller matrix model that describes the telescope and instrument and that
has an absolute polarimetric accuracy <0.1%. As the technique is still in development,
further improvements will be made in future work.

With our observing technique, we have observed the planets of HR 8799 and the
(substellar) companion PZ Tel B. Even though by visual inspection we do not detect a
polarization signal, we reach a contrast of ~1077, close to the photon noise limit. Based
on the contrast achieved, we estimate a preliminary 1o upper limit on the degree of linear
polarization of PZ Tel B equal to ~0.1% in H- and J-band. The planets of HR 8799 are
much fainter however, and we estimate an upper limit of ~1% on their degrees of linear
polarization in H-band. We leave the accurate determination of the polarization signals
or upper limits and the interpretation of these results for future work. The achieved sub-
percent sensitivity and accuracy show that our technique has great promise to characterize
exoplanets through direct-imaging polarimetry.
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Context. Young giant planets and brown dwarf companions emit near-infrared radiation
that can be linearly polarized up to several percent. This polarization can reveal the pres-
ence of an (unresolved) circumsubstellar accretion disk, rotation-induced oblateness of
the atmosphere, or an inhomogeneous distribution of atmospheric dust clouds.

Aims. We aim to measure the near-infrared linear polarization of 20 known directly
imaged exoplanets and brown dwarf companions.

Methods. We observed the companions with the high-contrast imaging polarimeter
SPHERE-IRDIS at the Very Large Telescope. We reduced the data using the IRDAP
pipeline to correct for the instrumental polarization and crosstalk of the optical system
with an absolute polarimetric accuracy <0.1% in the degree of polarization. We employed
aperture photometry, angular differential imaging, and point-spread-function fitting to re-
trieve the polarization of the companions.

Results. We report the first detection of polarization originating from substellar compan-
ions, with a polarization of several tenths of a percent for DH Tau B and GSC 6214-210 B
in H-band. By comparing the measured polarization with that of nearby stars, we find
that the polarization is unlikely to be caused by interstellar dust. Because the companions
have previously measured hydrogen emission lines and red colors, the polarization most
likely originates from circumsubstellar disks. Through radiative transfer modeling, we
constrain the position angles of the disks and find that the disks must have high inclina-
tions. 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 the cir-
cumstellar disks of DH Tau, GQ Lup, PDS 70, 8 Pic, and HD 106906. We detect a highly
asymmetric disk around GQ Lup and find evidence for multiple scattering in the disk of
PDS 70. Both disks show spiral-like features that are potentially induced by GQ Lup B
and PDS 70 b, respectively.
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Conclusions. 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 primary 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 upper atmospheres containing primarily submicron-sized dust
grains, and/or limited cloud inhomogeneity.

5.1 Introduction

Understanding the formation and evolution of young, self-luminous exoplanets and brown
dwarf companions is one of the main goals of high-contrast imaging at near-infrared
wavelengths (e.g., Nielsen et al., 2019; Vigan et al., 2021). Only a few of these di-
rectly imaged substellar companions have been detected close to the parent star and
within a circumstellar disk (e.g., Lagrange et al., 2010; Keppler et al., 2018; Haffert et al.,
2019); most companions are found at much larger separations (100 au; see e.g., Bowler,
2016). Close-in planets and companions are generally believed to form through core
accretion (Pollack et al., 1996; Alibert et al., 2005) or gravitational instabilities in the
circumstellar disk (Cameron, 1978; Boss, 1997). Companions at larger separations may
form through direct collapse in the molecular cloud (Bate, 2009) or disk gravitational in-
stabilities at an early stage (Kratter et al., 2010). Alternatively, companions may form
close to the star and subsequently scatter to wide orbits through dynamical encounters
with other companions (e.g., Veras et al., 2009).

In all formation scenarios, the companion is generally expected to form its own cir-
cumsubstellar accretion disk (e.g., Stamatellos & Whitworth, 2009; Szuldgyi et al., 2017).
Indeed, a handful of substellar companions show evidence for the presence of an accre-
tion disk through hydrogen emission lines, red near-infrared colors, and excess emission
at mid-infrared wavelengths (e.g., Seifahrt et al., 2007; Bowler et al., 2011; Bailey et al.,
2013; Kraus et al., 2014; Zhou et al., 2014; Haffert et al., 2019). Interestingly, whereas
ALMA and other radio interferometers have been successful at detecting the dust and gas
of disks around isolated substellar objects (e.g., Ricci et al., 2014; van der Plas et al.,
2016; Bayo et al., 2017), attempts to detect such disks around substellar companions have
almost exclusively yielded non-detections (Bowler et al., 2015; MacGregor et al., 2017;
Wu et al., 2017a,b; Wolff et al., 2017; Ricci et al., 2017; Pérez et al., 2019; Wu et al.,
2020). The only detection of a disk around a substellar companion at mm-wavelengths
is that of PDS 70 ¢ with ALMA by Isella et al. (2019). ALMA has also detected a disk
around FW Tau C (Kraus et al., 2015; Caceres et al., 2015), but, from models of the Ke-
plerian rotation of the gas, the companion appears to be a ~0.1M,, star (Wu & Sheehan,
2017; Mora et al., 2020). To explain their non-detections, Wu et al. (2017a) and Wu
et al. (2020) suggest that the disks around substellar companions must be very compact
(<1000 Ryyp or 0.5 au) and optically thick to be able to sustain several million years of
accretion. Alternatively, there might be a dearth of large dust grains in circumsubstellar
disks because the observed mid-infrared excess could also be explained by a gaseous disk
with small micron-sized dust grains.
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Although compact circumsubstellar disks cannot be spatially resolved with current
8-m class telescopes, they can create a measurable, integrated linear polarization at near-
infrared wavelengths (Stolker et al., 2017). The polarization can be introduced through
scattering of the companion’s thermal photons by dust within the disk, (partial) obscu-
ration of the companion’s atmosphere by the disk, or self-scattering in the case of a
high-temperature disk. In all cases, the disk must have a nonzero inclination because
the polarization of a face-on viewed, rotationally symmetric disk integrates to zero and
a low-inclination disk cannot obscure the companion’s atmosphere. Measuring polariza-
tion originating from circumsubstellar disks enables us to study the structure and physical
properties of the disks.

Planets and brown dwarf companions without a disk can also be linearly polarized
at near-infrared wavelengths. Late-M- to mid-L-type dwarfs are expected to have dusty
atmospheres because their temperatures are sufficiently low for refractory material to con-
dense (Allard et al., 2001; Ackerman & Marley, 2001). This atmospheric dust scatters the
thermal radiation emanating from within the object, linearly polarizing the light. Whereas
the spatially integrated polarization signal of a spherical, horizontally homogeneous dusty
atmosphere is zero, a net polarization remains when this symmetry is broken (Sengupta
& Krishan, 2001). Examples of these asymmetries are rotation-induced oblateness and
an inhomogeneous distribution of atmospheric dust clouds (Sengupta & Marley, 2010; de
Kok et al., 2011; Marley & Sengupta, 2011; Stolker et al., 2017), or even a large transiting
moon (Sengupta & Marley, 2016). Based on the models, the degree of linear polariza-
tion due to circumsubstellar disks and atmospheric asymmetries can be several tenths of
a percent up to several percent in favorable cases.

Spatially unresolved polarimetric observations have already been used to study disks
around pre-main sequence stars (e.g., Rostopchina et al., 1997; Bouvier et al., 1999;
Grinin, 2000; Ménard et al., 2003). In addition, optical and near-infrared polarization
has been detected for dozens of field brown dwarfs (Ménard et al., 2002; Zapatero Osorio
etal., 2005; Tata et al., 2009; Zapatero Osorio et al., 2011; Miles-Péez et al., 2013, 2017).
In most cases, the polarization of these brown dwarfs is interpreted as being caused by
rotation-induced oblateness or circumsubstellar disks, whereas an inhomogeneous cloud
distribution has appeared harder to prove. However, Millar-Blanchaer et al. (2020) re-
cently measured the near-infrared polarization of the two L/T transition dwarfs of the
Luhman 16 system and found evidence for banded clouds on the hotter, late-L-type ob-
ject.

With the adaptive-optics-fed high-contrast imaging instruments Gemini Planet Im-
ager (GPI; Macintosh et al., 2014) and SPHERE-IRDIS (Beuzit et al., 2019; Dohlen
et al., 2008) at the Very Large Telescope (VLT), we now have access to the spatial res-
olution and sensitivity required to measure the near-infrared polarization of substellar
companions at small separations. After correction for instrumental polarization effects,
the polarimetric modes of both instruments can reach absolute polarimetric accuracies of
<0.1% in the degree of polarization (Wiktorowicz et al., 2014; Millar-Blanchaer et al.,
2016; Chapter 2). Early attempts to measure the polarization of substellar companions by
Millar-Blanchaer et al. (2015) and Jensen-Clem et al. (2016) with GPI and in Chapter 4
with SPHERE-IRDIS have been unsuccessful. Nevertheless, in Chapter 4 it is shown that
SPHERE-IRDIS can achieve a polarimetric sensitivity close to the photon noise limit at
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angular separations >0.5". Ginski et al. (2018) detected a companion to CS Cha using
SPHERE-IRDIS and measured the companion’s polarization to be 14%, suggesting that
it is surrounded by a highly inclined and vertically extended disk. However, recent opti-
cal spectroscopic observations with MUSE show that the companion is not substellar in
nature, but is a mid M-type star that is obscured by its disk (Haffert et al., 2020).

In this chapter, we present the results of a survey of 20 planetary and brown dwarf
companions with SPHERE-IRDIS, aiming to detect linear polarization originating from
both circumsubstellar disks and atmospheric asymmetries. Our study is complemented
by a similar survey of seven companions using GPI and SPHERE by Jensen-Clem et al.
(2020).

The outline of this chapter is as follows. In Sect. 5.2 we present the sample of compan-
ions and the observations. Subsequently, we describe the data reduction in Sect. 5.3 and
explain the extraction of the polarization signals in Sect. 5.4. In Sect. 5.5 we discuss our
detections of polarization and the upper limits on the polarization for the non-detections.
In the same section, we present images of five circumstellar disks that we detected in our
survey. Because the most plausible explanation for the polarization of the companions is
the presence of circumsubstellar disks, we perform radiative transfer modeling of a repre-
sentative example of such a disk in Sect. 5.6. Finally, we discuss the implications of our
measurements in Sect. 5.7 and present conclusions in Sect. 5.8.

5.2 Target sample and observations

5.2.1 Target sample

The sample of this study consists of 20 known directly imaged planetary and brown dwarf
companions, out of the approximately 140 such companions that are currently known'.
Because the expected polarization of the companions is around a few tenths of a percent
or less, our primary selection criterion was whether SPHERE-IRDIS can reach a high
signal-to-noise ratio (S/N) in total intensity without requiring an excessive amount of
observing time. Therefore, the selected companions are relatively bright, are at a moderate
companion-to-star contrast, are at a large angular separation from the star, and/or have
a bright star for good adaptive-optics (AO) performance (see Chapter 4). Our sample
contains the majority of the approximately two dozen known companions that match these
requirements. Three of the remaining companions have been observed by Jensen-Clem
et al. (2020) in their survey of seven companions.

An overview of the properties of the companions of our sample is shown in Fig. 5.1,
with the full details presented in Table 5.12. The sample is diverse, with the companions
spanning spectral types from T5.5 to M7, masses between approximately 6 and 70 My,
and ages between approximately 2 Myr and 11 Gyr. The companions orbit stars of spec-
tral types A5 to M1. Six companions show evidence of hosting a circumsubstellar disk,

IFrom The Extrasolar Planets Encyclopaedia, http://exoplanet.eu, (Schneider et al., 2011), consulted
on January 5, 2021.

2Throughout this chapter we use the short names GSC 8047, GSC 6214, 1RXS J1609, and TYC 8998 for
the stars GSC 08047-00232, GSC 06214-00210 (or GSC 6214-210), IRXS J160929.1-210524, and TYC 8998-
760-1, respectively.
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Figure 5.1: Properties of the companions of our sample showing the age, spectral type,
mass (surface area of data points), effective temperature, and possible existence of a cir-
cumsubstellar disk (thick border). The data points of HR 8799 b and c, and of HR 8799 d
and e, overlap.

mostly in the form of red near-infrared colors, excess emission at mid-infrared wave-
lengths, and hydrogen emission lines that reveal ongoing accretion. As can be seen
particularly well from Fig. 5.1, the overall sample ranges from young, hot, accreting
companions with spectral types between late M and early L, to old, cold, and massive
companions of later spectral types. For the six companions that show evidence of hosting
a circumsubstellar disk, we expect any polarization to be primarily due to this (spatially
unresolved) disk, whereas for the other companions polarization would most likely be due
to an inhomogeneous cloud distribution or rotation-induced oblateness.

5.2.2 Observations

All our observations were performed with the dual-beam polarimetric imaging (DPI)
mode of SPHERE-IRDIS (de Boer et al., 2020; Chapter 2). In this mode, linear polarizers
are inserted in the left and right optical channels of IRDIS to simultaneously create im-
ages of the two orthogonal linear polarization states on the detector. A rotatable half-wave
plate (HWP) modulates the incident linear polarization with switch angles 0°, 45°, 22.5°,
and 65.5° (a HWP cycle) to measure Stokes Q and U. The observations were carried
out between October 10, 2016, and February 16, 2020, under generally good to excellent
atmospheric conditions. An overview of the observations is shown in Table 5.2.

The observation strategy was as follows. We generally observed each target multiple
times with typically over 30 min of on-source exposure time per visit. However, for some
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Table 5.1: Properties of the companions of our sample.

Target d(pc)  SpT star Age p (") Mass (My,p)  SpT companion Ter (K) logg Evidence CSD References
HR 8799 b 41.2 A5 42*Myr 1.7 5.8+0.5 ~L/T 1175 + 125 ~3.5 - 12,3
HR 8799 ¢ 412 A5 42*Myr 09 Ewmm ~L/T 1225+125  3.5-39 - 123
HR 8799 d 41.2 A5 42% Myr 0.7 7.2%0¢ L7+1 1200+ 100 3.0 - 45 - 123
HR 8799 e 412 A5 42*Myr 04 7.2406 L7+1 1150 + 50 43+03 - 1234
PZ Tel B 47.0 G9 21£4Myr 0S5 38-72 M7+ 1 2700 + 100 <45 - 5,6

HR 7672 B 17.7 GO 24708 Gyr 0.8 68.7134 L45+15 1510 - 1850 5.0 - 5.5 - 7,8,9,10
GSC 8047 B 86.0 K2 ~30 Myr 32 224 M9.5 £ 0.5 2200+ 100  4.0+0.5 - 5,11,12,13
HD 19467 B 32.0 G3 10+1Gyr 16 S.ﬁww T5.5+ 1 97829 ~5 - 14,15,16
GQLup B 151.2 K7 2-5Myr 07 ~10 - 40 Ll+1 2400 + 100  4.0=0.5 17,18,19,20
HD 206893 B 40.8 F5 250%30 Myr 0.3 15 - 40 L3-L5 1300 - 1700 3.5 - 5.0 - 721,22
HD 4747 B 18.8 G9 11+7Gyr 06 65.3*44 Tl +2 1407413 5.2+02 - 15,23,24
CD-352722B 224 Ml 100 +50 Myr 3.1 31+8 L4 =1 1700 - 1900  4.5+0.5 - 5,25
AB Picb 50.0 K1 ~30Myr 55 134 LO=+1 180019 45+0.5 - 5,13,26,27
HD 106906 b 103.0 F5 13+2Myr 7.1 125%15 L15+1.0 1820 + 240 ~3.5 NP 28,29,30
GSC 6214 B 108.5 K5 172 Myr 22 145£20 M9.5 £ 1 2200 + 100 . HNM 19,31
PDS 70 b 113.0 K7 54+ 1.0Myr 02 ~10 ~L 1500 - 1600 ~4 H 32,33,34,35,36
IRXSJI609B  139.1 MO ~10Myr 22  140+15 L2+1 2000 + 100 ~4 N.M,Ay 19,37,38
DH Tau B 134.8 Ml ~2Myr 23 15] M9.25+£025 2400100  35+£05 HN 13,19,39
BPichb 19.7 A6 18520 Myr 03 133 L2+1 1694 = 40 4.17+919 - 40,41,42,43,44
TYC 8998 b 94.6 K3 167+ 14Myr 1.7 14+3 ~L0 17274172 ; - 32,45

Notes. d is the distance from Earth, SpT stands for spectral type, p is the approximate angular separation of the companion from the host star at the time of observation, T is
the effective temperature, and log g is the surface gravity. The second column from the right indicates the evidence for the existence of a circumsubstellar disk (CSD), which
includes hydrogen emission lines (H), red near-infrared colors (N), excess emission at mid-infrared wavelengths (M), a radially extended point spread function in Hubble
Space Telescope images (P), and significant extinction by dust (Ay). HR 7672 B, HD 19467 B, HD 4747 B, and 3 Pic b have also been observed by Jensen-Clem et al. (2020).

References. Distances from Gaia DR2 (Gaia Collaboration et al., 2018; Bailer-Jones et al., 2018). Other properties from: (1) Gray et al. (2003), (2) Wang et al. (2018),
(3) Bonnefoy et al. (2016), (4) Gravity Collaboration et al. (2019), (5) Torres et al. (2006), (6) Maire et al. (2016a), (7) Gray et al. (2006a), (8) Crepp et al. (2012), (9) Liu
et al. (2002), (10) Boccaletti et al. (2003), (11) Chauvin et al. (2005a), (12) Ginski et al. (2014), (13) Bonnefoy et al. (2014), (14) Crepp et al. (2014), (15) Wood et al. (2019),
(16) Crepp et al. (2015), (17) Kharchenko & Roeser (2009), (18) Donati et al. (2012), (19) Wu et al. (2017a) and references therein, (20) Wu et al. (2017b) and references
therein, (21) Delorme et al. (2017), (22) Milli et al. (2017), (23) Montes et al. (2001), (24) Crepp et al. (2018), (25) Wahhaj et al. (2011), (26) Bonnefoy et al. (2010),
(27) Chauvin et al. (2005b), (28) Houk & Cowley (1975), (29) Kalas et al. (2015), (30) Daemgen et al. (2017), (31) Pearce et al. (2019), (32) Pecaut & Mamajek (2016),
(33) Miiller et al. (2018), (34) Keppler et al. (2018), (35) Christiaens et al. (2019), (36) Haffert et al. (2019), (37) Rizzuto et al. (2015), (38) Wu et al. (2015), (39) Herbig
(1977), (40) Gray et al. (2006b), (41) Miret-Roig et al. (2020), (42) Stolker et al. (2020), (43) Chilcote et al. (2017), (44) Dupuy et al. (2019), (45) Bohn et al. (2020).
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Table 5.2: Overview of the observations performed.

Tracking . . Parallactic . " Coherence

Target Date mode Filter ~ DIT (s) NDIT ey, (min) rotation (%) Seeing (") time (ms)
HR 8799 2016-10-11 Pupil BB_H 16 3 137.6 50.5 041-093 24- 6.1
PZ Tel 2016-10-10 Pupil  BB_H 12 4 32,0 143 057-121  3.6- 64
2016-10-12 Pupil  BB_J 12 4 32,0 12.9 086-124 28- 6.1

HR 7672 2018-06-08 Pupil  BB_H 4 1 12.8 9.8 0.51-0.68 3.5- 59
2018-07-13 Pupil  BB_H 4 1 12.8 11.0 036-046 7.2-11.0

2018-07-14 Pupil  BB_H 4 1 12.8 10.9 044-056 11.7-152

GSC 8047  2018-08-07 Pupil  BB_H 64 1 427 13.0 040-0.65 39- 68
2018-08-09A  Pupil  BB_H 64 1 427 13.7 043-082 3.1- 73

2018-08-09B  Pupil  BB_H 32 2 384 17.7 0.39-056 4.0- 92

HD 19467  2018-08-07 Field BB_H 12 1 25.6 047-0.66 22- 39
2018-08-10A  Field  BB_H 12 1 25.6 042-053  64-112

2018-08-10B  Field  BB_H 12 1 32.0 0.52-0.78 43- 95

GQ Lup 2018-08-15 Pupil  BB_H 32 1 384 6.0 048-0.72 39- 79
HD 206893  2018-09-06 Pupil BB_K, 32 1 363 316 046-0.64 65-104
2018-09-08 Pupil BB_K, 32 1 40.5 393 048-084 112-195

HD 4747 2018-09-10 Pupil BB_K, 12 1 256 11 1.19-177  20- 35
2018-09-11 Pupil BB_K, 12 1 256 12 0.53-0.75 22- 44

CD-352722  2018-11-22 Pupil  BB_H 16 1 16.0 33 0.56-0.68 2.7- 5.1
AB Pic 2019-01-12 Field  BB_H 32 1 46.9 059-091 27- 53
HD 106906  2019-01-17 Field BB_H 32 1 29.9 040-086 5.1-118
2019-01-18 Field BB_H 32 1 29.9 040-096  8.4-14.4

2019-01-20 Field BB_H 32 1 29.9 044-0.78 11.5-16.7

2019-01-26 Field BB_H 32 1 29.9 0.36-048 13.9-20.1

GSC 6214 2019-02-22 Pupil  BB_H 32 1 29.9 13 043-099 11.2-21.0
2019-08-06 Pupil  BB_H 32 1 33.1 1.6 034-053 5.1-114

2019-08-07 Pupil  BB_H 32 1 29.9 0.8 043-0.58 58- 88

PDS 70 2019-07-12 Pupil BB_K, 64 1 135.5 85.2 037-0.79 28- 54
2019-08-09 Pupil  BB_H 64 1 384 135 128-167 18- 25

IRXS J1609  2019-08-06 Pupil  BB_H 32 1 29.9 15 033-050 8.0-132
2019-08-29 Field BB_H 64 1 46.9 0.55-081 2.6- 3.6

2019-08-31 Field BB_H 64 1 11.7 0.89-1.13 22- 30

2019-09-17A  Field  BB_H 64 1 12.8 0.58-0.73 34- 4.1

2019-09-17B  Field  BB_H 64 1 384 0.52-080 27- 39

2019-09-23 Field BB_H 64 1 384 071-1.03 3.0- 5.

DH Tau 2019-08-17 Pupil  BB_H 32 1 14.9 43 048-056 39- 48
2019-09-16 Field BB_H 64 1 384 090-1.60 1.6- 29

2019-10-24 Field BB_H 64 1 384 020-032 55-120

2019-10-25A  Field  BB_H 64 1 384 0.50-099 59-104

2019-10-25B  Field  BB_H 64 1 384 047-0.64 53-117

B Pic 2019-10-29 Pupil  BB_H 4 8 29.9 209 034-060 33- 58
2019-11-26 Pupil  BB_H 4 8 29.9 19.8 037-053 29- 78

TYC8998  2020-02-16 Pupil  BB_H 32 4 34.1 12.8 046-0.75  7.1-11.2

Notes. The date is in the format year-month-day, DIT stands for detector integration time, NDIT is the number of detector
integrations per HWP switch angle and f.yp is the total on-source exposure time. The parallactic rotation is only indicated for
observations performed in pupil-tracking mode. The seeing and coherence time are retrieved from measurements by the DIMM
(Differential Image Motion Monitor) and from the MASS-DIMM (Multi-Aperture Scintillation Sensor), respectively.
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targets a single visit was enough to detect the companion with high S/N in total intensity.
We mainly observed in broadband H, but sometimes used broadband J or K; when we
wanted to obtain data in an additional filter or in the case the companion was brighter in
K, than H. We used the apodized Lyot coronagraph with a mask diameter of 185 mas (for
J and H) or 240 mas (for Kj) to suppress the starlight (Carbillet et al., 2011; Guerri et al.,
2011). This allowed us to use longer integration times per frame to minimize the effects of
read noise. However, we did not use integration times longer than 64 s to limit the effect
of changing atmospheric conditions during a HWP cycle. In addition to the polarimetric
science frames, we took star center frames to accurately determine the position of the star
behind the coronagraph and star flux frames to measure the total stellar flux. We also took
sky frames with the same instrument setup as the science and star flux frames to subtract
the sky background from the respective frames.

For the majority of the observations, we used the pupil-tracking mode (see Chap-
ter 4). In this mode the image derotator (K-mirror) rotates such that the telescope pupil
is kept fixed with respect to the detector while the on-sky field of view rotates with the
parallactic angle. The pupil-tracking mode has numerous advantages. With sufficient
parallactic rotation we can apply angular differential imaging (ADI; Marois et al., 2006)
to suppress speckle noise and accurately determine the total intensity of the companions
located at small angular separations from the star. Furthermore, because the speckles
are quasistatic, they are more effectively removed in the polarimetric data-reduction steps
(and can be further suppressed by applying ADI to the polarimetric images). In addition,
the diffraction spikes created by the support structure of the telescope’s secondary mirror
are suppressed by a mask added to the Lyot stop. Finally, the loss of signal due to the
crosstalk produced by the image derotator is limited (see Chapter 2). As a result, the
polarimetric efficiency, that is, the fraction of the linearly polarized light incident on the
telescope that is actually measured, is always high (typically > 90%).

For a few targets, we used the field-tracking mode to be able to offset the derotator
position angle and control the orientation of the image on the detector. For instance,
the companions of AB Pic and HD 106906 are at such large angular separations (see
Table 5.1) that we needed to place them in one of the corners of the 11”7 x 11" field of
view to make them visible. In the case of 1RXS J1609 and DH Tau we switched to field-
tracking mode after we discovered that both companions crossed a cluster of bad pixels
during the pupil-tracking observations. In all cases, we chose the orientation of the image
derotator such that the polarimetric efficiency was high (see de Boer et al., 2020).

5.3 Data reduction

We reduced the data with the publicly available and highly automated pipeline TRDAP?
(IRDIS Data reduction for Accurate Polarimetry), version 1.2.2 (Chapter 2). IRDAP pre-
processes the raw data by subtracting the sky background, flat fielding, correcting for bad
pixels, extracting the images of IRDIS’ left and right optical channels, and centering us-
ing the star center frames. It then subtracts the right images from the left images (the
single difference) for each of the measurements taken at HWP switch angles equal to 0°,

Shttps://irdap.readthedocs.io
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45°,22.5°, and 67.5° to obtain the Q*-, Q~-, U*-, and U™ -images, respectively. IRDAP
also adds these same left and right images (the single sum) to obtain the total-intensity
Iy+-, 1g--, Iy+-, and Iy--images. Subsequently, IRDAP computes cubes of Q- and U-
images from the double difference and the corresponding cubes of total-intensity /- and
Iy-images from the double sum, as:

1

0= -0, (5.1
1

IQ = E (IQ+ + IQ—), (52)

and similar for U and Iy. For the two data sets of HD 4747 and the data set of PZ Tel
in J-band, strongly varying atmospheric seeing prevents the double difference from fully
removing the signal created by transmission differences between the two orthogonal po-
larization directions downstream of the image derotator. To remove this spurious polariza-
tion, we used the normalized double difference (see Chapter 2) instead of the conventional
double difference for these three data sets.

After computing the double difference and double sum, IRDAP uses a fully validated
Mueller matrix model to correct for the instrumental polarization (created upstream of the
image derotator) and crosstalk of the telescope and instrument with an absolute polarimet-
ric accuracy of <0.1% in the degree of polarization. IRDAP also derotates the images and
corrects them for true north (see Maire et al., 2016b). This results in a total of four images:
0, U, Ip, and Iy, that constitute our best estimate of the linear polarization state incident
on the telescope. Finally, IRDAP computes images of the linearly polarized intensity
PI = \/(Q* + U?), and, following the definitions of de Boer et al. (2020), images of Q4
and Uy. Positive (negative) Oy indicates linear polarization in the azimuthal (radial) di-
rection, and U, shows the linear polarization at +45° from these directions. In Sect. 5.5.5
we use the polarized intensity and Q- and Ug-images to show the five circumstellar disks
that we detected.

The model-corrected Q- and U-images often contain a halo of polarized light from
the star. This polarization can originate from interstellar dust, (unresolved) circumstellar
material, and spurious or uncorrected instrumental polarization. With IRDAP we can
therefore determine the stellar polarization from the /-, I7-, and model-corrected Q- and
U-images by measuring the flux in these images in a user-defined region that contains
only starlight and no signal from a companion, background star, or circumstellar disk.
For most data sets we measured the stellar polarization using a star-centered annulus
placed over the AO residuals, or in the case that region contains little flux, a large aperture
centered on the star. IRDAP then determines the corresponding uncertainty by measuring
the stellar polarization for each HWP cycle individually and computing the standard error
of the mean over the measurements. Finally, IRDAP creates an additional set of Q- and
U-images with the stellar polarization subtracted. To this end, it scales the Ip- and Iy-
images with the measured fractional stellar polarization and subtracts the resulting images
from the model-corrected Q- and U-images. Whenever discussing data in this chapter, we
always mean the reduction without the stellar polarization subtracted, unless explicitly
stated.
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For the observations taken in pupil-tracking mode, IRDAP additionally performs clas-
sical ADI and ADI with principal component analysis (PCA; Soummer et al., 2012;
Amara & Quanz, 2012) to suppress the stellar speckle halo and detect the companions
in total intensity. IRDAP also processes the star flux frames by performing sky subtrac-
tion, flat fielding, bad-pixel correction, and registering through fitting the frames to a 2D
Gaussian function. We obtained the final images of the stellar point spread function (PSF)
by mean-combining the left and right processed star flux frames and scaling the pixel val-
ues to the integration time and system transmission (i.e., due to neutral-density filters)
of the science frames. We separately reduced the data sets of targets that we observed
multiple times and then used IRDAP to mean-combine the final images produced in each
reduction.

The final Q- and U-images of most data sets still contain a small amount of speckle
noise close to the star. For the data sets of HR 8799, HD 206893 and 8 Pic, which
have companions at small separations from the star, we therefore performed additional
reductions in which we apply classical ADI on the polarimetric images to further suppress
these speckles (see Chapter 4). To this end, we added a reduction step to IRDAP in
which we median-combine the instrumental-polarization-subtracted Q-frames (and U-
frames) and subtract the resulting median image from each of the frames before derotating
them. In these reductions we skip the later step of determining and subtracting the stellar
polarization because the ADI step has already removed the halo of polarized starlight.

5.4 Extraction of polarization of companions: Detection
of polarization of DH Tau B

With the data of all targets reduced, we can determine the polarization of the compan-
ions, or, in the case we do not detect significant polarization, place upper limits on the
degree of polarization of the companions. For this we have developed a method similar to
that employed by Jensen-Clem et al. (2020), which, in turn, is based on the method used
by Jensen-Clem et al. (2016). In this method, we use aperture photometry to estimate
the probability distributions of the companion signals in the Ip-, Iyy-, O-, and U-images.
We then use these distributions to calculate the probability distributions of the degree and
angle of linear polarization, from which we retrieve the median values, uncertainties, and
upper limits. We applied this method to the data sets of GSC 8047, CD-35 2722, AB Pic,
HD 106906, GSC 6214, 1RXS J1609, DH Tau, and TYC 8998. In this section, we demon-
strate the method using the 2019-10-24 H-band data set of DH Tau and exemplify the
detection of the polarization of DH Tau B, a companion at a large angular separation from
its star. For companions at close separations or with large star-to-companion contrasts,
we have slightly adapted the method and determine the distributions in /o and Iy; through
ADI with negative PSF injection or fitting of the companion PSF. In Appendices 5.C and
5.D we demonstrate the two respective methods and show how we set upper limits on the
polarization of 5 Pic b and HD 19467 B.

To start the analysis of the 2019-10-24 data set of DH Tau, we determine the center
coordinates of the companion DH Tau B by mean-combining the /- and /y-images and
fitting a 2D Moffat function to the resulting image at the position of the companion. We
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Figure 5.2: Reduced Ip-, O-, and U-images (after applying the cosmetic correction de-
scribed in Appendix 5.A) at the position of the companion DH Tau B of the 2019-10-24
data set of DH Tau, showing an aperture of radius 8 pixels centered on the companion.
The Iy/-image, which is not shown, is very similar to the /y-image.

then make a cosmetic correction to the Q- and U-images (if necessary) to remove spurious
structures that result from imperfect relative centering of the images, image motion, and
parallactic rotation (see Appendix 5.A). The Iy-, O-, and U-images (after the cosmetic
correction) at the companion position are shown in Fig. 5.2. The signals in Q and (in
particular) in U are clear indications that DH Tau B is polarized.

To determine the probability distributions of the companion signals in Iy, Iy, Q, and
U, we define a range of aperture radii from 1 to 10 pixels to be used for the photometry.
For each aperture radius we perform the following five steps, after which we select the
final aperture radius to be used for our results. Because at the end of this section we select
a final aperture radius of 8 pixels, we use this radius in the examples of the five steps
below.

As the first step, we place an aperture of the given radius at the position of the com-
panion in each of the Iy-, Iy-, Q-, and U-images (see Fig. 5.2) and sum the flux in the
aperture. In the same images we then place a ring of comparison apertures around the
star at the same separation as the companion to sample the background. We exclude those
apertures that contain the first Airy ring of the companion, diffraction spikes from the
star and the companion, and clusters of bad pixels. The resulting ring of apertures for an
aperture radius of 8 pixels is shown superimposed on the /p-image in Fig. 5.3. In this fig-
ure the first Airy ring and the diffraction spikes created by the Lyot stop mask are clearly
visible at the companion position, which is evidence of the extremely good atmospheric
conditions during the observations (see Table 5.2). Finally, we sum the flux in each of
the comparison apertures and compute the mean background as the mean of the aperture
sums.

In step two, we calculate the probability density function (PDF) of the companion
signal in Iy, Iy, Q, and U, taking into account only the photon noise of the companion.
To this end, we compute the companion signals in Iy, Iy, O, and U by subtracting the
mean background from the summed flux of the companion aperture. We then compute
the PDFs of Iy and Iy from a Gaussian distribution with the mean and variance equal
to the respective companion signals, while accounting for the conversion from counts
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Figure 5.3: Reduced Ip-image of the 2019-10-24 data set of DH Tau, showing an aper-
ture of radius 8 pixels at the position of the companion DH Tau B (red) and the ring of
comparison apertures of the same radius around the star (white).

to total number of detected photoelectrons and back to counts (using a detector gain of
1.75 e”/count). The resulting PDF of I, for an aperture radius of 8 pixels is shown in
Fig. 5.4 (left). For large number of photons, the photon noise in Q and U is the same
as that in Iy and Iyy. We therefore construct the PDFs of Q and U from a Gaussian
distribution with the mean equal to the companion signals in Q and U, but the variance
equal to that of the PDFs of I, and Iy;. Figure 5.4 (right) shows the resulting PDF in Q.
For the third step, we estimate the PDF of the background in Iy, Iy, Q, and U using
the comparison aperture sums obtained in the first step. To not a priori assume a specific
functional form of the PDF, we use kernel density estimation (KDE). In this method, the
PDF is obtained by placing a Gaussian kernel of a given bandwidth (i.e., a Gaussian dis-
tribution with a given standard deviation) at each data point of the sample and summing
the resulting kernels. We compute the bandwidth of the Gaussian kernel using Scott’s
rule (Scott, 2015), in this case yielding a bandwidth of ~84 counts for Iy and Iy, and
~18 counts for Q and U. Histograms of the background samples and the PDFs as esti-
mated via KDE for an aperture radius of 8 pixels are shown in Fig. 5.5. We note that
for very close-in companions such as PDS 70 b, the number of comparison apertures is
low enough that KDE does not produce accurate results. When there are fewer than 21



First polarimetric detections revealing disks of DH Tau B and GSC 6214-210 B 125

201668 £+ 80 counts —393 £ 80 counts
0.005 A 0.005 A
2 0.004 A 0.004 A
(%]
C
()
O 0.003 0.003 A
oy
® 0.002 0.002 -
Ne]
o
o
0.001 A 0.001 A
0.000 - 0.000 -
201500 201750 202000 -750 =500 -250 0
lo (counts) Q (counts)

Figure 5.4: PDF of the signal of DH Tau B in I (left) and Q (right) from the 2019-10-24
data set of DH Tau, using an aperture radius of 8 pixels and taking into account only the
photon noise of the companion. The mean and standard deviation of the distributions are
shown above the graphs, with the latter also indicated by the light-blue shaded area.

comparison apertures, we therefore account for the small-sample statistics by fitting the
background samples with a Student’s 7-distribution with the empirical standard deviation
equal to s = sbg\/(l + 1/n), with spe the standard deviation of the comparison aperture
sums and n the number of comparison apertures (see Mawet et al., 2014).

In step four, we compute the final probability distributions in Iy, Iy, Q, and U that in-
clude both the photon noise of the companion and the uncertainty of the background. For
this, we draw 10° random samples from the previously constructed PDFs of the compan-
ion signal (step two) and the background (step three). Because we already subtracted the
background when computing the PDF of the companion signal, we first subtract the mean
background from the drawn background samples. We then compute the final distribu-
tion by subtracting the resulting background samples from the samples of the companion
signal. Next, we compute the median values of the final distributions and determine the
uncertainties from the two-sided 68.27% equal-tailed interval around the median, corre-
sponding to the 1o (one standard deviation) confidence interval of the Gaussian distribu-
tion. The resulting probability distributions for an aperture radius of 8 pixels, including
the median values, uncertainties, and S/Ns (i.e., the median value divided by the largest
uncertainty), are shown in Fig. 5.6 (top row). The data are clearly photon-noise limited
in Q and U because the distributions are nearly Gaussian and the uncertainties are close
to the standard deviation shown in Fig. 5.4 (right). It follows that we detect DH Tau B
with a very high S/N in total intensity and also have significant detections of polarization,
especially in Stokes U.

As the fifth and final step, we use the Ip-, Iy-, O-, and U-samples to compute the
distributions of normalized Stokes ¢ = Q/I, normalized Stokes u = U/Iy, the degree of
linear polarization P = +/(¢*> +u*), and the angle of linear polarization y = 1/2 arctan(u/q).
‘We compute the median values and uncertainties in the same way as we did for Iy, Iy, O,
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Figure 5.5: Histograms of the background in Iy, Iy, Q, and U of the 2019-10-24 data
set of DH Tau, as obtained through summing the flux in the 8-pixel-radius comparison
apertures of Fig. 5.3. The mean and standard deviation of the samples are shown above
the histograms. The blue curves show the PDFs as estimated through KDE and the red
curves show the best-fit Gaussian distributions for comparison.
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Figure 5.7: Normalized Stokes parameters g and u and degree of linear polarization (top),
angle of linear polarization (center), and S/N in ¢, u, and the degree of linear polarization
(bottom) of DH Tau B as a function of aperture radius for the 2019-10-24 data set of
DH Tau. The uncertainties of the measured values are shown with error bars. The final
selected aperture radius of 8 pixels is indicated with the dashed vertical lines.

and U. The results of these computations for an aperture radius of 8 pixels are shown in
Fig. 5.6 (bottom row).

After performing the five steps above for each defined aperture radius, we plot the
median values and uncertainties of ¢, u, the degree and angle of polarization, and the
S/N in ¢, u, and the degree of polarization as a function of aperture radius in Fig. 5.7.
From this figure we see that, within the uncertainties, the polarization of the companion
is constant with changing aperture radius. We select a final aperture radius of 8 pixels, as
indicated by the vertical dashed lines in Fig. 5.7, because at this radius the S/N in g and u
is maximized and the aperture is sufficiently large to suppress (average out) the spurious
signals resulting from incompletely removed bad pixels (see Appendix 5.B). We conclude
that for this 2019-10-24 data set, we measure DH Tau B to have a degree of polarization
of 0.51 £ 0.04% and an angle of polarization of 56 + 3° (east of north) in H-band.
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5.5 Results

After careful analysis of our data with the methods as described in Sect. 5.4 and Appen-
dices 5.C and 5.D, we detected unresolved polarization originating from DH Tau B and
GSC 6214 B. We consider these measurements detections because the measured polar-
ization signals are significant (i.e., have an S/N of at least 5 in ¢ or u) and are very likely
intrinsic to the companions (i.e., are not due to interstellar dust). We present these results
in Sects. 5.5.1 and 5.5.2. We also marginally detected polarization from 1RXS J1609 B,
but we show in Sect. 5.5.3 that this polarization is best explained by interstellar dust. For
the other 17 companions we do not detect significant polarization. In Sect. 5.5.4, we place
upper limits on the degree of polarization of 1RXS J1609 B and these other companions.
Finally, in Sect. 5.5.5, we briefly describe five circumstellar disks that we detected in our
survey and of which two had not been imaged in polarized scattered light before.

5.5.1 Detection of intrinsic polarization of DH Tau B

In this section we present the detection of polarization originating from DH Tau B. Ta-
ble 5.3 shows the measured H-band degree and angle of polarization of DH Tau B, includ-
ing the uncertainties and the attained S/Ns, for each of the various data sets and the data
set created by mean-combining the final images of the three data sets taken at favorable
atmospheric conditions (i.e., the 2019-10-24, 2019-10-25A, and 2019-10-25B data sets;
see Table 5.2). For each data set the measured ¢- and u-signals are within the uncertainties
constant with aperture radius. We determined the final values of the polarization signals
using apertures of radius 8 pixels, which is at, or close to, the radius where the S/N in ¢
and u is maximized for the various data sets (see Sect. 5.4). As shown in Table 5.3, we
detect significant polarization from DH Tau B, reaching S/Ns of around 10 for the three
data sets taken at favorable atmospheric conditions. The measured degree and angle of
polarization for the different data sets are overall consistent. From visual inspection of the
images, we find that the small differences among the data sets are primarily due to small
biases caused by incompletely removed bad pixels (see Appendix 5.B). These differences
can additionally be caused by time-varying atmospheric conditions and AO performance,
the limited accuracy of the Mueller matrix model with which the data have been corrected
(see Chapter 2), and other unknown systematic effects. From the mean-combined images,
we measure DH Tau B to have a degree and angle of polarization of 0.48 + 0.03% and
58 + 2° (east of north), respectively, with an S/N of 7.7 in g and 16.1 in u.

Table 5.3 also lists the stellar degrees and angles of polarization as measured with an
annulus at the location of the AO residuals (see Sect. 5.3). For the mean-combined data
set we determined the uncertainty on the stellar polarization by propagating the uncertain-
ties from the individual data sets using a Monte Carlo calculation and assuming Gaussian
statistics. The measurements of the stellar polarization are very likely affected by some
systematic effects because the signals are less consistent than those of the companion and
show differences among the data sets that are much larger than the calculated (statistical)
uncertainties. The most likely explanation for these differences is that time-varying at-
mospheric conditions and AO performance cause the effective coronagraphic extinction
to vary from frame to frame. Because the companion is not affected by the coronagraph,
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Table 5.3: Degree and angle of linear polarization, including the uncertainties, of the
parent star DH Tau A and the companion DH Tau B as measured in H-band for each
of the five data sets and the data set created by mean-combining the final images of the
2019-10-24, 2019-10-25A, and 2019-10-25B data sets.

Data set Pgar (%) Xstar () Peom (%) Xeom () S/N geom  S/N Ueom
2019-08-17 0.08 £ 0.01 83+10 04 +0.1 46 +9 0.1 3.1
2019-09-16 0.23 +£0.01 114 +2 0.6+0.2 51+9 0.6 33
2019-10-24 0.11 = 0.01 119+ 3 051+004 56+3 4.3 10.6
2019-10-25A 0.16 + 0.01 145 +2 049+005 51+3 2.1 9.9
2019-10-25B 0.27 +£0.02 123 +£2 048 +£0.05 66«3 6.4 7.4
Mean combined 0.172 +0.009 128 +1 048 +0.03 58+2 7.7 16.1

Notes. P, and e are the degree and angle of linear polarization of the parent star DH Tau A, re-
spectively, and Pcop, and ycom are the degree and angle of polarization of the companion DH Tau B.
S/N Geom and S/N ucon, are the S/Ns with which the g- and u-signals of DH Tau B are detected.

this can also explain why the polarization measured for the companion is more consistent
among the data sets. The stellar polarization measurements show that the star could be
truly polarized because the angles of polarization for the three data sets taken at favorable
conditions (2019-10-24, 2019-10-25A, and 2019-10-25B) are quite similar. Importantly,
the measured polarization of the companion differs significantly from that of the star in
all data sets, with the companion having a significantly larger degree of polarization and
a very different angle of polarization.

DH Tau, at a distance of 135 pc4, is located at the front side of the Taurus molecular
cloud complex that extends from at least 126 pc to 163 pc (Galli et al., 2018). To de-
termine whether DH Tau B is intrinsically polarized, we therefore need to determine the
contribution of interstellar dust to the measured polarization. The interstellar polarization
is a result of dichroism by elongated dust grains that are aligned with the local (galactic)
magnetic field. Because interstellar dust creates the same polarization for the companion
and the star, this contribution can often be determined from the measured stellar polariza-
tion (e.g., for IRXS J1609, see Sect. 5.5.3, and ROXs 42B, see Jensen-Clem et al., 2020).
However, we cannot do that in this case because the star hosts a disk that we spatially
resolve in our images (see Sect. 5.5.5 and Fig. 5.12, top left) and therefore the stellar
polarization is likely a combination of intrinsic and interstellar polarization.

To investigate the contribution of interstellar dust to the polarization of DH Tau B, we
show in Fig. 5.8 a map of the polarization of DH Tau A and B and a few dozen nearby
stars. The map is superimposed on a Herschel-SPIRE (Pilbratt et al., 2010) image at
350 um that shows the concentrations of interstellar dust in the region. White lines show
optical measurements of stars at the periphery of the B216-B217 dark cloud from Heyer
et al. (1987). Yellow lines display measurements from Moneti et al. (1984) of the three
nearest bright stars to DH Tau. Of these stars, HD 283704 (58 pc) is unpolarized as it
is located in front of the clouds, whereas HD 283705 (170 pc) and HD 283643 (396 pc)
are located behind the clouds and are both polarized with an angle of polarization of

4All distances in this chapter are retrieved from Bailer-Jones et al. (2018).
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26 + 1°. Because the stars from Heyer et al. (1987) and Moneti et al. (1984) are generally
much older than DH Tau and are therefore not expected to have a circumstellar disk
that significantly polarizes their light, their polarization must primarily originate from
interstellar dust. Comparing the angles of polarization of DH Tau A (128 + 1°) and B
(58 +2°) with those of the reference stars in Fig. 5.8, we conclude that the polarization of
both DH Tau A and B must include an intrinsic component.

We now set limits on the interstellar degree of polarization of the DH Tau system. To
this end, we convert the optical measurements of the degree of polarization of the nearby
stars HD 283705 and HD 283643 (2.48% and 1.27%) from Moneti et al. (1984) to H-
band. For this conversion we use Serkowski’s law of interstellar polarization (Serkowski
et al., 1975):

P = Pryax xp [~K In* (Amax /)] (5.3)

where A is the wavelength of the light, Py, is the maximum degree of polarization, and
Amax 18 the wavelength at which this maximum occurs. The parameter K is computed
following Whittet et al. (1992):

K = 001 + 1-66/lmaxv (54)

with Anh.x in micrometers. Because the observations were taken without color filter, we
retrieve the spectral response of a Ga-As photomultiplier tube similar to that used for the
measurements® and multiply it with the transmission of the Earth’s atmosphere. With the
resulting spectral transmission, we can compute the degree of polarization that the instru-
ment measures from the transmission-weighted average over the curve from Serkowski’s
law. Assuming Ap,x = 0.55 um, which is the average value for the 16 bright stars in Tau-
rus observed by Whittet et al. (1992), we fit P, for both stars. From the fitted curves
we then compute the degree of polarization at H-band, yielding 0.9% for HD 283705
and 0.5% for HD 283643. Because DH Tau is located at the front side of the clouds
(rather than behind the clouds as are the comparison stars), the interstellar polarization of
DH Tau is most likely below 0.9%, probably below 0.5%. This is in agreement with the
H-band degrees of polarization of three nearby T Tauri stars whose archival SPHERE-
IRDIS polarimetric data we analyzed (see Fig. 5.8). Of these stars, DF Tau (125 pc) is
unpolarized, and DK Tau A (128 pc), which does not have a disk, and IQ Tau (131 pc),
which has a very faint disk, are 0.33% and 0.34% polarized, respectively, both with an
angle of polarization of ~30°.

Although we do not know the exact interstellar degree of polarization for DH Tau,
the angle of polarization is likely close to 26°, which is the angle of both HD 283705
and HD 283643. To see whether DH Tau B is intrinsically polarized, we take the polar-
ization signal that we measured in the mean-combined images (0.48 + 0.03% at 58 + 2°;
see Table 5.3) and subtract interstellar polarization signals with an angle of polarization
of 26° and a range of degrees of polarization. The resulting intrinsic degree and angle
of polarization of DH Tau B versus the interstellar degree of polarization is shown in
Fig. 5.9 (top). We see that the intrinsic polarization decreases for interstellar degrees of
polarization between 0% and 0.2% and increases for larger interstellar polarizations. The

SRCA Photomultiplier Manual, http://www.decadecounter.com/vta/pdf/RCAPMT. pdf, consulted on
June 2, 2020.
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Figure 5.9: Intrinsic polarization of DH Tau B after subtracting interstellar polarization
signals from the measured polarization of the companion. 7op: Intrinsic degree and angle
of linear polarization of DH Tau B as a function of the degree of polarization due to inter-
stellar dust, assuming an angle of 26° for the interstellar polarization. The bands around
the curves show the uncertainties of our measurements. Bottom: Probability distributions
of the intrinsic degree of polarization of DH Tau B for a range of degrees of polarization
due to interstellar dust, assuming the angle of the interstellar polarization to have the same
distribution as that determined by Goodman et al. (1992) for the B216-B217 dark cloud
adjacent to DH Tau. The probability distribution of each column is normalized to one.
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intrinsic polarization increases because an ever larger interstellar polarization needs to be
canceled to produce the measured polarization. For the range plotted, the intrinsic an-
gle of polarization increases from 60° to 100°. Most importantly, the intrinsic degree of
polarization is always higher than 0.4%, showing that DH Tau B should be intrinsically
polarized if the interstellar polarization indeed has an angle of polarization of 26°.

From the measurements by Heyer et al. (1987) (white lines in Fig. 5.8), we see that
there are slight variations in the angle of polarization of the stars in the region. Good-
man et al. (1992) determined that the angles of polarization of these stars are Gaussian
distributed with a mean of 27° and a standard deviation of 15°. Using this distribution
of angles, we take a more probabilistic approach and perform a Monte Carlo simulation
in which we compute for a range of interstellar degrees of polarization the probability
distribution of the intrinsic polarization. The histograms of the resulting distributions for
each value of the interstellar degree of polarization are displayed in Fig. 5.9 (bottom). In
this figure we have normalized the distribution of each column to one. It follows that the
curves of Fig. 5.9 (top) are in fact among the most probable scenarios. We also see that
DH Tau B must be at least 0.2% intrinsically polarized for interstellar degrees of polar-
ization between 0% and 0.3% or higher than 0.7%, regardless of the interstellar angle of
polarization. Only for interstellar degrees of polarization between 0.3% and 0.7% there
is a small possibility (~8%) that DH Tau B is not intrinsically polarized. Based on these
findings, we conclude that DH Tau B is very likely intrinsically polarized.

5.5.2 Likely detection of intrinsic polarization of GSC 6214 B

In this section we present the likely detection of intrinsic polarization originating from
GSC 6214 B. Figure 5.10 shows the reduced Iy-, Q-, and U-images in H-band at the
position of the companion of the data set created by mean-combining the final images of
the three data sets. Table 5.4 shows the measured polarization of GSC 6214 B for the
three individual data sets and the mean-combined one. Similar to the DH Tau data, the
measured polarization signals of each data set are within the uncertainties constant with
aperture radius. We select a final aperture radius of 4 pixels, corresponding to the (ap-
proximate) radius where the S/N in g and u is maximized in each of the data sets. Overall
the measured degree and angle of polarization of the data sets are consistent within the
uncertainties. The slightly different results of the 2019-02-22 data set compared to the
other two data sets could be caused by the relatively strong time-varying atmospheric
conditions that the observations were taken under (see Table 5.2). Whereas the ¢g- and
u-measurements of the three data sets individually do not reach the required So--limit for
a detection, the mean-combined measurement does, reaching an S/N of 5.2 in u. From the
mean-combined data we therefore conclude that we detect significant polarization from
GSC 6214 B, with a degree and angle of polarization of 0.23 + 0.04% and 138 + 5°,
respectively.

Table 5.4 also shows the stellar degrees and angles of polarization. Because we do
not spatially resolve a disk around GSC 6214 A, we used a star-centered aperture ex-
tending up to and including the AO residuals to maximize the S/N. The measured signals
show significant differences and are overall inconsistent among the data sets. The signals
average to a degree of polarization of only 0.10%. The measurements of the stellar polar-
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Figure 5.10: Reduced mean-combined /-, O-, and U-images (after applying the cosmetic
correction described in Appendix 5.A) at the position of the companion GSC 6214 B,
showing an aperture of radius 4 pixels centered on the companion. The I;;-image, which
is not shown, is very similar to the /p-image.

Table 5.4: Degree and angle of linear polarization, including the uncertainties, of the
parent star GSC 6214 A and the companion GSC 6214 B as measured in H-band for each
of the three data sets and the data set created by mean-combining the final images of the
three data sets.

Data set Pgar (%) Xsar O) Peom (%) Xecom (©)  S/Ngeom  S/N tcom
2019-02-22 0.17+005 27+9 0.18+0.07 14316 0.5 1.9
2019-08-06 0.18+0.06 72+13 026+0.07 137+8 0.2 3.6
2019-08-07 0.08+004 70+x17 024+0.07 139+9 0.4 29
Mean combined 0.10+0.03 54 +9 023+0.04 138+5 0.5 52

Notes. The meaning of the column headers is described in the notes of Table 5.3.

ization are therefore most likely dominated by spurious signals. To determine whether the
companion is truly polarized, we need to investigate the potential origins of these spurious
signals and the effect they have on the measurement of the companion polarization.

If the stellar polarization primarily results from uncorrected instrumental polarization,
which to first order equally affects the star and the companion, we would need to subtract
these signals from the images. Using the mean-combined images with the stellar polar-
ization subtracted, we measure for the companion a degree and angle of polarization of
0.32 £ 0.04% and 141 + 4°, respectively, with an S/N of 1.4 in g and 7.2 in u. This polar-
ization signal is larger and more significant than that measured from the images without
the stellar polarization subtracted (see Table 5.4). However, the measured signals are less
consistent among the data sets, suggesting that uncorrected instrumental polarization may
not be the principal cause of the stellar polarization.

A more likely scenario seems that the stellar polarization signals are dominated by
systematic effects due to time-varying atmospheric conditions and AO performance in
combination with the coronagraph, similar to the case of DH Tau (see Sect. 5.5.1). Also



136 Results

in the case of GSC 6214, the systematic effects do not affect (as much) the companion
measurements because those measurements are overall consistent among the data sets.
This suggests that the measurements of the companion are more reliable than those of
the star. Because the companion polarization is significantly different from the stellar
polarization in all data sets, particularly in the angle of polarization (see Table 5.4), and
we measure significant polarization from the companion for both the reduction with and
without the stellar polarization subtracted (reaching S/Ns of 7.2 and 5.2 in u, respectively),
we conclude that the companion is most likely truly polarized.

To determine whether the polarization of GSC 6214 B is intrinsic to the companion
or caused by interstellar dust, we show in Fig. 5.11 a map of the angles of polarization
of nearby bright stars from the catalog by Heiles (2000). The map is displayed over an
IRAS (Neugebauer et al., 1984) 100 um map that shows the dust concentrations in the
region of the Ophiuchus molecular cloud complex where GSC 6214 is located. Compar-
ing the angle of polarization of GSC 6214 B and the nearby stars, it may seem that the
companion is polarized by interstellar dust. However, GSC 6214 is located at 109 pc,
whereas estimates for the distance of the Ophiuchus molecular cloud complex range from
approximately 120 to 150 pc (e.g., Mamajek, 2008; Lombardi et al., 2008; Ortiz-Le6n
etal., 2017; Yan et al., 2019). Indeed, the three stars closest to GSC 6214 in Fig. 5.11 are
located at 128 to 131 pc. We therefore consider it more likely that GSC 6214 is located
in front of the main concentrations of dust. In addition, if the companion were polarized
by interstellar dust, we would expect to measure in all data sets a stellar polarization with
the same angle of polarization as the companion (which is the case for IRXS J1609; see
Sect. 5.5.3). In principle it is possible that GSC 6214 A is not significantly polarized
because the interstellar polarization is canceled by intrinsic polarization due to an unre-
solved circumstellar disk. However, this scenario seems very unlikely because Bowler
et al. (2015) do not detect a disk with ALMA and put an upper limit on the disk’s mass
as low as 0.0015% of the mass of the star. Taking into account all considerations, we
conclude that it is likely that the polarization we measure for GSC 6214 B is intrinsic to
the companion, but we stress that we are less confident than for DH Tau B.

5.5.3 Detection of interstellar polarization from 1RXS J1609 B

In this section we present the detection of polarization in the 1RXS J1609 system. In all
six data sets of IRXS J1609, we consistently measure within the uncertainties the same
degree and angle of polarization for the central star IRXS J1609 A. In the mean-combined
data set, which uses the four highest-quality data sets (2019-08-06, 2019-08-29, 2019-
09-17B, and 2019-09-23), we measure for the star a degree and angle of polarization
of 0.21 + 0.01% and 97 + 2°, respectively. In the same data set, we measure for the
companion 0.2 + 0.1% and 95 + 26°, using an aperture radius of 5 pixels. Although the
measurement of the companion polarization is not a significant detection, it is striking
that it is within the uncertainties the same as the measured stellar polarization. In the six
individual data sets we also measure the polarization of the companion to be consistent
with that of the mean-combined data, although with higher uncertainties. Finally, using
the mean-combined data, we measure for the relatively bright background object that is
also visible in the field of view a degree and angle of polarization of 0.3 + 0.1% and
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Figure 5.11: Map of the angle of linear polarization of the companion GSC 6214 B,
the star IRXS J1609 A, and other nearby bright stars superimposed on an IRAS map at
100 um. The angles of GSC 6214 B and 1RXS J1609 A are from the SPHERE-IRDIS
H-band measurements from this work, whereas for the other stars the angles are taken
from the catalog of optical measurements by Heiles (2000). The length of the lines is
arbitrary and contrary to Fig. 5.8 does not indicate the degree of polarization. White lines
indicate stars at a distance between 128 pc and 142 pc, and blue and orange lines show
objects closer or farther away, respectively. We note that the region shown is much larger
than that of Fig. 5.8, and so the angular separation among the stars is much larger as well.
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103 + 50°, respectively. Because all three objects have within the uncertainties the same
degree and angle of polarization, their polarization likely originates from the same source,
that is, from interstellar dust.

To confirm this scenario, we turn to Fig. 5.11, which shows that IRXS J1609 is located
in the Ophiuchus molecular cloud complex a few degrees west from GSC 6214. Contrary
to GSC 6214, 1RXS J16009, at a distance of 139 pc, is definitely located within the dust
clouds that are located at a distance of approximately 120 to 150 pc (see Sect. 5.5.2).
Indeed, the measured angles of polarization of 1RXS J1609 A, IRXS J1609 B and the
background object agree well with those of the nearby bright stars located at a similar
distance (see Fig. 5.11). Serkowski et al. (1975) have fitted their multiwavelength optical
measurements of the stars HD 144470 and HD 144217 (142 and 129 pc; see Fig. 5.11)
to Serkowski’s law of interstellar polarization (see Eq. (5.3)) and determined the values
of Pnax and Ay« for both stars. Using these values, we find that in H-band the degrees
of polarization are equal to approximately 0.4% and 0.3%, respectively. These values
are similar to the degree of polarization we measure for the star, the companion, and the
background object in our images of 1RXS J1609, where the slight differences are likely
due to the inhomogeneous spatial distribution of the interstellar dust. We conclude that the
polarization we measure for 1RXS J1609 B originates from interstellar dust and therefore
set an upper limit on the degree of polarization in Sect. 5.5.4.
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5.5.4 Upper limits on polarization of other companions

In this section we present upper limits on the degree of polarization of the 18 companions
for which we do not reach the So-limit in g or u to claim a detection. For the majority
of the companions, the S/N in ¢ and u is typically <2-3 for any aperture radius. For
four companions the maximum S/N in g or u reaches a value of almost 4. However,
in these four cases the signals in the O- and U-images (after the cosmetic correction
described in Appendix 5.A) do not resemble scaled-down positive or negative versions of
the total-intensity PSF as one would expect for real signals, but show strong pixel-to-pixel
variations caused by incompletely removed bad pixels (see Appendix 5.B).

Table 5.5 shows for each target the upper limits determined from the 68.27% and
99.73% intervals, as described in Appendix 5.C. For targets for which we obtained mul-
tiple data sets, we computed the upper limits from the mean-combined images. For the
majority of the companions, which are generally the fainter ones, we determined the
upper limits using an aperture radius equal to half times the full width at half maxi-
mum (FWHM) of the stellar PSF. This aperture radius is on average 1.9 pixels in H-
band and 2.6 pixels in K, -band, and is at, or close to, the radius at which the upper
limit is minimized. For seven, generally brighter companions (CD-35 2722 B, AB Pic b,
HD 106906 b, GQ Lup B, GSC 8047 B, PZ Tel B in J-band, and 1RXS J1609 B) we used
an aperture radius of 5 pixels to average out and suppress the spurious signals created by
incompletely removed bad pixels (see Appendix 5.B). However, the bad pixels generally
still create a bias in the ¢g- and u-signals, and so we have to accept that this increases the
upper limits. For the data sets where this bias is really strong (i.e., CD-35 2722, PZ Tel
in J-band, and TYC 8998), we excluded from the data reduction those frames that con-
tribute strong bad pixels at the position of the companion in the final images. Because
HD 106906 b is located at an angular separation of 7.1” from the central star, which is
larger than the isoplanatic angle during the observations, its PSF is strongly elongated
in the radial direction from the star. To account for this, we used an elliptically shaped
aperture. Finally, for the companions of HR 8799, HD 206893, and g Pic, we computed
the upper limits using the polarimetric images from the reduction with the added classical
ADI step (see Appendix 5.C).

Table 5.5 also shows for each target the stellar degree and angle of polarization. For
the majority of the stars the degree of polarization is around 0.1%. To be conservative
and because we generally do not know the origin of these low polarization signals (intrin-
sic, interstellar dust or spurious), we interpret the signals as biases. For these targets we
therefore computed the upper limits on the companion polarization from both the reduc-
tions with and without the stellar polarization subtracted, and show the highest values in
Table 5.5. For three targets we measure a stellar polarization higher than approximately
0.1%. In the case of GQ Lup and PDS 70 this stellar polarization is caused by a circum-
stellar disk (see Keppler et al. 2018 and Sect. 5.5.5). Although GQ Lup is located in the
Lupus I cloud, the contribution of interstellar dust is likely small because HD 141294,
the nearest bright star to GQ Lup (at 14.3" and a distance of 153 pc compared to 151 pc
for GQ Lup), is unpolarized at optical wavelengths (Rizzo et al., 1998; Alves & Franco,
2006). For PDS 70 and GQ Lup we therefore determined the upper limits using only the
images without the stellar polarization subtracted. For IRXS J1609 on the other hand, the
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Table 5.5: 68.27% and 99.73% upper limits on the degree of linear polarization of the
companions (P.om), as well as the measured degree and angle of linear polarization of
the central star (Pg,r and ygar), for the targets for which we do not detect significant
polarization.

Target Filter Pgar (%) Xstar(®) 68.27% upper 99.73% upper
limit on Peo (%)  limit on Peo, (%)
HR 8799 b BB_H 0.057 +£0.006 126+3 0.6 1.2
HR 8799 ¢ BB_H 0.057 +£0.006 126+3 0.5 1.1
HR 8799 d BB_H 0.057+£0.006 126+3 0.5 1.2
HR 8799 e BB_H 0.057+0.006 126+3 0.6 1.3
PZ Tel B BB_H 0.05 +0.03 17+24 0.06 0.1
PZ Tel B BB_J 0.13 £ 0.01 159 +2 0.1 0.2
HR 7672 B BB_H 0.104 +0.007 138 +2 0.2 0.3
GSC 8047 B BB_H 0.04 +0.02 160 + 39 0.2 0.3
HD 19467 B BB_H 0.054 £ 0.005 7+3 0.4 1.0
GQLupB BB_H 0.94 +0.02 83 +1 0.2 0.3
HD 206893 B  BB_Kj 0.15 +0.06 107 = 15 0.8 1.7
HD 4747 B BB_K; 0.11 +0.02 71 +7 0.3 0.6
CD-352722B BB_H 0.15+0.03 66 +6 0.1 0.3
AB Picb BB_H 0.05 +0.01 6+8 0.07 0.2
HD 106906 b BB_H 0.097 + 0.008 68 +2 0.2 0.3
PDS 70 b BB_K; 1.1 +0.1 62+3 5.0 12
PDS 70 b BB_H 0.97 £0.02 65+1 9.2 22
IRXSJ1609 B BB_H 0.21 £0.01 97 £2 0.2 0.5
B Picb BB_H 0.075+0.008 163 +4 0.2 0.4
TYC 8998 b BB_H 0.12 +0.09 0+4 0.3 0.6

stellar polarization is caused by interstellar dust (see Sect. 5.5.3), and we therefore used
the reduction where the stellar polarization is subtracted.

Examining the upper limits in Table 5.5, we see that for 11 companions the 68.27%
upper limits are <0.3%, with the lowest upper limit equal to 0.06% for PZ Tel B in H-
band. These low upper limits are in almost all cases dominated by the photon noise
from the companion in the Q- and U-images or the bias due to incompletely removed
bad pixels. The upper limits are still larger than the (minimum) polarimetric accuracy of
the Mueller matrix model with which the data have been corrected (see Chapter 2). For
the companions of HR 8799, HD 19467, and HD 206893, which are fainter or located
at a much smaller separation than the other companions, the 68.27% upper limits are
dominated by the uncertainty of the background in Q and U and have values between
0.4% and 0.8%. For the very close-in planet PDS 70 b we reach upper limits of 5.0%
in K -band and 9.2% in H-band. These upper limits are so high because the comparison
apertures contain signal from the inner circumstellar disk of PDS 70 A (see Fig. 5.12)
and the Student’s #-distribution imposes a large statistical penalty for the low number of
available comparison apertures (see Appendix 5.C). We note that for PDS 70 c (Haffert
etal., 2019), the circumstellar disk prevents us from measuring the polarization altogether.
Finally, we reach the highest polarimetric point-source contrast in the mean-combined
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data set of 8 Pic, with a 1o--contrast of 3- 10 8%ata separations of 0.5”” and a contrast below
1078 for separations >2.0” (see Appendix 5.E). Overall, it follows that our measurements
are sensitive to polarization signals of around a few tenths of a percent.

5.5.5 Detection of circumstellar disks of DH Tau, GQ Lup, PDS 70,
B Pic, and HD 106906

In our survey we also detected the five circumstellar disks displayed in Fig. 5.12. Al-
though the disks of DH Tau and GQ Lup have already been detected at mm-wavelengths
(Wolff et al., 2017; MacGregor et al., 2017; Wu et al., 2017b), here we present the first
images in polarized scattered light, revealing various interesting features. For PDS 70,
HD 106906, and S Pic near-infrared polarimetric images already exist (Keppler et al.,
2018; Hashimoto et al., 2012; Kalas et al., 2015; Millar-Blanchaer et al., 2015), but our
images are generally deeper, reveal new features, or confirm features that were previously
observed. In this section, we therefore briefly discuss these disks, although we consider a
detailed analysis beyond the scope of this chapter.

Figure 5.12 (top left) shows the polarized intensity image of the DH Tau system, with
the circumstellar disk visible in the top right corner of the panel. The relatively small disk
has a diameter of approximately 0.50” or 67 au at 135 pc. From ALMA measurements of
the Keplerian rotation of the disk, Sheehan et al. (2019) have determined an inclination of
48° and a position angle of 2.5° (east of north), with the northern side of the disk rotating
toward us (i.e., blue shifted). In our images the disk has a smooth intensity profile with no
visible disk gap, rings, or spirals. A strong brightness asymmetry is visible between the
eastern and western sides of the disk, which could be related to the viewing angle of the
disk and the dust scattering properties. This asymmetry is compatible with the position
angle derived from ALMA: if the side inclined toward the Earth appears brightest due
to enhanced forward scattering, then the eastern side is the forward-scattering near side
of the disk. Alternatively, this brightness asymmetry could result from shadowing by
an unresolved inner disk component because the brightness changes quite abruptly with
azimuth. The brightness asymmetry might extend toward the inner (coronagraphically
masked) parts of the disk because the angle of polarization that we measure for the average
stellar polarization (128°, see Table 5.3) agrees well with the angle of polarization one
obtains when integrating over the non-obscured parts of the disk. In the bottom left corner
of the panel the polarization signal of DH Tau B is visible, where the angle of polarization
is indicated with the two lines protruding from the circle around the companion.

Figure 5.12 (top row, second column) shows the polarized intensity image of the cir-
cumstellar disk and companion of GQ Lup. From ALMA images (MacGregor et al.,
2017; Wu et al., 2017b), which show a rather featureless disk, the disk inclination and
position angle are known to be 60° and 346°, respectively. Our scattered light images
show a remarkable north-south asymmetry in the circumstellar disk, with the southern
part of the disk extending out to 0.84"" (127 au at 151 pc) and the northern part only out to
0.49” (74 au). Two spiral-like features can be seen protruding eastward from the southern
part of the disk. The disk asymmetry and spiral-like features are reminiscent of those of
the disk around RY Lup (Langlois et al., 2018) and could be the result of periodic close
passes of GQ Lup B (see e.g., Dong et al., 2016; Cuello et al., 2019, 2020). The orbital
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analyses presented by Schwarz et al. (2016) and Wu et al. (2017b) indeed show that the
orbit of GQ Lup B is almost certainly eccentric and that it is quite likely that the inclina-
tions of the orbit and the disk are similar. However, Wu et al. (2017b) argue that although
the inclinations may be similar, the disk and companion orbit are likely not in the same
plane. We also find that the starlight of GQ Lup is polarized due to the unresolved part
of the circumstellar disk, with an angle of polarization (83 + 1°; see Table 5.5) approxi-
mately perpendicular to the position angle of the disk. GQ Lup B appears to be polarized
in Fig. 5.12 (top row, second column), but this polarization is spuriously created by sub-
tracting the stellar polarization from the image. We will present a dynamical analysis of
the complete system and detailed radiative transfer and hydrodynamical modeling of the
circumstellar disk in a future paper.

Figure 5.12 (top row, third and fourth columns) show the H-band Q- and Us-images
of the circumstellar disk around PDS 70. The disk is seen at a position angle of 159° and
an inclination of 50°, with the southwestern side being the near side (Hashimoto et al.,
2012). The Qg4-image clearly shows the known azimuthal brightness variations of the
outer disk ring, as well as bright features close to the coronagraph’s inner edge that most
likely originate from the inner disk (see Keppler et al., 2018). The Us-image contains
significant signal, with the maximum value equal to ~49% of the maximum in the Q-
image, revealing the presence of non-azimuthal polarization. The pattern in Uy agrees
well with the radiative transfer models by Canovas et al. (2015), indicating that part of
the photons are scattered more than once. The Q,4-image also shows a weak spiral-like
feature extending toward the east from the northern ansa of the disk and perhaps a similar
feature at the southern ansa. With these features the disk resembles the model images
by Dong et al. (2016) for the inclination and position angle of the PDS 70 disk. We may
therefore be seeing the effect of two spiral arms in the outer disk ring, potentially induced
by PDS 70 b.

Figure 5.12 (top right) shows the Q,4-image of the debris disk of HD 106906, which is
viewed close to edge-on. The forward-scattering near side of the disk can be seen passing
slightly to the north of the star. The image clearly shows the known east-west brightness
asymmetry of the disk, which had until now only been detected in total intensity (Kalas
et al., 2015; Lagrange et al., 2016). Because our data are particularly deep (i.e., 120 min
total on-source exposure time), we detect the backward-scattering far side of the disk to
the west of the star, just south of the brighter near side of the disk (see Kalas et al., 2015).

Finally, Fig. 5.12 (center) shows the Qg-image of the nearly edge-on-viewed debris
disk of 8 Pic. The disk extends from one side of the 11" x 11” IRDIS field of view to
the other. Earlier near-infrared scattered light images reported by Millar-Blanchaer et al.
(2015) show the disk only to ~1.7"” or 33 au at 20 pc due to the smaller field of view
of GPI. In our images we see the disk extending to at least 5.8” or 115 au on both sides
of the star. The disk midplane is seen slightly offset to the northwest of the star (up in
Fig. 5.12 center) due to the disk’s small inclination away from edge-on. Our image also
shows the apparent warp in the disk (see Millar-Blanchaer et al., 2015, and references
therein) that extends eastward (to the bottom left) in the northeastern (left) part of the disk
and westward (to the upper right) in the southwestern (right) part of the disk. This warp is
particularly well visible in Fig. 5.12 (bottom), which shows a total-intensity image after
applying ADI with PCA using IRDAP.
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5.6 Modeling of polarization from circumsubstellar
disks

As discussed in Sects. 5.5.1 and 5.5.2, we (very) likely detected intrinsic polarization
from DH Tau B and GSC 6214 B, with a degree of polarization of several tenths of a per-
cent in H-band. The host stars of these two companions are among the youngest in our
sample (<20 Myr) and the companions have indicators for the presence of circumsubstel-
lar disks through hydrogen emission lines, red near-infrared colors, and excess emission
at mid-infrared wavelengths (see Fig. 5.1 and Table 5.1). Therefore, the most plausible
explanation for the polarization in these cases is scattering of the companion’s thermal
emission by dust within a spatially unresolved circumsubstellar disk. However, we note
that the late M to early L spectral types of these low-mass companions (see Fig. 5.1 and
Table 5.1) suggest their atmospheres could be dusty. As a result, the polarization could
also originate from rotation-induced oblateness, an inhomogeneous cloud distribution, or
a combination of these atmospheric asymmetries and a disk (see Stolker et al., 2017).
Still, it seems reasonable to assume that the polarization is solely caused by a disk be-
cause the companions have low projected rotational velocities (Bryan et al., 2018; Xuan
et al., 2020), and out of the 20 companions observed, we only detect intrinsic polarization
for the companions that have hydrogen emission lines.

In this section we perform (spatially resolved) radiative transfer modeling of a rep-
resentative example of a circumsubstellar disk to investigate whether our detections of
polarization of several tenths of a percent can really be explained by such disks. To
this end, we first describe the setup of the radiative transfer model in Sect. 5.6.1. We
then examine the generation of an integrated (i.e., spatially unresolved) polarization sig-
nal in Sect. 5.6.2 and the dependence of the polarization on the properties of the disk in
Sect. 5.6.3. We stress that we consider an isolated circumsubstellar disk (i.e., it is not em-
bedded in a circumstellar disk) and that our models are general and not tailored to either
DH Tau B or GSC 6214 B. Because we only study the degree and angle of polarization
produced by the disk, the exact spectrum of the companion has little effect on the results.
In Sects. 5.7.1 and 5.7.2 we use the results of our modeling to interpret and discuss our
measurements.

5.6.1 Setup of the radiative transfer model

To quantify the expected near-infrared polarization from a self-luminous atmosphere with
a circumsubstellar disk, we computed a radiative transfer model with MCMax (Min et al.,
2009), which is a Monte Carlo radiative transfer code for axisymmetric disks that is op-
timized for the high optical depths in protoplanetary disks. The model considers a pas-
sive, irradiated disk around a self-luminous substellar atmosphere (the contribution from
the light of the central star is negligible). We selected a synthetic spectrum from the
BT-Settl atmospheric models (Allard et al., 2012) at an effective temperature Teg =
2000 K and surface gravity logg = 4.0 dex. We then scaled the spectrum to a luminos-
ity of 107* Ly, by assuming a radius for the atmosphere of 2 Ry, at an age of ~10 Myr
(e.g., Baraffe et al., 2015). We then modeled the circumsubstellar disk as a scaled down
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version of a circumstellar disk (see e.g., Williams & Cieza, 2011). We parametrized the
structure of the circumsubstellar disk with a profile for the dust surface density that is in-
versely proportional to the radius, X o #~!. Using a surface density at the inner radius of
Zin = 0.07 g cm~2 and an inner and outer disk radius of R;, = 0.003 au and Ry = 0.01 au,
we computed the total mass residing in the solids. For the pressure scale height, we used a
linear dependence with the disk radius, & oc r, with a (constant) aspect ratio of #/r = 0.1.
The dust opacities contain by volume 60% silicates, 15% amorphous carbon, and 25%
porosity (Woitke et al., 2016). Furthermore, we used a maximum hollow volume ratio
of 0.8 for the distribution of hollow spheres, which approximates the irregularity of the
dust grains (Min et al., 2016). The size distribution of the grains was chosen in the range
of 0.05-3000 pm with a power-law exponent of —3.5. Dust settling is included with the
prescription from Dubrulle et al. (1995), which assumes an equilibrium between turbulent
mixing and gravitational settling. In this way, the dust scale height is a function of disk
radius and grain size, which is controlled by the viscosity parameter & = 1074,

5.6.2 Origin of the spatially integrated polarization

After setting up the disk and dust properties, we can now perform the radiative transfer
computations to study the generation of a spatially integrated polarization signal from
the disk. We propagate the Monte Carlo photons through the disk to compute the ther-
mal structure and the local source function. We then run a monochromatic ray tracing
at 1.62 um (the central wavelength of the IRDIS H-band filter) to compute the synthetic
total-intensity and Stokes Q- and U-images. Figure 5.13 displays an example image of
the total-intensity surface brightness for a disk inclination of 70°. In this figure, the length
and orientation of the lines indicate the local degree and angle of polarization, respec-
tively. Finally, we compute the spatially integrated polarization using the sum of the pixel
values in each of the Stokes images. In Fig. 5.13, this results in an integrated degree and
angle of polarization of 0.24% and 0°, respectively. Indeed, the polarized flux is largest
along the major axis of the disk, where scattering angles are closest to 90°, yielding a net
polarization that is oriented perpendicular to the major axis of the disk. In fact, the angle
of polarization is always perpendicular to the position angle of the disk, independent of
the disk inclination.

For the interpretation of a nonzero integrated polarization, we need to consider various
effects that are visible in the spatially resolved image of the disk in Fig. 5.13. To produce a
measurable degree of polarization, the linearly polarized intensity should have a nonzero
value while lowering the total intensity will further enhance the degree of polarization.
In the example of Fig. 5.13, most of the polarized flux comes from the inner edge of the
disk, where the flux in total intensity is about 10 to 100 times lower than the atmospheric
emission. Part of the polarization signal is canceled because there is both horizontally
and vertically polarized flux, but a net vertically polarized flux remains. The local degree
of polarization increases along the major axis of the disk toward larger separations be-
cause of reduced multiple scattering. However, the total intensity is also lower in these
regions such that the polarized intensity is also low there. This means that the integrated
polarization depends primarily on the inner radius and the surface density, whereas the
outer radius, and therefore the total disk mass, are much less relevant. Because the inner



145

First polarimetric detections revealing disks of DH Tau B and GSC 6214-210 B

“Y[SIP Y} JO SIXe Jourw Ay} 3uofe pazueod A[reaur| st y3I|
paajosarun A[reneds ay) ‘st jey) ¢, () St uonezirejod Jo 9[3ue Y pue 9,47 () S uonezirejod Jo 9130p pajerdaur A[reneds oy, ‘uonezuejod
Ieoul] Jo 9[Sue pue 92130p [BJ0] SY} ILIIPUT SIUI AY) PUL [BIS JIWYILILTO[ B U0 UMOYS ST SSoUIYSLIq 908JINS A)Isualul [e10) 9y, *od 0S|
JO Q0UuRISIp © JB YSIP Ie[[aisqnswinoir joedwod e |Im (3] 0007 = ¥°7) uoruedwroo snourun(-J[os € Jo oFewll oNoIUAS :€1°S InJL

(sew) vyv
80°0 90°0 v0°0 zo'0 000 zZ0'0- ¥0°0— 90°0— 80°0—
g1-0T ¥0°0—
3 €0°0—
g 1-01
= z0'0-
> 00T
n 91— .
,\M)1 10 OIW
= 2
_0T 3 000 —
w_ ST ] w
N 1 w
Ei m 100 <
3 $1-0T
3 ] z0'0
2 o
L] €0°0
] % 2’0 = Wq
21-0T - ¥0°0




146 Modeling of polarization from circumsubstellar disks

radius of the disk is at ~6 Ry, and the inclination is 70°, part of the photosphere of the
central object is obscured by the near side of the disk. This reduces the total intensity of
the system such that the net degree of polarization is enhanced compared to a situation in
which the full atmosphere would be visible.

5.6.3 Dependence on the inner radius and surface density

We now investigate the dependence of the spatially integrated degree of polarization on
the inner radius and the surface density at the inner radius. To this end, we run a grid of
10 x 10 radiative transfer models with a varying inner radius (5-41 Ry,,) and dust surface
density at the inner radius (1072-10? g cm~2). All other parameters are the same as in
Sect. 5.6.1, except for the outer radius which we changed from 0.01 au to 0.4 au. In this
way, the disk remains radially sufficiently extended even though the outer radius of the
disk has a negligible impact on integrated degree of polarization because most of the po-
larized flux comes from the inner edge. Because the total disk mass depends on the inner
radius and surface density, it is different for each model. We note that the estimated po-
larization may rely on additional properties of both the disk structure and the dust grains.

As discussed in Sect. 5.6.2, the integrated degree of polarization depends strongly on
the fractional occultation of the substellar atmosphere by the disk. This effect occurs at
a high enough inclination if the projected disk reaches close to the atmosphere and/or
the vertical extend of the disk (which scales with the dust surface density) is sufficiently
large. To resolve with a high precision the obscuration of the atmosphere, we perform
the ray tracing at sufficient spatial resolution. We set the disk inclination i to 70° and 80°
because for geometry reasons detections are biased toward highly inclined disks and, more
importantly, a nonzero polarization from a circumsubstellar disk is only to be expected if
the disk is sufficiently inclined. For example, we find that for i < 45° and i < 20°, the
degree of polarization is <0.15% and <0.03%, respectively. We calculate the integrated
degree of polarization as before and present the results for each combination of disk inner
radius and the surface density at the inner disk radius in Fig. 5.14.

At an inclination of 70° (see Fig. 5.14, top), the polarization reaches a maximum value
of 0.4-0.5% when the inner radius is 5-10 Ry, and the surface density is >1 g cm™. At
small inner radii, there is a correlation with the surface density because increasing the
inner radius can be counteracted by an increase in surface density in order to maintain
the same integrated degree of polarization. At a given surface density, the degree of
polarization converges to a constant value at larger inner radii because the atmosphere
is no longer obscured and most of the polarized flux originates from the cavity edge.
For higher surface densities, this turnover point occurs at larger disk radii because the
scattering surface is higher.

A more extreme picture emerges when the inclination is increased to 80° (see Fig. 5.14,
bottom). Whereas for surface densities <0.1 g cm™' the correlation with the inner radius
is comparable to the i = 70° case, at higher surface densities the substellar atmosphere
becomes fully obscured by the disk. There is a peak in the degree of polarization when
the vertically extended disk obscures the atmosphere along the minor axis of the disk
while there is still some disk surface visible close to the major axis. As a result, the total
intensity of the atmosphere is strongly reduced while the polarized flux at scattering an-
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Figure 5.14: Dependence of the integrated degree of linear polarization on the inner radius
of the circumsubstellar disk and the surface density of the dust at the inner radius. The grid
of radiative transfer models is shown for a disk inclination of 70° (fop) and 80° (bottom).
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gles close to 90° is less attenuated, leading to a degree of polarization as high as ~15%.
For even higher surface densities, the degree of polarization remains approximately con-
stant at a value of ~8% because both the substellar atmosphere and the cavity edge are
obscured by the vertical extent of the disk. In this case, only light that scatters through the
surface layer of the disk will reach the observer, which is therefore no longer dependent
on the surface density and the inner radius.

5.7 Discussion

In Sect. 5.6 we performed radiative transfer modeling of a generic circumsubstellar disk
to study the origin of the integrated polarization and the dependence of this polarization
on the disk properties. We use the results of our modeling in Sect. 5.7.1 to interpret our
likely detections of polarization from DH Tau B and GSC 6214 B and our non-detection
for GQ Lup B. In Sect. 5.7.2 we then briefly examine the non-detections of polarization for
1RXS J1609 B, HD 106906 b, and PDS 70 b, which also have evidence for the existence
of a circumsubstellar disk. Subsequently, we outline the implications of our upper limits
on the polarization of the other companions with respect to the presence of atmospheric
asymmetries in Sect. 5.7.3. Finally, in Sect. 5.7.4, we discuss potential measurements
with various instruments to confirm and further characterize the circumsubstellar disks of
DH Tau B and GSC 6214 B.

5.7.1 Circumsubstellar disks, rotational periods, and formation of
DH Tau B, GSC 6214 B, and GQ Lup B

As discussed in Sect. 5.6, the most plausible explanation for the polarization of DH Tau B
and GSC 6214 B is the presence of a circumsubstellar disk. From the radiative transfer
modeling in that same section, we see that the integrated degree of polarization of such
a disk depends on many parameters and that estimating disk properties is therefore a
degenerate problem. Nevertheless, we can still put constraints on the dust grain sizes and
the disk’s inclination and position angle, and through that constrain the rotational periods
and formation mechanisms of the companions.

Whereas we most likely detect polarization signals from the disks of DH Tau B and
GSC 6214 B, no emission has been detected from these companions at mm-wavelengths
(Bowler et al., 2015; Wu et al., 2017a; Wolff et al., 2017; Wu et al., 2020). It is therefore
possible that these disks contain mostly micrometer-sized dust grains and only little mm-
sized grains, or, as suggested by Wu et al. (2017a), that the disks are compact and optically
thick at mm-wavelengths. From our polarimetric measurements we cannot determine
whether the disks are really compact because most of the polarized flux originates from
the inner edge of the disk (see Sect. 5.6.2). Because we do not spatially resolve the disks,
we can put a limit on the disk size from the measured FWHM of the PSF. The FWHM
corresponds to a maximum disk radius of ~3 au for both companions. This radius is
much smaller than one-third of the Hill radius (14-20 au, assuming the companions are
on a circular orbit), which is the distance at which the disks are suspected to be truncated
due to tidal interactions with the primary star (Ayliffe & Bate, 2009; Martin & Lubow,



First polarimetric detections revealing disks of DH Tau B and GSC 6214-210 B 149

2011; Shabram & Boley, 2013). However, it is possible that the disks extend beyond 3 au,
but that we do not reach the sensitivity and contrast to detect the flux at the outer regions.

From the measured degree of polarization we can put constraints on the inclination of
the disks. With degrees of polarization of a few to several tenths of a percent, the disks
of DH Tau B and GSC 6214 B must have a high inclination because a low-inclination
disk will have a very low, nearly zero degree of polarization below the sensitivity that
we reach with our measurements (see Sect. 5.6.3). In fact, it could be that GQ Lup B
hosts such a low-inclination disk because we do not detect significant polarization al-
though the measured hydrogen emission lines are stronger than those of DH Tau B and
GSC 6214 B (Zhou et al., 2014). We also see that the inclination of the disks of DH Tau B
and GSC 6214 B cannot be close to edge-on so that disk completely obscures the compan-
ion’s atmosphere because in that case we would measure polarization degrees of several
to even ten percent. Such a high degree of polarization of 14% has been measured for
CS Cha B in J- and H-band by Ginski et al. (2018), which the authors indeed interpret
as being caused by a highly inclined and vertically extended disk. This interpretation was
recently confirmed by Haffert et al. (2020) using medium-resolution optical spectroscopy
with MUSE.

The projected rotational velocity, v sin i, has been measured for DH Tau B, GSC 6214 B
and GQ Lup B through high-resolution spectroscopic observations (Xuan et al., 2020;
Bryan et al., 2018; Schwarz et al., 2016), finding values of 9.6+0.7 kms™', 6.173¢ km s,
and 5.3f(1’:g km s~!, respectively. Assuming that the spin axes of the companions are per-
pendicular to the plane of their disks (the regular moons of our solar system’s giant plan-
ets, which are believed to have formed in circumsubstellar disks, orbit near the equatorial
plane of the planets) and taking the companion radii and uncertainties from Xuan et al.
(2020) and Schwarz et al. (2016), we constrain the rotational period of the companions
using a Monte Carlo calculation. We assume the inclination to be uniformly distributed
in cos i, with values between 60° and 80° for DH Tau B and GSC 6214 B and between 0°
and 45° for GQ Lup B. We find rotational periods equal to 29-37 h for DH Tau B, 22-77 h
for GSC 6214 B, and 19-64 h for GQ Lup B, within the 68% confidence interval. These
estimates of the rotational periods are roughly an order of magnitude larger than the av-
erage periods expected from the period-mass relation as determined from observations
of free-floating low-mass brown dwarfs of similar ages (e.g., Rodriguez-Ledesma et al.,
2009; Scholz et al., 2015, 2018). This discrepancy can be explained by the companions
hosting circumsubstellar accretion disks. The estimated slow rotation of the companions,
which is at ~0.1% of their break-up velocities (see Xuan et al., 2020), is consistent with a
scenario in which the companions lose angular momentum to their disks during accretion
and should still spin up as they contract (see Takata & Stevenson, 1996; Bryan et al., 2018;
Xuan et al., 2020). The long rotational periods we find also show that rotation-induced
oblateness does not significantly contribute to the measured polarization because polar-
ization >0.1% is generally expected only for rotational periods of ~6 h or less (Sengupta
& Marley, 2010; Marley & Sengupta, 2011).

As we discussed in Sect. 5.6.2, the angle of polarization we measure from an unre-
solved disk is always oriented perpendicular to the position angle of the disk. Therefore,
the position angle of the disk of DH Tau B is likely between 150° and 190° (see Fig. 5.9),
whereas that of the disk of GSC 6214 B is around 48° (see Table 5.4). Because we already



150 Discussion

found that both disks likely have large inclinations, we have strong constraints on the 3D
orientation of the disks. The disk of DH Tau B is most likely misaligned with the circum-
stellar disk of DH Tau A, which has an inclination and position angle of 48° and 2.5°,
respectively (see Sect. 5.5.5 and Fig. 5.12), although the position angles could possibly
be aligned. Such a misalignment of disks is also found for CS Cha A and B (Ginski et al.,
2018). Although GSC 6214 A is not known to host a circumstellar disk, orbital motion
has been detected for GSC 6214 B (Pearce et al., 2019). However, the orbital elements
are not sufficiently constrained to conclude on possible (mis)alignments of the disk and
the orbit. If a low-inclination disk exists around GQ Lup B, it would be misaligned with
the circumstellar disk that has an inclination of 60° (see Sect. 5.5.5 and Fig. 5.12) and
the orbit of GQ Lup B that likely has a similar inclination. However, the circumsubstellar
disk could be aligned with the spin axis of GQ Lup A that has an inclination of ~30°
(Donati et al., 2012).

The misalignment of the disks of DH Tau A and B, and possibly also of GQ Lup A
and B, suggests that the companions may have formed in situ through direct collapse in
the molecular cloud, akin to the formation mechanism of binary stars. Indeed, CS Cha B,
with its misaligned disk, was initially thought to be of substellar nature (Ginski et al.,
2018), but was recently found to actually be a low-mass star (Haffert et al., 2020). How-
ever, formation through gravitational instabilities in the circumstellar disk is also possible
because this mechanism can form companions at separations of up to at least 300 au (To-
bin et al., 2016). Although one might expect the circumstellar and circumsubstellar disks
to be coplanar in this scenario, misalignments can result if the companion formed away
from the midplane of the original disk, the original disk was asymmetric, or the circum-
stellar disk or other objects disturbed the circumsubstellar disk (Stamatellos & Whitworth,
2009; Bryan et al., 2020). It seems unlikely, however, that DH Tau B, GSC 6214 B, and
GQ Lup B formed close to their stars and were subsequently scattered to a higher orbit
through dynamical encounters with massive inner bodies. This is because tidal interac-
tions would most likely severely disturb or even destroy the circumsubstellar disks (see
Stamatellos & Whitworth, 2009; Bailey et al., 2013; Bowler et al., 2011), and no massive
objects at small separations, nor the gaps they would create in the circumstellar disks,
have been detected (see Fig. 5.12; Pearce et al., 2019; Wu et al., 2017b).

5.7.2 Circumsubstellar disks of 1RXS J1609 B, HD 106906 b, and
PDS70b

There is also evidence for disks around 1RXS J1609 B, HD 106906 b, and PDS 70 b
(see Table 5.1), but we do not detect intrinsic polarization from these companions (see
Sect. 5.5.4). It could be that these companions host a disk but that the properties and
geometry of these disks is such that they do not produce a measurable degree of polar-
ization. However, for 1RXS J1609 B no hydrogen emission lines are detected. Instead,
the evidence for the existence of a disk is based on red near-infrared colors, weak mid-
infrared excess that is spatially unresolved between the primary star and the companion,
and a moderate extinction (Bailey et al., 2013; Wu et al., 2015). Because we find that
the companion is polarized by interstellar dust (see Sect. 5.5.3), it seems more likely that
these properties are caused by interstellar dust rather than a circumsubstellar disk.
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As discussed in Sect. 5.5.4, we placed an upper limit of 0.2% on the degree of polar-
ization of HD 106906 b, with a 68.27% confidence level. Because also no hydrogen emis-
sion lines are detected for this companion, a possible explanation for the non-detection is
that the companion simply does not host a circumsubstellar disk. In the case of PDS 70 b
we do not reach a very high sensitivity and placed a 68.27% upper limit of 5.0% on the
degree of polarization in K -band. Therefore, we can conclude that if PDS 70 b hosts a
disk, the inclination is probably not so high that it completely obscures the planet’s atmo-
sphere. Because we only detected polarization for companions with hydrogen emission
lines, it seems that these lines are the best non-polarimetric indicators for the existence of
a circumsubstellar disk.

5.7.3 Atmospheric asymmetries of the companions

Of the 18 companions for which we do not detect significant polarization, 14 show no
clear evidence of hosting a circumsubstellar disk (see Fig. 5.1 and Table 5.1). Because
the majority of the companions have late-M to mid-L spectral types and are therefore ex-
pected to have dusty atmospheres, we could expect to detect polarization due to rotation-
induced oblateness or an inhomogeneous cloud distribution. Indeed, polarization between
several tenths of a percent to a percent has been detected at near-infrared wavelengths
(in particular in J-, Z-, and I-band) for more than a dozen late-M to mid-L field brown
dwarfs (Miles-Péaez et al., 2013, 2017). In our survey, we reached sensitivities (upper
limits) <0.3% for 11 companions (see Sect. 5.5.4 and Table 5.5), and so we might have
expected to detect polarization for a few of the companions. Because we do not detect
polarization due to atmospheric asymmetries for any of the companions, these asymme-
tries either do not exists for the companions observed or they produce polarization below
the sensitivity reached.

In the majority of cases, the polarization of field brown dwarfs is interpreted to be
caused by rotation-induced oblateness. In that sense our non-detections are particularly
surprising because the companions observed are generally young and have a low sur-
face gravity (see Table 5.1), which should result in a more oblate atmosphere for a given
rotation rate and therefore more polarization (Sengupta & Marley, 2010; Marley & Sen-
gupta, 2011). It is important to note, however, that the field brown dwarfs observed by
Miles-Péez et al. (2013) are old (ages 0.5-5 Gyr) and have measured projected rotational
velocities vsini > 30 km s~!. Indeed, in their sample of several dozen field brown dwarfs,
Zapatero Osorio et al. (2006) found that about half of the very young field brown dwarfs
(1-10 Myr) have vsini < 10 km s~! whereas all old brown dwarfs (> 1 Gyr) have
vsini ~ 30 km s™!. Very young brown dwarfs rotate slowly because they are still in
the process of spinning up as they cool and contract. Looking at Fig. 5.1, we can divide
our sample roughly into a large group of young, high-temperature companions with late-
M to mid-L spectral types, and a smaller group of older, lower-temperature companions
of mid-L to T spectral types. A possible explanation for our non-detections is that while
the companions of the first group may have dusty atmospheres, they rotate too slowly to
produce a measurable level of polarization. And on the other hand the second group may
rotate faster, but due to their later spectral types their upper atmospheres may lack the
scattering dust to produce polarization (Allard et al., 2001; Sengupta & Marley, 2009).
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A more in-depth analysis of the degrees of polarization produced due to rotation-induced
oblateness is presented in Jensen-Clem et al. (2020).

There could also be other explanations for our non-detections. It could be that the
dust grains in the upper atmosphere are submicron sized, as also suggested by studies of
the emission spectra of (field) brown dwarfs and planets (Hiranaka et al., 2016; Bonnefoy
et al., 2016), and that we therefore need to observe at shorter wavelengths than H-band
(i.e., in Y- or J-band). Miles-Pdez et al. (2017) observed one of the field brown dwarfs
in Z-, J-, and H-band and found that the degree of polarization decreases strongly with
increasing wavelength, with the maximum polarization in Z-band and no detection in H-
band. Another possibility, as suggested by Miles-Péez et al. (2017), is that the low-gravity
atmospheres of young objects have thicker dust clouds, resulting in strong multiple scat-
tering and therefore a low integrated degree of polarization. Finally, our non-detections
may also indicate that the atmospheric dust clouds are homogeneously distributed, or that
the inhomogeneities do not produce a measurable degree of polarization. Indeed, Millar-
Blanchaer et al. (2020) recently detected polarization that is likely due to cloud banding
on Luhman 16 A, but the measured degree of polarization is only 0.03% in H-band.

5.7.4 Confirmation and further characterization of the disks of
DH Tau B and GSC 6214 B

To confirm that the polarization from DH Tau B and GSC 6214 B is truly intrinsic and
not caused by interstellar dust, we should perform follow-up observations. For this we
can use the recently implemented star-hopping technique for SPHERE-IRDIS to quasi-
simultaneously measure the stellar polarization from nearby diskless reference stars. As a
reference for DH Tau we can observe DI Tau, a very close neighbor to DH Tau located at a
separation of only 15.3” and at the same distance from Earth, and whose spectral-energy
distribution (classified as class III; Luhman et al., 2010) and very low mass-accretion
rate (Alonso-Martinez et al., 2017) indicate it very likely does not host a circumstellar
disk that creates significant intrinsic stellar polarization. For GSC 6214 we can observe
BD-20 4481, which is of similar spectral type as GSC 6214 A and is located at a sep-
aration of 13.3” and at a distance of 113 pc (compared to 109 pc for GSC 6214). We
can use the measurements of the stellar polarization of the reference stars to subtract the
interstellar component of the companions’ polarization, and with that accurately deter-
mine the intrinsic polarization of the companions. We can also measure the polarization
of DH Tau A and GSC 6214 A with a different instrument than SPHERE, for example
with the WIRC+Pol near-infrared spectropolarimeter (Tinyanont et al., 2019) on the Hale
Telescope at Palomar Observatory. Using WIRC+Pol we can determine the stellar polar-
ization as a function of wavelength, enabling us to quantify the interstellar polarization
by comparing the measurements with Serkowski’s law of interstellar polarization.

We can further characterize the circumsubstellar disks of DH Tau B and GSC 6214 B,
as well as the companions themselves, by performing measurements with various current
and future instruments. We can perform IRDIS polarimetric measurements in multiple
filters to constrain the distribution of particle sizes in the disks. By combining these mea-
surements with optical and near-infrared medium-resolution spectroscopy using MUSE
and ERIS on the VLT, we can constrain the fundamental parameters of the companions. If
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we are able to detect the disks with ALMA, we can derive their dust mass from the contin-
uum emission, their gas mass from the CO spectral-line emission, and their effective tem-
perature from the emission in two different wavelength bands. Similar to ALMA obser-
vations, the dust mass and effective temperature of the disk can be determined from mid-
infrared photometric and spectroscopic observations, for example with MIRI on board the
James Webb Space Telescope (JWST), METIS on the Extremely Large Telescope (ELT),
or even VISIR on the VLT. Finally, with the sensitivity of MIRI and METIS we could
detect silicate emission features at 10 and 18 pm.

5.8 Summary and conclusions

We measured the near-infrared linear polarization of 20 young planets and brown dwarf
companions using SPHERE-IRDIS. We reduced the data using the IRDAP pipeline to cor-
rect for the instrumental polarization and crosstalk of the optical system with an absolute
polarimetric accuracy <0.1% in the degree of polarization. To retrieve the polarization
of the companions, we employed a combination of aperture photometry, ADI, and PSF
fitting. We achieved a best 1o~ polarimetric contrast of 3 - 1073 at an angular separation of
0.5” from the star and a contrast <1078 for separations >2.0".

We report the first detection of polarization originating from substellar companions,
with a measured degree of polarization of several tenths of a percent for DH Tau B and
GSC 6214 B in H-band. By comparing the measured polarization with that of nearby
stars, we find that this polarization is unlikely to be caused by interstellar dust. Be-
cause the companions have previously measured hydrogen emission lines and red col-
ors, we conclude that the polarization most likely originates from circumsubstellar ac-
cretion disks. Through radiative transfer modeling we constrain the position angles of
the disks and find that the disks must have high inclinations to produce these measurable
levels of polarization. For GQ Lup B, which has stronger hydrogen emission lines than
DH Tau B and GSC 6214 B, we do not measure significant polarization. This implies
that if GQ Lup B hosts a disk, this disk has a low inclination. Assuming that the spin
axes of the companions are perpendicular to the plane of their disks, we use previously
measured projected rotational velocities to constrain the rotational periods of DH Tau B,
GSC 6214 B, and GQ Lup B to be 29-37 h, 22-77 h, and 19-64 h, respectively, within
the 68% confidence interval. Finally, we find 1RXS J1609 B to be marginally polarized
by interstellar dust, which suggests that the red colors and extinction that are thought to
indicate the presence of a disk are more likely caused by interstellar dust.

The disk of DH Tau B, and possibly that of GQ Lup B, are misaligned with the disks
around the primary stars. These misalignments suggest that these wide-separation com-
panions have formed in situ through direct collapse in the molecular cloud, although for-
mation through gravitational instabilities in the circumstellar disk cannot be excluded.
Formation at close separations from the star followed by scattering to a higher orbit is un-
likely because dynamical encounters with other bodies would most likely severely disturb
or even destroy the circumsubstellar disks.

For 18 companions we do not detect significant polarization and place upper limits of
typically <0.3% on their degree of polarization. These non-detections may indicate that
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young companions rotate too slowly to produce measurable polarization due to rotation-
induced oblateness, or that any inhomogeneities in the atmospheric clouds are limited.
Another possibility is that the upper atmospheres of the companions contain primarily
submicron-sized dust grains. This implies that we should perform future measurements
in Y- or J-band, although these bands are more challenging in terms of companion-to-star
contrast and contrast performance of the instrument.

In our survey, we also detected the circumstellar disks of DH Tau, GQ Lup, PDS 70,
B Pic, and HD 106906, which for DH Tau and GQ Lup are the first disk detections in
scattered light. The disk of DH Tau is compact and has a strong brightness asymmetry
that may reveal the forward- and backward-scattering sides of the disk or may be caused
by shadowing by an unresolved inner disk component. The disk of GQ Lup shows a pro-
nounced asymmetry and two spiral-like features that could be the result of periodic close
passes of GQ Lup B. The PDS 70 disk shows significant non-azimuthal polarization indi-
cating multiple scattering. We also detect one or two weak spiral-like features protruding
from the ansae of the disk that may be the result of two spiral arms in the outer disk ring,
potentially induced by PDS 70 b.

Our measurements of the polarization of companions are reaching the limits of the in-
strument and the data-processing techniques. We find that incompletely corrected bad pix-
els can cause systematic errors of several tenths of a percent in the measured polarization.
To minimize this effect, we recommend to use the field-tracking mode without dithering
for future observations that aim to measure the polarization of companions. However, for
companions at close separations or with large star-to-companion contrasts, pupil-tracking
observations are still preferred to retrieve the companions’ total intensity with ADI. These
close-in companions can alternatively be observed in field-tracking mode when using the
recently implemented star-hopping technique to enable reference star differential imaging.
We also find that the measurements of the stellar polarization are affected by systematic
errors related to the use of the coronagraph in combination with time-varying atmospheric
conditions. We therefore recommend to take additional stellar polarization measurements
without coronagraph.

To further characterize the circumsubstellar disks of DH Tau B and GSC 6214 B,
as well as the companions themselves, we can perform follow-up observations with
SPHERE-IRDIS, ALMA, JWST-MIRI, MUSE and ERIS on the VLT, and METIS on
the ELT. Our polarimetric detections of the disks of DH Tau B and GSC 6214 B are a first
step in building a complete picture of the companions, their formation, and evolution, and
pave the way to detecting polarization of young planets with for example SPHERE+ (Boc-
caletti et al., 2020) and the future planet-characterization instrument EPICS (or PCS) on
the ELT.
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5.A Cosmetic correction of spurious structure in Q- and
U-images

If a companion is polarized, we would expect the polarization signals in the Q- and U-
images to resemble scaled-down positive or negative versions of the corresponding total-
intensity images I and Iy;. However, for many data sets the Q- and U-images show spuri-
ous structure with adjacent positive and negative signals. For example, for the 2019-10-24
data set of DH Tau, as shown in Fig. 5.15 (first column), we see that the Q-image contains
positive and negative signals and that the signal in U is offset from the center coordinates
of the companion. These spurious structures result from imperfect relative centering of
the images of IRDIS’ left and right optical channels and image motion during the obser-
vations. For pupil-tracking observations the spurious structures can additionally originate
from image rotation between the two measurements of the double difference.

In the case these spurious structures are visible in the Q- and U-images of a data
set, we make to each image individually a (cosmetic) correction similar to that described
in Snik et al. (2010). For this we retrieve a positive and negative copy of the Ip- or Iy-
image at the companion position and create a model image in which the two copies are
symmetrically shifted in opposite directions from the center coordinates of the compan-
ion. We then subtract this model image from the Q- or U-image and fit the shifts in the
x- and y-directions by minimizing the sum of squared residuals in an aperture of radius
8 pixels in the resulting image. Because the aperture sum in the model images is zero,
subtracting these images only suppresses the spurious structures and does not alter the net
polarization signals in Q and U.

For the data set of DH Tau, we find a total relative shift equal to 0.015 pixels for Q and
0.013 pixels for U. Only small relative shifts are needed because the maximum values of
the total-intensity PSFs are more than 100 times larger than the maximum values of the
positive and negative signals of the spurious structure. The model images and the cor-
rected Q and U-images are shown in Fig. 5.15 (second and third column). The spurious
structure has clearly disappeared in the corrected images, with the Q-image only having
negative signal and the signal in U being positioned at the companion’s center coordinates.

5.B Systematic errors due to bad pixels

A few percent of the pixels of the IRDIS Hawaii 2RG detector are bad, that is, they are
dead, nonlinearly responding, or hot pixels. When preprocessing the raw frames with
IRDAP, bad pixels are identified with a bad pixel map followed by sigma-filtering and
then replaced by the median value of the surrounding pixels. These data-reduction steps
correct the majority of the bad pixels, but some bad pixels remain uncorrected or are
replaced by a value that is not accurate. This results in systematic errors of the pixel
values. Whereas these small errors are not a real problem for photometry of point sources
in total intensity or imaging of circumstellar disks in polarized light, they become quite
problematic when trying to measure the polarization of point sources at a level as low as
a few tenths of a percent of the total intensity.
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Figure 5.15: Reduced Q- and U-images (first column), model images of the spurious
structures in Q and U (second column), and Q- and U-images corrected for the spurious
structures (third column) at the position of the companion DH Tau B of the 2019-10-24
data set of DH Tau. An aperture of radius 8 pixels centered on the companion is shown
superimposed on the images.

Incomplete correction of bad pixels only marginally affects data taken in field-tracking
mode. This is because in field-tracking mode the PSF of the companion is approximately
stationary on the detector and only moves very slightly due to variations in AO perfor-
mance. The bad pixels, which are at a fixed position on the detector, are therefore replaced
by approximately the same (median) value in consecutive frames, and so are strongly sup-
pressed when computing the double difference. In addition, any uncorrected or incom-
pletely corrected bad pixels that remain are further averaged out over the various HWP
cycles. However, this averaging over HWP cycles only partially applies for our data
because we generally observed in field-tracking mode with dithering in which case the
detector moves by one to a few pixels each HWP cycle. We note that for total-intensity
imaging, for which we compute the median over many exposures rather than differences
of exposures, dithering does help suppress bad pixels.

Data taken in pupil-tracking mode are typically more strongly affected by incomplete
correction of bad pixels. In pupil-tracking observations the companion moves over the
detector, and so in each frame the bad pixels are at a different location with respect to the
companion PSF. Therefore, the bad pixels are replaced by very different median values,
and relatively large systematic errors remain after the double difference. For data sets
with fast parallactic rotation (e.g., the data sets of GSC 8047 and TYC 8998), the bad
pixels are more problematic than for data sets with only little rotation (e.g., GSC 6214).
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For data sets with many HWP cycles the bad pixel effect averages out somewhat, but the
systematic errors are still much larger than for field-tracking data.

We attempted to remove the systematic errors due to bad pixels by creating a more
aggressive bad pixel map from the dark and flat frames, performing aggressive sigma-
filtering, locally replacing the bad-pixel values with cubic spline interpolation rather
than with the median filter, and computing the median over the Mueller-matrix-model-
corrected Q- and U-images of each HWP cycle. Unfortunately, we were not able to
identify all bad pixels in the data and completely remove the effect. This is primarily
because part of the bad pixels cause systematic errors of only several percent or less of
the total intensity. Such small deviations from the true value are practically impossible to
detect in the images and only become evident when computing differences of images as
we do in polarimetry.

Although we were not able to completely correct for the bad pixels, we can mitigate
their effect by excluding those frames that contribute strong bad pixels to the final images
or that show bad pixels at the position of the companion in the bad pixel map. In addition
we can average out the systematic error due the bad pixels by mean-combining several
data sets. We can also use large apertures to perform the photometry with, such that the
bad pixels values (which are both positive and negative in polarimetric images) average
out and sum to a lower spurious signal. Future observations aimed at measuring the po-
larization of companions should preferably be performed in field-tracking mode without
dithering.

5.C Retrieval of total intensity through ADI: Upper
limit on polarization of g Pic b

Companions at small separations or at large star-to-companion contrasts are swamped in
the halo of starlight in total intensity. For data sets that were taken in pupil-tracking mode
and have sufficient parallactic rotation, we have therefore slightly adapted the method
described in Sect. 5.4 and determine the probability distribution of the total intensity of
the companion by performing ADI with negative PSF injection. We still determine the
distributions of Q and U using aperture photometry because the stellar speckle halo is
almost completely removed in the polarimetric data-reduction steps, in particular for the
reductions with the added classical ADI step (see Sect. 5.3). We applied this adapted
method to the data sets of HR 8799, HD 206893, PDS 70, and 8 Pic. In this section we
demonstrate the method with the 2019-11-26 H-band data set of 8 Pic and show how we
calculate upper limits on the degree of polarization of the companion S Pic b. A total-
intensity image of the data after applying classical ADI with IRDAP is shown in Fig. 5.16
(left).

To perform the ADI with negative PSF injection, we use the PynPoint® pipeline,
version 0.8.2 (Amara & Quanz, 2012; Stolker et al., 2019), and closely follow the steps
described in Stolker et al. (2020). In short, we fetch the preprocessed science frames
and the stellar PSF image from the reduction with IRDAP in Sect. 5.3. Subsequently, we

Shttps://pynpoint.readthedocs.io
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iteratively subtract scaled copies of the stellar PSF from the preprocessed science frames
at the approximate position of the companion and apply ADI with PCA (in this case
subtracting three principal components) to minimize the residuals at that same location.
Using Markov chain Monte Carlo (MCMC) we then sample the posterior distributions
of the companion’s angular separation, position angle and contrast with respect to the
star. We take the median of the posterior distribution of the contrast as the final contrast
value and determine the corresponding statistical uncertainties from the 16th and 84th
percentiles. We also estimate the systematic uncertainty on the contrast by injecting fake
companions at various position angles (but the same separation and contrast as the real
companion), retrieving them, and computing the distribution of the difference between the
retrieved and injected contrasts. This systematic uncertainty accounts for the azimuthal
variations of the noise around the central star and is generally 1 to 5 times larger than the
statistical uncertainty (similar to the results of Wertz et al., 2017). Finally, we compute
the overall uncertainty as the quadratic sum of the statistical and systematic uncertainties.

After these steps, we determine the probability distribution of the companion’s total
intensity (expressed in counts) for a range of aperture radii from 1 to 10 pixels. To this
end, we draw 10° samples from a Gaussian distribution with the mean and standard devi-
ation equal to the companion-to-star contrast and uncertainty we retrieved with PynPoint.
We then sum the flux in the stellar PSF image using an aperture of the given radius and
multiply the Gaussian samples by this summed flux. The resulting total-intensity distri-
bution of the companion, which we use for both Iy and /Iy, is shown in Fig. 5.17 (left) for
an aperture radius of 1.85 pixels. This radius is the final aperture radius we select at the
end of this section and corresponds to half times the full width at half maximum (FWHM)
we measure on the stellar PSE.

To determine the probability distributions in Q and U, we use the images from the
reduction with the added classical ADI step. In the case of 8 Pic, the classical ADI step
does not only further suppress the speckle noise, but also removes most of the signal from
the nearly edge-on-viewed circumstellar disk that crosses the position of S Pic b (see
Fig. 5.12, center and bottom). The classical ADI step suppresses the disk signal because
the disk is broad and the parallactic rotation of the observations in only 19.8°. Indeed, as
can be seen in Fig. 5.16 (right) for the O-image, the disk is almost completely removed
and there are only few speckles left at the separation of the companion. Any polarization
originating from the companion should still be visible in the Q- and U-images because
point sources are much less affected by ADI-induced self-subtraction.

We analyze the Q- and U-images by following the exact steps as described in Sect. 5.4,
but with one exception. Before performing the aperture photometry, we quantify the
throughput of the ADI procedure by performing a simulation in which we inject and re-
trieve an artificial source at the separation of the actual companion. We then correct the
Q- and U-images for the self-subtraction by dividing them by the calculated throughput,
which for this data set is 49%. After performing all the steps, we determine the com-
panion’s polarization for each of the defined aperture radii (as in Fig. 5.7 for DH Tau B).
Contrary to the data of DH Tau, for this data set of 8 Pic we detect no signals with an S/N
higher than 0.9 in Q and 1.9 in U for any aperture radius. Indeed, the reduced Q-image
(see Fig. 5.16, right) and U-image contain only noise at the position of the companion.
We thus conclude that we do not detect significant polarization originating from S Pic b.
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Figure 5.16: Reduced images of the 2019-11-26 data set of 8 Pic. Left: Total-intensity
image after applying classical ADI with IRDAP to reveal the companion 8 Pic b. Right:
Q-image after combining polarimetry with classical ADI, showing the aperture of radius
1.85 pixels at the position of the companion (yellow) and the ring of comparison apertures
of the same radius around the star (black).
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Figure 5.17: Final probability distributions of the signal of 8 Pic b from the 2019-11-26
data set of 8 Pic, using an aperture radius of 1.85 pixels. Left: Probability distribution of
the total intensity. The mean and 68.27% uncertainties of the distribution are shown above
the graph, with the latter also indicated by the light-blue shaded area. The S/N is shown
within parentheses. Right: Probability distribution of the degree of linear polarization.
The upper limits computed from the one-sided 68.27% and 99.73% intervals are indicated
by the light-red and darker red shaded areas, respectively.
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Figure 5.18: Upper limits on the degree of linear polarization of 8 Pic b computed from
the one-sided 68.27% and 99.73% intervals as a function of aperture radius from the
2019-11-26 data set of 8 Pic. The final selected aperture radius of 1.85 pixels, equal to
half times the FWHM of the stellar PSF, is indicated with the dashed vertical line.

We now proceed to set limits on the degree of polarization of the companion. To this
end, we determine, for each defined aperture radius, two upper limits from the probability
distribution of the degree of polarization. We compute these upper limits from the 68.27%
and 99.73% intervals, which for a Gaussian distribution would correspond to the 1o and
30 confidence intervals, respectively. These intervals are calculated one-sided and start-
ing at zero because the degree of linear polarization is computed as P = v/(¢*> + u*) and
therefore can only have positive values (see Sparks & Axon, 1999). Figure 5.17 (right)
shows the distribution of the degree of polarization for an aperture radius of 1.85 pixels
with the two intervals indicated. Figure 5.18 shows the two upper limits as a function of
aperture radius. From this figure we see that the upper limits are relatively constant for
an aperture radius smaller than approximately 3.5 pixels. For larger apertures, the upper
limits increase as more noise is included in the companion aperture and the uncertainty of
the background due to the low number of background samples increases. We select our
final aperture radius to be 1.85 pixels, equal to half times the FWHM of the stellar PSF,
and conclude that the 68.27% and 99.73% upper limits on the degree of polarization of
B Pic b are equal to 0.2% and 0.4%, respectively. We note that while for this particular
data set the upper limits monotonically increase with aperture radius, for several other
data sets this is not the case due to incompletely removed bad pixels (see Sect. 5.5.4 and
Appendix 5.B).
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5.D Retrieval of total intensity through PSF fitting:
Upper limit on polarization of HD 19467 B

Several observations of faint or close-in companions were not executed in pupil-tracking
mode (i.e., they were executed in field-tracking mode) or have little parallactic rotation.
For these observations we cannot retrieve the probability distribution of the companion’s
total intensity through ADI with negative PSF injection as described in Appendix 5.C. We
also cannot use aperture photometry with comparison apertures as outlined in Sect. 5.4
because the spatially varying stellar halo at the separations of these companions prevents
accurate determination of the background. We therefore use MCMC to fit the stellar PSF
image to the /- and Iyy-images at the companion position and determine the correspond-
ing probability distributions. We applied this method to the data sets of PZ Tel, HR 7682,
HD 19467, GQ Lup, and HD 4747. To confirm that the PSF fitting is accurate, we also
used the method to retrieve the total intensities of HR 8799 b, ¢, and d, and find that the re-
sults differ only 0.03 to 0.07 mag with those obtained with PynPoint (see Appendix 5.C).
In this section we demonstrate the PSF fitting method with the 2018-08-07 H-band data
set of HD 19467 and set upper limits on the degree of polarization of the companion
HD 19467 B. Figure 5.19 shows the /p-image of this data set.

As the first step in our analysis, we obtain a rough estimate of the companion’s contrast
and x- and y-coordinates. To this end, we fit a model consisting of a 2D Moffat function
and an inclined plane to the reduced Ip-image at the companion position. The inclined
plane accounts for the (approximately) linearly varying local background due to the stellar
PSF and the stellar diffraction spikes (see Fig. 5.19) and is described by a constant (the
z-intercept) and slopes in the x- and y-direction. We then fit a model containing the stellar
PSF and an inclined plane to cropped versions of the I and I;;-images, using the results
from the Moffat fit for the initial estimates of the fit parameters. We use the Nelder-
Mead method as implemented in the Python function scipy.optimize.minimize to
minimize the sum of squared residuals (SSR):

N
SSR=), [(IQJ ~ o) + (1= 1) |. 5:3)
i=1

where Ip; and Iy, are the flux values in the i-th pixel of the cropped Ip- and Iy;-images,
Ip; and Iy; are the corresponding modeled flux values, and N is the total number of
pixels in each of the cropped images. We minimize the residuals in the /- and I-images
simultaneously to obtain a single set of x- and y-coordinates for the companion position.
For the other parameters we fit separate values for Iy and Iy.

We now repeat the PSF fitting using MCMC to obtain the final values of the fit pa-
rameters and the corresponding posterior distributions. We use the MCMC sampler from
the Python package emcee (Foreman-Mackey et al., 2013) and let 32 walkers explore the
probability space with 20,000 steps each (resulting in a total of 640,000 samples). We
randomly generate the starting values of the walkers from Gaussian distributions centered
on the best-fit parameter values from our previous fit. We use a Gaussian distribution for
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Figure 5.19: Reduced /p-image of the 2018-08-07 data set of HD 19467, showing the
position of the companion HD 19467 B in the white circle. The asymmetric wind-driven
halo and the stellar diffraction spikes are clearly visible.

the log-likelihood function:

(5.6)

InL o —%[Nln(Zno-z) + SSR},

2
where SSR is computed from Eq. (5.5) and o is the standard deviation that accounts for
the noise in the images. Because there is no region in the Iy and /y-images from which
we can determine a representative value for o, we include it among the parameters to be
fitted (i.e., we treat o~ as a nuisance parameter). We set the prior for o proportional to
1/0, that is, Jeffrey’s prior, to make sure it is non-informative. For the other parameters
we use uniform priors. We remove the first 822 steps of each walker, equal to five times
the maximum autocorrelation time, and check by visual inspection that the chains of
all parameters have converged. The cropped /- and Iy-images and the best-fit model
and residual images are shown in Fig. 5.20. Figure 5.21 shows the resulting 1D- and
2D-projections of the posterior distribution of the fitted parameters. The distributions in
Fig. 5.21 are visually very close to being Gaussian and show correlations only between
the companion’s contrast in I or Iy and the corresponding z-intercept of the background.

We now determine the companion’s probability distributions in Iy and I (expressed
in counts) for a range of aperture radii from 1 to 10 pixels. Similarly to the method de-
scribed in Appendix 5.C, we sum the flux in the stellar PSF image using an aperture of the
given radius and multiply the MCMC contrast samples in Iy and Iy by this flux. For the
remainder of the analysis we follow the steps described in Sects. 5.4 and Appendix 5.C,
with the only exception that we sample the PDFs in Q and U with the same number of
samples as used for the MCMC analysis. After performing the complete analysis, we
detect no signals with an S/N higher than 1.4 in Q and 2 in U for any aperture radius. Fi-
nally, using an aperture radius of 1.86 pixels, equal to half times the FWHM of the stellar
PSF, we determine the 68.27% and 99.73% upper limits on the degree of polarization of
HD 19467 B to be equal to 1.0% and 2.0%, respectively.
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Figure 5.20: Data, best-fit model and residual images of the MCMC fitting of the stellar
PSF at position of HD 19467 B to the reduced /- and I-images of the 2018-08-07 data
set of HD 19467.
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Figure 5.21: Posterior distributions after using MCMC to fit the stellar PSF at the posi-
tion of the companion HD 19467 B to the reduced Ip- and Iyy-images of the 2018-08-07
data set of HD 19467. The fitted parameters are the companion position in x and y, the
companion-to-star contrast in /p and Iy, the background’s z-intercept and slopes in the
x- and y-direction in Iy and Iy, and the standard deviation o~ that accounts for the noise
in the images. The diagonal panels show the marginalized 1D distributions of the fitted
parameters and the off-diagonal panels show the 2D projections of the posterior, reveal-
ing the covariance of the parameter pairs. The median and uncertainties (computed as the
18th and 84th percentiles) of the distributions are shown above the histograms and are
indicated with the dashed vertical lines. The contours superimposed on the off-diagonal
panels indicate the 1o, 20~ and 30 confidence levels assuming Gaussian statistics. The
figure is created using the Python package corner (Foreman-Mackey, 2016).
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5.E Contrast curve of  Pic data

Figure 5.22 shows the 1o~ and 50 point-source contrast in Q and U as a function of angu-
lar separation from the star for the mean-combined data set of 8 Pic as constructed with
IRDAP. The curves are computed by summing the flux in rings of apertures around the
star, computing the standard deviation over the aperture sums, and normalizing the result
with the total stellar flux retrieved from the star flux frames. At small separations the cor-
rection for small-sample statistics is applied (see Mawet et al., 2014). For comparison the
figure also shows the azimuthally averaged flux in the total-intensity /- and I;-images
and the corresponding photon noise. At angular separations between ~0.2” and 2.0” the
polarimetric sensitivity is close to the photon-noise limit, with a 1o-contrast of 7 - 1078
to 1 - 107® and a 50-contrast of 5- 1077 to 5 - 1078, At separations larger than 2.0 the
sensitivity is limited by read noise or background noise and the 1o~ and 5o-contrast are
<1-107% and <5 - 1078, respectively.

1072
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—— loQand U
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Figure 5.22: 10 and 50 point-source contrast in Q and U as a function of angular separa-
tion from the star for the mean-combined data set of 8 Pic. The azimuthally averaged flux
in the total-intensity /- and /y;-images and the corresponding photon noise are shown for
comparison.
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6 | Circular polarimetric imaging at planetary
system scales by hacking SPHERE-IRDIS:
Full-Stokes observations of the asymmetric
nebula surrounding VY CMa'

K.N. Strelow, D. A. Abbink, R. G. van Holstein, S. P. Bos, and F. Snik

Context. Measuring near-infrared circular polarization at high spatial resolution is a
promising method to characterize the dust and magnetic fields in protoplanetary disks
and around evolved stars, and could even shed light on the emergence of homochirality
in biomolecules. However, current high-contrast imaging polarimeters such as SPHERE-
IRDIS at the Very Large Telescope are not designed to measure circular polarization.
Aims. We develop the observing scheme, data-reduction methods, and analysis tools to
measure circular polarization with SPHERE-IRDIS.

Methods. The image derotator (K-mirror) of SPHERE acts as an almost perfect quarter-
wave retarder in the H- and K -bands. We devised an observing scheme that uses the
derotator as polarization modulator to convert incident circular polarization into measur-
able linear polarization. We tested the technique with H-band observations of the red
hypergiant VY CMa and its surrounding asymmetric nebula, and reduced the data using
our model of the instrumental polarization effects of SPHERE-IRDIS.

Results. We find that the efficiency of measuring circular polarization is close to 100%
and that the instrument-induced circular polarization is small (<0.1%) and well corrected
for with the instrument model. The accuracy of our measurements is limited by the less-
well-calibrated linear-to-circular polarimetric crosstalk produced by the telescope and
SPHERE'’s first mirror. To more accurately constrain this crosstalk, we use the spatial
variation of the linear polarization in the nebula of VY CMa to distinguish between real
astrophysical circular polarization and crosstalk-induced signal. We find that the light
from VY CMa in H-band is 4.07 + 0.05% linearly polarized and 0.14 + 0.04% circu-
larly polarized, in agreement with the literature. These polarization signals most likely
originate from a spatially unresolved, asymmetric circumstellar structure located close
to the star that is optically thick or contains magnetically aligned dust grains. We also
detect several so-far-unresolved features in the nebula surrounding VY CMa in linearly
polarized light, but do not conclusively detect spatially resolved circular polarization.
Conclusions. In order to maximize the accuracy of future measurements, the instrumental

L Author contributions: As part of their BSc research project, KS and DA modeled the polarization modu-
lation and instrumental polarization effects, performed the data reduction, calibrated the retardances of the UT
and M4, and developed the data visualizations. RGvH devised and implemented the measurement technique
at SPHERE-IRDIS, carried out the observations, supervised the BSc students, interpreted the measurements of
VY CMa and its nebula, and led the writing. SB and FS co-supervised the BSc research project. FS suggested
the new circular-polarization mode and developed the science case. All authors contributed to discussions during
the research project and the writing.
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crosstalk should be further calibrated by observing a face-on-viewed circumstellar disk.
Our observing scheme enables the first measurements of spatially resolved circular polar-
ization in protoplanetary disks and the nebulae around evolved stars.

6.1 Introduction

Measuring scattering-induced near-infrared (NIR) circular polarization at high spatial res-
olution can provide unique diagnostics for the characterization of the dusty environments
of protoplanetary disks and the nebulae around evolved stars. Contrary to NIR linear
polarization that can be produced by single scattering of unpolarized starlight, circular
polarization is created through higher-order scattering processes that break mirror sym-
metry and is therefore not very common. In fact, disregarding the possibility of chiral
scattering particles with a single handedness, the creation of circular polarization through
scattering requires that symmetry is broken twice. Typically, a first scattering event cre-
ates linearly polarized light from essentially unpolarized starlight, after which this linear
polarization is (partially) converted into circular polarization by a second interaction that
mimics the effect of a retarder (e.g., a quarter-wave plate at +45° to the incident linear
polarization for perfect conversion).

The first mechanism to create circular polarization is multiple scattering of anisotropic
radiation off spherical dust grains (i.e., multiple Mie scattering; Shafter & Jura, 1980;
Bastien & Ménard, 1990). In this mechanism, the linearly polarized light created by scat-
tering off dust grains is re-scattered by other grains, which, for favorable 3D scattering
angles and dust geometries, produces circular polarization. The second mechanism to
create circular polarization is scattering off elongated dust grains that are aligned to a
large-scale magnetic field (Gledhill & McCall, 2000). In this case, the circular polar-
ization results from a multiple-scattering scenario in which linearly polarized light that
is created elsewhere is scattered off grains that are aligned at an oblique angle with re-
spect to the incoming linear polarization. Alternatively, if the grains are aligned at an
oblique angle with respect to the scattering plane, circular polarization can be created by
a single scattering event that combines the creation of linear polarization and retardance.
Whereas multiple Mie scattering yields relatively modest degrees of circular polarization
of $1%, scattering by aligned grains can produce circular-polarization signals of tens of
percent (Hough, 2006). The higher-order scattering mechanisms can also produce non-
azimuthally oriented linear polarization, that is, linear polarization that is not oriented
orthogonal to the direction toward the central star (e.g., Canovas et al., 2015). Therefore,
measurements of both the linear and circular polarization in protoplanetary disks and the
nebulae around evolved stars can yield strong constraints on the distribution of the scatter-
ing material, scattering asymmetries, dust properties (e.g., size, shape, and texture), and
magnetic-field geometries.

Detecting circular polarization in protoplanetary disks is especially interesting be-
cause circular polarization may be responsible for the emergence of biological homochi-
rality, which is one of the most fundamental properties of life (Bailey et al., 1998; Lu-
cas et al., 2005; Modica et al., 2014; Patty et al., 2018; Avnir, 2021). Biology primar-
ily uses one of two mirror-image versions (enantiomers) of complex molecules such as
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amino acids and sugars (the building blocks of biological macromolecules such as DNA),
whereas pure chemistry does not have such biases (Nelson et al., 2008). Homochirality
may originate from an initially small enantiomeric imbalance in these molecules that is
then amplified by specific (bio)chemical or physical processes (Bonner, 1991). Bailey
et al. (1998) suggest that circularly polarized ultraviolet radiation can create an enan-
tiomeric imbalance in the organic molecules in star-forming regions and protoplanetary
disks through selective destruction of enantiomers, after which these organic molecules
are delivered to forming planets and moons by impacting planetesimals and dust. Unfortu-
nately, the ultraviolet radiation in these systems is difficult to observe because it is mostly
obscured from our view by dust. However, Bailey et al. (1998) show that circular polar-
ization at ultraviolet wavelengths can be created through the same higher-order scattering
processes that produce NIR circular polarization. Large-scale and strong NIR circular
polarization has been detected in many star-forming regions with wide-field imaging po-
larimetry (e.g., Chrysostomou et al., 1997; Bailey et al., 1998; Chrysostomou et al., 2000;
Ménard et al., 2000; Buschermohle et al., 2005; Kwon et al., 2013, 2014, 2018). How-
ever, to really show that circular polarization can contribute to the origin of homochirality
on forming planets, we need to measure the NIR circular polarization in protoplanetary
disks.

The seeing-limited instruments that have so far been used to measure NIR circular po-
larization cannot reach the high contrast and subarcsecond resolutions required to image
protoplanetary disks and the nebulae around evolved stars. The adaptive-optics-assisted
high-contrast imaging instrument SPHERE-IRDIS (Beuzit et al., 2019; Dohlen et al.,
2008) at the Very Large Telescope has a well-established NIR dual-beam polarimetric
imaging mode (de Boer et al., 2020; Chapter 2) that is very successful at imaging and
characterizing circumstellar disks and (sub)stellar companions with a high spatial resolu-
tion in linearly polarized light (see e.g., Garufi et al., 2017; Avenhaus et al., 2018; Ginski
et al., 2018; Chapter 5). Although SPHERE-IRDIS is not designed to measure circular
polarization, in Chapter 2 it is suggested that the instrument can be made sensitive to cir-
cular polarization without changing its optical components. The Mueller matrix model
of the instrumental polarization effects of the complete optical path of SPHERE-IRDIS
shows that at some orientations the image derotator of SPHERE produces very strong
circular-to-linear polarimetric crosstalk in the H- and K;-bands. The derotator can there-
fore be used as polarization modulator to convert incident circular polarization into linear
polarization that can be measured with the linear polarizers in IRDIS.

In this chapter, we present an observing scheme with SPHERE-IRDIS that uses
the derotator as a polarization modulator to measure NIR circular polarization at sub-
arcsecond resolution. We test the new observing scheme with linear- and circular-
polarization measurements of the evolved star VY Canis Majoris (VY CMa) and its sur-
rounding nebula. Using the Mueller matrix model of Chapter 2, we examine the efficiency
of measuring circular polarization and quantify the circular polarization induced by the
telescope and instrument. To reduce the data, we adapt the publicly available TRDAP
(IRDIS Data reduction for Accurate Polarimetry) pipeline that uses the Mueller matrix
model of Chapter 2 to correct observations for instrumental polarization effects with an
absolute polarimetric accuracy of <0.1% in the degree of polarization. Because the accu-
racy of our circular-polarization measurements turns out to be limited by the uncertainty
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of the polarimetric crosstalk produced by the telescope and SPHERE’s first mirror, we
use the data of VY CMa itself to more accurately constrain this crosstalk.

Our test target VY CMa is an 8.2 Myr-old red hypergiant star with a mass of 17 +8M,,
and an effective temperature of 3490 + 90 K (Wittkowski et al., 2012; Zhang et al., 2012).
The star is located at a distance of 1.17+0.08 kpc and has a radius of 1420+120R, making
it one of the largest stars known. VY CMa is surrounded by a nebula that is several arc-
seconds wide and comprises dusty clumps of ejecta that are asymmetrically distributed
around the star (e.g., Monnier et al., 1999; Smith et al., 2001; Humphreys et al., 2007;
Jones et al., 2007; Smith et al., 2009; Shenoy et al., 2013, 2015; O’Gorman et al., 2015;
Scicluna et al., 2015). Linear-polarization measurements at visible and NIR wavelengths
show that these clumps contain micron-sized dust grains (Scicluna et al., 2015) and sug-
gest that some of these clumps are optically thick (Jones et al., 2007; Shenoy et al., 2015).
As a result, it is possible that the light from these clumps scattered multiple times and
is therefore circularly polarized. Gehrels (1972) and Serkowski (1973) detect NIR circu-
lar polarization from VY CMa through aperture polarimetry on the central source (0.4%
in I-, 0.2% in H-, and 0.1% in K-band), but because these observations do not spatially
resolve the nebula it is unclear where in the nebula this circular polarization originates.

The outline of this chapter is as follows. We describe the observing scheme to mea-
sure circular polarization in Sect. 6.2 and outline the test observations of VY CMa
in Sect. 6.3. Subsequently, we investigate the instrumental polarization effects of the
circular-polarization measurements in Sect. 6.4. Next, we present the data reduction in
Sect. 6.5 and use the test data of VY CMa itself to further constrain the polarimetric
crosstalk in Sect. 6.6. In Sect. 6.7 we present and discuss the measured linear and circular
polarization of VY CMa and its nebula. Finally, we present conclusions in Sect. 6.8.

6.2 Observing scheme for measuring circular
polarization

In this section, we describe the observing scheme we developed to measure circular po-
larization with SPHERE-IRDIS. We build on the efforts described in de Boer et al. (2020)
and Chapter 2 and adopt the same definitions for the (optical components’) orientation
angles and the Stokes parameters. Of these Stokes parameters, / is the total intensity and
positive and negative Q describe vertical (north-south) and horizontal (east-west) linear
polarization. When looking into the beam of light, positive and negative U describe linear
polarization oriented 45° counterclockwise and clockwise from positive @, and positive
and negative V describe circular polarization with clockwise and counterclockwise rota-
tion. We refer to positive and negative V as right-handed and left-handed circular polar-
ization, respectively. In Sect. 6.2.1 we summarize the optical path of SPHERE-IRDIS’
polarimetric mode and the measurement of linear polarization. For a detailed description
of the mode we refer to de Boer et al. (2020) and Chapter 2. In Sect. 6.2.2 we discuss the
observing scheme to measure circular polarization.
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6.2.1 SPHERE-IRDIS’ polarimetric mode for linear polarimetry

A schematic overview of the optical path of SPHERE-IRDIS for polarimetric measure-
ments is shown in Fig. 6.1. Light is collected by the primary mirror of the altazimuth-
mounted Unit Telescope (UT) and is subsequently refocused by the secondary mirror
(M2) that is suspended at the top of the telescope. The inclined tertiary mirror (M3) of the
UT then reflects the light to the Nasmyth platform on which SPHERE is installed. Within
SPHERE, the light is reflected off another inclined mirror (M4) and passes a rotatable
half-wave plate (HWP) and the image derotator, which is a rotatable assembly of three
mirrors (a K-mirror). In field-tracking mode, the derotator follows a rotation law that
keeps the image in a fixed orientation on the detector (de Boer et al., 2020, Appendix A):

Oder = %(—p+a+n)+n~180°, 6.1)
where 64, is the derotator angle, p the parallactic angle, a the telescope altitude angle,  a
user-defined image-position-angle offset, and n an integer that is determined by the control
software. After the derotator, the light passes the mirrors of the adaptive optics system
and the coronagraphs (not shown in Fig. 6.1). Subsequently, the light enters IRDIS and is
split into two beams by a nonpolarizing beamsplitter and a mirror. The beams then pass
a pair of linear polarizers with orthogonal transmission axes oriented in the vertical and
horizontal directions, that is, in the directions perpendicular and parallel to the Nasmyth
platform. Finally, the beams fall on the detector and create two adjacent (left and right)
images of the orthogonal linear-polarization states.

During observations in field-tracking mode, the HWP keeps the linear polarization
incident on the telescope in a fixed orientation with respect to the detector. In addition,
the HWP acts as a modulator and selects the incident linear polarization to be measured.
To this end, the HWP follows the rotation law (de Boer et al., 2020, Appendix A):

1
Ouwp = —p+a+ 3 (1 +7Y) + Grwp (6.2)

where Oywp is the HWP angle, y is an additional position angle offset (in general y = 0°),
and 6}y,p is the HWP switch angle. In one HWP cycle, the HWP switch angle takes on
values equal to 0° and 45° to measure incident Stokes Q and 22.5° and 67.5° to measure
incident Stokes U.

For each HWP switch angle, we subtract the right image from the left image (the
single difference) to obtain the Q*-, Q™-, U*-, and U~ -images, respectively. We then
compute images of Stokes Q and U from these images using the double difference as:

1
0=5(0"-0). (6.3)
U= % (Ut -U). 6.4)

We also add the left and right images for each HWP switch angle (the single sum) to
obtain the /p+-, Ip--, Iy+-, and Iy--images. Finally, we calculate the total-intensity /-
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Figure 6.1: Overview of the optical path of the Unit Telescope (UT) and SPHERE-IRDIS, showing only the optical components relevant
for polarimetric measurements, as well as a schematic depiction of the observing scheme to measure circular polarization. The names
of the (groups of) components are indicated in boldface. The relevant diattenuations € and retardances 4 of the components are shown
as well. The black circular arrows indicate the parallactic angle p, the telescope altitude angle a, the half-wave plate (HWP) angle 6gwp,
and the derotator angle 6g4;. Also indicated are the circularly polarized light (in green) incident on the telescope (Vi,) and downstream
of the UT (Vyr), M4 (Vya), and the HWP (Vigwp) as well as the linearly polarized light (in blue) that the circularly polarized light is
converted into downstream of the derotator (Qqe;). The gray area at the top right of the image shows the circular-polarization V*- and
V™ -measurements taken with the derotator (viewed as looking along the incident beam) at angles equal to 45° and 135°, respectively.
The gray area also shows the orientation of the images on the detector (images of VY CMa with the diffraction patterns of the M2
support structure; see Fig. 6.4, left) and the handedness of the circular polarization (right-handed or left-handed) corresponding to these
measurements. Image adapted from Fig. 2.2.
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and [y-images from the double sum as:

1
IQ = 5 (IQ+ + IQ—), (65)

1
Iy = 3 y+ +1Iy-). (6.6)

The polarimetric measurements with IRDIS are affected by the instrumental polariza-
tion effects of the optical components, which, as discussed in Chapter 2, consist of instru-
mental polarization (IP) and polarimetric crosstalk. IP is the polarization signal produced
by the optical components and can make unpolarized sources appear to be polarized. For a
single component, IP is a linear-polarization signal created by that component’s diattenu-
ation e, that is, the difference between the reflectances or transmittances of the orthogonal
linearly polarized components of the light. Crosstalk is the mixing of polarization states
induced by the optical components. The crosstalk of a single component converts (part of
the) incident linear polarization into circular polarization and vice versa. This crosstalk is
produced by the component’s retardance 4, that is, the induced relative phase shift of the
orthogonal linearly polarized components of the light. By computing the double differ-
ence (Egs. (6.3) and (6.4)), the IP produced by the non-rotating components downstream
of the HWP is removed because this IP manifests itself as transmission differences be-
tween the two beams falling on the detector. In addition, the double difference suppresses
flat-field errors and uncorrected bad pixels (see e.g., Canovas et al., 2011). The crosstalk
as well as the IP created by the UT and M4, which are located upstream of the HWP,
need to be corrected for during the data reduction using the Mueller matrix model as
implemented in IRDAP.

Even though the instrumental polarization effects can be corrected for in the data re-
duction, the crosstalk produced by the derotator can still significantly lower the attainable
signal-to-noise ratio of field-tracking observations. From the Mueller matrix model of
Chapter 2, we know that the derotator has a retardance of Age; = 99.32 + 0.06° in H-band
and 44er = 84.13 £ 0.05° in K;-band, close to the 90° retardance of an ideal quarter-wave
plate. This means that in these filters the derotator induces a nearly 90° relative phase shift
between linearly polarized components incident parallel and perpendicular to the derota-
tor’s plane of incidence. In other words, the derotator can produce very strong linear-
to-circular and circular-to-linear polarimetric crosstalk. For linear-polarization measure-
ments, this crosstalk is no problem when 6q; is close to 0°, 90°, 180°, or 270°, that is,
when the plane of incidence of the derotator is oriented nearly horizontal or vertical. How-
ever, when 6y, is close to 45°, 135°, 225°, or 315°, the derotator converts a large fraction
of the incident linear polarization into circular polarization that cannot be distinguished
with the linear polarizers of IRDIS. This results in a significant loss of polarimetric signal
and therefore a large decrease of polarimetric efficiency, that is, the fraction of the linear
polarization incident on the telescope that is actually measured. To ensure a high polari-
metric efficiency, the derotator angle can be manually offset (i.e., by setting  # 0° in
Eq. (6.1)) such that 4, is close to 0°, 90°, 180°, or 270° at the time of the observations
(de Boer et al., 2020).
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6.2.2 Observing scheme for measuring circular polarization

In our observing scheme to measure circular polarization, we turn the nearly quarter-wave
retardance of the derotator in the H- and K,-bands to our advantage by using the derotator
as polarization modulator. A schematic depiction of the observing scheme is included
in Fig. 6.1. We employ the field-tracking mode and take two measurements for which
we deliberately offset 4., to values close to 45° and 135°. At these angles, the derotator
converts almost all incident circular polarization into vertically and horizontally oriented
linear polarization that can then be distinguished with IRDIS’ linear polarizers.

In the data reduction, we subtract for each of the two measurements the right im-
age from the left image to obtain the single-difference V*- and V™ -images, respectively.
Contrary to the linear-polarization Q*-, Q™-, U*-, and U~ -images, the different derotator
angles used for the V*- and V™ -images result in the images being rotated approximately
180° with respect to each other (see Fig. 6.1). We therefore derotate (e.g., using spline
interpolation) the V*- and V~-images and use the resulting images to compute the image
of Stokes V from the double difference as:

V= % (V' =Vv). (6.7)

We also add the left and right images of the two measurements to obtain the single-sum
Iy+- and Iy--images. Similarly to the V*- and V™ -images, we first derotate the Iy+- and
Iy--images after which we compute the total-intensity /y-image from the double sum as:

1
Iy = E (Iv+ + Iv—). (68)

Because the polarization state of the light is encoded in the positive and negative
signals of the V*- and V™ -images, the derotation of these images does not alter the polar-
ization information contained in them. Therefore, the overall IP created downstream of
the HWP is still removed when computing the double difference. However, contrary to
the linear-polarization measurements, each image point in the left and right images of the
V*- and V™ -measurements are recorded on different pixels of the detector. As a result, the
double difference does not suppress flat-field errors, uncorrected bad pixels, and any spa-
tial variations of the IP of the left and right beams incident on the detector. These effects
can decrease the attainable polarimetric accuracy when measuring the degree of polariza-
tion of point sources at the level of a few tenths of a percent (see Chapter 5). However,
the effects are generally small and are therefore not expected to significantly affect mea-
surements of the polarization of bright circumstellar structures or the halo of the central
star. After computing the double difference, the measurements of circular polarization
are, similar to linear-polarization measurements, still affected by the crosstalk as well as
the IP created by the UT and M4. Therefore, also the circular-polarization measurements
need to be corrected for the instrumental polarization effects during the data reduction
using the Mueller matrix model.
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6.3 Test observations of VY CMa

To test our observing scheme, we observed VY CMa, which is one of only a few stars that
are visible from the Paranal Observatory and for which circular polarization has previ-
ously been detected in H-band (Serkowski, 1973). We performed the observations during
the morning twilight on January 13, 2020. We used the H-band filter and the apodized
Lyot coronagraph with a mask diameter of 185 mas (Carbillet et al., 2011; Guerri et al.,
2011). Because VY CMa has a high brightness (0.44 mag in H-band) we used a neutral-
density filter that reduces the flux tenfold. At the start of the observations, we took sky
frames to enable the subtraction of the sky background and star-center frames to enable
the determination of the position of the star behind the coronagraph. We then performed
12 measurements of circular polarization and four regular measurements of linear polar-
ization. Each of these 16 measurements consisted of 15 integrations (NDIT) of 2 s (DIT)
each, summing to a total on-source exposure time of 8 min. The atmospheric conditions
were excellent with an average seeing and coherence time of 0.4” and 6.9 ms, respec-
tively. An overview of the relevant (component) angles of the measurements is shown in
Table 6.1.

For both the linear-polarization and circular-polarization measurements we used stan-
dard SPHERE_irdis_dpi_obs observation templates. We performed the measurements
of linear polarization using a single conventional HWP cycle with HWP switch angles
equal to 0°, 45°, 22.5°, and 67.5° (setting SEQ.IRDIS.POL.STOKES to "QU" in the ob-
servation template). To ensure a high (linear) polarimetric efficiency, we used an image
position angle offset of 7 = 249° to set 64 ® 270°. These linear-polarization measure-
ments are indicated in Table 6.1 as the Q*-, Q™ -, U*-, and U~ -measurements.

For the measurements of circular polarization, we employed a series of templates
that each use a partial HWP cycle with HWP switch angles equal to 0° and 45° (setting
SEQ.IRDIS.POL.STOKES to "Q"). For this series of templates, we alternately used dero-
tator image-position-angle offsets of 7 = 159° and = 339° to obtain measurements with
derotator angles 64y = 45° and 64er = 135°, respectively. These circular-polarization mea-
surements are displayed in Table 6.1 as the V*- and V™~ -measurements. From this table,
we see that for the same value of 1 the derotator angle can have two values 180° apart,
that is, 64, is sometimes close to 225° instead of 45°, or 315° instead of 135°. This is not
a problem because these derotator angles are effectively equivalent and result in the same
image orientation and circular-to-linear polarimetric crosstalk. The two possible values
of the derotator angle result from the control software choosing the value of n in Eq. (6.1)
such that the derotator rotates to the closest angle that gives the desired image orientation.
Finally, because the values of g4 are not exactly equal to 45°, 135°, 225°, and 315°,
the images of the V*- and V™ -measurements are only approximately 180° rotated with
respect to each other.

We note that the HWP, and therefore also switching the HWP, is not necessary for
measurements of circular polarization. However, there exists no template for IRDIS’
polarimetric mode that allows to remove the HWP or use less than two HWP switch
angles. We therefore accept the limitations and in the data reduction simply compute
the double-difference V-images from the V*- and V™ -images with the same HWP switch
angle.
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Table 6.1: Overview of the linear and circular-polarization measurements of VY CMa in
H-band.

File Stokes 7(°) p() a() Ouer () Ofyp )

1 V- 339 1029 355 1358 0
2 V- 339 103.0 353 135.6 45
3 vt 159 103.1 35.0 2255 0
4 v* 159 103.1 348 2253 45
5 ot 249 1032 34.6 270.1 0
6 o 249 1033 344 270.0 45
7 U+ 249 1034 342 2699 22.5
8 U- 249 1034 340 269.8 67.5
9 V- 339 1035 33.7 3146 0
10 V- 339 103.6 33,5 3145 45
11 v+ 159 103.7 333 44.3 0
12 v+ 159 103.7 33.1 44.1 45
13 V- 339 103.8 32.8 1340 0

14 V- 339 1039 32.6 1338 45
15 vt 159 104.0 323 2236 0
16 v+ 159 104.1 321 2235 45

Notes. In the header of the table, Stokes shows the single dif-
ference Stokes parameter corresponding to the measurement,
n is the user-defined image-position-angle offset of the derota-
tor, p is the parallactic angle, a is the telescope altitude angle,
O4er 18 the derotator angle, and is the half-wave plate
switch angle.

S
HHWP

6.4 Instrumental polarization effects of
circular-polarization measurements

To understand the performance of our observing scheme for measuring circular polariza-
tion and enable accurate reduction and interpretation of the measurements of VY CMa,
we need to investigate how these measurements are affected by instrumental polarization
effects. To this end, we use the Mueller matrix model of Chapter 2 to compute the instru-
mental polarization effects of observations of VY CMa in H-band. Although the exact
magnitude of the effects differs for measurements in K -band or observations of targets
with declinations other than that of VY CMa, the main conclusions we draw in this sec-
tion remain the same. In Sect. 6.4.1 we outline the Mueller matrix model and the setup of
our calculations. Subsequently, we investigate and explain the polarimetric efficiency, IP,
and polarimetric crosstalk in Sects. 6.4.2, 6.4.3, and 6.4.4, respectively. Finally, we dis-
cuss the effect of the uncertainty of the retardance of the UT and M4 on the instrumental
polarization effects in Sect. 6.4.5.
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6.4.1 Mueller matrix model and setup of calculations

The Mueller matrix model mathematically describes the instrumental polarization effects
of the complete optical system as a function of the parallactic, altitude, HWP, and derota-
tor angles, and is described in detail in Chapter 2. The model uses three principal reference
frames: the celestial reference frame, with positive Q aligned with the north-south direc-
tion on the sky; the telescope reference frame, which is rotated with respect to the celestial
reference frame with the parallactic angle; and the instrument reference frame, which is
rotated with respect to the telescope reference frame with the altitude angle and where
positive Q is aligned with the vertical direction. The parameters of the model that are
most relevant for our discussion are (see Fig. 6.1) the diattenuation of the UT (eyr; which
is ideally completely due to M3), the retardances of the UT, M4, the HWP, and the dero-
tator (dyt, Ama, Aawp, and Adg4er), and, to a lesser extent, the diattenuations of M4 and the
HWP (eyms and egwp). The retardances of the UT (assumed to be completely due to M3)
and M4 have been computed analytically from the Fresnel equations using the complex
refractive indices of aluminum retrieved from Rakic et al. (1998); all other model param-
eters have been experimentally determined from measurements with SPHERE’s internal
light source and observations of unpolarized stars.

To compute the instrumental polarization effects of measurements of VY CMa, we
simulate idealized double-difference measurements for the period of time during which
VY CMa is seen above the horizon from the Paranal Observatory. To this end, we first
define the Stokes vector describing the polarization state of the light incident on the tele-
scope, that is, we define Siy, = [fin, QOin, Uin, Vin]T, where Iiy, QOin, Uin, and Vj, are the
incident Stokes parameters in the celestial reference frame. Subsequently, we define a se-
ries of points in time and compute for each of them the parallactic angle and altitude angle.
For each point in time we also define a pair of V*- and V™ -measurements where we set the
derotator angles of all V*-measurements equal to 45° and those of all V™~ -measurements
equal to 135°. Next, we compute the derotator image-position-angle offsets n to reach
those derotator angles from Eq. (6.1). Using the values of 1, we then compute the cor-
responding HWP angles from Eq. (6.2), setting y = 0° and 6, = 0°, where the latter
corresponds to the V*- and V™ -measurements with odd file numbers in Table 6.1 (the re-
sults only differ marginally for 6}, = 45°). After that, we use the Mueller matrix model
to compute for each pair of V*- and V™ -measurements the intensities reaching the left and
right sides of the detector. From these intensities, we calculate the double-difference and
double-sum intensities, after which we compute the measured normalized Stokes param-
eter v (i.e., the degree of circular polarization) as the ratio of these two values. For the
period that VY CMa is visible, these calculations thus yield a series of values of v, which,
for specific incident Stokes vectors, we can interpret as the polarimetric efficiency, IP, and
crosstalk.

6.4.2 Polarimetric efficiency

In Sect. 6.2.1 we defined the polarimetric efficiency in terms of linear polarization. For
circular-polarization measurements, we adapt the definition and define the polarimetric
efficiency as the fraction of the circular polarization incident on the telescope that is actu-
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ally measured. To calculate the polarimetric efficiency, we simulate the double-difference
measurements for the case of 100% circularly polarized light incident on the telescope,
that is, we set Si, = [1,0,0, 1]7. The polarimetric efficiency is then equal to the values of
v resulting from the computations.

The calculated polarimetric efficiency as a function of altitude angle for observations
of VY CMa in H-band is shown by the green curve in Fig. 6.2 (top). From this curve,
we see that the polarimetric efficiency varies between 94.0% and 99.5%. Because these
values are very close to the ideal value of 100%, we conclude that our observing scheme
is very efficient at measuring circular polarization. Figure 6.2 (top) also shows the polari-
metric efficiency of the six actual circular-polarization measurements of VY CMa (green
data points) as computed using the angles from Table 6.1. The small offsets of these
data points with respect to the green curve are due to the parallactic and altitude angles
not being equal for the actual V*- and V~-measurements, the derotator angles deviating
slightly from their ideal values of 45° (225°) and 135° (315°), and, for half of the mea-
surements, the HWP switch angles being equal to 45° instead of 0°. Finally, we note that
in K -band the polarimetric efficiency ranges between 97.0% and 98.2% and is therefore
slightly higher than in H-band. This is as expected because the retardance of the derotator
in K -band is closer to 90° than the retardance in H-band.

The polarimetric efficiency is primarily determined by the retardances of the UT, M4,
the HWP, and the derotator. Writing out part of the Mueller matrix model, we can sum-
marize the main effect of these retardances as:

Vin—=Vur— Vma— Vawp— Ouer =

— c0s Ayt cos A cos Agwp Sin Ager = 96.6% in H-band, (6.9)

where the first line of the equation shows the conversions of a Stokes parameter incident
on the telescope (in this case Vj,, in the celestial reference frame) into different Stokes
parameters downstream of the UT (in the telescope reference frame), M4, the HWP, and
the derotator (all in the instrument reference frame). All these Stokes parameters are
shown in Fig. 6.1. The retardances of the UT, M4, and the HWP (4dyt = A4pq = 175.0° and
Apwp = 170.7°£0.1° in H-band) are close to the ideal value of 180°. Apart from inducing
a change of handedness, these components therefore effectively reflect or transmit the
circular polarization incident on the telescope. Contrary to the retardances of the UT,
M4, and the HWP, the retardance of the derotator (Agey = 99.32° + 0.06° in H-band)
is close to the 90° of an ideal quarter-wave plate. When placed at an angle of 45° or
135°, the derotator therefore produces strong crosstalk that almost completely converts
the circular polarization downstream of the HWP, Vywp, into a linear-polarization signal,
Qger- Because the transmission axes of IRDIS’ linear polarizers are aligned with the
directions of positive and negative Qger, this Qge-signal can be distinguished with the
polarizers. Whereas for 64, = 45° (the V*-measurement) the Qg.-signal has the opposite
sign of Vywp, for Oger = 135° (the V™ -measurement) the Qg -signal has the same sign.
As a result, the single differences computed from the V*- and V™ -measurements have
opposite signs, enabling the computation of the final value of Stokes V from the double
difference (see Eq. (6.7)).



Circular polarimetric imaging at planetary system scales 183

< 100

92
0.12

0.08

0.044 el

.3

Instrumental polarization (%) polarimetric efficiency (%

0.00

—-10 4

Crosstalk from Qjn(%)
o

|
N
o

=
o

|
N
o

L

Crosstalk from Ui, (%)
A
o o

|
w
o

10 20 30 40 50 60 70 80 90
Altitude angle (°)

o

Figure 6.2: Polarimetric efficiency (fop), instrumental polarization (second row), and
crosstalk from incident Stokes Q (third row) and U (bottom) as a function of telescope
altitude angle for circular-polarization measurements of VY CMa in H-band as computed
from simulations of double-difference measurements with the Mueller matrix model of
Chapter 2. The curves show the model values as calculated using ideal values of the par-
allactic, altitude, HWP, and derotator angles. In these curves, the arrowheads show the
direction of increasing time and parallactic angle and the dotted parts indicate altitude
angles that cannot actually be reached by the telescope. The data points show the model
values of the six actual circular-polarization measurements of VY CMa as computed us-
ing the angles from Table 6.1. The data points deviate somewhat from the curves because
the observations were performed with slightly different angles than the ideal angles used
to compute the curves. The shaded areas indicate the uncertainty of the model values
when assuming the retardances of the UT and M4 to have values between 174° and 176°.
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The percentage on the right side of Eq. (6.9) is the polarimetric efficiency computed by
substituting the H-band values of the model parameters (see Sect. 6.4.1) into the equation.
This constant value of 96.6% is approximately equal to the average of the green curve in
Fig. 6.2 (top). The small deviations from this value (i.e., those creating the loop in Fig. 6.2,
top) are primarily due to the crosstalk of the HWP converting a small part of the incident
circular polarization into linear polarization. Depending on the exact HWP angle (which
in turn depends on the parallactic and altitude angle via Eqgs. (6.1) and (6.2)), a fraction
of this linear polarization is transmitted by the derotator (i.e., not converted to circular
polarization) and contributes to the Qge -signal, thereby adding to the measured value of
Stokes V.

6.4.3 Instrumental polarization

IP is the polarization signal produced by the optical components (see Sect. 6.2.1). For
circular-polarization measurements, the IP refers specifically to the signal that contributes
to the measurement of Stokes V. To compute the IP, we simulate the double-difference
measurements for the case of completely unpolarized light incident on the telescope, that
is, we set Si, = [1, 0, 0, 0]T. The IP is then equal to the values of v resulting from the
calculations.

The computed IP as a function of altitude angle for observations of VY CMa in H-
band is displayed with the black curve in Fig. 6.2 (second row). From the curve, it follows
that the IP is (nearly) zero at an altitude angle of 0°, then increases to a maximum value of
~0.08% at an altitude angle of 45°, and finally decreases toward zero again at an altitude
angle of 90°. Compared to the maximum IP of more than 1% for linear-polarization
measurements (Chapter 2), this IP is very small. Figure 6.2 (second row) also displays
the IP of the six actual circular-polarization measurements of VY CMa (black data points)
as calculated using the angles from Table 6.1. Similar to the polarimetric efficiency (see
Sect. 6.4.2), the data points deviate somewhat with respect to the black curve because the
observations were performed with slightly different angles than the ideal angles used to
compute the curve. Finally, we note that in K-band the maximum IP is ~0.04%, only
half of that in H-band.

The IP is mainly produced by the combination of the diattenuation of the UT and the
retardance of M4. Using the Mueller matrix model, we can write the principal process
creating the IP as:

Iin— Qur— Vma— Vawp— Qder =
—eyr sin(2a) sin Ay cos Agwp Sin Ager =

sin (2a) - 0.077% in H-band, (6.10)

where in this case we take the total intensity as the Stokes parameter incident on the tele-
scope. Initially, the diattenuation of the UT (eyr = 0.0090 + 0.0001 in H-band) produces
a linear IP signal. Subsequently, a small part of this signal is converted into circular po-
larization by the crosstalk of M4. Besides the retardance of M4, the amount of circular
polarization produced depends on the orientation of the linear polarization with respect
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to M4, that is, it depends on the orientation of the telescope reference frame with re-
spect to the instrument reference frame as defined by the altitude angle. The resulting
circular polarization downstream of M4 is subsequently transmitted by the HWP (includ-
ing a change of handedness) and converted to a measurable Qg -signal by the derotator
(see Sect. 6.4.2). Interestingly, whereas for the IP of linear-polarization measurements
the diattenuation of M4 (eys = 0.0092 + 0.0001 in H-band) is equally important as the
diattenuation of the UT (see Chapter 2), for circular-polarization measurements the diat-
tenuation of M4 does not contribute at all.

The short expression on the right side of Eq. (6.10) is computed by substituting the
values of the model parameters in H-band into the equation. This sinusoidal expression
agrees well with the black curve in Fig. 6.2 (second row). However, from this figure
we also see that for the same altitude angle the IP is slightly different for observations
taken before or after passing the local meridian. These differences mainly result from
the diattenuation of the HWP (egwp = —0.000297 + 7 - 107 in H-band) that produces a
small linear-polarization signal. Similar to the process described at the end of Sect. 6.4.2
and depending on the exact HWP angle, a small fraction of this signal is transmitted by
the derotator and contributes to the Qg-signal, thus ending up in the measured value of
Stokes V.

6.4.4 Crosstalk

As discussed in Sect. 6.2.1, polarimetric crosstalk is the mixing of polarization states
induced by the optical components. For circular-polarization measurements, we are in-
terested in the crosstalk that causes the linear polarization incident on the telescope to
contribute to the measurement of Stokes V. We calculate the crosstalk by simulating the
double-difference measurements for the cases of 100% Q- and U-polarized light incident
on the telescope, that is, we perform the calculations twice, once with S;, = [1, 1, O, 01T
and once with Si, = [1, 0, 1, 0]7. In both cases the crosstalk is then equal to the values
of v resulting from the computations.

The computed crosstalk for incident Q and U as a function of altitude angle for obser-
vations of VY CMa in H-band are shown in Fig. 6.2 (third row and bottom) with the blue
and red curves, respectively. From these curves, it follows that the crosstalk is significant
and can reach values of up to ~15% at small altitude angles. At large altitude angles,
the crosstalk reduces to a few percent. Figure 6.2 (third row and bottom) also shows the
crosstalk of the six actual circular-polarization measurements of VY CMa (blue and red
data points, respectively) as computed using the angles from Table 6.1. Similar to the
polarimetric efficiency and IP (see Sects. 6.4.2 and 6.4.3), the data points show small de-
viations with respect to the curves because the angles from the observations are slightly
different than the ideal angles used to calculate the curves. Finally, we note that the
crosstalk in K-band has a maximum of ~11%, somewhat lower than that in H-band.

The crosstalk is primarily produced by the retardances of the UT and M4. From the
Mueller matrix model, we can derive the main process creating crosstalk from incident Q
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as:

Oin—>Xur— Vma— Vawp— Qer
[sin(2p) sin Ayt + sin(2p — 2a) sin Ay ]| cos Agwp Sin Ager =

—[sin(2p) + sin(2p — 2a)] - 8.5% in H-band, 6.11)

where Xyt represents Qur, Uyr, and Vyr and we simplified the expression by assuming
cos Ayt = cosAyy =~ —1. Similarly, we can write the main process producing crosstalk
from incident U as:

Uin—Xur— Vma— Vawp— Qer
—[cos(2p) sin Ayt + cos(2p — 2a) sin Apy4] cos Agwp Sin Ager =

[cos(2p) + cos(2p — 2a)] - 8.5% in H-band. (6.12)

For both Q incident and U incident, the crosstalk is created following two distinct mech-
anisms. In the first mechanism, a small part of the incident Q- or U-polarization is con-
verted to circular polarization by the crosstalk of the UT, after which this circular polar-
ization is reflected by M4. In the second mechanism, the incident Q- or U-polarization
is reflected by the UT, after which a fraction of the linear polarization is converted into
circular polarization by the crosstalk of M4. Apart from the retardances of the UT and
M4, the amount of circular polarization created in these two mechanisms depends on the
orientation of the linear polarization in the telescope and instrument reference frames,
respectively. Therefore, the crosstalk produced depends on the parallactic angle in the
first mechanism and on both the parallactic and altitude angle in the second mechanism.
In both mechanisms, the circular polarization created is subsequently transmitted by the
HWP (including a change of handedness) and converted to a measurable Qg.;-signal by
the derotator (see Sect. 6.4.2).

The expressions on the bottom lines of Egs. (6.11) and (6.12) are calculated by substi-
tuting the H-band values of the model parameters into the equations. The two expressions
are in good agreement with the blue and red curves in Fig. 6.2 (third row and bottom) and
only show very small deviations that do not warrant further discussion. However, it is
interesting to note that, even though the retardances of the HWP and the derotator are not
ideal, these optical components do not cause additional crosstalk of the incident linear
polarization (or the linear IP of the UT and M4) into the measurement of Stokes V. This
is because the derotator as well as the HWP (following Eq. (6.2)) rotate 90° between the
V*- and V™ -measurements. Due to the 90° rotations, the linear-polarization signals that
are transmitted by the HWP-derotator combination and that contribute to the Qg,-signal
have the same sign in the V*- and V™ -measurements. As a result, these signals cancel
when computing the double difference.

6.4.5 Effect of uncertainty of retardance of UT and M4

As discussed in Sects. 6.4.2—6.4.4, the polarimetric efficiency, IP, and crosstalk of circular-
polarization measurements strongly depend on the retardances of the UT, M4, the HWP,



Circular polarimetric imaging at planetary system scales 187

and the derotator. Of these retardances, the values of Ayt and 4y4 have been computed
from the Fresnel equations (see Sect. 6.4.1) and thus can differ significantly from the
true values. As a result, the uncertainties of Ayt and 4y4 can significantly decrease the
achievable polarimetric accuracy after correcting for the instrumental polarization effects
in the data reduction.

To examine the effect of the uncertainty of Ayt and 4y4 on the instrumental polariza-
tion effects, we first make an estimate of the range of possible values of Ayt and Ayy. To
this end, we retrieve from several sources (Raki¢, 1995; Rakic et al., 1998; McPeak et al.,
2015; Ordal et al., 1988; Mathewson & Myers, 1971) the complex refractive indices of
aluminum for the complete wavelength range of the H-band filter (1480—-1770 nm). As-
suming Ayt = 4wm4, We then use the Fresnel equations to compute the retardance values
from these refractive indices. From these calculations, we find Ayt and A4 to have mini-
mum and maximum values of approximately 174° and 176°, in agreement with the uncer-
tainty due to the presence of oxide layers on aluminum mirrors (van Harten et al., 2009).
Finally, we compute the polarimetric efficiency, IP, and crosstalk for Ay = Ay = 174°
and Ayt = 4dyma = 176° by repeating the calculations as described in Sects. 6.4.2-6.4.4
with these retardance values.

The resulting ranges of values for the polarimetric efficiency, IP, and crosstalk are
displayed as shaded areas in Fig. 6.2. Figure 6.2 (top and second row) shows that the
uncertainties in the polarimetric efficiency and IP are small. On the other hand, we see
from Fig. 6.2 (third row and bottom) that the uncertainties in the crosstalk are significant
and are largest for the points in time where the crosstalk is largest. Indeed, for the ac-
tual observations of VY CMa (data points in Fig. 6.2, third row and bottom) the large
crosstalk from incident U (~14%) is accompanied by an uncertainty of several percent.
Whereas such large uncertainties in the crosstalk only marginally affect measurements of
linear polarization, these uncertainties are very important for circular-polarization mea-
surements. This is because the linear polarization in protoplanetary disks and the nebulae
around evolved stars is expected to be generally much larger than the circular polariza-
tion. Therefore, if the value of 175.0° as used for Ayt and Ay is slightly different from
the true values, the part of the crosstalk that remains uncorrected in the data reduction can
create large spurious signals in the images of Stokes V (see Sect. 6.6).

6.5 Data reduction

To reduce observations taken with our new observing scheme, we adapt the TRDAP?
pipeline (version 1.2.3) that uses the Mueller matrix model to correct linear-polarization
measurements for the instrumental polarization effects (Chapter 2). The most important
adaptations concern the derotation of the images and the correction of the instrumental
polarization effects. In this section, we describe the adapted data-reduction pipeline and
apply it to the H-band observations of VY CMa.

The preprocessing of the raw files follows the exact same steps as used in the stan-
dard IRDAP. For each file, the pipeline subtracts the sky background, performs flat field-
ing, corrects for bad pixels, mean-combines the individual frames, and extracts the left

2https://irdap.readthedocs.io
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and right images. Subsequently, it centers the left and right images using the star-center
frames. For the observations of VY CMa, we exclude from the preprocessing the first
three or four frames of the files that are taken after changing the image-position-angle
offset (i.e., files 1, 3, 5, 9, 11, 13, and 15 in Table 6.1) because these frames show sig-
nificant image smearing. The most likely cause of this smearing is that the rotation axis
of the derotator is not exactly aligned with the position of the focal-plane mask of the
coronagraph. As a result, the star moves away from the focal-plane mask with each large
rotation of the derotator, after which the instrument needs several seconds to translate the
image such that the star is placed behind the mask again.

After finishing the preprocessing, the pipeline subtracts the left and right images of
each file, which in this case yields the single-difference Q*-, 9~-, U*-, U™-, V*-, and
V~-images. In addition, the pipeline adds the left and right images, thus creating the
corresponding single-sum Ip+-, Ip--, Iy+-, Iy--, Iy+-, and Iy--images. Contrary to the
standard IRDAP, the pipeline then identifies the V*-, V=, I--, and Iy--images based on
the derotator angle and derotates these images such that they have the same orientation
with north upward. Finally, the pipeline computes cubes of double-difference Q-, U-,
and V-images from Eqs. (6.3), (6.4), and (6.7) and cubes of double-sum /-, Iy-, and
Iy-images from Egs. (6.5), (6.6), and (6.8).

As the next step, the pipeline uses the Mueller matrix model to correct the data for the
instrumental polarization effects and computes the images of the Stokes parameters inci-
dent on the telescope. This model correction is very similar to that of the standard IRDAP
because the Mueller matrix model simply depends on the (optical component) orientation
angles and does not need to distinguish between the linear- and circular-polarization mea-
surements. First, the pipeline subtracts the IP from each double-difference image. To this
end, it scales the corresponding double-sum image with the computed IP and subtracts the
resulting image from the double-difference image. Subsequently, the pipeline derotates
the cubes of IP-subtracted Q- and U-images as well as the cubes of Ip- and Iy-images
such that north is upward (the IP-subtracted V-images and the /y-images are already dero-
tated). Next, the pipeline sets up a system of equations that describes for each derotated,
[P-subtracted double-difference Q-, U-, or V-image the contribution of the crosstalk or
transmission from incident Q, U, and V. The pipeline then computes the three images
of incident Q, U, and V by solving, for every pixel individually, the system of equations
using linear least squares (there are more than three measurements). The standard IRDAP
differs from this in that it assumes the incident V to be zero and therefore solves the sys-
tem of equations only for incident Q and U. Finally, the pipeline computes the three final
Iy-, Iy-, and Iy-images as the means of the cubes of derotated /y-, Iy-, and Iy-images,
respectively.

From the three /-, Iyy-, and Iy-images, the pipeline subsequently computes the final
total-intensity image by computing the mean of these images. Using the model-corrected
Q- and U-images and following the definitions of de Boer et al. (2020), the pipeline also
computes images of Qs and Uys. In these images, positive and negative Qg show the
linear polarization in the azimuthal and radial directions (i.e., orthogonal and parallel to
the direction toward the central star), respectively, and positive and negative U, show the
linear polarization at +45° from these directions. Finally, the pipeline computes an image
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of the linearly polarized intensity, PI, as:

Pl = \O* + U2, (6.13)

and an image of the angle of linear polarization, y, as:
1 U
X = 3 arctan (5) (6.14)

The final polarization images contain halos of polarized starlight that originate from
interstellar dust and/or spatially unresolved circumstellar material located close to the
star. In Fig. 6.3, which shows the central part of the linearly polarized intensity image of
VY CMa, the halo is primarily visible as a star-centered ring (the adaptive-optics resid-
uals) and four lines emanating from the center of the image (the diffraction patterns of
the M2 support structure). With the pipeline we can determine the stellar polarization
from the Iy-, Iyy-, Iy-, and model-corrected Q-, U-, and V-images by summing the flux in
these images in a region that only contains light from the stellar halo and no signal from
spatially resolved circumstellar material. From the summed fluxes, the pipeline then com-
putes the normalized Stokes parameters of the stellar polarization as g = Q/Ip, u = U/Iy,
and v = U/Iy. For the data set of VY CMa, we select the region indicated with the dotted
lines in Fig. 6.3. The measured values of ¢, u, and v do not significantly change when
varying the size of the selected region, suggesting that the region indeed does not contain
signal from circumstellar material. Subsequently, the pipeline determines the uncertainty
of the measured stellar polarization. For the measurement of v, the pipeline solves the sys-
tem of equations describing the crosstalk for each V-measurement separately, measures
the stellar polarization from the resulting images, and computes the standard error of the
mean over the measured values. Because we have taken only one HWP cycle to measure
Q and U, the pipeline computes the uncertainty of ¢ and u as the accuracy of the Mueller
matrix model with which the data is corrected (see Chapter 2).

Finally, the pipeline creates an additional set of images with the stellar polarization
subtracted by scaling the /-, Iyy-, and Iy-images with the measured stellar g, u, and v and
subtracting the resulting images from the model-corrected Q-, U-, and V-images. In the
remainder of this chapter we only consider the images with the stellar polarization sub-
tracted. The final images of the total intensity as well as of the linearly polarized intensity
and angle of linear polarization of VY CMa in H-band are shown in Fig. 6.4. In addition,
the final Q-, U-, Q4—, and U-images are shown in Fig. 6.8. Because the star-centered
ring of the adaptive-optics residuals is not visible in the polarization images, we conclude
that the stellar polarization is overall well subtracted. Indeed, when subtracting polar-
ization signals that are slightly larger or smaller than the measured stellar ¢, u, and v, the
ring of the adaptive-optics residuals becomes visible in the images with overall positive or
negative signal. Still, spurious signals due to diffraction by the M2 support structure, the
spiders of the coronagraph Lyot stop, and defective actuators of the deformable mirror of
the adaptive-optics system (Cantalloube et al., 2019) remain (slightly) visible in the polar-
ization images, but this is because the diffraction features produced by these components
rotate during observations in field-tracking mode.



190 Data reduction

104
Stellar polarization included =
5

3
10 §
>
)
2
<« 102 g
= -+
~ C
5 £
() o
3 g
< 10t <
0
o
o
>
0 =
10° %5
()
c
£

1071

1.4 0.7 0.0 -0.7 -1.4
ARA (")

Figure 6.3: Central part of the linearly polarized intensity image of VY CMa in H-band
before subtracting the stellar polarization. The three white shapes indicate the region used
to measure the stellar polarization (dotted lines, Sect. 6.5) and the regions we denote the
inner structure (solid line) and the southwest (SW) clump (dashed lines, Sect. 6.6). The
position of the star is marked with the black plus sign. The gray area around this plus sign
masks the region that is obscured by the focal-plane mask of the coronagraph and that
contains saturated pixels and pixels with values in the nonlinear regime of the detector.
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6.6 Calibration of crosstalk from data of VY CMa

As discussed in Sect. 6.4.5, the retardances of the UT and M4, Ayt and Ay, are relatively
uncertain and therefore cause large uncertainties in the polarimetric crosstalk of circular-
polarization measurements. As a result, it is not unlikely that part of the crosstalk from
incident linear polarization remains uncorrected after the data reduction, thereby creating
spurious signals in the image of Stokes V. In Sect. 6.6.1, we investigate whether the
model-corrected V-image of VY CMa in H-band contains spurious signals. Subsequently,
in Sect. 6.6.2, we use the data itself to constrain the H-band values of Ayt and Ayy4 that
result in the best correction of the crosstalk.

6.6.1 Identification of spurious signals due to uncorrected crosstalk

To determine whether a model-corrected V-image contains spurious signals, we can ex-
amine the variation of the V-signals with time and position in the image. Whereas spuri-
ous V-signals vary with the parallactic and altitude angle as well as with the spatial distri-
bution of incident Q- and U-signals (see Eqs. (6.11) and (6.12)), real incident V-signals
are independent of these variables. Because the observations of VY CMa have very little
variation in the parallactic and altitude angle (see Table 6.1), we need to rely on the spatial
distribution of the incident Q- and U-signals (see Fig. 6.8, top) for the identification of
spurious signals.
We can write the dependence of the spurious V-signals on the incident Q- and U-
signals as:
Ver =(Q—=V) - Oin + (U—V) - Unn, (6.15)

where Vcr is the spurious V-signal due to uncorrected crosstalk and (Q—V) and (U—V)
are the parts of the crosstalk that remain uncorrected after the data reduction. We can
rewrite Eq. (6.15) in terms of the linearly polarized intensity Pl (Eq. (6.13)) and the angle
of linear polarization y (Eq. (6.14)). Substituting Q;, = Pl cos(2y) and U;, = PIy sin(2y)
into Eq. (6.15) and rearranging, we obtain:
Ver .
P_IL =(Q-V)-cos(2y) + (U—-V) - sin(2y). (6.16)
This equation shows that when we compute an image of the ratio of Stokes V to the
linearly polarized intensity, V/PIy, we can identify spurious signals from their variation
with the angle of linear polarization. Figure 6.2 (third row and bottom) shows that for the
observations of VY CMa the uncertainty of the crosstalk from incident U is much larger
than that of the crosstalk from incident Q. As aresult, the effect of (U— V) dominates over
that of (Q— V) and we expect V/PI to vary with approximately sin(2y) if the V-signal is
caused by uncorrected crosstalk. We should be able to identify such a sinusoidal signal in
the data of VY CMa because in Fig. 6.4 (right) the angle of linear polarization covers the
full range from 0° to 180°. Finally, we expect any spurious signal in the V/PI} -image to
resemble a scaled version of the U-image (see Fig. 6.8, top right), either with the same or
the opposite sign (see Eq. (6.15)).
To demonstrate that we can truly identify spurious V-signals from V/PI} -images, we
repeat the data reduction as described in Sect. 6.5, but this time we set Ayt and Apy to
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the ideal value of 180° in the Mueller matrix model. In this way, the model-corrected V-
image is not corrected for the crosstalk of the UT and M4 and therefore certainly contains
spurious signal. After performing the data reduction, we bin the resulting V-, PI; -, and
X-images in bins of 2 X 2 pixels and compute the image of V/PI.. Subsequently, we
create a scatter plot of the bins of V/PIy, as a function of y. Because the ratio V/PIy,
can become very noisy, we use only those bins for which both V and PI;, exceed 10
counts and for which —0.5 < V/PI, < 0.5. The resulting scatter plot and V/PI} -image are
shown in Fig. 6.5 (top). The scatter plot exhibits a sinusoidal pattern and the V/PI; -image
resembles the U-image of Fig. 6.8 (top right) with opposite sign. We therefore conclude
that for the reduction with Ayt = Apma = 180° the V-signal is spurious, as expected.

Finally, we investigate whether the V-image of the original reduction of Sect. 6.5,
with Ayt = Aya = 175.0°, contains spurious signals. To this end, we perform the same
analysis and show the results in Fig. 6.5 (center). In this case, the scatter plot exhibits only
a slight hint of a sinusoidal pattern. However, the V/PI} -image quite clearly resembles
the U-image of Fig. 6.8 (top right), although with much lower values of V/PIy, than in
Fig. 6.5 (top). We thus conclude that the images of the original reduction contain some
spurious signals due to uncorrected crosstalk, although much less than the images of the
reduction with Ayt = Ay = 180.0°.

6.6.2 Constraining retardance of UT and M4 from data

If we would reduce the data of VY CMa with the true values of Ayt and Ay, the V/PI -
image should ideally only show the real incident V-signal (if present) and no signals
resembling the U-image of Fig. 6.8 (top right). To constrain the true value of Ayt and
Apg in H-band, we perform a series of data reductions in which we vary Ayt and Ay
from 170° to 180° in steps of 0.1°. In these reductions, we assume that Ayr = Apa
because the observations of VY CMa do not have sufficient variation in parallactic and
altitude angle to distinguish the two retardances. However, it is not unlikely that Ayt and
Ay are truly (nearly) equal because the measured diattenuations of the UT and M4 in H-
band are very similar (see Sect. 6.4.3). After performing all the reductions, we compute
the V/PIy -images and identify by eye the reductions with the least spurious signal.

A gallery of V/PI -images for retardances between 170.5° and 180° in steps of 0.5°
is shown in Fig. 6.9. Most images in this figure resemble a scaled version of the U-image
of Fig. 6.8 (top right) and thus contain spurious signal. For retardances from 170.5° to
172.5°, the spurious signals have the same sign as the U-image, whereas for retardances
from 174.5° to 180° the sign is opposite. Because the sign of the crosstalk from incident
U is negative (see Fig. 6.2, bottom), the crosstalk is overcorrected for retardances from
170.5° to 172.5° and undercorrected for retardances from 174.5° to 180°. For retardances
between 172.5° and 174.5°, the images in Fig. 6.9 exhibit less resemblance to the U-image
and thus contain little spurious signal. The true H-band value of Ayr and Ay therefore
most likely lies between 172.5° and 174.5°.

To more quantitatively constrain the true value of Ayr and Ay, we compute for each
reduction over some specified region the sum of squared normalized Stokes v-signal,
which we denote [v|*>. For the computation of |v]?>, we first square the Iy~ and model-
corrected V-images. Subsequently, we sum the flux over the specified region in the re-
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Figure 6.5: Scatter plots of the ratio of circular polarization to linearly polarized intensity
V/PIy, as a function of angle of linear polarization y (left column) and the corresponding
images of V/PIy, (right column) for reductions of the H-band data of VY CMa using re-
tardances of both the UT and M4 equal to 180° (top), 175° (center) and 173.4° (bottom).
The data points in the scatter plots correspond to bins of 2 X 2 pixels in the images for
which both V and PI; exceed 10 counts and for which —0.5 < V/PI; < 0.5. The his-
tograms on the top and right sides of the scatter plots show the distributions of the data
points as a function of y and V/PIy. The position of the star is marked with the black
plus signs in the images. The white areas around these plus signs mask the region that is
obscured by the focal-plane mask of the coronagraph and that contains saturated pixels
and pixels with values in the nonlinear regime of the detector.
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Figure 6.6: Sum of squared normalized Stokes v-signal, [V, computed over the southwest
(SW) clump and the inner structure as a function of the retardance of the UT and M4 used
in the data reduction. The regions we denote the SW clump and inner structure are shown
in Fig. 6.3.

sulting V2- and I%-images and compute |v|* as the ratio of the summed fluxes. The value
of |v]? thus quantifies the total amount of (positive and negative) circular-polarization sig-
nal present in the specified region. We compute |v|* over the two brightest regions of the
nebula of VY CMa that we resolve: the inner structure of circumstellar material close to
the star and the clump to the southwest (SW) of star. These regions, which we denote the
inner structure and the SW clump, are indicated in Fig. 6.3.

The [v|*-values of the inner structure and the SW clump for reductions with retardances
between 172° and 176° are shown in Fig. 6.6. From this figure, we see that the |v]>-values
of both regions reach a minimum for the reduction with Ayt = Ay = 173.4°, suggesting
that with this retardance the crosstalk is best corrected. The scatter plot and V/PI -image
for the reduction with Ayt = Apmy = 173.4° are shown in Fig. 6.5 (bottom). From this
figure, the crosstalk indeed seems to be well corrected because the scatter plot does not
exhibit a sinusoidal pattern and the V/PI -image shows only a slight resemblance to the
U-image. However, significant signal is still visible close to the star, which is also re-
flected by the nonzero minimum of [v|> for the inner structure in Fig. 6.6. A large fraction
of this signal is most likely spurious in nature and results from imperfect centering of the
star behind the focal-plane mask of the coronagraph in combination with the rotations of
the images; the diffraction patterns of the M2 support structure, Lyot stop, and deformable
mirror; imperfect relative centering of the left and right images; the speckle field chang-
ing in time; and image motion during the observations. Such spurious structures are also
consistently visible in images of regular linear-polarization measurements (see e.g., Chap-
ter 4). Contrary to the inner structure, the SW clump contains only very small positive
and negative signals in the V/PI -image of Fig. 6.5 (bottom). These signals almost com-
pletely cancel each other out, resulting in a nearly zero minimum of |v]> for the SW clump
in Fig 6.6. This very low minimum may suggest that the crosstalk is almost completely
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corrected. However, the range of angles of linear polarization in the SW clump is limited
(see Fig. 6.4, right) and so the U-signal is locally very uniform (see Fig. 6.8, top right).
Therefore, we cannot exclude the possibility that a real incident V-signal at the location of
the SW clump cancels out a spurious V-signal due to uncorrected crosstalk from incident
U. It is unfortunate that the only sufficiently bright region at a large separation from the
star has a strong U-signal and that we took the observations at a time when the uncer-
tainty in crosstalk from incident U is large. We conclude that we cannot be completely
certain that for Ayr = Ams = 173.4° the crosstalk is best corrected. Nevertheless, under
the assumption that there is no real incident V-signal in the SW clump, we conclude that
the most likely value of Ayt and Ay in H-band is 173.4°.

6.7 Linear and circular polarization of VY CMa and its
nebula

Now that we have determined the more accurate value of 173.4° for Ayt and Ay in H-
band, we perform a final reduction of our measurements of VY CMa using this value.
Whereas for this final reduction the image of Stokes V differs from the image obtained in
the original reduction (see Sect. 6.6), the linear-polarization images exhibit no significant
differences. In this section, we present and briefly discuss the resulting images and mea-
surements. Our measurements, especially when combined with the polarimetric images
in V- and I-band from Scicluna et al. (2015), can in principle be used for a detailed quan-
titative study of grain-size distributions, optical depths, and scattering geometries, but we
consider such a detailed analysis beyond the scope of this chapter. In Sect. 6.7.1, we
analyze the measured linear and circular stellar polarization and compare these measure-
ments to measurements of VY CMa from the literature. Subsequently, in Sect. 6.7.2, we
examine the spatially resolved linear and circular polarization of the nebula of VY CMa.

6.7.1 Spatially unresolved stellar polarization

As discussed in Sect. 6.5, we have measured the stellar polarization of VY CMa, ex-
pressed in terms of the normalized Stokes parameters g, u, and v, from the halo of polar-
ized starlight visible in the final images. For the linear polarization of the star, we measure
q = —3.99 £0.05% and u = 0.80 + 0.04%. These values translate to a degree of linear
polarization, Py, = \/(q2 +u?), equal to P, = 4.07+£0.05% and an angle of linear polariza-
tion (see Eq. (6.14)) of y = 84.3 +0.3°, where we have propagated the uncertainties using
a Monte Carlo calculation and assuming Gaussian statistics. For the circular polarization,
we measure v = 0.14 + 0.04%, corresponding to right-handed circular polarization in our
definitions (see Sect. 6.2). We also measure the stellar ¢, u, and v from reductions with
Ayt and Ayyy ranging from 172.5° to 174.5° and find that the variations in the measured
normalized Stokes parameters are within the quoted uncertainties. This is also the case
for the measurement of v because the starlight is predominantly polarized in ¢ and the
uncertainty of the crosstalk from incident Q is very small at the time of the observations
(see Fig. 6.2, third row).
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The measurements of the stellar ¢ and u can contain a contribution from interstel-
lar polarization. This interstellar polarization is almost exclusively linear and results from
dichroic absorption (diattenuation) by elongated dust grains that are aligned with the mag-
netic field in the interstellar medium. To estimate the interstellar polarization, we compare
our measurements to the known linear polarization of HD 58011, a background star lo-
cated 15’ from VY CMa at a distance of ~4 kpc (Bailer-Jones et al., 2018). From the
catalog by Klare et al. (1972), we find that HD 58011 has a degree of linear polarization
of PL = 0.36 £ 0.05% in the spectral range from approximately 370 to 490 nm. We
convert this degree of linear polarization to H-band using Serkowski’s law of interstellar
polarization (Serkowski et al., 1975; Whittet et al., 1992). Assuming that the degree of
linear polarization is maximum at a wavelength of 590 nm, which is the average value
for the 105 stars observed by Whittet et al. (1992), we find a degree of linear polariza-
tion of ~0.1% in H-band. This degree of linear polarization of ~0.1% for the interstellar
polarization is negligible compared to the stellar ¢ and u that we measure. We therefore
conclude that the measured linear polarization of VY CMa, as well as the circular po-
larization, most likely originate from spatially unresolved circumstellar material located
close to the star.

From aperture-masking interferometry with the 10-m Keck telescope, Monnier et al.
(1999) show that the NIR flux within 0.1” around VY CMa is dominated by an asymmet-
ric structure with a projected major axis of ~170° (east of north) located south of the star.
Assuming single scattering only, such a structure would create an integrated polarization
signal with an angle of linear polarization of ~80°, in close agreement with our measured
x = 84.3+0.3°. Because we also detect circular polarization, this inner circumstellar ma-
terial likely causes some multiple scattering due to being optically thick and/or contains
magnetically aligned dust grains. The latter is plausible because there is observational ev-
idence for a magnetic field throughout the nebula of VY CMa (Humphreys et al., 2007).

The linear and circular polarization of VY CMa in H-band have been measured before
from aperture polarimetry on seeing-limited observations by (among others) Serkowski
(1973), Maihara et al. (1976), and Takami et al. (1992). Contrary to our measurements of
the stellar polarization, which only contain the contributions from the innermost regions
around the star, the measurements from the literature encompass the complete nebula.
Before comparing our results with those from the literature, we therefore need to check
that the parts of the nebula that are excluded from our measurements of stellar polariza-
tion (i.e., the parts we spatially resolve in the images) do not significantly contribute to
the measurements from the literature. To this end, we use the IRDIS exposure-time cal-
culator® to estimate the peak flux of the non-coronagraphic stellar point-spread function
(PSF). Subsequently, we determine the peak fluxes of the SW clump and the non-saturated
parts of the inner structure in the total-intensity image (see Fig. 6.4, left). Dividing the
resulting values by the peak flux of the star, we find that the SW clump and the inner
structure, which are the brightest regions in our images, have contrasts of ~107* and
~4 - 1073. We conclude that the circumstellar material we spatially resolve in our images
does not significantly contribute to the measurements from the literature and that we can
thus compare the measurements.

Shttps://www.eso.org/observing/etc/bin/gen/form?INS . NAME=SPHERE+INS.MODE=IRDIS
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From H-band observations of VY CMa, Serkowski (1973) measured P = 5+ 0.1%
and y = 75° for the linear polarization and v = 0.24 + 0.05% (right-handed) for the
circular polarization, which both agree reasonably well with our measurements of the
stellar polarization. However, similar measurements of the linear polarization by Maihara
etal. (1976) and Takami et al. (1992) yielded Py, = 2.3% and y = 85°, and P = 8.3% and
X = 98°, respectively. Therefore, the degree of linear polarization, and possibly also the
degree of circular polarization, vary significantly over the years (see also Maihara et al.,
1976). Such variability has also been detected on shorter time scales by Serkowski (1969),
who found that within four months the degree of linear polarization of VY CMa changed
approximately 0.5%-point in V-band and 1%-point in B-band. Contrary to the degree
of linear polarization, the angle of linear polarization seems to have remained relatively
constant over the past 50 years. A possible explanation for these observations is that the
overall asymmetric structure in the inner region around VY CMa is quite stable with time
(resulting in a more or less constant y), but that the distribution of scattering material
located at even smaller separations from the star exhibits significant variations (causing
changes in Pp). Such variations of the innermost scattering material could indicate recent
ejections of dust from the star.

6.7.2 Spatially resolved polarization of nebula

The images of the total intensity and linearly polarized intensity of VY CMa in H-band
are shown in Fig. 6.4. From IRDIS H-band data taken under similar atmospheric con-
ditions (see Chapter 5), we estimate that our images have a spatial resolution (i.e., a full
width at half maximum of the PSF) of ~47 mas, making them the highest-resolution NIR
images of VY CMa to date. In the linearly polarized intensity image (Fig. 6.4, right), the
asymmetric nebula of VY CMa is clearly visible and many of the well-known features
can be discerned (see e.g., Monnier et al., 1999; Smith et al., 2001; Humphreys et al.,
2007; Shenoy et al., 2013). To the south of the star, we distinguish the SW clump and
the adjacent south knot (both at ~1.3” from the star), the south arc (2.3”), and the bow-
shaped feature known as arc 2 (4.3”). To the west of the star we discern the elongated
arc-like feature known as the curved nebulous tail or northwest arc (2.5-4.4"") as well as
part of the west arc (2.0") located between this feature and the SW clump. We also detect
the radially oriented northwest knot (0.6”) in the inner structure and the ridge connecting
the SW clump and the inner structure. Due to the high spatial resolution, our linearly po-
larized intensity image shows the substructures within most of these features and reveals
so-far-unresolved radial plumes of ejecta (similar to the northwest knot) in the inner struc-
ture. We also detect a relatively small and faint bow-shaped feature 1.2” to the east of
the star that has not been previously observed. Finally, we note that most of the observed
features are so bright that they are also visible in the total-intensity image (see Fig. 6.4,
left), even though this image is strongly contaminated by the ring of the adaptive-optics
residuals and the diffraction pattern of the M2 support structure.

In addition to the linearly polarized intensity, Fig. 6.4 (right) displays the angle of lin-
ear polarization in the nebula of VY CMa. The angle of linear polarization largely follows
a centrosymmetric pattern of azimuthal polarization, in agreement with the polarization
maps of VY CMa at visible and NIR wavelengths from Jones et al. (2007), Shenoy et al.
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(2015), and Scicluna et al. (2015). The pattern of azimuthal polarization can also be de-
duced from the Q4- and Ug-images (see Fig. 6.8, bottom) which show most of the flux as
positive Qy4-signal. The predominantly azimuthal polarization is indicative of single scat-
tering of the light from the central star and shows that most scattering material is optically
thin in H-band.

Figure 6.4 (right) shows that the angle of linear polarization in the inner structure is not
azimuthal everywhere. From the Ug-image (see Fig. 6.8, bottom right), it follows that not
only the inner structure, but also the SW clump exhibits non-azimuthal linear polarization.
However, these Ug-signals are probably artifacts of the finite-sized PSF (see Heikamp &
Keller, 2019). In addition, at the smallest separations from the star the measurements
may be affected by the spurious signals described in Sect. 6.6.2. Nevertheless, part of
the Uy-signals could be due to real non-azimuthal polarization, which would indicate
that the circumstellar material in these regions is optically thick in H-band (as already
found for the SW clump by Shenoy et al. (2013) and Shenoy et al. (2015)) and therefore
scatters part of the light multiple times (see e.g., Canovas et al., 2015). From the region
indicated with the dashed lines in Fig. 6.3, and following the same methods as used to
determine the stellar polarization and its uncertainty (see Sects. 6.5 and 6.7.1), we find
that the SW clump has an integrated degree and angle of linear polarization of Pp. =
38.5+0.2% and y = 125.9 = 0.1° in H-band. Because the degree of linear polarization
is relatively large, any depolarization due to multiple scattering is most likely limited in
the SW clump (Shenoy et al., 2015). Finally, we note that the images from Scicluna et al.
(2015) show much stronger non-azimuthal polarization than Fig. 6.4 (right), but this is
because the images from Scicluna et al. (2015) still contain the halo of polarized starlight.
Indeed, the regions to the north and east of the star in these images have an angle of linear
polarization of ~90°, close to the y = 84.3 +0.3° we measured for the stellar polarization
(see Sect. 6.7.1).

The final V-image of the central part around VY CMa in H-band as obtained from the
reduction with a value of 173.4° for Ayt and Ay is shown in Fig. 6.7. In this image, we
see relatively strong signals close to the star (in the inner structure), which, as discussed
in Sect. 6.6.2, are most likely spurious in nature. Still, we cannot exclude the possibility
that part of the signals are real incident V-signals. Figure 6.7 also shows signals at the
position of the SW clump. These signals average to ~0%, which is as expected because we
selected the value of Ayt and Ayy4 used for this reduction under the assumption that there
is no real incident V-signal in the SW clump (see Sect. 6.6.2). However, we are not certain
about the exact value of Ayt and Ayy and so the SW clump could in reality be circularly
polarized. Using the same method as we used to determine the linear polarization of
the SW clump, we find that for the data reductions with Ayt and Ay4 between 172.5°
and 174.5° (the most likely range of values, see Sect. 6.6.2), the integrated normalized
Stokes v in the SW clump lies between —1.0% and 1.2%. Overall, we cannot conclusively
prove or disprove the presence of real incident V-signal in the spatially resolved parts of
the nebula surrounding VY CMa. However, we can conclude that we do not detect the
large circular-polarization signals on the order of 10% or more that are frequently found
in star-forming regions and that result from magnetically aligned elongated dust grains
(e.g., Bailey et al., 1998; Chrysostomou et al., 2000; Ménard et al., 2000; Buscherméhle
et al., 2005; Kwon et al., 2013, 2014).
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Figure 6.7: Central part of the image of Stokes V of VY CMa in H-band as obtained
from the data reduction using a retardance of the UT and M4 equal to 173.4° and after
subtracting the stellar polarization. Values smaller than -30 counts or larger than 30 counts
are shown on a logarithmic scale, whereas values between -30 and 30 counts are shown
on a linear scale. The position of the star is marked with the black plus sign. The white
area around this plus sign masks the region that is obscured by the focal-plane mask of
the coronagraph and that contains saturated pixels and pixels with values in the nonlinear
regime of the detector.

6.8 Conclusions

We developed the observing scheme, data-reduction methods, and analysis tools to mea-
sure NIR circular polarization at sub-arcsecond resolution with SPHERE-IRDIS at the
Very Large Telescope. We use SPHERE’s image derotator, which acts as an almost per-
fect quarter-wave retarder in the H- and K,-bands, as a polarization modulator to con-
vert incident circular polarization into measurable linear polarization. We tested our ob-
serving scheme with linear- and circular-polarization measurements of the red hypergiant
VY CMa and its asymmetric nebula in H-band. To reduce the observations, we adapted
the IRDAP pipeline that uses the Mueller matrix model of Chapter 2 to correct for instru-
mental polarization effects.
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Using this Mueller matrix model, we investigated the instrumental polarization effects
of circular-polarization measurements. For both the H- and K;-bands, we find that the
polarimetric measurement efficiency is close to 100%, that the IP is <0.1%, and that the
polarimetric crosstalk from incident linear polarization can reach values of up to ~15%.
However, the crosstalk can have an uncertainty of several percent due to uncertainties in
Ayt and Ay, the retardances of the UT and M4. Such large uncertainties in the crosstalk
can create large spurious signals in the images after the data reduction. We therefore
reduced the test data of VY CMa using a series of values for both Ayt and 4y to find the
value that minimizes the spurious signals. Assuming that there is no real incident circular
polarization in one of the brightest regions of the nebula (the SW clump), the most likely
value of Ayt and Ay in H-band is 173.4°.

With this new value of Ayr and Ay, we performed a final reduction of the measure-
ments of VY CMa. We find that the light from the star is polarized with a degree and
angle of linear polarization of 4.07 + 0.05% and 84.3 + 0.3°, respectively, and a degree
of circular polarization of 0.14 + 0.04% (right-handed) in H-band. These polarization
signals most likely originate from a spatially unresolved, asymmetric circumstellar struc-
ture located close to the star that is optically thick or contains magnetically aligned dust
grains. Variations of the stellar polarization over the past 50 years may indicate recent
ejections of dust from the star. From the linearly polarized intensity image, we detect
so-far-unresolved radial plumes of ejecta close to the star as well as a faint bow-shaped
feature to the east. We also find that the SW clump and the structures close to the star
exhibit non-azimuthal linear polarization. However, these non-azimuthal polarization sig-
nals are probably artifacts of the finite-sized PSF, although part of the signals could be real
and indicate multiple scattering. Finally, due to the uncertainty in Ayt and Ay, wWe cannot
conclusively prove or disprove the presence of circular polarization in the nebula.

To enable accurate measurements of circular polarization and improve the accuracy of
the IRDAP pipeline, we need to determine the true value of Ayt and Ayy. To this end, we
plan to observe a large, bright, nearly face-on viewed circumstellar disk (e.g., TW Hya;
van Boekel et al., 2017). For such a disk we only expect azimuthally oriented linear polar-
ization and no circular polarization, so that any circular polarization we measure should
originate from uncorrected polarimetric crosstalk. We then perform a series of data reduc-
tions in which we vary the value of both Ayt and 44 and find the value for which the total
amount of (positive and negative) circular polarization in the disk (i.e., [v?) is minimized.
Ideally, we would repeat these measurements at different parallactic and altitude angles
so that we can fit separate values for Ayt and 4. An alternative strategy for determin-
ing Ayt and Ay4 would be to perform linear- and circular-polarization measurements of
the highly linearly polarized twilight sky, for which the angle of linear polarization can
be easily predicted using a single-Rayleigh-scattering model (see e.g., Harrington et al.,
2011; de Boer et al., 2014; Harrington et al., 2017).

We stress that any future measurements taken with our observing scheme should also
include regular linear-polarization measurements to enable the correction of the polari-
metric crosstalk in the final image of Stokes V. We recommend to perform multiple
integrations for each individual measurement (i.e., NDIT > 1) so that the frames that are
smeared after a change of image-position-angle offset can be discarded without losing all
data of a HWP cycle. Finally, we could in principal create an observation template for
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circular-polarization measurements in which the HWP is not inserted. However, this is
not really necessary because the contribution of the HWP to the polarimetric efficiency,
IP, and crosstalk is small and these effects are corrected for in the data reduction.

Our observing scheme enables the first high-contrast, high-spatial-resolution measure-
ments of NIR circular polarization in protoplanetary disks and the nebulae around evolved
stars. Circular-polarization measurements can yield strong constraints on the distribution
of scattering material, scattering asymmetries, dust properties, and magnetic-field ge-
ometries in these systems, and could even shed light on the emergence of homochirality
in biomolecules. We plan to observe multiple young stars with bright, complex disks
to explore the range of circular-polarization signatures in protoplanetary disks. If these
observations are successful, we could add high-quality quarter-wave plates to SPHERE
and implement dedicated circular-polarimetric modes for SPHERE-IRDIS at NIR wave-
lengths and SPHERE-ZIMPOL at visible wavelengths.

6.A Additional figures

Figure 6.8 shows the final images of Q, U, Qy4, and Uy of VY CMa in H-band after
subtracting the stellar polarization. In addition, Fig. 6.9 displays images of the ratio of
circular polarization to linearly polarized intensity V/PIy, for reductions of the H-band
data of VY CMa using retardances of both the UT and M4 ranging from 170.5° to 180°.
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Figure 6.8: Images of Q (top left), U (top right), Q4 (bottom left), and Uy (bottom right) of
VY CMa in H-band after subtracting the stellar polarization. In all images, values smaller
than -30 counts or larger than 30 counts are shown on a logarithmic scale, whereas values
between -30 and 30 counts are shown on a linear scale. The position of the star is marked
with the black plus signs. The white areas around these plus signs mask the region that
is obscured by the focal-plane mask of the coronagraph and that contains saturated pixels
and pixels with values in the nonlinear regime of the detector.
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Figure 6.9: Images of the ratio of circular polarization to linearly polarized intensity
V/PIy, for reductions of the H-band data of VY CMa using retardances of both the UT
and M4 ranging from 170.5° to 180° in steps of 0.5°. The images show bins of 2 X 2
pixels for which both V and Pl exceed 10 counts and for which —0.5 < V/PI;. < 0.5.
The position of the star is marked with the black plus signs. The white areas around these
plus signs mask the region that is obscured by the focal-plane mask of the coronagraph
and that contains saturated pixels and pixels with values in the nonlinear regime of the

detector.
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/ Polarization-dependent beam shifts upon
metallic reflection in high-contrast imagers
and telescopes

R. G. van Holstein, C. U. Keller, F. Snik, and S.P. Bos

Context. To directly image rocky exoplanets in reflected (polarized) light, future space-
and ground-based high-contrast imagers aim to reach extreme contrasts at close separa-
tions from the star. However, the achievable contrast will be limited by reflection-induced
polarization aberrations. While polarization aberrations can be modeled with numerical
codes, these computations provide little insight into the full range of effects, their origin,
and possible ways to mitigate them.

Aims. We aim to understand polarization aberrations produced by reflection off flat metal-
lic mirrors at the fundamental level.

Methods. We use polarization ray tracing to numerically compute polarization aberra-
tions and interpret the results in terms of the polarization-dependent spatial and angular
Goos-Hédnchen (GH) and Imbert-Federov (IF) shifts of the beam of light as described in
the physics literature.

Results. We find that all four beam shifts are fully reproduced by polarization ray trac-
ing. 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 ma-
terial, and wavelength. Of the four beam shifts, only the spatial GH and IF shifts are
relevant because they are visible in the focal plane and create polarization structure in the
point-spread function that reduces the performance of coronagraphs and the polarimetric
speckle suppression close to the star.

Conclusions. The beam shifts in an optical system can be mitigated by keeping the f-
numbers large and angles of incidence small. Most importantly, mirror coatings should
not be optimized for maximum reflectivity, but should be designed to have a retardance
close to 180°. Our insights can be applied to improve the performance of SPHERE-
ZIMPOL at the VLT and future telescopes and instruments such as the Roman Space
Telescope, HabEx, LUVOIR, PSI at the TMT, and PCS (or EPICS) at the ELT.
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7.1 Introduction

To directly image rocky exoplanets in (polarized) reflected visible and near-infrared light,
future space telescopes and extremely large ground-based telescopes and instruments aim
to reach extreme planet-to-star contrast ratios at diffraction-limited angular separations
from the star. Even though the optical systems of these high-contrast imagers will mini-
mize scalar aberrations, the coronagraphic performance and achievable contrast will still
be 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 structure in the point-spread function (PSF). Polarization aberrations are
predominantly caused by reflection off oblique and/or curved metallic mirrors and origi-
nate directly from the Fresnel reflection coefficients. The first-order polarization aberra-
tions, that is, the sub-wavelength, polarization-dependent shifts of the beam of light, most
negatively affect the achievable contrast. Because polarization aberrations are different
for orthogonal polarization components of unpolarized light, adaptive optics cannot fully
correct these aberrations (Breckinridge et al., 2015).

Recently, it has become clear that high-angular-resolution polarimeters are also af-
fected by polarization aberrations. The polarimetric speckle suppression of the high-
contrast imaging polarimeter SPHERE-ZIMPOL at the Very Large Telescope, which is
specifically designed to search for the reflected, polarized visible light of giant exoplanets,
is limited by reflection-induced, polarization-dependent beam shifts (Schmid et al., 2018).
Such shifts also affect interferometric polarization measurements with the SPeckle Po-
larimeter at the Sternberg Astronomical Institute 2.5-m telescope (Safonov et al., 2019).
The beam shifts become apparent for these instruments due to the unprecedented polari-
metric sensitivity and spatial resolution they achieve.

The polarization aberrations of an astronomical telescope and instrument can be nu-
merically computed with polarization ray tracing (Breckinridge et al., 2015). First, the
paths of the rays of light are traced through the optical system using geometrical op-
tics, but instead of the intensity, the electric field components of the rays are computed
upon each reflection or transmission (e.g., Waluschka, 1989; Chipman, 1989; Yun et al.,
2011a,b). Each point in the exit pupil is then associated with a Jones matrix. In this way,
the Jones pupil, which maps the changes in the electric fields between the entrance and
exit pupils of the system, is calculated (Totzeck et al., 2005). Finally, the intensity in the
focal plane (i.e., the PSF) is computed, in the Fraunhofer approximation, through spatial
Fourier transforms over the Jones pupil. Several studies have used polarization ray tracing
to model the polarization aberrations of future high-contrast imagers and telescopes, such
as the Roman Space Telescope (Krist et al., 2017), HabEx (Davis et al., 2018; Breckin-
ridge et al., 2018), LUVOIR (Sabatke et al., 2018; Will & Fienup, 2019), PICTURE-C
(Mendillo et al., 2019), and the Thirty Meter Telescope (Anche et al., 2018). However,
these numerical computations give little insight into the full range of aberrations and their
origin, or the relative importance of amplitude and phase effects.

Breckinridge et al. (2015) use polarization ray tracing to analyze a three-mirror system
consisting of a Cassegrain telescope followed by a flat fold mirror, and find two beam-
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shift effects that both originate from the oblique reflection off the flat mirror. The authors
find phase gradients (i.e., wavefront tilts) in the Jones pupil that have opposite directions
for the linearly polarized components parallel and perpendicular to the plane of incidence
of the fold mirror. In the focal plane, these gradients cause the orthogonally polarized
components of the PSF to shift in opposite directions, thereby broadening the resulting
PSF in intensity. Furthermore, the authors find PSF components that couple the light from
one orthogonal polarization into the other. These PSF components, which they call ghost
PSFs, have two peaks, one on either side of the plane of incidence.

Sub-wavelength, polarization-dependent shifts of a beam of light induced by reflec-
tion off a flat metallic mirror are also extensively described in the physics literature (for
overviews, see Aiello & Woerdman, 2008; Gotte & Dennis, 2012; Bliokh & Aiello, 2013).
These shifts are referred to as the Goos-Héanchen (GH) and Imbert-Federov (IF) shifts and
occur in the directions parallel and perpendicular to the plane of incidence, respectively.
Both shifts are further divided into a spatial and an angular shift. The spatial shifts are
displacements of the entire beam of light upon reflection, and the angular shifts refer to
angular deviations of the beam upon reflection. As such, the four shifts are considered
first-order corrections to the laws of geometrical optics due to diffraction within a beam
of light of finite width; the Fresnel equations only apply to infinitely extended interfaces,
and a correct description of light reflected off an interface must therefore take into ac-
count the finite beam size. The GH and IF shifts are derived from first principles through
full diffraction calculations and are described using closed-form mathematical expres-
sions specifying the centroid of the intensity of a reflected Gaussian beam (e.g., Aiello &
Woerdman, 2007, 2008). All four shifts have been experimentally validated for metallic
reflections (Merano et al., 2007; Aiello et al., 2009; Hermosa et al., 2011). Schmid et al.
(2018) show in their analysis of the beam shifts of SPHERE-ZIMPOL that the spatial
GH shift is likely the same as the shift arising from phase gradients in the Jones pupil as
described by Breckinridge et al. (2015).

The two views of the beam shifts from polarization ray tracing and full diffraction
calculations in the physics literature raise many questions. Are the GH and IF shifts re-
produced by polarization ray tracing or are they additional effects that we need to take
into account for astronomical instruments? What is the origin of the shifts? How do
the size and direction of the shifts depend on the beam intensity profile, incident polar-
ization state, angle of incidence, mirror material, and wavelength? How do these shifts
affect the performance of high-contrast imagers and how can we mitigate them in (future)
diffraction-limited astronomical telescopes and instruments? This chapter answers these
questions. To this end, we determine the beam shifts from the polarization ray tracing of
the reflection of a beam of light with a uniform (or top-hat) intensity profile (as applies
to astronomical telescopes and instruments), and compare the resulting shifts to the spa-
tial and angular GH and IF shifts as predicted by the closed-form expressions derived for
Gaussian beams.

The outline of this chapter is as follows. In Sect. 7.2 we describe the conventions and
definitions of the mathematics used throughout the chapter. Subsequently, in Sect. 7.3, we
outline the polarization ray tracing of the reflection of a beam of light off a flat metallic
mirror and the determination of the beam shifts. In Sect. 7.4 we then explain the origin
of the spatial and angular GH and IF shifts and their relation to shifts found using polar-
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ization ray tracing. We also show the dependence of the size and direction of the shifts
on the incident polarization state and angle of incidence. In Sect. 7.5, we investigate the
polarization structure in the PSF induced by the beam shifts and the effect of the beam
shifts on polarimetric measurements. In the same section we also examine the size of
the beam shifts for various mirror materials and wavelengths, and discuss and refine the
approaches to mitigate the beam shifts. Finally, we present conclusions in Sect. 7.6.

7.2 Conventions and definitions

In this section, we outline the conventions and definitions used throughout this chapter.
In the literature, the mathematical definitions underlying the descriptions of polarization
aberrations and beam shifts are often incomplete and not consistent among different stud-
ies. This can lead to errors in the physical interpretation, for example with the handedness
of the circular polarization or the direction of the beam shifts. We therefore describe our
definitions quite extensively and have carefully checked our equations for consistency.
To enable easy comparison of our results with those from the physics literature, we use
the same definitions as Aiello & Woerdman (2007), Merano et al. (2007), Aiello & Wo-
erdman (2008), Aiello et al. (2009), and Hermosa et al. (2011). For the description of
the polarization of light, these definitions are consistent with the definitions adopted by
the International Astronomical Union (see e.g., Hamaker & Bregman, 1996). We present
the mathematics to describe light and its polarization in Sect. 7.2.1 and discuss metallic
reflection in Sect. 7.2.2.

7.2.1 Polarization of light

Consider a monochromatic, polarized light wave propagating in the positive z-direction
of a Cartesian reference frame (or basis) xyz as shown in Fig. 7.1. The transverse electric
field components of this light wave in the vertical x- and horizontal y-directions can then
be described as (see e.g., Born & Wolf, 2013):

E.(z,1) = Accos (kz — wi + ¢y) = Re [Axei%e“kz-m] , (7.1
Ey(z, 1 =A,cos (kz —wt+ t,Dy) =Re [Ayei“yei(kz_“’)] R (7.2)
where ¢ is time, w > 0 is the angular frequency, k = 27t/A is the wave number with A
the wavelength, A, and A, are the amplitudes, ¢, and ¢, are the initial phases, Re[...]
denotes the real part, and i is the imaginary unit. On the right side of Egs. (7.1) and

(7.2), the factor exp [i(kz — wt)] only describes the propagation of the light wave. The
polarization of the wave can therefore be described by a Jones vector E defined as:

E, A el
el 0

where E, and E, are the complex electric field components.
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Figure 7.1: Definition of the three reference frames (or bases) and the Stokes parameters
to describe the electric field components and polarization of an electromagnetic wave.
The light propagates along the z-axis out of the paper toward the reader. In the xyz-basis,
the x-axis (y-axis) is oriented in the vertical (horizontal) direction. In the daz-basis, the
d-axis (a-axis) is oriented in the diagonal (antidiagonal) direction, at 45° counterclock-
wise (clockwise) from the x-axis. In rlz-basis, r and !/ represent the right-handed and
left-handed circularly polarized components. For each reference frame, the basis Jones
vectors, expressed in the xyz-bases, are indicated. The Stokes parameters are shown in
orange with the plus sign (minus sign) indicating that the Stokes parameter is positive
(negative) in that direction. The angle of linear polarization y is defined positive for a
counterclockwise rotation from the x-axis.

As an alternative way to describe the polarization, we can define a set of Stokes pa-
rameters as (see Fig. 7.1):

I=EE,+EE, =Al+A, =L+I,=I+I,

=1L+ =1, (7.4)
Q=EE;-EE, =A;-A, =IL-I, (7.5)
U= EV,CE; +EE, =2AAycos6=1;—1, (7.6)
V =i(E.E) - E,E}) = 24,A,sin6 =1, - I, (1.7)

where * denotes the complex conjugate, 6 = ¢, — ¢, is the phase difference between the
y- and x-components of the electric field, and I, and I, are the intensities of the x- and
y-components of the electric field. The variables I; and I, are the intensities of the d-
and a-components in the basis of the diagonal and antidiagonal polarizations, daz, and
I, and I; are the intensities of the r- and [-components in the basis of the right-handed
and left-handed circular polarizations, rlz (see Fig. 7.1). Stokes I is the total intensity,
positive (negative) Stokes Q describes linear polarization in the vertical x-direction (hor-



212 Conventions and definitions

izontal y-direction), positive (negative) Stokes U describes linear polarization in the di-
agonal (antidiagonal) direction, 45° counterclockwise (clockwise) from the x-direction,
and positive (negative) Stokes V describes right-handed (left-handed) circular polariza-
tion. Whereas the xyz-basis is the natural basis of Stokes Q, the daz- and riz-bases are the
natural bases of Stokes U and V, respectively. Because we normalize the total intensity,
that is, we set I = 1 in Eq. (7.4), Q, U, and V have values between 1 and —1. We note that
Eqgs. (7.4)—(7.7) are strictly speaking only valid for 100% polarized, monochromatic light.
However, for quasi-monochromatic light, whether 100% polarized, partially polarized, or
unpolarized, we simply need to take the time averages over the terms in the equations.

From Egs. (7.4) and (7.5) we can derive expressions for the intensities of the x- and
y-components of the electric field:

_1+0
I, = > (7.8)
1-
I, = TQ (7.9

Although these two equations are simple, they are important, and we use them in all
closed-form expression for the beam shifts in Sect. 7.4. Finally, we assemble the Stokes
parameters in a Stokes vector S:

I
_|e

S=gl (7.10)
1%

and define the degree of linear polarization P (which for I = 1 is equal to the linearly
polarized intensity) and angle of linear polarization y (see Fig. 7.1) as:

P=+02+ U2, (7.11)

1
X = 3 arctan g) (7.12)

7.2.2 Metallic reflection

Using this mathematically consistent description of light and its polarization, we can de-
scribe the reflection of light using the Fresnel equations in the geometric polarization
ray-tracing approximation. Consider the central ray of a beam of light incident on a flat
metallic mirror as shown in Fig. 7.2. Describing this ray as a plane electromagnetic wave,
we decompose the incident electric field into the p- and s-polarized components that are
parallel and perpendicular to the plane of incidence, respectively. For this central ray,
the p- and s-directions correspond to the x- and y-directions, respectively. Assuming the
refractive index of the incident medium (air) to be equal to 1, we compute the complex
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Side view

Figure 7.2: Schematic of the reflection of a beam of light off a flat metallic mirror with
complex refractive index 77 = n + ik. The central ray of the beam hits the mirror at an
angle of incidence 6 measured with respect to the normal to the surface of the mirror. The
orientation of the xyz reference frame before and after reflection is indicated.

Fresnel reflection coefficients r,, and r; as (see e.g., Born & Wolf, 2013):

A2 ~D 2
cosf — —sin“ 6 .
r,=" L = Rye, (7.13)

A2 cos @+ VA2 —sin’ @
cosf— VA2 —sin’ 6

cosf+ VA2 —sin’ 6

where 6 is the central angle of incidence (see Fig. 7.2) and #i = n + ik is the complex
refractive index of the mirror material, with n and « the real and complex parts, respec-
tively. The amplitudes R,/ = |r,/,| specify the ratios of the amplitudes of the reflected
and incident electric fields, while the phases ¢,,; = arg(r,/,) describe the phase shifts
between the reflected and incident electric fields.

Two important quantities related to the reflection coefficients are the diattenuation and
the retardance, which can be considered to be the zeroth-order polarization aberrations.
The diattenuation € is defined as:

= R,e%, (7.14)

ry =

2 2
€= Rs _RP_, (7.15)
§+R§

which ideally equals 0. When unpolarized light is incident on the mirror, a nonzero value
of the diattenuation quantifies the amount of linearly polarized light that is created, that
is, the instrumental polarization (IP). The retardance 4 is defined as:

A=¢,~¢,, (7.16)

which ideally equals 180°. The latter value comes from the requirement that the electro-
magnetic wave before and after reflection is described by a right-handed triplet in terms
of the electric field, the magnetic field, and the wave vector. For values other than 180°,
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Figure 7.3: Amplitude (left) and phase (right) of the Fresnel reflection coefficients in the
p- and s-directions as a function of angle of incidence for gold with 7 = 0.188 +15.39 at a
wavelength of 820 nm. The gradients in the amplitude and phase for an angle of incidence
of 45° are indicated in blue for the p-direction and in red for the s-direction.

retardance results in the conversion of incident linearly polarized light into circularly po-
larized light and vice versa, that is, it produces polarimetric crosstalk.

The physics of the beam shifts as described in Sect. 7.4 depends on the diattenuation
and retardance as well as on the gradients of the amplitude and phase of the reflection
coefficients with the angle of incidence. Figure 7.3 shows the amplitude and phase of the
reflection coefficients as a function of angle of incidence for gold with 71 = 0.188 +15.39
at a wavelength of 820 nm, corresponding to the configuration studied in Sects. 7.3-7.5.
From Fig. 7.3 (left) it follows that the diattenuation, which is roughly the difference be-
tween the curves of R, and R, (see Eq. (7.15)), is zero at 8 = 0°, increases with increasing
angle of incidence until it reaches a maximum around 6 = 80°, and then decreases again
to zero at 8 = 90°. In Fig. 7.3 (right) we see that the retardance, which is the difference
between the curves of ¢, and ¢, (see Eq. (7.16)), is 180° at § = 0° and remains close
to this value for small values of 6. For large 6, the retardance decreases rapidly to 0°
at § = 90°. Fig. 7.3 (left and right) also show the gradients in amplitude and phase at
6 = 45° (similar to the phase gradients shown by Breckinridge et al. 2015). Whereas
the amplitude gradient dR,/06 is always positive for 8 > 0°, OR,, /0 is initially negative,
then becomes zero, and finally is positive for very large angles of incidence. Lastly, for
6 > 0° the phase gradients d¢,/06 and d¢,, /06 are negative and positive, respectively, and
monotonically decrease and increase with increasing angle of incidence.
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7.3 Beam shifts from polarization ray tracing

In this section, we describe the polarization ray tracing of a beam of light that reflects off
a metallic mirror, following the methodology outlined in Breckinridge et al. (2015), and
the determination of the beam shifts that result. In Sect. 7.4, we compare the resulting
shifts for various incident polarization states and angles of incidence to the predicted
spatial and angular GH and IF shifts as derived for Gaussian beams. We determine the
centroid shifts of both the focal-plane intensity (i.e., the PSF) and the intensity in the exit-
pupil plane because these planes are where the spatial shifts (shifts of the complete beam)
and angular shifts (angular deviations as measured from the focus) should be visible. To
enable a direct comparison of our results with the experimental measurements of the GH
and IF shifts by Merano et al. (2007), Aiello et al. (2009), and Hermosa et al. (2011),
we consider a (practically) identical configuration to the one used in those studies: a
converging, monochromatic beam of light with an f-number of 61.3 that reflects off a
flat golden mirror at a wavelength of 820 nm and with a focal distance of 11.9 cm. Our
configuration differs in that the beam of light is not Gaussian but has a uniform intensity
profile across the entrance pupil as is the case for astronomical telescopes and instruments.

As the first step in our analysis, we compute the Jones pupil that describes the electric-
field response in the exit pupil upon reflection. We only describe this computation briefly
here (for detailed descriptions see e.g., Waluschka, 1989; Gotte & Dennis, 2012). We use
the definitions as shown in Fig. 7.2 and decompose the beam of light into a set of rays that
each can be described by a plane electromagnetic wave. For each ray, we compute the
angle of incidence and, using Eqs. (7.13) and (7.14), the corresponding Fresnel reflection
coefficients in the local p- and s-directions. Subsequently, we calculate the orientation of
the local plane of incidence for each ray. Finally, we compute the Jones pupil as the set
of Jones matrices describing the reflection of each ray, taking into account the orientation
of the local plane of incidence and the change of sign of the x-coordinate of the ray upon
reflection. The resulting Jones pupil J,,,, which is expressed in the xyz-basis, can be
written as:

3 Rxxe“p“ nye“%

I Ty
B Ryxei‘% Ryyei¢1/!f ’ (7.17)

J XYz = [ Jyx Jy

where J, to J,, are the complex Jones-pupil elements describing the contribution of the
x- or y-polarized components of the incident electric field (in the entrance pupil) to the x-
or y-polarized components of the reflected electric field (in the exit pupil). The amplitudes
and phases of the Jones-pupil elements, which define the ratios of the amplitudes and the
phase shifts of the reflected and incident electric fields, are denoted R, to R, and ¢, to
¢y, respectively. The Jones pupil Jy, for reflection with an angle of incidence of 45° is
shown in Fig. 7.4 (top).

The Jones pupil is a crucial ingredient for our understanding of the beam shifts in
Sect. 7.4. In that context, it is useful to also express the Jones pupil in the basis of the
diagonal and antidiagonal polarizations, daz, and the basis of the right-handed and left-
handed circular polarizations, rlz, as defined in Fig. 7.1. The Jones pupils in the daz- and
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Diagonal — antidiagonal (daz) basis

Rda $aa (rad) Pda (rad)
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i ‘ 0.1257 u 0.9785 1.9917
0.1242 0.9783 1.9912
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Figure 7.4: Jones pupil expressed in the xyz- (top), daz- (center), and riz-bases (bottom)
at a wavelength of 820 nm for a converging beam of light with an f-number of 61.3
that reflects off gold at an angle of incidence of 45°. The panels in the first and second
(third and fourth) columns show the amplitude (phase) of the Jones-pupil elements. The
positive x- and y-directions are upward and to the left, respectively. The values of the
color maps are different among the panels. The red, orange, blue, and green borders
around the panels indicate the gradients that are visible and the specific beam shifts that
these gradients cause (see the legend above the top panels). To reveal the gradient in the
panels of ¢,, and ¢,,, 7 has been added to the phase in the left and right halves of the
pupil, respectively.
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rlz-bases, J4,, and J,;,, are defined as:

R e R, aibd
-1 dd d
Jaaz = Taad e T = [ Rt Rt | (7.18)
a aa
R.e%r R eitn
-1 1
Jrlz = rlszszrlz = [R;:ei‘?’” R};leiq;"} 5 (719)

where R, to Ry and ¢y, to ¢y are the amplitudes and phases of the Jones-pupil elements
and ~!' denotes the inverse of a matrix. The matrices T, and T, describe the transfor-
mations from the xyz-basis to the daz- and riz-bases, respectively, and are defined as:

I

Tyo: = % [i _11], (7.20)
X .

Tne= 5 [} il]. (7.21)

The Jones pupils Jy,, and J,;, for reflection with an angle of incidence of 45° are shown
in Fig. 7.4 (center) and Fig. 7.4 (bottom), respectively.

Next, we compute the amplitude-response matrix, ARM, specifying the electric-field
response in the focal plane. The ARM is computed as:

(7.22)

ARM - [ﬁuxx) %ny)]’

FUy)  FUyy)

where Z(...) denotes the spatial Fourier transform over a Jones-pupil element. For
the computation of the ARM we therefore assume that the Fraunhofer approximation to
diffraction applies, which is the case for beams with absolute f-numbers larger than ~5
(see e.g., McGuire & Chipman, 1990). Subsequently, we calculate the point-spread ma-
trix, PSM, which is the Mueller-matrix representation of the PSF and describes the inten-
sity response in the focal plane for any incident Stokes vector, whether 100% polarized,
partially polarized, or unpolarized. The PSM is calculated as:

PSM = C(ARM ® ARM*)C™! (7.23)

where ® denotes the Kronecker product, * indicates the element-wise complex conjugate,
and the matrix C is defined as (see e.g., Espinosa-Luna et al., 2008):

1 0 0 1
C= (1) ‘1) (1) "01 ) (7.24)
01 -1 O
The PSM can be written as:
I-1 Q-1 U—-I VI
psm = |7€ @=0 U=0 V-0 (7.25)

I-U QO-»U U-U V->U/|’
I1-V Q-V U->V V-V



218 Explanation of beam shifts and comparison to polarization ray tracing

where each element A — B describes the contribution of the incident Stokes parameter A
to the resulting Stokes parameter B. The PSM for reflection with an angle of incidence of
45° is shown in Fig. 7.5. We note that the same PSM can also be obtained from the Jones
pupil expressed in the daz- or rlz-bases when replacing the matrix C in Eq. (7.24) with
the appropriate matrix corresponding to those bases.

As the final step, we determine the beam shifts in the exit pupil and the focal plane.
To this end, we define an incident Jones vector or Stokes vector with a uniform intensity
profile and polarization state. For the determination of the shift in the exit pupil, we right-
multiply the Jones pupil by the incident Jones vector to obtain the Jones vector in the pupil
plane. Subsequently, we compute the intensity distribution in the pupil plane as the sum
of squares of the amplitudes of the latter Jones vector. Finally, we calculate the beam shift
as the offset of the centroid of the intensity distribution with respect to the beam position
in the absence of diffraction and aberrations. To determine the beam shift in the focal
plane, we compute the Stokes vector after reflection by right-multiplying the PSM by the
incident Stokes vector. We then retrieve the intensity image from the first element of the
resulting Stokes vector and determine the shift as the offset of the centroid with respect to
the beam position in the absence of diffraction and aberrations.

7.4 Explanation of beam shifts and comparison to
polarization ray tracing

In this section, we explain the spatial and angular GH and IF shifts and compare them
to the shifts found using polarization ray tracing. We analytically describe the four shifts
using the closed-form expressions from Aiello & Woerdman (2008). These expressions
are derived (see Aiello & Woerdman, 2007) by decomposing an incident, uniformly po-
larized Gaussian beam of light into the angular spectrum of plane waves (e.g., Born &
Wolf, 2013) and computing the effect of the reflection on each wave. Because the plane
waves are infinitely extended, the Fresnel equations can be applied without making any
approximations. The decomposition into plane waves is equivalent to a Fourier transform
of the electric field at the mirror interface. The resulting reflected plane waves are then
integrated over, and the shift is calculated as the shift of the centroid of the intensity of the
beam. The expressions depend on the Fresnel reflection coefficients at the central angle
of incidence and the complex electric-field components of the incident beam. We have
rewritten the expressions in terms of the more familiar Stokes parameters to make the
expressions easier to understand and enable the computation of the shifts for any incident
polarization state.

For each of the four shifts, which generally occur simultaneously, we explain the
origin and analytically compute the size and direction as a function of angle of incidence
for different incident polarization states. We consider 100% linearly polarized light with
angles of linear polarization y ranging from 0° to 180° in steps of 22.5°, 100% right-
handed and left-handed circularly polarized light (i.e., V = 1 and V = —1, respectively),
and unpolarized light. For these same polarization states, we numerically compute the
shifts from the polarization ray tracing as outlined in Sect. 7.3 and compare the results to
the analytical computations. We also explain the shifts using the Jones pupil and the PSM.
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We discuss the spatial and angular GH shifts in Sects. 7.4.1 and 7.4.2 and the spatial and
angular IF shifts in Sects. 7.4.3 and 7.4.4.

7.4.1 Spatial Goos-Hinchen shift

The spatial GH shift, Xgn, is a displacement of the entire beam of light upon reflection
and occurs in the plane of incidence (e.g., Goos & Hinchen, 1947; Merano et al., 2007;
Aiello & Woerdman, 2008; Aiello et al., 2009; Gotte & Dennis, 2012; Bliokh & Aiello,
2013). Figure 7.6 (top) shows a schematic with the definition of the spatial GH shift.
The shift is independent of the divergence angle of the incident beam (i.e., the f-number)
and does not depend on whether the reflection occurs in the focus or the converging or
diverging parts of the beam. From the perspective of the plane-wave decomposition,
the spatial GH shift can be understood from a 2D picture of the beam of light, looking
from a direction perpendicular to the plane of incidence (i.e., the side view as shown
in Fig. 7.6, top). Each plane wave of the beam has a different angle of incidence and
therefore acquires a correspondingly different phase shift upon reflection. This results in
a gradient in phase over the range of angles of incidence (see Fig. 7.3, right). Integrating
over all reflected plane waves, this then results in a shift of the entire beam parallel to the
plane of incidence. The integration is equivalent to an inverse Fourier transform, which
explains how a phase gradient is equivalent to a shift of the entire beam on the mirror.
The spatial GH shift can be analytically computed as:

a¢[7 a¢s
R, +

A 99" 90

2 R+ R,

R,

X = , (7.26)

where R, and R, (from Eqs. (7.13) and (7.14)) and the phase gradients d¢,,/d6 and d¢ /06
(see Fig. 7.3, right) are computed at the central angle of incidence of the beam, and /, and
I, are the intensities of the components of the light polarized in the x- and y-direction,
respectively. These intensities only depend on the incident Stokes Q and follow from
Egs. (7.8) and (7.9). The factor R?)I  + R%Iy in Eq. (7.26) is the intensity of the reflected
beam and returns in the expressions of all shifts. The spatial GH shift is produced by the
phase gradients, whereas R, and R, can be considered to be small corrections. Indeed, if
we set either I, or I, equal to zero in Eq. (7.26), we obtain:

i a¢p/s
2 96

XsGH,x/y = (7.27)
which shows that the spatial GH shift consists of two components: Xsgp,, for the light
polarized in the x-direction and Xy, for the light polarized in the y-direction. The total
spatial GH shift as computed from Eq. (7.26) can then be understood as the intensity-
weighted average of these two shifts.

Figure 7.7 shows the spatial GH shift as a function of angle of incidence for different
incident polarization states as computed from Eq. (7.26). The figure also shows the shifts
in the focal plane (data points) as obtained from the numerical computations using the po-
larization ray tracing as outlined in Sect. 7.3. The close agreement between the analytical
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X z
Side view v

Top view

Figure 7.6: Schematic showing the definitions of the spatial and angular GH shifts, X,gn
and O,y (fop), and the spatial and angular IF shifts, Xgr and @, (bottom), for an (ini-
tially converging) beam of light incident on a metallic mirror. Darker colors within the
reflected beam indicate a higher relative intensity. The orientation of the xyz reference
frame before and after reflection is indicated. Positive spatial GH and IF shifts are di-
rected in the positive x- and y-directions, respectively, after reflection (the spatial GH
shift is shown in the negative direction). The angular GH and IF shifts are positive for
a right-handed rotation around the y-axis and a left-handed rotation around the x-axis,
respectively. For clarity the size of the shifts is extremely exaggerated.
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Figure 7.7: Spatial GH shift as a function of angle of incidence for reflection off gold
at a wavelength of 820 nm as obtained from the closed-form expression of Eq. (7.26)
(curves) and polarization ray tracing (data points). The shift is shown for an incident beam
of light that is completely unpolarized, 100% linearly polarized with various angles of
linear polarization y, and 100% right-handed (V = 1) or left-handed (V = —1) circularly
polarized.

and numerical results shows that the spatial GH shift is reproduced very closely by the
polarization ray tracing and that Eq. (7.26) is not only valid for Gaussian beams, but is
also accurate for beams with a uniform intensity profile. Small deviations between the an-
alytical and numerical results are only visible for very large angles of incidence (6 > 80°).
These deviations are higher-order effects due to the beam intensity profile deviating from
a Gaussian profile. Indeed, when performing the polarization ray tracing for a Gaussian
beam, the data points agree exactly with the analytical curves for all angles of incidence.

Figure 7.7 shows that, although the size of the spatial GH shift is generally less than
the wavelength, the shift can be larger than a wavelength for large angles of incidence
and certain incident polarization states. At normal incidence, the shift is always zero.
The spatial GH shift is largest for light polarized in the x-direction (i.e., for y = 0° and
x = 180°, or O = 1) and increases with increasing angle of incidence. Because the shift
for light polarized in the x-direction is directly proportional to d¢,/66 (see Eq. (7.27)),
this behavior can be understood from the increasing gradient seen in Fig. 7.3 (right). For
incident light polarized in the y-direction (i.e., for y = 90° or Q = —1), the shift is much
smaller and in the opposite direction, which also agrees with d¢,/360 being smaller than
and opposite to d¢,, /06 in Fig. 7.3 (right). In case of light with Q = 0 (e.g., for unpolarized
light or 100% polarized light with y = 45°, y = 135°, V = 1, or V = —1), the intensities
of the light polarized in the x- and y-directions are equal and the resulting shift is the
intensity-weighted average of the shifts of the x- and y-polarizations. Finally, for light
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with 0 < |Q| < 1 (e.g., for 100% polarized light with y = 22.5°, y = 67.5°, y = 112.5°, or
x = 157.5°, and also partially polarized light), the resulting shift is in between the three
aforementioned shifts.

As can be seen from Fig. 7.4 (top), which shows the Jones pupil expressed in the
xyz-basis, the spatial GH shift produces gradients in the phase of all Jones-pupil elements
(blue borders). These phase gradients represent wavefront tilts in the exit pupil and as
such result in shifts of the centroid of the PSF in the focal plane. This confirms the claim
by Schmid et al. (2018) that the spatial GH shift is the shift that arises from the phase
gradient in the x-direction in the Jones pupil as described by Breckinridge et al. (2015).
However, we note that Fig. 27 of Schmid et al. (2018) suggests that the spatial GH shift
is caused by both a shift on the mirror and a directional change of the beam due to a
wavefront tilt induced upon reflection. This depiction is inaccurate: The spatial GH shift
is a shift of the entire beam that occurs on the mirror surface, which, in the Fraunhofer
approximation, can be described as a wavefront tilt in the exit pupil.

From the Jones pupil, it may seem that the spatial GH shift depends on the f-number,
but this is not the case. Although a two times smaller f-number gives a two times larger
phase gradient in the pupil plane, the focal distance is also two times smaller, resulting
in the same shift in the focal plane. Similarly, for a diverging beam (i.e., a beam with
a negative f-number) the phase gradients have the opposite sign but then the focal plane
is imaginary and located in front of the mirror (i.e., the focal distance is negative), again
yielding the same shift. A more mathematical approach to showing the independence of
the shift from the f-number is presented in Schmid et al. (2018). We note that the size
of the shift (which scales with A, see Eq. (7.26)) relative to the size of the PSF (which
scales with A|F|, with F the f-number) does depend on the f-number and is proportional
to 1/|F|. This means that a more strongly converging or diverging beam results in a larger
shift relative to the PSF.

Finally, we show that the spatial GH shift is visible in the PSM as well (see Fig. 7.5).
As described in Sect. 7.3, the focal-plane shifts are determined from the intensity image
constructed by right-multiplying the PSM by the incident Stokes vector. In other words,
the shifts are determined from the image constructed as a linear combination of the PSM-
elements in the top row, weighted with the incident Stokes parameters. Whereas both the
(I—-1I)- and (Q — I)-elements have their centroids shifted in the x-direction, the (U —I)-
and (V — I)-elements do not exhibit such shifts. For incident light with Q = 0, the shift we
find is that of the (/ — I)-element. On the other hand, for light with Q # 0, a scaled version
of the (Q— I)-element, which shows a relatively large shift, is added to or subtracted from
the (I — I)-element. This results in either a larger or smaller shift than that of the (I —I)-
element, in agreement with the curves of Fig. 7.7.

7.4.2 Angular Goos-Hinchen shift

The angular GH shift, @,gg, is an angular deviation of the beam of light upon reflection
and, similar to the spatial GH shift, occurs in the plane of incidence (e.g., Aiello & Wo-
erdman, 2008; Aiello et al., 2009; Gétte & Dennis, 2012; Bliokh & Aiello, 2013). The
definition of the angular GH shift is shown in Fig. 7.6 (top). Similar to the spatial GH
shift, the angular GH shift can be understood from a 2D picture of the beam of light.
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Each ray in the incident beam hits the mirror at a different angle of incidence and there-
fore experiences a different reflection coefficient. Over the range of angles of incidence
this results in a gradient in the amplitude across the reflected beam (see Fig. 7.3, left),
which translates into a shift of the centroid in intensity. Contrary to the spatial GH shift,
the size of the angular shift depends on the divergence angle, and thus the f-number, of
the incident beam. This is because a more strongly converging or diverging beam covers a
larger range of angles of incidence and therefore yields a larger gradient. The angular GH
shift is truly a deflection of the beam centroid as described by an angle, which is the same
whether the reflection occurs in the focus or the converging or diverging part of the beam
(see Fig. 7.6, top). The resulting physical displacement of the beam centroid vanishes in
the focus and increases with distance from the focus. That the physical displacement of
the beam centroid is zero in the focus can easily be understood in the Fraunhofer approx-
imation: The amplitude gradient in the exit pupil will lead to a point-symmetric change
in the PSF, which cannot change the centroid of the intensity distribution.
The angular GH shift can be computed as:

AR AR
R,—Z2I. +R,— 1,
O = ) 90 "
aGH — —~

2 R + R,

: (7.28)

where, similar to the spatial GH shift, /, and /, are functions of Stokes Q (see Egs. (7.8)
and (7.9)), and R, Ry, and the amplitude gradients dR,,/06 and R, /06 (see Fig. 7.3, left)
are evaluated at the central angle of incidence. The divergence angle of the beam, «, is
computed as:

1
a = arctan(2|F|), (7.29)
with F the f-number of the beam. Contrary to the spatial GH shift, the angular GH shift
only depends on the amplitude of the reflection coefficients, and not on the phase. The
angular GH shift is produced by the amplitude gradients, whereas R, and R, only have
a small effect. The structure of Eq. (7.28) is quite similar to that of Eq. (7.26), which
describes the spatial GH shift. Indeed, when setting I, = 0 or /, = 0 in Eq. (7.28), we see
that the angular GH shift also consists of two components for the light polarized in the x-
and y-directions:

—Clz 1 OR,,/S
2 Ry, 86 °

OuGH,x/y = (7.30)

Equation (7.28) therefore constitutes the intensity-weighted average of these two shifts.
Finally, the physical displacement of the beam centroid at a distance z; from the focus of
the beam is given by:

XaGH = 2t OaGH, (7.31)

where z¢ > 0 in the diverging part of the beam and zr < 0 in the converging part. We can
compute the physical displacement of the centroid of the intensity in the pupil plane by



Beam shifts upon metallic reflection in high-contrast imagers and telescopes 225

Beam deviation angle (prad)

_g4|— x=0°,180"
X=225°,157.5°
-10q|— x=45°,135°,V=1,V= —1, unpolarized
_1p | x=675".1125°
— x=90"
-14 : : : : : :

0 10 20 30 40 50 60 70 80 90
Angle of incidence (°)

Figure 7.8: Angular GH shift as a function of angle of incidence at a wavelength of
820 nm for a beam of light with an f-number of 61.3 that reflects off gold as obtained
from the closed-form expression of Eq. (7.28) (curves) and polarization ray tracing (data
points). The shift is shown for an incident beam that is completely unpolarized, 100%
linearly polarized with various angles of linear polarization y, and 100% right-handed
(V =1) or left-handed (V = —1) circularly polarized.

inserting zr = —f in Eq. (7.31), where f is the focal distance (f > 0 in a converging beam
and f < 0 in a diverging beam).

Figure 7.8 shows the angular GH shift as a function of angle of incidence for differ-
ent polarization states as computed from Eq. (7.28). The figure also shows the shifts as
obtained from the exit pupil (data points) using the polarization ray tracing as explained
in Sect. 7.3. We have computed these numerical shifts by dividing the physical displace-
ments of the centroid in the pupil plane by the negative value of the focal distance (see
Eq. (7.31)). Contrary to the analytically computed shifts, we have computed the numeri-
cal shifts only for 100% polarized light (i.e., not for unpolarized light), because the Jones
calculus used cannot describe unpolarized or partially polarized light. Similar to the spa-
tial GH shift, the analytical and numerical results in Fig. 7.8 agree closely and small
deviations are only visible for very large angles of incidence. These deviations are due
to the angular GH shift depending on the precise beam intensity profile and vanish when
performing the polarization ray tracing for a Gaussian beam.

Figure 7.8 indicates that the angular GH shift is on the order of microradians for the
particular configuration studied. For normal incidence, the shift is zero. The largest shifts
are found for light polarized in the x-direction (i.e., for y = 0° and y = 180°, or Q = 1),
whereas the shifts of the light polarized in the y-direction (i.e., for y = 90° or Q = —1)
are much smaller. The curves can be understood from the amplitude gradients governing
the angular GH shift as shown in Fig. 7.3 (left): Whereas 0R/06 increases monotonically
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with increasing angle of incidence, dR,/d6 is initially negative, reaches a value of zero,
and then attains large positive values. The curves in Fig. 7.8 follow a similar pattern as
those of the spatial GH shift (see Fig. 7.7), with the shifts for incident light that is not
100% x- or y-polarized being an intensity-weighted average of the shifts of the x- and
y-polarizations.

As shown in the R.,- and R,,-elements of Fig. 7.4 (top; red borders), the amplitude
gradients associated with the angular GH shift are visible in the Jones pupil expressed
in the xyz-basis. In the antidiagonal elements R,, and R, these amplitude gradients also
exist, but they are overshadowed by the left-right symmetric structure visible in those
elements. For a diverging rather than converging beam, the amplitude gradients have
opposite signs (see also Fig. 7.6, top). Because a diverging beam implies a negative focal
distance, that is, the focal plane is virtual and located in front of the mirror, the signs of
the angular shifts themselves do not change (see Eq. (7.31)). Finally, the angular GH shift
is not visible in the PSM (Fig. 7.5) because it is zero in the focus.

7.4.3 Spatial Imbert-Federov shift

The spatial IF shift, Y, is a displacement of the entire beam of light upon reflection
and occurs in the direction perpendicular to the plane of incidence (e.g., Federov, 1955;
Imbert, 1972; Bliokh & Bliokh, 2006; Aiello & Woerdman, 2008; Hermosa et al., 2011;
Gotte & Dennis, 2012; Bliokh & Aiello, 2013; Bliokh et al., 2015). A schematic with
the definition of the spatial IF shift is shown in Fig. 7.6 (bottom). Similar to the spatial
GH shift, the spatial IF shift is independent of the f-number of the beam and the position
within the beam where the reflection occurs. To understand the spatial IF shift from a
plane-wave decomposition, it is necessary to consider the full 3D picture (e.g., Aiello &
Woerdman, 2008; Bliokh & Aiello, 2013). Each plane wave in the incident beam has
a different (3D) propagation direction. Therefore, not only the angles of incidence (and
thus the reflection coefficients) are different among the waves, but also the orientations of
the local planes of incidence. These rotations of the planes of incidence induce different
geometric (Berry) phases among the circularly polarized components of the waves. This
results in a gradient of the geometric phases in the direction perpendicular to the plane
of incidence, with the gradient having opposite sign for the right-handed and left-handed
circular polarizations. Accounting for the reflection coefficients of each wave as well as
the geometric phases within the reflected beam, the reflected beam is found to be shifted
in the direction perpendicular to the plane of incidence when integrating over all waves.
The spatial IF shift is more easily understood in terms of conservation of total angular
momentum (e.g., Bliokh & Bliokh, 2006; Bliokh & Aiello, 2013; Bliokh & Nori, 2015;
Bliokh et al., 2015). Disregarding vortex beams, the total angular momentum of a beam
of light consists of the spin angular momentum (SAM) and the external orbital angular
momentum. In the quantum-mechanical description of light, photons carry one of two
spin states that correspond to right-handed and left-handed circular polarization. The
SAM of a beam of light is a vector quantity pointing in the direction of propagation
that is proportional to the difference between the number of right-handed and left-handed
photons, that is, it is proportional to Stokes V. The external orbital angular momentum is
given by the cross product of the radius vector of the beam centroid with respect to some
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origin and the (linear) momentum of the beam, with the latter pointing in the direction
of propagation. Upon reflection, the total angular momentum in the direction normal to
the surface of the mirror is conserved. As a result, any change in the SAM of the beam,
that is, in the circular polarization, must be compensated for by a shift of the beam in the
direction perpendicular to the plane of incidence. This shift is the spatial IF shift, which
is therefore considered to be a spin-orbit interaction of light.

The spatial IF shift can be calculated as:

-1 cotf R?; +R;
2 R2 L, + 2, 2

Ygr = ] +R,R;(Vcosd + Usind)|, (7.32)

where R,, R;, and the retardance 4 (see Eq. (7.16) and Fig. 7.3) are evaluated at the
central angle of incidence 6, and cot 6 is the transverse gradient of the induced geometric
phase. Although the spatial IF shift has a weak dependence on Stokes Q through 7, and
I, (see Eqs. (7.8) and (7.9)), the shift depends primarily on the incident Stokes U and V.
So, whereas the GH shift consists of two separate shifts for light polarized in the x- and
y-directions, the spatial IF shift comprises separate and opposite shifts for the diagonally
and antidiagonally polarized components (because U = 1;—1,, see Eq. (7.6)) as well as for
the right-handed and left-handed circularly polarized components (because V = I, — I,
see Eq. (7.7)). For metallic reflections, the spatial IF shift results primarily from the
retardance, whereas R, and R, can be considered to be small corrections. Indeed, we
can simplify Eq. (7.32) by assuming that the incident beam is totally reflected. Setting
R, = R, = 1 and inserting I, + I, = 1 (see Eq. (7.4)), we obtain:

-
Yar = - cot® [V (1 + cos 4) + Usin4|. (7.33)
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In this equation, the factor [V(1+cos 4)+U sin 4] is proportional to the change of the SAM
upon reflection, with V(1) proportional to the incident SAM and —(V cos4 + U sin4),
which gives Stokes V after reflection, proportional to the SAM of the reflected beam. The
spatial IF shift thus depends on the crosstalk from U to V (U sin 4) and the crosstalk from
V to U or even the crosstalk creating a change of handedness of the circular polarization
(VcosA).

Figure 7.9 shows the spatial IF shift as a function of angle of incidence for different
incident polarization states as computed from Eq. (7.32). Also shown are the shifts in
the focal plane (data points) as numerically determined using polarization ray tracing (see
Sect. 7.4), which agree closely with the analytical computations. The small deviations
among the results vanish when performing the polarization ray tracing with a Gaussian
beam.

Figure 7.9 illustrates that the spatial IF shift is (somewhat) smaller than the spa-
tial GH shift and is always smaller than the wavelength. At normal incidence, where
4 = 180° (see Fig. 7.3), the spatial IF shift is zero. For nonzero angles of incidence,
where 4 # 180°, changes in the SAM occur for incident U- or V-polarized light, thus
leading to spatial IF shifts. The spatial IF shifts are in opposite directions for opposite
signs of U (e.g., for y = 45° and y = 135°) and V (for right-handed and left-handed cir-
cular polarization). The shifts initially become larger with increasing angle of incidence
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Figure 7.9: Spatial IF shift as a function of angle of incidence for reflection off gold
at a wavelength of 820 nm as obtained from the closed-form expression of Eq. (7.32)
(curves) and polarization ray tracing (data points). The shift is shown for an incident beam
of light that is completely unpolarized, 100% linearly polarized with various angles of
linear polarization y, and 100% right-handed (V = 1) or left-handed (V = —1) circularly
polarized. The shifts for y = 67.5° and y = 157.5° are not shown, but are very close
to the shifts for y = 22.5° and y = 112.5°, respectively. The colors indicate different
polarization states than in Figs. 7.7 and 7.8.

(because 4 monotonically decreases), but then become smaller again for (very) large an-
gles of incidence as cot® — 0 when 8 — 90°, resulting in no shift at 6 = 90°. The spatial
IF shift for U (y = 45° and y = 135°) reaches larger values than that of V with the maxi-
mum of U occurring at a smaller angle of incidence than the maximum of V. The maxima
of the curves are lower for partially polarized light or light with both Q and U nonzero
(e.g., xy =22.5° xy =67.5° y = 112.5° or y = 157.5°). Although the light with y = 22.5°
and y = 67.5° (and similar for y = 112.5° and y = 157.5°) have the same value for U,
small differences in the size of the shifts occur due to the dependence on Q via I, and I,.
The curves of incident light with both U and V nonzero are combinations of the curves
for the individual Stokes parameters. Finally, for unpolarized light or light polarized in
the x- or y-direction (i.e., Q-polarized light), the spatial IF shift is always zero because
the incident beam carries no SAM and no SAM can be created upon reflection.

Similar to the spatial GH shift, the spatial IF shift is expected to create gradients in
phase in the Jones pupil. However, in the Jones pupil expressed in the xyz-basis (see
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Fig. 7.4, top), phase gradients in the y-direction are not visible. This is because the spa-
tial IF shift primarily depends on Stokes U and V (see Eq. (7.33)), and therefore results
from the complex linear combination of all four Jones-pupil elements in this basis. Nev-
ertheless, a hint of a gradient in the y-direction is visible in the Ry,-, Ryx-, ¢,-, and ¢~
elements when considering that a phase difference of 7t between the left and right sides of
the pupil implies that the reflection coefficients on either side have opposite signs. Actual
phase gradients in the y-direction naturally appear in the Jones pupils expressed in the
bases of Stokes U and V, that is, in the Jones pupils expressed in the daz- and riz-bases
(see Fig. 7.4, center and bottom). The gradients are visible in the ¢i,-, Pug-, ¢rr-, and
¢y-elements (green borders). The Jones pupils also show the phase gradient in the x-
direction produced by the spatial GH shift (blue borders), with the ¢4,- and ¢,4-elements
exhibiting a combination of gradients in the x- and y-directions. In Fig. 7.4 (center and
bottom), the amplitude gradient in the x-direction due to the angular GH is visible as well
(red borders). Lastly, we note that although the spatial IF shift does not depend on the
f-number, its size relative to the PSF scales as 1/|F/|, analogous to the spatial GH shift (see
Sect. 7.4.1).

Finally, we show how the spatial IF shift is visible in the PSM (see Fig. 7.5). As
explained in Sect. 7.4.1, the focal-plane shifts are determined from the image created as a
linear combination of the PSM-elements in the top row, weighted with the incident Stokes
parameters. Because the (I —I)- and (Q— I)-elements are symmetric with respect to the
x-axis (i.e., they are left-right symmetric in Fig. 7.5), no shift results for unpolarized light
or light that is polarized in the x- or y-direction. The (U —1I)- and (V — I)-elements on
the other hand are asymmetric, with positive and negative signals on opposite sides of the
x-axis. For incident light with nonzero U and/or V, scaled versions of these elements are
added to or subtracted from the (I — I)-element, producing a PSF with the centroid shifted
in the y-direction. We note that the relative intensity of the (U — I)-element is larger than
that of the (V — I)-element, in agreement with the spatial IF shift being larger for U than
for V at an angle of incidence of 45° (see Fig. 7.9).

7.4.4 Angular Imbert-Federov shift

The angular IF shift, @, is an angular deviation of the beam of light upon reflection
directed away from the plane of incidence (e.g., Bliokh & Bliokh, 2007; Aiello & Wo-
erdman, 2008; Hermosa et al., 2011; Gotte & Dennis, 2012; Bliokh & Aiello, 2013). The
definition of the angular IF shift is shown in Fig. 7.6 (bottom). Similar to the angular GH
shift, the size of the angular IF shift depends on the f-number of the incident beam and is
the same whether the beam is reflected in the focus or in the converging or diverging parts
of the beam. The physical displacement of the centroid of the beam is zero in the focus
and increases with distance from the focus. The angular IF shift is related to the con-
servation of (linear) momentum in the direction perpendicular to the plane of incidence,
and, similar to the spatial IF shift, results from the differences in induced geometric phase
across the beam.
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The angular IF shift can be calculated as:

2 cotd

a
OuF = — 77
a 4 R, + R,

U(R:-RY), (7.34)

where R, and R, are computed at the central angle of incidence, and the divergence angle
a is given by Eq. (7.29). Similar to the angular GH shift, the angular IF shift does not de-
pend on the phases of the reflection coefficients, but only on the amplitudes. The angular
IF shift depends primarily on the incident Stokes U, although small Q-dependent correc-
tions take place through I, and I, (see Eqs. (7.8) and (7.9)). If Q = 0, thatis, I, = I, = 1,
Eq. (7.34) reduces to:

—a?
O, = TUE cotd, (7.35)

with € the diattenuation from Eq. (7.15). Finally, the physical displacement of the centroid
of the beam is computed as:

Yarr = zf Ourr, (7.36)

with z¢ the distance from the focus, similar to Eq. (7.31).

Figure 7.10 shows the angular IF shift as a function of angle of incidence for various
polarization states as computed from Eq. (7.34). The shifts as obtained from the exit pupil
(data points) using polarization ray tracing (see Sect. 7.3) are also shown. These numerical
shifts are computed using Eq. (7.36) and are only calculated for 100% polarized light,
similarly to the angular GH shifts (see Sect. 7.4.2). The analytical and numerical results
agree closely, with the small deviations vanishing when performing the polarization ray
tracing for a Gaussian beam.

Figure 7.10 shows that the angular IF shift is on the order of less than a microradian
for the particular configuration considered. For incident light with U nonzero, angular IF
shifts occur that are in the opposite direction for opposite signs of U. The shifts are zero
for angles of incidence of 0° and 90°. The shape of the curves is related to the diattenua-
tion (roughly the difference between R and R), in Fig. 7.3), which initially increases with
increasing angle of incidence, reaches a maximum, and then decreases again to zero at
6 = 90°. For incident light with U = 0 (i.e., y = 0°, xy =90°, y = 180°, V=1,V = -1,
or unpolarized light), the shift is zero for any angle of incidence.

Finally, the amplitude gradients in the y-direction associated with the angular IF shift
are visible in the Ry,- and R,,-elements of the Jones pupil expressed in the daz-basis (see
Fig. 7.4, center). The gradients of these elements are a combination of gradients in the
y-direction and the x-direction, with the latter due to the angular GH shift (red borders).
Because the angular IF shift is zero in the focus, it is not visible in the PSM.
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Figure 7.10: Angular IF shift as a function of angle of incidence at a wavelength of 820 nm
for a beam of light with an f-number of 61.3 that reflects off gold as obtained from the
closed-form expression of Eq. (7.34) (curves) and polarization ray tracing (data points).
The shift is shown for an incident beam that is completely unpolarized, 100% linearly
polarized with various angles of linear polarization y, and 100% right-handed (V = 1) or
left-handed (V = —1) circularly polarized. The shifts for y = 67.5° and y = 157.5° are
not shown, but are very close to the shifts for y = 22.5° and y = 112.5°, respectively.
Except for the circular polarization, the colors used indicate the same polarization states
as in Fig. 7.9.

7.5 Discussion

In Sect. 7.4 we explained the origin of the spatial and angular GH and IF shifts and investi-
gated their size and direction as a function of angle of incidence and incident polarization
state. We also showed that these four beam shifts are fully reproduced by polarization ray
tracing as described in Sect. 7.3 and that the exact beam intensity profile (i.e., whether
it is Gaussian or uniform) has a negligible effect. Of the four beam shifts, only the spa-
tial GH and IF shifts are relevant for high-contrast imagers because they are visible in
the focal plane; the angular GH and IF shifts are not important because, besides a small
point-symmetric deformation of the PSF for angles of incidence close to grazing inci-
dence (which do not occur in high-contrast imagers), they have no effect in the focus. We
thus find that the polarization structure in the PSF that limits the performance of corona-
graphs and the speckle suppression of polarimetric imagers is created by the spatial GH
and IF shifts. In Sect. 7.5.1, we investigate the polarization structure in the PSF created
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by the spatial GH and IF shifts. Subsequently, in Sect. 7.5.2, we examine the effect of the
spatial GH and IF shifts on polarimetric measurements. In Sect. 7.5.3, we then briefly dis-
cuss the size of the spatial GH and IF shifts for various mirror materials and wavelengths.
Finally, we use our understanding of the spatial GH and IF shifts to discuss and refine the
approaches to mitigate the shifts in Sect. 7.5.4.

7.5.1 Polarization structure in the PSF due to beam shifts

In this section, we investigate the polarization structure in the PSF created by the spa-
tial GH and IF shifts. This polarization structure must be taken into account when de-
signing the coronagraphs of high-contrast imagers that aim to detect planets in reflected
light (Breckinridge et al., 2015). For our analysis, we consider the reflection off a single
flat mirror at an angle of incidence of 45°, using the same configuration as examined in
Sects. 7.3 and 7.4.

The observed light of the stars around which high-contrast imagers search for planets
is unpolarized or has a degree of polarization of only several percent (see e.g., Heiles,
2000). For this case of (nearly) unpolarized incident light, the Stokes vector after reflec-
tion off a flat mirror is given by the elements in the left column of the PSM in Fig. 7.5, that
is, the (/= I)-, {— Q)-, - U)-, and (I - V)-elements. These elements are the same as
those in the top row of the PSM, except for the (I — U)-element which has opposite sign.
Because the spatial GH and IF shifts follow from these top-row elements (see Sects. 7.4.1
and 7.4.3), the polarization-dependent structures visible in the Stokes vector for reflection
of incident unpolarized light must be created by the spatial GH and IF shifts. In the fol-
lowing, we refer to the (I —1)-, (I— Q)-, I = U)-, and (I = V)-elements as the intensity
image and the Q-, U-, and V-images, respectively.

As outlined in Sect. 7.4.1, the spatial GH shift is described by two opposite shifts of
different size for the incident light polarized in the x- and y-directions, that is, for the
incident /- and I,-components of the light. Because unpolarized light can be described
as the sum of equal amounts of the /.- and I,-components (see Eqs. (7.4), (7.8), and
(7.9)), the intensity image consists of two PSF components that are slightly shifted in
opposite directions along the x-axis. As a result, the PSF in intensity is not only shifted
(see Fig. 7.7, black curve), but also broadened in the x-direction. The Q-image is equal
to the difference of the I,- and I,-components (see Eq. (7.5)). Due to the diattenuation
(see Eq. (7.15)), the two components are not reflected by an equal amount. Therefore, an
overall negative signal with a minimum of ~0.9% remains in the image, which constitutes
the IP. But because the I,- and I,-components are also shifted in opposite directions, this
IP signal itself also has a large shift (see also Breckinridge et al., 2015).

As explained in Sect. 7.4.3, the spatial IF shift is opposite for incident diagonally (d)
and antidiagonally (a) polarized light (i.e., for positive and negative 100% U-polarized
light) as well as for incident right-handed (r) and left-handed (/) circularly polarized light
(i.e., for positive and negative 100% V-polarized light). Unpolarized light can be de-
scribed as the sum of equal amounts of these /;- and I,-components as well as the sum
of equal amounts of the /,- and I;-components (see Egs. (7.4), (7.6), and (7.7)). There-
fore, the intensity image consists of PSF components that are slightly shifted by equal
amounts in opposite direction parallel to the y-axis. So although the PSF in intensity is
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not shifted (see Fig. 7.9, black curve), it is broadened in the y-direction in addition to
the broadening in the x-direction (due to the spatial GH shift). The opposite shifts of the
1;- and 1,-components and the /,- and /;-components can also be seen in the U- and V-
images, respectively, where for the configuration considered they create structures below
0.1% of the intensity (with the U-image having larger values than the V-image as can
be expected from Fig. 7.9). Breckinridge et al. (2015) refer to these structures as ghost
PSFs (see Sect. 7.1), although the authors describe them as components of the ARM. Our
results show that these ghost PSFs are created by the spatial IF shifts and are elliptically
polarized. Finally, we note that due to the splitting of the orthogonal circular polarization
states in the V-image, the spatial IF shift is often also referred to as the spin Hall effect
of light (e.g., Hermosa et al., 2011; Bliokh & Aiello, 2013; Bliokh & Nori, 2015; Bliokh
etal., 2015).

The PSM in Fig. 7.5 as calculated with polarization ray tracing includes all orders
of polarization aberrations. Still, we find that the polarization structure in the PSF for
the case of unpolarized incident light is adequately described by the diattenuation and
the first-order polarization aberrations in the focus, that is, the spatial GH and IF shifts.
We therefore conclude that only for curved mirrors the higher-order polarization aberra-
tions, such as polarization-dependent astigmatism (Breckinridge et al., 2015), come into
play. For a discussion on the combined effect of a series of flat mirrors and the polariza-
tion aberrations of curved mirrors with normal incidence, we refer to Breckinridge et al.
(2015).

7.5.2 Effect of beam shifts on polarimetric measurements

In this section, we investigate the effect of the spatial GH and IF shifts on polarimetric
measurements with high-contrast imagers. The physics literature does not describe beam
shifts for the case of incident unpolarized light measured by a polarimeter following the
mirror reflection. However, our approach enables us to understand that case based on our
insight into the beam shifts as well as our results from the polarization ray tracing.

Consider placing a rotatable linear polarizer behind the mirror that we analyzed in
Sect. 7.5.1. In that case, the Stokes vector incident on the polarizer is the same Stokes
vector as examined in Sect. 7.5.1: It is equal to the left column of the PSM in Fig. 7.5. If
we then align the transmission axis of the polarizer with the x-, y-, d-, and a-directions,
we measure the /-, I,-, I;-, and I,-components of the beam. Also, if we replace the
polarizer with a right-handed or left-handed circular polarizer, we measure the /.- and I;-
components of the beam. As a result, these six measurements are sensitive to exactly the
same spatial GH and IF shifts of these components as described in Sect. 7.5.1. Therefore,
when we compute the differences of the x- and y-, d- and a-, and r- and /-measurements,
we obtain the Q-, U-, and V-images of the Stokes vector after reflection.

Because stars are generally unpolarized, polarimetric measurements strongly suppress
the light from the star, thereby making the detection of planets in reflected light easier.
However, the maximum gain in contrast from polarimetry is limited by the spatial GH
and IF shifts and the polarization structure that they create. Although the IP is a larger
aberration, this effect is routinely subtracted in the data reduction and/or removed by using
a half-wave plate in front of the optical path in current high-contrast imaging polarimeters
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(Witzel et al., 2011; Canovas et al., 2011; Wiktorowicz et al., 2014; Millar-Blanchaer
et al., 2016; de Boer et al., 2020; Chapters 2 and 3).

To quantify the maximum gain in contrast from polarimetry as limited by the spatial
GH and IF shifts, we compute the mirror-induced fractional polarization in Q, U, and V
over the PSFE. To this end, we convolve the intensity image and the Q-, U-, and V-images
using a top-hat kernel with a diameter equal to the full width at half maximum of the
PSF in the intensity image. This diameter is equal to the diameter of the apertures one
would use to extract the fluxes of detected planets and determine the noise level in the
images (e.g., Mawet et al., 2014). After convolving the images, we compute the IP in the
Q-image by dividing the total flux in the Q-image by the total flux in the intensity image.
We then subtract the IP from the Q-image by multiplying the intensity image by the IP and
subtracting the resulting image from the Q-image. Subsequently, we compute the images
of the normalized Stokes ¢ = Q/I, u = U/I, and v = V/I by dividing the (IP-subtracted)
Q-, U-, and V-images by the intensity image. The resulting images as well as the images
of the intensity and the degree and angle of linear polarization P and y (see Egs. (7.11)
and (7.12)) are shown in Fig. 7.11.

Figure 7.11 (top) shows that the spatial GH and IF shifts create polarization structures
with significant fractional-polarization levels in the PSF. Whereas the structure in the g-
image is produced by the spatial GH shift, the orthogonally oriented structures in the
u- and v-images are induced by the spatial IF shift. In all images the PSF core and the
Airy rings contain successive positively and negatively polarized regions. The fractional-
polarization levels are largest in the g-image and smallest in the v-image. The relative
strength of the fractional polarizations in the g-, u-, and v-images are directly related to
the relative sizes of the spatial GH and IF shifts at an angle of incidence of 45° (see
Figs. 7.7 and 7.9). Figure 7.11 (bottom) indicates that the degree of linear polarization in
the PSF reaches a maximum of 0.56%. Finally, we see that the angle of linear polarization
rotates 180° when moving in a circle around the center of the PSF and that it differs by
90° between the inner and outer regions of the Airy rings.

The fractional polarizations in the g-, u-, and v-images limit the local gain in contrast
achievable with polarimetry. The degree of (linear) polarization is several tenths of a
percent on average; hence the average contrast gain is a factor of ~350, which is the gain
compared to the contrast in intensity including the effects of seeing. This is because any
speckles due to the seeing are also polarized at approximately this level. We stress that the
exact numerical values presented in Fig. 7.11 are only valid for the specific configuration
considered. For example, for a series of mirrors and/or beams with smaller f-numbers,
the fractional-polarization levels are much higher and therefore the gain in contrast due to
polarimetry is much lower.

Finally, as discussed in Sect. 7.1, the polarimetric speckle suppression of the high-
contrast imaging polarimeter SPHERE-ZIMPOL is limited by polarization-dependent
beam shifts (Schmid et al., 2018). Indeed, the structures visible in the on-sky polari-
metric images of Fig. 26 of Schmid et al. (2018) agree very well with those in the g- and
u-images of Fig. 7.11 (top). Therefore, the polarimetric contrast of SPHERE-ZIMPOL at
small angular separations from the star is clearly limited by both the spatial GH and IF
shifts.
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Figure 7.11: Images of the PSF structures visible in normalized Stokes ¢ (without IP), u,
and v (fop), degree of linear polarization P, angle of linear polarization y, and intensity
(bottom) at a wavelength of 820 nm for a converging beam of light with an f-number of
61.3 that reflects off gold at an angle of incidence of 45°. The images are convolved with
a top-hat kernel with a diameter equal to the full width at half maximum of the PSF in
intensity. The images show the core of the PSF and the first three complete Airy rings.
The positive x- and y-directions are upward and to the left, respectively.

7.5.3 Size of beam shifts for various mirror materials and
wavelengths

So far we have only considered the beam shifts for reflection off gold at a wavelength
of 820 nm. Here we briefly discuss the maximum size of the spatial GH and IF shifts
as a function of wavelength from the ultraviolet to the near-infrared for the three most
common (bulk) mirror materials used in astronomical telescopes and instruments. We
note, however, that actual mirrors in astronomical telescopes and instruments are likely
to consist of a stack of thin films and so the exact sizes of the shifts will be different. To
compute the shifts, we use the complex refractive indices of gold, silver, and aluminum for
the range of wavelengths from Rakic et al. (1998). The spatial GH shift for x-polarized
light (from Eq. (7.26)) and the spatial IF shift for anti-diagonally polarized light (from
Eq. (7.32)) for angles of incidence € of 45° and 70°, normalized with the wavelength, are
shown in Fig. 7.12.

We conclude that the spatial GH shift is larger than the spatial IF shift for all mirror
materials, that the size of the shifts is always less than the wavelength, and that the shifts
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Figure 7.12: Maximum wavelength-normalized spatial GH (fop) and IF (bottom) shifts
as a function of wavelength at an angle of incidence 6 of 45° and 70° for reflection off
gold, silver, and aluminum. The legend in the bottom panel is valid for both panels. The
shifts for gold and silver are only shown for wavelengths longer than 600 nm and 400 nm,
respectively, because the reflectivity drops below 90% at shorter wavelengths.
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relative to the wavelength are larger for shorter wavelengths. Of the three materials, alu-
minum produces the smallest shifts, whereas gold and silver create larger shifts. For all
materials and wavelengths, the spatial GH shift is smaller for § = 45° than for 8 = 70°.
The same is true for the spatial IF shift, except for the shortest wavelengths where the
shift for § = 45° becomes larger than that of 6 = 70°.

7.5.4 Mitigation of beam shifts

Breckinridge et al. (2015) provide an overview of possible approaches to mitigate polar-
ization aberrations in optical systems, which includes using beams with large f-numbers,
keeping the angles of incidence small, and tuning the coatings of the mirrors. In this sec-
tion, we discuss and refine these approaches based on our fundamental understanding of
the beam shifts. Breckinridge et al. (2015) also discuss the use of possible optical devices
that could compensate polarization aberrations (see also Clark & Breckinridge, 2011; Sit
et al., 2017; Dai et al., 2019), but a discussion of these devices is beyond the scope of
this chapter. We also note that Schmid et al. (2018) and Hunziker et al. (2020) are able
to correct the beam shifts of SPHERE-ZIMPOL by measuring them in on-sky data. This
correction significantly reduces the speckle noise at angular separations >0.6” from the
star, but residuals remain at separations <0.6””. These residuals are particularly strong
for broadband data because the beam shifts are wavelength dependent and thus cannot
be corrected with a simple shift for a broad wavelength range. Therefore, mitigating the
beam shifts already during the optical design is the preferred approach.

The size of the spatial GH and IF shifts relative to the size of the PSF is inversely
proportional to the f-number F of the beam of light incident on a mirror (see Sect. 7.4.1).
Therefore, to limit the effect of beam shifts, the absolute f-numbers of the beams falling
onto the mirrors in the optical system should be large; the beams should converge or
diverge slowly. In the limit of a perfectly collimated beam (F = oo) incident on a flat
mirror followed by a focusing optical element, the spatial GH and IF shifts even vanish
in the focal plane. Because any beam of finite extent corresponds to an angular spectrum
of plane waves, the spatial GH and IF shifts still occur, independent of the f-number, but
shifts in the pupil plane do not lead to shifts in the focal plane. We find the same result
with polarization ray tracing: A perfectly collimated incident beam has the same angle
of incidence for all rays, and therefore in the Jones pupil there are no phase gradients
(for the spatial GH shift) or rotations of the planes of incidence (for the spatial IF shift).
Unfortunately, placing mirrors in collimated beams is generally not possible because the
limited number of collimated beams in astronomical instruments are used for other optical
components such as coronagraphs and pupil stops. Finally, we note that magnifications
in the optical system after the reflection off the mirror do not affect the size of the beam
shifts relative to the PSF, because magnifications change the size of the shifts and the PSF
by an equal amount.

The spatial GH and IF shifts are created by respectively the phase gradient and the
retardance of the mirror at the central angle of incidence of the beam; the amplitudes
of the reflection coefficients have only a marginal effect and are therefore not important.
Hence, to minimize the spatial GH and IF shifts, the phase gradient should be kept small
and the retardance should have a value close to 180° (see Egs. (7.26) and (7.33)). Fortu-
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nately, the values of the phase gradient and the retardance are closely related: A retardance
close to 180° automatically implies small phase gradients in both the p- and s-directions.
Figure 7.3 shows that this situation occurs at small angles of incidence. Therefore, to
minimize the spatial GH and IF shifts, the central angle of incidence of the beams should
be kept small.

Keeping the f-numbers large and the central angles of incidence small may not always
be possible because optical systems need to fit in a limited volume. Therefore, also the
design of the coatings of the mirrors should be considered to minimize the spatial GH
and IF shifts. In general, mirror coatings are optimized for large reflectivity to maximize
the throughput of the optical system. However, highly reflective coatings almost always
have retardances significantly different from 180° and therefore such coatings produce
large spatial GH and IF shifts. But for high-contrast imaging, a high system throughput
is of little use when one cannot attain the contrast to image exoplanets. Therefore, a
paradigm shift in the design of the mirror coatings for high-contrast imagers is necessary:
Rather than maximizing the reflectivity, the retardance should be optimized to have values
close to 180° for the central angle of incidence of the mirror and the wavelength range
of interest. For linear polarimeters such a design philosophy has the added advantage
that it also prevents large losses of signal due to strong polarimetric crosstalk, such as
those found for the image derotators of SPHERE and SCExAO-CHARIS (de Boer et al.,
2020; Chapters 2 and 3). The larger IP resulting from the suboptimal reflectivity is not an
issue because it can be easily removed by adding a half-wave plate to the optical path or
subtracting it in the data reduction.

7.6 Conclusions

We used polarization ray tracing to numerically compute the beam shifts for reflection off
a flat metallic mirror and compared the resulting shifts to the closed-form expressions of
the spatial and angular GH and IF shifts from the physics literature. We find that all four
beam shifts are fully reproduced by polarization ray tracing. In particular, we find that the
phase gradients in the Jones pupil and the ghost PSFs as described by Breckinridge et al.
(2015) are produced by the spatial GH and IF shifts, respectively. We also studied the ori-
gin of the four shifts and the dependence of their size and direction on the beam intensity
profile, incident polarization state, angle of incidence, mirror material, and wavelength.

Whereas the spatial GH and IF shifts depend on the phase of the Fresnel reflection
coefficients, the angular GH and IF shifts depend on the amplitude. Only the spatial
GH and IF shifts are relevant for astronomical telescopes and instruments because they
are visible in the focal plane. The angular GH and IF shifts on the other hand are not
important because they only change the intensity distribution across the reflected beam.
As such, the angular shifts have no significant effect in the focus and only create a small
point-symmetric deformation of the PSF. We thus conclude that only phase aberrations
are important; amplitude aberrations have an almost negligible effect.

The spatial GH and IF shifts create polarization structure in the PSF that reduces
the performance of coronagraphs. In fact, we find that the polarization structure for the
case of unpolarized light incident on a flat metallic mirror is adequately described by
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the diattenuation (i.e., the IP) and the spatial GH and IF shifts. The spatial GH and IF
shifts can also significantly reduce the speckle suppression of polarimetric measurements,
thereby limiting the maximum attainable gain in contrast from polarimetry. To mitigate
the spatial GH and IF shifts in optical systems, the beams of light reflecting off the mirrors
should have large f-numbers and small central angles of incidence. Most importantly,
mirror coatings should not be optimized for maximum reflectivity, but should instead be
designed to have a retardance close to 180°.

Our study provides a fundamental understanding of the polarization aberrations result-
ing from reflection off flat metallic mirrors in terms of beam shifts. In addition, we have
created the analytical and numerical tools to describe these shifts. The next step is to study
the combined effect and wavelength dependence of the beam shifts of complete optical
paths of (polarimetric) high-contrast imaging instruments and telescopes with multiple
inclined components with varying orientation as well as rotating half-wave plates. In par-
ticular, we plan to use our tools to create a detailed model of the beam shifts affecting
the polarimetric mode of SPHERE-ZIMPOL and enable accurate corrections of on-sky
observations. The insights from our work can be applied to understand and improve
the performance of many future space- and ground-based high-contrast imagers and po-
larimeters, such as the Roman Space Telescope, HabEx, LUVOIR, PSI at the Thirty Meter
Telescope, and PCS (or EPICS) at the Extremely Large Telescope.
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English summary

High-contrast imaging polarimetry of exoplanets and circumstellar
disks

Understanding the formation and evolution of planetary systems is one of the most fun-
damental challenges in astronomy. The formation of planets 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. Parts of such a molecular cloud fragment and collapse
under their own gravity, resulting in the formation of dense cores that further collapse to
form stars. Because the collapsing core has a net angular momentum, a rotating disk of
dust and gas forms around the forming star. This circumstellar disk is often called a pro-
toplanetary disk because planets as well as brown dwarfs are believed to form in this disk.
Together these planets and brown dwarfs are called substellar companions, that is, objects
that are less massive than stars and that orbit around a star. Substellar companions may
form through the coagulation of the dust in the circumstellar disk into kilometer-sized
planetesimals and the subsequent accretion of planetesimals and gas, the local collapse
of part of the disk, or the direct collapse of a separate core in the molecular cloud. In all
these scenarios the companions are expected to have their own disks from which in turn
moons may form. As time progresses, the circumstellar disk disperses through various
mechanisms, leaving a planetary system similar to our own Solar System.

To study the formation and evolution of planetary systems, we can directly image ex-
oplanets (planets around stars other than the Sun), brown dwarf companions, and circum-
stellar disks by spatially separating the near-infrared or visible light from these objects
from the light from the central star. However, this is a very challenging task because sub-
stellar companions and circumstellar disks are generally located very close to their star
and are orders of magnitude fainter than the star. To overcome this challenge, dedicated
high-contrast imaging instruments are built. These instruments are installed on the largest
ground-based telescopes and have complex optical systems designed to suppress the light
from the star and create images with a spatial resolution close to the theoretical limit of
the telescope.

Several of the high-contrast imaging instruments have polarimetric modes. With po-
larimetry, we measure the polarization state of the light, that is, the direction of the oscil-
lation (in case of linear polarization) or rotation (in case of circular polarization) of the
electric fields of the light. Polarimetry is particularly powerful to reach the large contrasts
required to directly image circumstellar disks and substellar 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 polarized light from the circumstellar disk or companion is revealed. Polarime-
try can also be used for characterization because polarimetric images contain information
on the physical properties of the scattering particles. Measurements of polarization can,
for instance, be used to constrain the composition, size, and shape of the dust grains
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in circumstellar disks and to determine the properties of the atmospheres or surfaces of
companions. However, performing polarimetry on a high-contrast imaging instrument is
not straightforward because many different instrumental effects can limit the attainable
sensitivity and accuracy of the measurements.

This thesis

The goals of this thesis are to improve the sensitivity, accuracy, and capabilities of high-
contrast imaging polarimeters for the detection and characterization of substellar com-
panions and circumstellar disks. In addition, this thesis presents the first direct detections
of linear polarization from substellar companions. The focus of this thesis is mostly
on ground-based high-contrast imaging polarimetry, in particular with the instrument
SPHERE-IRDIS at the Very Large Telescope.

In Chapter 2 we characterize the instrumental polarization effects of the near-infrared
polarimetric mode of SPHERE-IRDIS using measurements with SPHERE’s internal light
source and observations of unpolarized stars. We find that the telescope and SPHERE’s
first mirror produce significant polarization. In addition, we find that the image derotator
(a rotating assembly of three mirrors that is used to rotate the image) causes severe loss
of signal at some orientations and wavelengths as it converts incident linearly polarized
light into circularly polarized light that cannot be measured. We develop a data-reduction
method that corrects these effects and apply it to observations of a circumstellar disk. We
have incorporated the correction method in a highly automated end-to-end data-reduction
pipeline called IRDAP, which we made publicly available'. IRDAP enables us to accu-
rately measure the polarized intensity and angle of polarization of circumstellar disks and
substellar companions. As such, IRDAP is the go-to pipeline for IRDIS polarimetric data
and laid the foundation for many scientific publications.

In Chapter 3 we perform a preliminary characterization of the instrumental polariza-
tion effects of the near-infrared spectropolarimetric mode of SCExAO-CHARIS at the
Subaru Telescope. From measurements with the internal light source we find that the
image derotator can cause significant loss of signal at some wavelengths. We calculate
the polarization produced by the telescope using theoretical models. We plan to measure
the telescope polarization with observations of an unpolarized star and add a correction
method similar to that of IRDAP to the existing CHARIS data-reduction pipeline. Once
finished, these calibrations will enable unique quantitative polarimetric studies of circum-
stellar disks and substellar companions at a spectral resolution beyond that possible with
SPHERE-IRDIS’ broadband filters.

In Chapter 4 we introduce an observing scheme that combines high-contrast imaging
polarimetry with the angular-differential-imaging data-reduction technique to reach the
sensitivity required to characterize substellar companions that are located at small angu-
lar separations from their stars. We have implemented this scheme for SPHERE-IRDIS
and developed the corresponding observing strategies and data-reduction approaches. Us-
ing this technique, we observed the planets of HR 8799 and the substellar companion
PZ Tel B. We do not detect near-infrared polarization from these companions and esti-
mate upper limits on their degree of polarization. The achieved sensitivity and accuracy
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of the measurements show that our technique enables the characterization of faint substel-
lar companions located close to their stars.

In Chapter 5 we use SPHERE-IRDIS to measure the near-infrared linear polarization
of 20 known, directly imaged exoplanets and brown dwarf companions. We report the
first direct detection of polarization originating from substellar companions, with a polar-
ization of several tenths of a percent for DH Tau B and GSC 6214-210 B. Because these
companions have previously measured hydrogen emission lines and red colors, the po-
larization most likely originates from disks around these companions. Through radiative
transfer modeling, we constrain the position angles of the disks and find that the disks
must have high inclinations. 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. For the 18 other companions, we
do not detect significant polarization and place upper limits on their degree of polariza-
tion. These non-detections may indicate the absence of disks around the companions,
a slow rotation rate of young companions, the upper atmospheres containing primarily
submicron-sized dust grains, and/or limited inhomogeneity of the atmospheric clouds.
Our work shows that the polarization of substellar companions can indeed by detected
and that polarimetry can be used to characterize these objects.

In Chapter 6 we develop the observing scheme, data-reduction methods, and analysis
tools to measure near-infrared circular polarization with SPHERE-IRDIS. Because the
instrument is not designed to measure circular polarization, we use the image derotator
to convert incident circular polarization into measurable linear polarization. We tested
the technique with observations of the red hypergiant VY CMa and its surrounding neb-
ula. To accurately measure the circular polarization, we use the spatial variation of the
linear polarization around VY CMa to distinguish between real, astrophysical circular
polarization and instrument-induced signal. We find that the light from VY CMa is cir-
cularly polarized, in agreement with the literature, but do not conclusively detect circular
polarization in the nebula surrounding VY CMa. Our observing scheme enables the first
measurements of circular polarization at high spatial resolution. The method is promising
for the characterization of the dust and magnetic fields in circumstellar disks, and could
even shed light on the emergence of homochirality in biomolecules.

In Chapter 7 we investigate polarization aberrations produced by reflection off flat
metallic mirrors at the fundamental level. Polarization aberrations are polarization-
dependent variations of the electromagnetic field across a beam of light. These aberrations
create polarization structure in the images that limits the sensitivity of the most sensitive
high-contrast imagers. We numerically compute the polarization aberrations and interpret
the results in terms of the Goos-Hinchen and Imbert-Federov shifts of the beam of light
as described in the physics literature. We find that the beam shifts are fully reproduced
by our numerical calculations and study the origin, size, and direction of the shifts. The
beam shifts in an optical system can be mitigated by keeping the focal ratios 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 current and future ground- and space-based high-contrast imagers that
aim to reach the extreme contrasts required to directly image exoplanets in reflected, and
thus polarized, visible light.
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Nederlandstalige samenvatting

Polarimetrische observaties van exoplaneten en circumstellaire
schijven

Het begrijpen van het ontstaan en de ontwikkeling van planetenstelsels is een van de meest
fundamentele uitdagingen in de sterrenkunde. De vorming van planeten is nauw verwant
aan de vorming van sterren. Sterren worden gevormd in enorme wolken van moleculair
gas en stof die zich in het interstellaire medium bevinden. Delen van zo een moleculaire
wolk fragmenteren en storten onder invloed van hun eigen zwaartekracht ineen, wat re-
sulteert in de vorming van dichte kernen die verder ineenstorten tot sterren. Omdat de
instortende kern een netto impulsmoment heeft, vormt zich een ronddraaiende schijf van
stof en gas rond de vormende ster. Deze circumstellaire schijf wordt vaak een proto-
planetaire schijf genoemd omdat we denken dat planeten alsook bruine dwergen zich in
deze schijf vormen. Deze planeten en bruine dwergen noemen we samen substellaire
begeleiders, oftewel objecten die lichter zijn dan sterren en die in een baan rond een ster
draaien. Substellaire begeleiders kunnen zich vormen door de samenklontering van het
stof in de circumstellaire schijf tot kilometersgrote planetesimalen en de daaropvolgende
samentrekking van planetesimalen en gas, de lokale ineenstorting van een deel van de
schijf, of de directe ineenstorting van een afzonderlijke kern in de moleculaire wolk. In al
deze scenario’s verwachten we dat de substellaire begeleiders hun eigen schijven hebben
waaruit op hun beurt manen kunnen worden gevormd. Naarmate de tijd vordert, drijft
de circumstellaire schijf door verschillende processen uiteen, waarna een planetenstelsel
vergelijkbaar met ons eigen zonnestelsel overblijft.

Om het ontstaan en de ontwikkeling van planetenstelsels te bestuderen, kunnen we
exoplaneten (planeten rond andere sterren dan de Zon), begeleidende bruine dwergen en
circumstellaire schijven direct afbeelden door het nabij-infrarode of zichtbare licht van
deze objecten ruimtelijk te scheiden van het licht van de centrale ster. Dit is echter een
zeer uitdagende taak omdat substellaire begeleiders en circumstellaire schijven zich over
het algemeen zeer dicht bij hun ster bevinden en vele malen lichtzwakker zijn dan de
ster. Om deze uitdaging het hoofd te bieden worden speciale hoogcontrast-instrumenten
gebouwd. Deze instrumenten zijn geinstalleerd op de grootste telescopen en hebben ge-
avanceerde optische systemen die zijn ontworpen om het licht van de ster te onderdrukken
en afbeeldingen te maken met een ruimtelijke resolutie die dicht bij de theoretische limiet
van de telescoop ligt.

Verschillende hoogcontrast-instrumenten hebben polarimetrische modi. Met polarime-
trie meten we de polarisatietoestand van het licht, oftewel de trillingsrichting (bij lineaire
polarisatie) of rotatierichting (bij circulaire polarisatie) van de elektrische velden van het
licht. Polarimetrie is bijzonder krachtig om de hoge contrasten te bereiken die nodig zijn
om circumstellaire schijven en substellaire begeleiders direct af te beelden. Het directe
licht van de centrale ster is over het algemeen ongepolariseerd: het licht is een mengsel
van gelijke hoeveelheden van alle mogelijke polarisatietoestanden. Dit sterlicht wordt
door stofdeeltjes in de circumstellaire schijf of de atmosfeer van de begeleider verstrooid,
en raakt daarbij gedeeltelijk lineair gepolariseerd. Op deze manier wordt in afbeeldingen
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van lineair gepolariseerd licht het directe sterlicht sterk onderdrukt, terwijl het gepo-
lariseerde licht van de circumstellaire schijf of begeleider zichtbaar wordt. Polarimetrie
kan ook worden gebruikt om circumstellaire schijven en begeleiders te karakteriseren
omdat polarimetrische afbeeldingen informatie bevatten over de fysieke eigenschappen
van de verstrooiende deeltjes. Metingen van polarisatie kunnen bijvoorbeeld worden
gebruikt om de samenstelling, grootte en vorm van de stofdeeltjes in circumstellaire
schijven te bepalen en om de eigenschappen van de atmosferen of oppervlakken van
begeleiders vast te stellen. Het meten van polarisatie met een hoogcontrast-instrument is
echter niet eenvoudig, omdat veel verschillende instrumentele effecten de gevoeligheid en
nauwkeurigheid van de metingen kunnen verminderen.

Dit proefschrift

Het doel van dit proefschrift is het verbeteren van de gevoeligheid, nauwkeurigheid en
mogelijkheden van polarimetrische hoogcontrast-instrumenten om substellaire begelei-
ders en circumstellaire schijven te detecteren en te karakteriseren. Daarnaast presenteert
dit proefschrift de eerste directe detecties van lineaire polarisatie van substellaire begelei-
ders. De focus van dit proefschrift ligt voornamelijk op polarimetrische hoogcontrast-
instrumenten, in het bijzonder het instrument SPHERE-IRDIS op de Very Large Tele-
scope.

In Hoofdstuk 2 karakteriseren we de instrumentele polarisatie-effecten van de nabij-
infrarode polarimetrische modus van SPHERE-IRDIS met behulp van metingen met
SPHERE'’s interne lichtbron en waarnemingen van ongepolariseerde sterren. Uit onze
metingen blijkt dat de telescoop en SPHERE’s eerste spiegel significante polarisatie pro-
duceren. Bovendien zien we dat de beeldderotator (een roterend samenstel van drie
spiegels dat wordt gebruikt om de afbeelding te roteren) bij sommige ori€ntaties en
golflengtes ernstig signaalverlies veroorzaakt omdat dit onderdeel invallend lineair gepo-
lariseerd licht omzet in circulair gepolariseerd licht dat niet gemeten kan worden. We
ontwikkelen een dataverwerkingsmethode die deze effecten corrigeert en passen deze
toe op waarnemingen van een circumstellaire schijf. We hebben de correctiemethode in
een geautomatiseerd dataverwerkingsprogramma genaamd IRDAP ingebouwd en dat pro-
gramma openbaar beschikbaar gemaakt?>. IRDAP stelt ons in staat om de gepolariseerde
intensiteit en polarisatiehoek van circumstellaire schijven en substellaire begeleiders met
een hoge nauwkeurigheid te meten. Als zodanig is IRDAP het primaire dataverwerkings-
programma voor polarisatiemetingen met IRDIS en staat het aan de basis van vele weten-
schappelijke publicaties.

In Hoofdstuk 3 presenteren we de voorlopige resultaten van de karakterisatie van de
instrumentele polarisatie-effecten van de nabij-infrarode spectropolarimetrische modus
van SCExXAO-CHARIS op de Subaru telescoop. Uit metingen met de interne lichtbron
blijkt dat de beeldderotator bij sommige golflengtes aanzienlijk signaalverlies kan ver-
oorzaken. Met behulp van theoretische modellen berekenen we de polarisatie die de tele-
scoop produceert. We zijn van plan om de polarisatie van de telescoop met waarnemingen
van een ongepolariseerde ster te meten en een correctiemethode vergelijkbaar aan die van

2https://irdap.readthedocs.io
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IRDAP toe te voegen aan het bestaande CHARIS-dataverwerkingsprogramma. Omdat
CHARIS een hogere spectrale resolutie heeft dan IRDIS, zullen deze kalibraties unieke
kwantitatieve polarimetrische studies van circumstellaire schijven en substellaire begelei-
ders mogelijk maken.

In Hoofdstuk 4 introduceren we een observatietechniek die polarimetrische metingen
combineert met de angulaire differentiéle beeldverwerkingsmethode om de gevoeligheid
te bereiken die nodig is om substellaire begeleiders op kleine hoekafstanden van hun
ster te kunnen karakteriseren. We hebben deze techniek voor SPHERE-IRDIS geim-
plementeerd en hebben de bijbehorende observatiestrategieén en data-analysemethodes
ontwikkeld. Met behulp van de techniek hebben we de planeten van HR 8799 en de
substellaire begeleider PZ Tel B waargenomen. We detecteren geen nabij-infrarode pola-
risatie van deze begeleiders en schatten bovenlimieten op hun polarisatiegraad. De gevoe-
ligheid en nauwkeurigheid van de metingen laten zien dat onze techniek geschikt is om
lichtzwakke substellaire begeleiders die zich dicht bij hun sterren bevinden te karakteri-
seren.

In Hoofdstuk 5 gebruiken we SPHERE-IRDIS om de nabij-infrarode lineaire polari-
satie van twintig bekende, direct afgebeelde exoplaneten en begeleidende bruine dwer-
gen te meten. We presenteren de eerste directe detecties van polarisatie afkomstig van
substellaire begeleiders, met een polarisatie van enkele tienden van een procent voor
DH Tau B en GSC 6214-210 B. Omdat voor deze begeleiders eerder al waterstofemissie-
lijnen en rode kleuren zijn gemeten, is de polarisatie hoogstwaarschijnlijk afkomstig van
schijven rond deze begeleiders. Door middel van stralingstransportmodellen bepalen we
de positiechoeken van de schijven en stellen we vast dat de schijven hoge glooiingshoeken
moeten hebben. De aanwezigheid van de schijven rond DH Tau B en GSC 6214-210 B,
alsook de ongelijke oriéntaties van de schijven rond DH Tau B en de centrale ster, wijzen
er op dat de begeleiders op ongeveer de huidige afstand van de ster gevormd moeten
zijn. Voor de achttien andere begeleiders detecteren we geen significante polarisatie en
bepalen we bovenlimieten op de polarisatiegraad. Deze non-detecties kunnen wijzen
op de afwezigheid van schijven rond de begeleiders, een lage rotatiesnelheid van jonge
begeleiders, bovenste atmosferen met hoofdzakelijk stofdeeltjes kleiner dan een micro-
meter en/of beperkte inhomogeniteit van de wolken in de atmosferen van de begeleiders.
Ons werk laat zien dat de polarisatie van substellaire begeleiders inderdaad kan worden
gedetecteerd en dat polarimetrie kan worden gebruikt om deze objecten te karakteriseren.

In Hoofdstuk 6 ontwikkelen we de observatietechniek en data-analysemethodes om
nabij-infrarode circulaire polarisatie te meten met SPHERE-IRDIS. Omdat het instrument
niet is ontworpen om circulaire polarisatie te meten, gebruiken we de beeldderotator om
invallende circulaire polarisatie om te zetten in meetbare lineaire polarisatie. We hebben
de techniek getest met waarnemingen van de rode hyperreus VY CMa en de omringende
nevel. Om de circulaire polarisatie nauwkeurig te meten, gebruiken we de ruimtelijke
variatie van de lineaire polarisatie rond VY CMa om onderscheid te maken tussen werke-
lijke, astrofysische circulaire polarisatie en signaal dat is geinduceerd door het instrument.
We vinden dat het licht van VY CMa circulair gepolariseerd is, in overeenstemming met
de literatuur, maar we detecteren geen circulaire polarisatie in de nevel rond VY CMa.
Onze observatietechniek maakt de eerste circulaire polarisatiemetingen met een hoge
ruimtelijke resolutie mogelijk. De techniek is veelbelovend om het stof en de magne-
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tische velden in circumstellaire schijven te karakteriseren en zou zelfs kunnen helpen om
de oorsprong van de homochiraliteit van biologische moleculen te ontrafelen.

In Hoofdstuk 7 onderzoeken we op fundamenteel niveau de polarisatie-aberraties die
geproduceerd worden door reflectie van platte metalen spiegels. Polarisatie-aberraties
zijn polarisatie-athankelijke variaties van het elektromagnetische veld over een lichtbun-
del. Deze aberraties cre€ren polarisatiestructuur in de uiteindelijke afbeeldingen die de
gevoeligheid van de meest gevoelige hoogcontrast-instrumenten beperkt. We bereke-
nen de polarisatie-aberraties met een numerieke code en vergelijken de resultaten met
de Goos-Hénchen en Imbert-Federov verschuivingen van de lichtbundel zoals beschreven
in de natuurkundige literatuur. We constateren dat deze bundelverschuivingen volledig
worden gereproduceerd door onze numerieke berekeningen en bestuderen de oorsprong,
grootte en richting van de verschuivingen. De effecten van de bundelverschuivingen in
een optisch systeem kunnen worden beperkt door grote f-getallen en kleine invalshoeken
te gebruiken, en door de coatings van de spiegels niet te ontwerpen voor maximale reflec-
tiviteit maar voor een retardatie dicht bij 180°. De inzichten van ons werk kunnen worden
gebruikt voor de verbetering van de prestaties van huidige en toekomstige hoogcontrast-
instrumenten die als doel hebben om exoplaneten direct af te beelden in gereflecteerd, en
dus gepolariseerd, zichtbaar licht.
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